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e Diffractive Structures s

Band-Gap Engineering and Light Manipulation
with Egg-Crate Photonic Lattices

Peng Zhang, Cibo Lou, Sheng Liu, Fajun Xiao, Jianlin Zhao, Jingjun Xu and Zhigang Chen

L ight propagation in periodic struc- ¥ . (o .'.-
tures offers new opportunities to i . ek -
control the flow of light.! Much of the \ - o ",

previous tesearch was based on optically
induced photonic lattices, an ideal plat-
form for exploring discretizing light be-
haviors.? We have shown that a new type
of photonic lattice can be established
in nonconventionally biased (NCB)
photorefractive crystals.>* This enables
the reconfiguration of desired photonic
structures and Brillouin zones (BZs) for
band-gap engineering and light manipu-
litisiSome examples include band-gap (_a—d) Calculated refractive m_dex profiles (first row) and corresponding BZ spectra from S\mu\a—_
tion (second row) and experiment (third row) for lattice structures optically induced by an identi-
cal beam under different bias conditions, where the center of the white circle indicates one of

closure and Bragg reflection suppression,
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Bl =/Preface

In 2008, the work at our lab was mainly focused on photonics materials and advanced
fabrication techniques, weak-light nonlinear optics and quantum coherent optics,
spectral characterization and sensing technology, nonlinear physics and new
photonics devices, semiconductor quantum photonics materials and devices. In this
report, we present a short summary of the results achieved in each line of activity of
2008.

All the activities summarised here have been done in the frame of international
projects, cooperation agreements, and contracts with NSFC, MOE, MOST and Tianjin
Municipal government. Without their supports, the progress in our research and
education will never occur. Thank all these sponsors for their strong supports.

In addition, our staff and students spent some of their sleeping hours besides their
waking hours on their research work and often made personal sacrifices in order to
make our research better and faster. Thank you for your contributions to our own lab
due to your wonderful research works.

We also benefit a lot from our colleagues from other units all over world, who provide
us advices and supports. Many thanks.

Even though this preface is routine and has no big change as before, here I would like
to stresss that actually our research work has been not going along well in 2008 and
was a bit frustrated in our main stream. Also our hard-working tradition could not be
well kept and developed, maybe due to the world-finance storm. I DO hope that we
can keep on our good tradition and come on in 2009. And we are confident that we
can catch up and will achieve more in 2009.
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Prof. Dr. Jingjun Xu /" . e

Director,

The Key laboratory of Weak-Light Nonlinear Photonics
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B33 T{E4R &5/ Scientific Report

L MWHE 5% FH AR/ Nonlinear Physics and Photonics Techniques
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In this field, we mainly focused on optical nonlinearities of organic materials,
sub-wavelength microstructure, bio-photonics, and nonlinear surface waves. 9 papers have been
published in international academic journals, and 7 patents applicanted. The total reasearching

founds are 4.2438 millions. This year, we obtained some important results as following:
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Fig. 1 Optical limiting of porphyrin-SWNT supramolecular system

Optical nonlinearities of organic materials, such as porphyrin, graphene, have been measured.
Firstly, in the studies of porphyrin-SWNT and porphyrin-Graphene supramolecular system, three
kinds of the porphyrins covalently functionalized SWNTs and Graphene offered superior
performance to C60, the individual SWNT/ or Graphene and porphyrins by combination of

9
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nonlinear mechanism of reverse saturable absorption and nonlinear scattering, and the
photoinduced electron or energy transfer between porphyrin moiety and SWNT (or Graphene) also
play an important role in improvements of optical limiting effect. Secondly, Nonlinear refraction
and nonlinear absorption of diphenylporphyrins with bromination and metallization were studied
by Z-scan technique. Results show that both metallization and bromination of diphenylporphyrins
can cause the regular change of magnitude and sign of nonlinear absorption. The transition
between saturable absorption and reverse saturable absorption happens as bromine increases and
metal ion changes. The evolutions of polarization and nonlinearities in an isotropic medium
induced by anisotropy of third-order nonlinear susceptibility were studied experimentally and
theoretically. The changes of nonlinear refraction and nonlinear absorption depending upon the
ellipticity of polarization ellipse are also presented.
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Fig. 2 Optical limiting of porphyrin-Graphene supramolecular system
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For application of one dimensional photon crystal, we need to solve the Maxwell's equations.
The well-known class of algorithms to solve Maxwell's equation is base on the finite-difference
time-domain method.Since the FDTD method is an explicit scheme, its time step is limited by
CFL. We present an implicit high-order unconditionally stable complex envelope algorithm to
solve the TDME based on the Pade approximation and multistep method. Even for large steps the
numerical dispersion and dissipation remain very small. Meanwhile, We propose a novel Z-scan
theory for one-dimensional nonlinear photonic band gap materials also. Results show that the
Z-scan curves for photonic band gap materials with nonlinear refraction are similar with those of
the uniform materials with nonlinear refraction and nonlinear absorption simultaneously. The
nonlinear optical properties of the defect material are the main contribution to the Z-scan results

near the defect mode frequency.

10
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Fig 3. Numerical dispersion and dissipation error in different orders in time, (a) Kole' method, (b) our scheme.
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By setting periodic dielectric bars above the incident surface of the metal film, we study the
enhanced transmission through a single subwavelength slit. The surface plasmon excited by the
bars is resonant with the incident light, which leads to transmission enhancement. With dielectric
bars on or above the film surface, the behaviors of the surface waves excited by the bars are
different, which leads to transmission peaks at different incident wavelengths. The similarities and
differences of the enhancement of these two cases are discussed. In addition, we change the
dielectric bars to silver and a similar enhanced transmission is obtained. With same dielectric
structures on or above the metal surface, the transmission spectra through the subwavelength slit
present very different properties. These results will be helpful for the applications of surface
plasmon based sensors.

FEAWG T4 07 T FA TR BOCHAE N 3 5 SRR At 7t 7 ANt R 2
SLLL S AR LR IE SRR IR ARG TT SRR o AFFT 1 A 40 2 43 3 T RS PS8 X6 R FH 2 T 78 B Ay
DA IRAG HOL AL AR

In the studies of bio-photonics, using the intensity distribution of interference fringes formed
by a capillary filled with transparent liquid, we measured variations in RI of ethyl red (ER)
solution excited by a 535-nm-15 mW-laser, and found that the change of RI is 0.00504 and the
corresponding effective index of refraction is 1.06x10-9, for which the order of magnitude is same
as that measured by Z-scan. The reduced scattering and absorption coefficients of the nylon bar
with different surface roughness for the smooth and rough surface of the incident region

respectively were determined by a spatially resolved steady-state diffuse reflection technique.
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KT R Se i H] & 5iR/ Photonics Materials and Advanced Fabrication Techniques
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In this field, we mainly focused on the nonlinear optical crystals, micro-crystal glass ceramics,
photonic microstructure, nano-photonics, and nanoparticulate films. Twelve papers were published
in international academic journals, including four papers in Appl. Phys. Lett., and three patents
applicanted. The total reasearching founds are more than 4 millions. This year, we obtained some
important results, they are mainly shown as following:

BATE I T B PAIB YRR PR T 4 (LN:Fe,Zr), 1EORFF30% LA AT S R R 1[I,
ST AR NI A 2s, BRIHOGHT A RIS 712 e/ TA L. BEFERE], H3 85 EEd R
flJ5, LN:Fe,Zref ki MIFe™ B FAR G40, FH1H RAELN:Fe,Mg i i b ISR 28 i
AL, PRI 8 % B B E 5 LN Fe, Zrii# A4 B A EELN:Fe, Mg i 4 B i ROV ANAT 56 R0 L T
PRI AT AR M BB (] o 1T LN :Fe, Zr i {4 B A FELN:Fe, HERh A4 58 A (1 56 47 A8 P e 1) J5t DR 2 it
TS W T R S B 1o % T 4h R A DS R R A — R I RE AL A e AR
CER Y
R BB YRR A IR ORI AR MR . NIDEBC 532 nm, HAOEHR 250mW/em®. LiNbOs:Fe.
LiNbO;:Mg,Fe F LiNbO;:Fe, Hf [/ 5t L th— I H .

Table 1. Photorefractive properties of LN:Fe,Zr crystals. Incident light is at 532 nm with intensity of a single beam
approximately 250mW/cm?. The data for LiNbO;:Fe, LiNbO;:Mg,Fe and LiNbO5:Fe, Hf crystals were also listed

for comparison.

Doping concentrations Photorefractive properties

Fe Mg Hf Zr
Sample (wt%) (mol %) (meol®) (mol%) g% 7 (=) 8§ (cwmd) Ten 0t em™)
LMN:Fe 0.01 70 160
LM:Fe, Mg, 0.01 2 70 60
LM:Fe,Mgs 0.01 f 15 15
LMN:Fe Hf, 0.03 2 68.0 17.2 3.99 1311078
LN:Fe Hf; 0.03 5 554 10.7 523 178 101
LM:Fe.,Zr, 0.03 1 255 22 1346 252 10712
LN:Fe,Zry 0.03 2 20 1.3 12.87 201 % 1072
LM:Fe,Zr, 0.03 3 27 1.8 13.48 272 1012
LM:Fe,Zr, 0.03 4 325 1.8 13.40 310 10712
LM:Fe,Zrs 0.03 5 412 22 12.61 304 10712

FEIAL AR LU B B e IR B T AR S T A IR AL S B (AinFig. 1D BEFT 1 B ie ik ot
de A AR B e %A, AL T 2B HG WHAL T s B B R IR L R AR O AR AL DL RE 2% A, /2=
15 22230°C i [ AR IR BZ al AR B AHAZ UL BCHR FE ;s 5578 E Technical University of Clausthalff]
Detlef Kip#fZ &1, e 1 A B B e IR v A Tiipe 2 R i LA AL - (AnFig. 2.

The main target is domain reversal on LiNbO; in this year. We processed the periodical
domain reversal in the near-stoichiometric magnesium-doped lithium niobate crystal (as shown in
Fig. 1), and studied of the zirconium-doped lithium niobate crystal polarization inversion cycle
with optimizing the process parameters, and researched the highly Zirconium-doped lithium

niobate crystal phase matching temperature at room temperature to 230 °C not found within the

13
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framework of the phase-matching crystal temperature. With the cooperation of Prof. Detlef Kip,
Technical University of Clausthal in Germany, we prepared the periodical poled surface
waveguide in the congruent iron-doped lithium niobate crystal with Ti indiffusion (as shown in
Fig. 2).
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Fig. 1 The image of periodical poled Mg:NSLN. (a) X 10 object lens. (b) X40 object lens.

(a) (b)
K 2. BERPERR R A AR BR Y I 3 2R ) A SR AL
Fig. 2 The surface of periodical poled Fe:CLN with Ti indiffusion

KR PLEE K AR A TS BRI A, JFR 7 AR T2 BRI E
Wi o AR PRIRSCRE B &, RAEI-OMMGTHE T REH Ardn . DO6 S L. S, WUCBH
SGHIDGIESH . /E975nmLDZARI T, WE 1 FRLE 1540nm P AL 752 6 635 AN 98 R
M2k, FEVHEL T S T T i ABRIE R ST o 1 7 T AR S ST IRER L Y B 2k
MKLa(WO4)2KH A, 5T T 5 4% B8 1R BE X B3+ 005 25 1 1 155 pm 52 80 5 o B (1) R
ZERFW, MECRIYD B AR NN 1.5% A 10%, Er' Y KLa(WO,), B S K15
TGO . R 22 T R TR R T ) K A B

KLa(WOy), crystals codoped with Er’", Yb’" ions have been successfully grown by CZ

method in our works. The absorption spectrum of Er*":Yb*":KLa(WOy), crystal were measured,
and spectral parameters including the absorption cross section, the lifetimes of energy levels, the

14
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branch ratios of fluorescence and the intensity parameters have been analyzed based on the J-O
theory. We measured the fluorescence spectrum near 1.5um of Er’:Yb*":KLa(WO,), pumped by
975nm LD, and the fluorescence lifetime and the emission cross section were calculated.
KLa(WO,), powders doped with Er’", Yb** have been synthesized by high temperature solid-state
reaction, and the influence of doped ions concentration on the fluorescence spectra were studied.
The results showed that the fluorescence emission near 1.5um was the strongest when the
concentrations of Er3+, Yb*" werel.5% and 10% separately. Hydrothermal synthesis of
KLa(WOQ,), powders were attempted.

XF Hr R ER46 & YINaSrBsOo MNas StBsO AT Eu i 5 4%, W7 HOBBUR et . JExf
BIORJa FE AT S5 NS 18, MEERIARAL 73 T L AOEHLEE . WFFTRIL, A TUR £h R Tk A 45
WA E IR BRI & E T, REE B, SISy B FrEMM AL E . X4
5 R A6 A YINaSrxBayB;00iH 1 TE, Ce™ B i52%, RIIEXARRMIEI T, EEELHE.
W T K,0-MgO-BOs ik R B AHL FAHR AR, I M AR ML FIZRE b & K MgBOs#E4T 1
GERIRENT . ZACEVINBR G ER AR, EGMIARITII AR b, AT BB AR PR SR A 5 A
BRGNS, %A 5NaMgBOs A — & IR o 1 TR 4 1b B UK Sra(BO3)s 5 A1
RIAL & U HTNaSty(BOs)s H BSAA [F AR S5 4, XK Sry(BOs)s K AL B #EAT #7 Na & 1B
R WEFRHEMAA, TR TR EVIRIE AL, BURBUET ARG 24 R

Photoluminescence of Eu®" doped NaSrBsOy and Na3;SrBsOy were investigated, and the
structures of the doped samples were refined by Rietveld method. It was found that the Eu’’ could
be stabilized without reducing atmosphere because of the special structures of the two compounds,
and the results of refinement showed that the Eu®" occupied the St*" positions. Eu**and Ce**doped
solid solution compounds NaSrxBa, B30y were studied. It was found that the red color changed
continuously with variable x values. The subsolidus phase relations of K,0-MgO-B,0; were
investigated by powder diffraction, and the structure of novel compound KMgBO; was solved by
SDPD (Structure Determination from Powder Diffractometry) method. It is a chiral crystal. The
enantiomorphous structure can be solved directly from the powder diffraction data. It was found
that KMgBO; and NaMgBO; were partial soluble, even they have different structures. Because the
nonlinear orthorhombic compound KSr4(BO;); had a completely different structure from the
cublic NaSr4(BOs)s, series samples of K; (Na,Sry(BOs); were synthesized to study the change of
the structures, in order to find novel nonlinear optical materials.

AR IS 8] 73 OB GEHOR, AT T S-K HALE 75 55 ZE(SML)TT )
InGaAs/GaAst 7 mi T HIERS G . ATEKIMS-K BF AERTHT 50 LHET RS
FHIERELLAS AR, BT RS 7 arfE iR T 175.5 ns, WE3HR. X&ESK &1 Al
BOGEIE AN YRR . (H2, SMLE 7 mirhEer 1 O REIE24EF 1 L, B rsa
WA AE90 ps ids (4D, FrLASML &1 ot a8 HA il o ket

The exciton radiative lifetime in SK and SML InGaAs/GaAs quantum dots (QDs) was
studied by using time-resolved PL technique. We found that, due to the continuum states
connected with the discrete energy levels in SK QDs, the exciton radiative lifetime is longer than
5.5 ns, as shown in Figure 3. This is the physical reason for the low gain in SK quantum dot lasers.
However, the exciton radiative lifetime in SML QDs is around 90ps at 10K (Figure 4), which
manifests itself in the high modal gain in SML QD lasers.
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PL Intensity (a. u.)

Time (ns)

Kl 3. SK InGaAs/GaAs &1 R AEAFIR L T PL %0k Hh £k
Fig. 3 PL decays of SK InGaAs/GaAs quantum dots at different temperatures
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Fig.4 PL decays of SML InGaAs/GaAs quantum dots at 10 K

RAWEEAPLIE A, EEWNE] T MMEH-PPV EIPbS &1 fiffiDexter ft % K
B RO . 5256 FIE] 128 E BRI & Y Dexter BE B %

Using quasi-In-situ PL technique, we observed the size dependence of Dexter energy transfer
from MEH-PPV to PbS quantum dots. The optically quasi-forbidden transitions play an important
role in the rate of Dexter energy transfer.

P PR T WOCHEALTIN B AR, X SRORE B HART AW, RS-SRS
WIS 2 EAHOR, W] B R 5K =iE PEWO,/TiO, . ZrOo/TiO M ZnO/TiO 8K E
A AL IR K S5/ TIO,-S/TIO,-N SnO/TiO-NFJ WG HEAL T, BF 5T 7 AL ks 4
it BERT A AT EE S A DG ERBIR TR, b 7SR I
WAL, it — BRI VERE . MR AR T WAL BEE 1 Sk A

In order to prepare TiO2 catalysts with high visible light photocatalytic activity, sol-gel
method, hydrolysis step by step method and doping technology were employed to fabricate
nano-WO0O3/TiO;. ZrO,/TiO, ZnO/TiO, composite films photocatalysts, TiO,-Sn/TiO,-N doped and
composite film photocatalysts and SnO,/TiO,-N doped and composite photocatalysts with high
photocatalytic activity. The fine structures, energy band structures on composite interface, transfer
of photogenerated carrier were investigated. The photocatalystic mechanisms under ultraviolet and
visible light were discussed. This study laid a foundation for fabricating high activity and high
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efficiency photocatalysts. The results was published in “Acta Chimica Sinica” and “Acta
Physico-Chimica Sinica”.

K BB 7K FAGE P A 45 A ) 46 HH In i T45 2% —AALERKAE w] OB iEAL 7). 2 TiO,
KA B AT OB TEYE . XRD, XPSHISPSAS REH], Ini T HUR SIS T AL B I ik
In,Ti O R B ARG, InBE FHI5SSPHE 5 Ti s 1 HI3dPLE T BOR & 1 ite, (4537,
S T TR . BN TS A RN, R En, Ty yO 0 K B R MO, T
J8In, Tiy 0o/ Iy O K L E G5« 12 & G A ROt e] WOt R, et 7O B 1
1785, $m 1 6 B 72 [l A5 T 2 NG AR A S 2 FR R FE 2, A MoK A A 7R T D e fie
AT RTE S/ =T

In doped TiO, nanotubes were fabricated by concentrated alkaline hydrotherm, two steps
pre-doped method. It is found that the TiO, nanotube with In doped exhibited high photocatalytic
activity on the photocatalytic degradation of 4-chlorophenol under visible light. Based on XRD,
XPS and SPS, it can be inferred that when the doped content is low, the Indium ion substitutes Ti
into the TiO, lattice formed the InxTi; 4O, structure and the In 5s5p states narrow the band gap by
mixing with Ti 3d states. With the increasing of the doped content, In,O3 comes up on the surface
of In,Ti; 4O, nanotube and forms the In,Ti;O,/In,0; composite structure. This composite
structure efficiently enhances the visible light response, promotes photogenerated carriers
separation and increases the utilization of photogenerated carriers in photocatalytic reactions at the
solid/liquid interface, resulting in the higher photocatalytic activity under visible light.

MH EH R — R EPIRNE, H4& HCuO—4ER PR B(EI5). DhReTESEIR L],
G AR WO e BB K . B RK M ERE(Kl6). XRDEAIREW], Z49KE5H
MR B A A K IR, B SEMBEA T Cu,0FICuOMg K 4k £ Kid #E, JF
AT IIe TR B SR A B LR

The CuO nano-films with 2-dimensional surface nanostructure were fabricated by
self-assemble surface deposited method (Figure 5). In the functionality experiment, the transform
between Superhydrophobicity and Superhydrophilicity induced by both ultraviolet and visible
light were found (Figure 6). The film owned the feature of growth in order along the special
crystal plane from XRD and the growth process from Cu,O to CuO was probed by SEM. The
mechanism of transform between Superhydrophobicity and Superhydrophilicity was investigated.

(a) (b)
Kl 5. (a) Cu,O BRI (b) CuO LY SEM i
Fig. 5 SEM images of Cu,O film surfaces (a) and the CuO film surfaces oxided from the Cu2O(b).
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Angle = 140.05 Angle = 19.60

Angle Let = 13400 Angle Lelt = 50.22
Angle Right = 146.10 Angle Right = 29.30
Base Widlh = 2.8817 Base Width = 51101

(a) (b)
Kl 6. ZKiM7E CuO ML MEKITEIRE, () )tHRAT, (b)GH)E
Fig. 6 Photographs of water droplet shape on the CuO films, (a)before (CA=140.95°) and (b) after
vis-light irradiation (CA=39.80°)
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9o6IELR 1 K B F ATt 2/ Weak Light Nonlinear Optics and Quantum Coherent Optics
i N VPRl

AT7 1) E BT RN % UAR It . BT ARt B IRE. W
PRARMFA LIS CHT AR RS B 808 55 77 T B 7L . 2008 FRREARTT 3L R RIB L 21,
FEAG IR HEfE :

The main research topics in this group are fabrication of micro/nano-structure, nonlinear
optical manipulation in micro/nano-structure, quantum nonlinear optics, ultrafast detection and
analysis by using fs technology and photorefractive nonlinear optics. We published 21 papers in

various academic Journals. The main research progresses in 2008 are as follows.

AT TS BB [ B e R B A AR 1 5 Oh — 2 Xt 42 B AF VR RE, KB
FEAB AR L 4 A2 BB O AR R A iy Ak oy, ST SR e 4 A7 A, XL E T S i) NE R
(] 42 AR IO SR R A A, B0 RABUE KR 3R =, FE388R 5 mol. %) fi i h T ik 3]
L1 em/d. {HZ, EHE. BFedh, . REES DO LR, TIAES AR i 2R
BRI o 3252 T3 28 B 1 RO AN [, ZEHEBR A 1 vh T PR sk e v 0o AN [RL BT 51 EE ) o
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Bl 1. B8R R R A U6 4 RAR A AT 5 RO I (B 220 BE S T8 4R £ Smol % (CMg5), 9 mol %
(CMg9), 14 mol % (CMgd). TR I;y=120 mW/em?, Ix=Is=122.9 mW/em*, A=1.1 pm.

Fig. 1 The temporal evolution of the two-color holographic recording in Mg-doped lithium niobate crystals with
doping concentrations of 5 mol % (CMg5), 9 mol % (CMg9), and 4 mol % (CMg4). The recording conditions are
Ipy=120 mW/em?, Ix=I=122.9 mW/ecm*, A=1.1 pm.

We studied the ultraviolet-red two-color holographic storage performances of Mg, Zn and
In-doped lithium niobate crystals and found that nonvolatile holographic storage was achieved in
the crystals with doping concentrations above the damage-resistant threshold value. The response
times of the two-color recording was shorten as compared to that of one-color recording, and the
two-color recording sensitivity was improved significantly, and was measured to be 1.1 cm/J in
the crystal doped with Mg of 5 mol.%. It is also found that gratings on the deep centers and the
shallow centers were out of phase in Mg- or Zn-doped lithium niobate, while those in In-doped

lithium niobate were in phase. We considered that different defects induced by different dopants
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must be responsible for the observed results.

FATEFC T AL BRI AL T B LU AR R B A AE DK Y 365-nm BRI 584108
BAL TN Bt 4 B AP VR RE RO RENE , R ILIE IR AL FHA A T S A Xt 4= RAFE PERE A 3R e, T
SR AOFE I 2 B R W 4 AR P R . 4 TSI IR N 0.2 Wiem®, 3 Sk
780-nm iCFIEHRE N 0.25 Wiem® i, LR JRALF G 9 2.2-mm JE A0S B ELAR R
PR A Bl R S AIEhATEE M5 HITTIE 4x107 o/ A1 0.12. AT X F 5
& TG JFAL PR 5 AR T N T A ARG, (R IR A AP B O B B A MR AT 5 P

Nonvolatile two-color holographic recording gated by incoherent ultraviolet lights centered
at 365 nm was investigated in near-stoichiometric lithium niobate crystals under different thermal
treatment. The results show that thermal reduction tends to improve the two-color recording
performance, whereas thermal oxidation degrades the two-color recording. With an incoherent
ultraviolet gating light of 0.2 W/cm® and a semiconductor recording laser at 780 nm of 0.25
W/em®, a two-color recording sensitivity of 4x10® c¢m/J and a recording dynamic range
characterized by M/# of 0.12 were achieved in a 2.2-mm thermally reduced near-stoichiometric
lithium niobate crystal. We attribute the improvement to the prolonged lifetime of small polarons

and the increased absorption at the gating wavelength due to thermal reduction.
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Bl 2 AEKA (SLND. %A HE (SLNOD i JEALHE (SLNR) Ak % L He MR AR dis A (R XU 4 B sk R BB S
B A TR SRR . Herb i) BEARIE S5 1, 40 5004 1.4 pum Al 0.25 W/em?.
Fig. 2 Dependences of the sensitivity S on the gating intensity for SLN (solid circles), SLNO (solid triangles) and

SLNR (solid squares). The experimental parameters for A and I, were 1.4 pm and 0.25 W/cm?, respectively.

T8 I T AR A G AT OB B ALY FRAAE BRI b R HE AT T I SRR EA A
B G AR R AL RIS AR R IAEARAL Gt B DGR b iR EE 6 3% 77 18] O AS [R] AT DA IR
H R BB AR AN  FE T A JE 2V R G, W] AZEAS U AR B I 1 00 S B
AT, AR B O BT[] B0 2 4 (Opt. Lett. 33, 878 (2008)) (Fig. 3); A Anitk,
A% Gt i BT 51 RS 11 % I 1 1) 184 s A A4 | 1 D BT AR R e 0 R RNt o BL i 3RAT 1 S
56 EAGE AR A A 37 7 1) R R /N il T DA SIS0 (50 25 551 P 5 5 R e 2 g 1 T 2 1
W (Opt. Express 16, 3865 (2008)) (Fig. 4).

With an anisotropic photorefractive model, we have theoretically investigated nonlinear
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Fig. 3. (Color online) Experimental results. (a) and (b) Input and linear output probe beam pattern without lattice;

(c) lattice beam pattern; (d) geometry of beam orientation; (e)—(f) probe-beam output pattern for (1) discrete

diffraction, (2) self-trapping, (3) interference of soliton output, and (4) nonlinear output without lattice for (e)

1=45° and (f) —45° at EQc, respectively.

(a)

®

(c)

(d)

Fig. 4. Numerical results for discrete diffraction and self-trapped states. (a)-(b) are the output patterns of the probe
beam under linear (a) and nonlinear (b) propagation obtained by beam propagation method. Animations show the
corresponding evolution dynamics. (c)-(d) show soliton solutions at different peak intensities obtained with
iteration method.
beam propagation in both homogeneous and periodic media under the NCB condition. We found
that a self-focusing and -defocusing nonlinearity can exist simultaneously in the same material
depending solely on the orientation of the probe beam, remarkably different from the conventional
bias condition. This “hybrid nonlinearity” enables a transition between discrete and gap solitons

without the need of bias reversal, as observed in our experiment. In addition, under the NCB
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condition, the enhanced anisotropy and nonlocality lead to unusual index structures for reshaping
soliton beams. For example, an elliptical discrete soliton can be created experimentally with its
ellipticity and orientation controlled by reconfiguring the lattice structures without changing the

soliton beam itself.

FETHAR G AL RS, HOERE TETADE RIS, IR TEM T
T RO A G M AT A% SR 8 LR G5 R R 7 o RTG53 B0 8 2 i B D B S B 17 0
TG B DA DA S AT HLH X T A R . B0 A R L AT ho A S L AN R B AN
FHEAS . IEWAREATS . T8 H125 . (OPN December 2008 | 25) (X — LAE# S E 2
22PN 2008 4F4F BEHTIE] Optics in 2008)

Recently, we have shown that a new type of photonic lattices, such as an egg-crate structure
not so amenable to fabrication, can be established in nonconventionally biased (NCB)
photorefractive crystals. This new setting enables the reconfiguration of desired photonic
structures and Brillouin Zones (BZs) for band-gap engineering and light manipulation. Some
typical examples include Band-gap closure and Bragg reflection suppression, soliton transition
between different band-gaps, and interplay between normal and anomalous diffraction/refraction

under identical excitation condition.
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Fig.5 (a-d): Calculated refractive index profiles (1* row) and corresponding BZ spectra from simulation (2™ row)

and experiment (3™ row) for lattice structures optically induced by an identical beam under different bias
conditions, where the center of the white circle indicates one of the intensity maxima of the optical beam and the
dashed and solid arrows show the directions of the c-axis and bias field, respectively. (e): 3D display of index
pattern of (d) showing a typical egg-crate lattice structure. (f, g): Observed output patterns of a tilted probe beam
with its excitation location in k-space marked by a white dot in (a, d), respectively, showing tunneling (f) and

Bragg-reflection (g) in lattices. The red cross in (f, g) indicates the input position of the probe beam

MR A AR, P LASEEUARR T2 () e 20 1217 2 A1 IR AT A I3 TA) A i . AXAX
BN ERIDE R T7 11, FATTHE 4 B 7 L 12 R A% IR S 17 0 AN 5] F 34 R K 7
Bloch HLaC AN 8 (IR FEHCR, BB R 7 A7 8 AR 2R (B AT N Z TR R R . 34T
BRI RS2 45 5 (Fig. 7) AIFRETRI(Fig. 6)4F & 7541 2447 (submitted to OL)

Supported by hybrid nonlinearity, we can realize orientation-dependent transitions of in-gap

and in-band soliton trains. we have demonstrated selective excitation of soliton trains associated
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with Bloch modes from different band-edges as well as from sub-band-edges of the first Bloch
band in a 2D ionic-type photonic lattice solely by changing the orientation of an input probe beam.
Using a unique excitation scheme, we observed gap-to-gap and band-to-band transitions of the
soliton trains supported by the hybrid self-focusing and —defocusing nonlinearity under the NCB
condition. Our experimental observations (Fig. 7) of in-gap and in-band soliton trains agree well

with our theoretical predictions (Fig. 6).
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Fig. 6. Existence curves for soliton trains bifurcated from band-edges (a) and sub-band-edge (b) of the first Bloch
band, where the Bloch bands are shaded; (c)-(f) Soliton solutions at the marked points in (a) and (b), where (1)-(3)
are corresponding to intensity pattern, phase structure, and spectrum, respectively. The squares shown in (c3)-(f3)

depict the boundary of the 1st Brillouin zone.

Fig. 7. Experimental demonstration of optically induced transition between discrete and gap soliton trains. (a)-(d)
are for soliton trains bifurcated from I'l point; (e)-(h) are for that from M1 point. Left to right is corresponding to
excitation condition, intensity pattern, interferogram, and spectrum of the soliton trains, respectively, where the

dashed square depicts the boundary of the 1st Brillouin zone.

FE 45 AU JORDG 7 S rp AT IR SRR B ST BLIE NSO SR 4N 0N — I AR
AW IT (Fig. 8 TAT). SISO~ AR ARLME T AR E,

23



Annual Report 2008

AR IR TE SR PUAR T (Fig. 8 JIRAT). JBIEXS 25 (a1 . 5 IR A ER AT 7 by it
—BIE SRR B . (OPTICS EXPRESS Vol. 16, 10110(2008))

We report the first experimental demonstration of 2D gap vortex solitons by on-axis
excitation of a single vortex beam in a self-defocusing “backbone” photonic lattice. We show that
a singly-charged vortex can evolve into a gap vortex soliton, but a doubly-charged vortex tends to
turn into quasi-vortex or quadrupole-like structure. The k-space spectra and interferograms (with a
plane wave) of the self-trapped vortices from both experiments and numerical simulations are
presented, and their stability is also studied. Our theoretical analysis finds good agreement with

experimental observations.

Fig.8: Experimental results of self-trapping of single-charged (top) and double-charged (bottom) vortices in a
defocusing photonic lattice. (a) Interferograms showing the phase of the input vortex beams (zoomed), (b) intensity
patterns of self-trapped vortex beams at lattice output, (c, d) interferograms between (b) and a tilted plane wave

(zoomed) (c) and an on-axis Gaussian beam (d), respectively, and (e) the k-space spectra of (b) where the dash

squares mark the first Brillouin-zone of the square lattice.

RGBT TT 1 RGN 1B B B A 55 6 AR 2 MR BRI R . AE T T AR TR 3RAT 2
LW TT T BESA AR RS E R, R BLE SN INL 7 e B Rt R B AR IR L T
NGRS 2R o FEBLIEAIL b, FRATHETE 1 H3 0 e dr A e i R R i s mi o i s Y
AN [R] C B AT 78 A LRGS0 45 BRI IR B s MR O 4 R AR B M AR K, BE 8 X B BRI (R 32E AT
RIS . JRBE T — M FORIZECIT AR B LT, TR RO 4 BAF A 5 i S B R i
[T V% SIANE R T GRS B3 TE 6B OB IB AR o« AR 45 SR & RAE Journal of Applied
Physics A ER A4k b, FFRAESE 1 DY w4 E BRSO 0 A FU A RBTY  (OPCM” 2008) 75
A8 SRR

Systematic study of the influence of magnetic field on non-linear low-light effects of the
iron-doped lithium niobate crystal: in front of the study, we have studied the influence of the
magnetic field on the photorefractive two-wave coupling, and found that through the magnetic
field can effectively changes the diffraction efficiency of the grating written in iron-doped lithium
niobate. On this basis, we study the influence of magnetic field on the erasure process of the
photorefractive grating. Through four different configurations of the study, we found that the
influence of magnetic field on the erasing process is great, with this we can regulate and control

the erasing time of the photorefractive grating effectively. This provides an effective method to
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control the dark conductivity of the photorefractive medium and thus effectively control optical
holographic storage life and erase time. We also found that the applying of a magnetic field can
delay the fanning light-scattering effect effectively. Results published in the Journal of Applied
Physics and Physics, and in the 14th session of the National Symposium on optical properties of

condensed matter (OPCM '2008) Qingdao to do an oral report.

RIMEE TR ITHRERBT . BT M0 R 55 5 T ROTiR s . 556, 18
AFEREEE, AREVERPEL. e ARG SRR A A ot A < MR IOA 3R T A T IROC
FRT TS B T HOT IO R DL SRR AR B AR L R 5T A AR T o AR SCE5 SRAE S+ DU
L EERSNE T EAT T2 (OPCM” 2008) 7 &4l M1 ki 5

The production and research of the SPP: Study the influence of magnetic field on the
excitation of the SPP. In addition, plate metal-film on different materials, such as magnetic
materials, photorefractive materials and superconducting materials, then excite the SPP and study
the interaction of SPP and non-linear properties of the materials. Results are report in the 14th
session of the National Symposium on optical properties of condensed matter (OPCM '2008)
Qingdao.

TN R A EF IR AR AT B TE A R POR R T A & 26 S T
B DA RN R R ED G AT RCR R R PMMA J62F . XS SRR RBEG AT 1%
FERFIEBEAT TAITTE, JF BT TR A R B HIEBO & . 1% G DL IR 5 0T 72 IEAE
BEATH . Sah, FRATERETE T 9K 5 B H R A A A S AR SRR . A OGS K
RACFITRE AR, AR DR & EFCRS AN A AT & (OPCM™ 2008) 5 & i)
P =P

Production and study of micro-nano fiber, as well as the calculation of nano-scale waveguide,
optical directional coupler: We have produced silicon micro-nano scale fiber and micron-scale
PMMA optical fiber. The light transmission properties of micro-nano scale fibers have been
studied, and a number of methods to use the micro-nano fiber, such as make lasers and sensor
detectors are developed in progress. In addition, we also studied optical transmission properties of
the nano-arrays of the sub-wavelength waveguide and sub-wavelength scale Bragg grating.
Results published in Nankai Journal, in the 14th session of the National Symposium on optical

properties of condensed matter (OPCM "2008) Qingdao to do an oral report.

XF BN AN R A SR BRI KL T BIGARIRAE BB FE . SmIRSCBRRTE R 5~ Lo Rk TE
RLT s A IRORUZ BRIEARL 578 i 06 R ARG R P DGR IR BB R 7T AR EE K
RAET. Opt. A WIBEREAR LA ST R 24k L

Research on the capture characteristic of optical tweezers for different types of spherical
particles: The capture characteristic of strong absorbing spherical particles, the linear absorbing
spherical particles and spherical particles are captured in the double-Gaussian beam and ring beam
are simulated theoretically. Results published in J. Opt. A, NanKai Journal and Acta Physica

Sinica.
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JEAHPE TR BRIV TT: X3 T S 18 /R A 2= T A DGR RSN E SR AT
TR T . AHRE RARAEROLTIAR L.

Study on optical heterodyne interferometry technology: a heterodyne interferometer based
on Mach - Zehnder interferometer used for optical polarization measurement technology was

studied in detail. Results published in Laser Technology.
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RITE LEotds, EREORERL, Jeera it Mt BRSO R NGRS A
ARSI T . ASERERRIIC 16 Fa: FTEAHIRR 2 T, FRIESEHPE LA 1 00 7E6T
VR 9% 172 Ji0: S5RU0H 2 I USRI R AT

In this field, we mainly focused on the laser ,up conversion luminescent material ,fiber optic,
rare earth dope glass , applied spectroscopy and spectral instrument . 16 papers were published in
international academic journals, and three patents applicanted. This year, we obtained some
important results, they are mainly shown as following:
1A K I S LT SRR R

BAFHI R £ 54

(1) Xf Er/Yb LBIIEMELI RO L BOCRERAT TEOVRARI RGN L. EALEX
Er &7 EREFIOCH AT ER LR E, ZREVETALEECH K
P, GERLTRT PR RSCARAIR, DRGSR v

(2) FIRA BRZ 7GR AL RIER, 1 G AE SO AL Er/Yb ILI5 BERR #h 308
R AT PR SR L, T T B IREE L YUUREE L SRR, EilIhE H
SOCTRX R BRI AR, S R Er BRI T, UESET YR IB
REFEIR KRR RE 4 v B e MRS R

(3) WitIFHIE T BCE hhl et . MR AHLICDHERHL, SEL T B2 KT
PUREAE ], FATINEE R 22 R G BT AN &, THENLE 3 &
HURE I, 32 3 S IR 42 i o 22 3 T B Sz DG BAR . Bl f th BARAE 100—
130km FEEIGER, TR FDGEr = HPER AN AL iR S ok AT SR A6, FEd 223
R CL IR B R Y

(4) W E M HAE Y 12em 1 =39 56 Er/Yb ILBBEIR EL BROG LT SL3 1 DAk 170mW
MIOEESHE . FOPE KN 1634 2nm,  J6 58 B4 0. 053nm,

(5) EVOWM T HKEN 10. 4cm K G A Er/Yb LB REIR BRI EOLLTAE 976nm - S4B
Jedshiz N RO RIS .

1. The novel ultra-short high gain fiber devices

(1) The spectrum and laser emission characteristics of the Er’ -Yb*" co-doped glass materials
has been studied systematically and deeply. The experimental instruments have been set
for the accurate measurement of fluorescence lifetime of Er’*. This device is set based on
our laboratory original conditions, with simple structure, lower cost, and high
measurement accuracy.

(2) The finite difference beam propagation method (FD-BPM) has been used to simulate the
propagation properties of pump and signal light in the ultra-short Er’*-Yb®" co-doped
phosphate glass high gain fiber. We analyzed the influence of Er3 + concentration, Yb3 +

concentration, fiber length, pump power, the signal optical power on the amplifier gain.
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Through the comparison with the Er-doped glass fiber; we confirmed that the Yb3+ can
improve the absorption efficiency of the pump light effectively.

(3) Designed and fabricated an automatic optical fiber pulling machine. The fiber diameter
can be measured on line and the speed of the fiber pulling can be controlled real-time.
Ordinary optical fiber of 100-130um in diameter,can be drawn and the UV curing
coatings and high-pressure mercury lamp UV light source in the drawing process were
used to coat the optical fiber for protection.

(4) The continuous operation of a length of 12cm  high-gain Er / Yb co-doped phosphate
glass fiber with 170mW laser power was demonstrated. The center wavelength was
1534.2nm, spectral half width 0.053nm.

(5) For the first time, the superfluorescence has been demonstrated from a 10.4 cm high
gain Er / Yb co-doped phosphate glass fiber with 10.4 cm in length. under the 976nm

semiconductor diode-pumped laser.

2. JEMR BRI A
Er/Yb BEER EE B0 HA il BE K REE AL IR R A R AL, A2 LR O TT T, 1.54um
BoeTr i BA EEN ] ERH ARG POEA S )55 1, SR m . YRR
FERE, AN 2 B BR A B M R AT LOR B S R AL S A A k. H T O]
T4 Er BB %, (HRBRIPORREH T8 TI07 &R, LU % L& W Bm i
B, ArLlE Er BERREL ORI R L PR WARIE . AT TIRZ RGO &M A 28 7%, &
Tl W TEARS R, BSHRARRIRE
2. Glass Ceramics
Er / Yb phosphate glass has advantages of large energy storage and high energy transfer efficiency,
which has important applications in the upconversion and 1.54um laser. However, the glass itself
has some weaknesses, such as the low thermal conductivity ,weak mechanical strength, which
make the applications of the materials limited. Glass-ceramic combines the advantages of glass
and ceramic. Now Er-doped fluoride glass-ceramic can be prepared already, but the phosphate
glass-ceramic as that belonging to cubic crystal system, is difficult to prepare to be transparent
glass-ceramic, so there has been almost no Er-doped phosphate glass-ceramic research so far. We
tried a variety of methods of proportion and a variety of techniques, and finally prepared
erbium-doped transparent glass ceramics. Detailed achieves are:
() EdZMERECE, BEATIAETENT &, bl TIE M B OER R, TR
Bttt (30-x) LiO- 10CaF,-60 P,0s- xTiO, (x=0, 0.2, 0.4, 0.6, 0.8) [*] XRD K.
AL, AR BRLR LiPO,.
Through a variety of raw material ratio, heat treatment crystallization successfully
prepared transparent erbium-doped glass-ceramic, the next picture shows the ratio of

(30-x) Li,O- 10CaF,-60 P,0s- xTiO, (x=0, 0.2, 0.4, 0.6, 0.8) the XRD diagram, from
which the microcrystalline particles of LiPO,4 can be found.
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Fig.1 The XRD of glass and glass ceramic.
(2) DT BEEEP ARG . 2 A S B b R RO X . BER BT
ORTLES 7E78 ALY, 3a o Y
Measurement of the luminescence spectra of glass-ceramic. Figure 2 is the comparison of
absorption spectrum of glass and glass-ceramic. This shows that the crystal-field

: +
environment around Er’ * has been changed.
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Fig.2 The comparison of absorption spectrum of glass and glass-ceramic.

(3) KElI3 ZBEEMFTFIIEAE 975nmLD SEIRECL TR RO . SRR T L
A RO TARKIERE MR, Horp DLERO SRR S oo T EL B AV K0 PR 2 1
m, EEEEOCKSRER T YRR (K 5.

Figure 3 is the up-conversion excitation spectra of glass and glass-ceramic under 975nm
LD excitation. The upconversion luminescence of glass ceramics has been greatly
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increased, with the strongest green light. Moreover, with the heat treatment temperature
increases, up-conversion green emission intensity increased significantly (Figure 5).

(4) B4 J2 975nmLD UK N BEE 5 AN P F R AR 45 3 R I BRI 208 Rl
e ATRUE M, AACEE R BRI R AORER e R, HRI T —
TE MBS R
Figure 4 is the near-infrared fluorescence spectroscopy of glass-ceramics excited by
975nm LD with different heat treatment conditions. We can see that the heat-treated glass
ceramic luminous intensity has been enhanced to some extent, and also we can notice the

emergence of a certain amount of splitting.

1.00x10°F DS — GCA
| --—- Glass
—~ 7.50x10°}
=) 4 4
S I S3/2 - 115/2
2 5.00x10°f
é 2 50X105 | 4]-?7/2_)4115/2
21—19/2 - 4]15/2 4}75/2 - 4115/2
0.00 Fm=—=E———2= R == 2R S
400 500 600 700

Wavelength(nm)

K3 975nmLD ZZ§i# T /) Er/Yb X35 B35 RN 3% 185 0 8 b #4300 % B 61 o

Fig.3 The up-conversion excitation spectra of glass and glass-ceramic under 975nm LD excitation.
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Fig.4 The near-infrared fluorescence spectroscopy of glass-ceramics excited by 975nm LD with different heat

treatment conditions.
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Fig.5 The near-infrared fluorescence spectroscopy of Er / Yb phosphate glass and glass-ceramics

excited by 975nm LD
3. AN B IR LI KBTI
FEAE G R AN BB AT FU R BEAL L, R “BFE SR ERAG BIE MR G R
B A PR BURL . K FRAR TR IR 1 FE S Th I SO R SE KA, X R RORL F
& TTRE 1B R4
FELZEOR 7 OB E s AR S TZS B B RKER . TR RER:
TS BT FE S IO PR AR RRST S T AR A B ] D 2 X Ak it (10 B 7 AR SR R R T

£ T/ Yb F45 (1 B 35 M 2e v SRAF B 2 I D - 2E WD B B2 0 M e R B T/ Yb 22 1]
FAAEA ) RE AR HEIE , 12 RE B HIEIE 5 RS TREE A B H VINBC R . PP
B Sy A, AR, TP AR SRR B SER R R /E T .
3. The oxyfluoride glass ceramics

An innovative route is reported to fabricate nano-particles in aqueous solution from
oxyfluoride glass by the thermal induction and corrosion treatment. ,B—(Pb,Cd)Fz:Er%,YbH
nano-particles in aqueous solution were prepared by means of thermal induction to produce
nano-particles in glass matrix and corroding the glass host by hydrofluoric acid. The
nano-particles in aqueous solution have the same structure and luminescent properties as
nano-particles existing in glass matrix. Although thermal induction and corrosion treatment were
used to prepare A-(Pb,Cd)F,:Er’",Yb*" nano-particles in aqueous solution, it may directly apply to
any other silicate glass ceramics doped with other RE ions and embedded various composition of
nano-particles, since the preparation method is based on a fundamental consideration.

The oxyfluoride glass ceramics are an important up conversion luminescent materials.
Er3+/Yb3+-codoped transparent oxyfluoride glasses were prepared by melt-quenching and
subsequently heat-treated with different time and temperature, and the crystallization process of
fluoride nanocrystals from the glass was investigated for the first time. X-ray diffraction (XRD)

and fluorescence spectra investigation reveal that fluoride nanocrystals are distributed
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homogeneously among the glassy matrix for the sample doped with Er*'/Yb*. The crystallization
process indicates that heat-treated temperature influences the size of fluoride nanocrystals, while
heat-treated time influences the quantity of them. Moreover, the red emission intensities increase
due to the incorporation of Er*’/Yb®" into the fluoride nanocrystals under different heat-treated
methods, which are researched by fluorescence spectra.

Two series of Tm’ and Yb’>“codoped oxy-fluorosilicate glass ceramics which components
are 30Si0,-(20-x-y)Al,03-40PbF,-10CdF, —xTm,05-yYb,0O3; were prepared and characterized.
The up-conversion spectra of these samples were investigated and the up-conversion luminescence
mechanisms of Tm®'/Yb*" system were analyzed. The effects of Tm’" and Yb*" concentration on
up-conversion luminescence spectra were systematically studied. The results suggest that blue
up-conversion emission intensities decrease when Tm®" concentration increases due to the cross
relaxation interaction between Tm®" ions. The optimum Tm®" concentration is 0.025mol%; Three
photons process and Yb*" ions cooperative up-conversion energy transfer process co-exist in the
Tm’"/Yb*" up-conversion luminescence system. When Yb®" concentration increases, due to the
energy back transfer process of 3H4(Tm3+)—>2F5/2(Yb3+), the blue up-conversion emission
intensities would decrease. With the help of Yb*" ions cooperative up-conversion energy transfer,
in fact, the blue up-conversion emission intensities increase, which are in accord with the
experimental results.

4.6 RAT FURAN A TR

e S AR T T R ARSI M ), SR~ AR O % e A1 98 5 4 2 0.1 4 nm,
XA IT G T FE, AR B, W] UM T 806, JE ORI Z0AMp B 785nm B 808nm
Botds, BATZ BT

JeIERALGUK, BT T InGaAs/GaAs Hi& 7B PL il AR AR RAE, fR T HARTRAR
&R T ERIE T AOCHIRE, 53 ANEXT G Jm - B T BEAT T 1 D i 7 7 AN
P 2GR 5T
4. Spectral characterization and spectral instrument

In the spectral instrument field , we compress the laser line width of semiconductor laser
diode to 0.1nm using the volume grating and external cavity modulation. This kind laser could
using in the Raman spectrometer , specially in the NIR band , example of 785nm or 808nm laser .

In the spectral characterization field , we research the temperature dependence of PL
spectrum in researching InGaAs/GaAs single quantum well, and point out the lighting on the low
temperature are mostly from the excition. Otherwise , we research the modulation spectral and

Raman in the interface of GaAs and metal.
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This year, we obtained some important results, they are mainly shown as following:

(1) BRI 5 Z FRE RN 2] GaAs/AlGaAs 2 JE 1145 1) AR PR RSO 72
FrERH — AT DA BT R AR L S R B . SEIG R ER SRR, BTN,
z=0 W HIAS R B AR MR R BN EE R eAh, SRR 7 AR Al
Hop x X2 J A AR AE RSO R BRI, X AE /T BT T e R WARIE I
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T InGanP, FEREEL KT 100nm JERHMEE . RGN N T 00, R T AR UL
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(3) F AR RE T RE SR T 70 b 1 22 AEBFrh MIBHZE BE b O B T BE R . Fi Y BIRAE B
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(1) The room-temperature third order nonlinearities in GaAs/AlGaAs multiple quantum wells
have been studied using reflection Z-scan technique. A model to calculate the absorption
coefficient of quantum wells in the nonlinear regime is presented. The nonlinear absorption
intensity dependence was presented both theoretically and experimentally: the weaker the input
optical intensity at z=0, the bigger the nonlinear absorption coefficient. Besides, the model
presented the effect of Al content on the nonlinear absorption coefficient, which hasn’t been
reported.

(2) The penetration depth, internal stress and the degree of InGaAs/InP, InGaP/GaAs
semiconductor material system were researched by Raman spectroscopy. The values of Raman
penetration depth and In composition x are basically satisfied with a linear relationship. The
excitation light can’t penetrate through the epitaxial layers of InGaAs/InP. However the
penetration depth of InGaP/GaAs is far greater than the thickness of epitaxial layer, which is in the
thickness of 100nm. For the internal stress of InGaP/GaAs, when In component <0.485, the
shift of peak location of TO mode in Raman spectroscopy Aw@ >0, the epitaxial layer is
subjected to pressure stress and the larger with In component decreasing; And when In
component >0.485, A@ <0, the epitaxial layer is subjected to tensile stress and the larger as In
component increasing; And for InGaAs/InP is almost same in internal stress.For the ordering of

InGaP/GaAs, with the increasing of V/III beam ratio, the ordering degree first increases and then
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degreases, and the quality of materials is better when V/III beam ratio is near 8~9.

(3) A Schrodinger equation is solved numerically for a barrier in a quantum well and a quantum
well in another well structure by the transfer matrix technique. Effect of structure parameters on
the transmission probabilities is investigated in detail. The results suggest that symmetry plays an
important role in the coupling effect between the quantum wells. The relationship between the
width of the inner well and the resonant energy levels in well-inwell structures is also studied. It is
found that the ground state energy and the second resonant energy decrease with increasing width

of the inner well, while the first resonant energy remains constant.
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(4) We have finished the preparation of several projects on silicon optoelectronics, including
setting up the electrical and optical measurement system as in fig.1, device processing and mask

design for the MOSLEDs as in fig.2. The first set of the EL devices were processed by the clean
room facilities in Forschungszentrum Dresden Rossendorf in Gemany.

Joint system of EL, PL,, PLE and photocounting time-resolved spectra system
for EL devices and luminescent thin films

Microprobe ey optic adapters

Detectors
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Hamamatsu CR131 180-900 nm

Zolix Omni A 550
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Fig.1 Joint system of EL,PL,PLE and photocounting time-resolved spectra system for EL devices and
luminescent thin films
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Fig.2 The processing of device preparation
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Fig.3 The depth distribution of silicon and Er in SiO2:Er samples.
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(5) Er-doped SiO, films containing silicon nanocrystals were prepared by the Er and Si
co-implantation into thermally oxidized SiO, films showed in fig.3 and in fig.4.
Electroluminescence was studied with a metal-oxide-semiconductor structure of
indium-tin-oxide/ SiON/Si-rich SiO; : Er/Si. The different effect of silicon nanocrystal
concentration was studied on the mechanisms of electroluminescence and photoluminescence.
The 1.54 pm PL peak of Er*" in the infrared region dramatically increased with increasing the
density of silicon nanocrystals under photoluminescence excitation, which indicated that silicon
nanocrystals play an important role in the sensitization in the photoluminescence excitation.
Contrary to PL, due to the electron tunneling between silicon nanocrystals and the electron
trapping at the surface of silicon nanocrstals, the average energy and the population of hot
electrons decreased in the electroluminescence excitation, thus the EL efficiency of Er’"
decreased dramatically with the increase of silicon nanocrystals.

rare earth doped Si02 14 gate electrode

SiC:

n-type silicon

Aluminiurm

K4 #eigh o m B R % 1 4-inch wafer 8.

Fig.4 The schematic diagram of device and the picture of 4-inch wafer.
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Feng Song, , Zhen-zhou Cheng, Chang-guang Zou, Lin Han, Xiao-chen Yu, Jia-xiang Zhang,
Xue-ping Jiang , Pei-ze Han, and Jian-guo Tian, “Compact high power broadband
Ert'-Yb*'- codoped super fluorescent fiber Source”, Appl. Phys. Lett. 93, 091108 (2008).*
J.M.Sun, L.Rebohle, S.Prucnal, M.Helm, and W.Skorupa, "Giant stability enhancement of
rare-earth implanted SiO, light emitting devices by an additional SiON protection layer",
Appl. Phys. Lett.  92,071103 (2008).

" SR /Selected papers
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13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

Lin Han, Feng Song, Shu-Qi Chen, Chang-Guang Zou, Xiao-Chen Yu, Jian-Guo Tian, Jun
Xu, Xiao-dong Xu, and Guang-jun Zhao , “Intense upconversion and infrared emissions in
Er’’-Yb*" codoped Lu,SiOs and (LugsGdos):SiOs crystals”, Appl. Phys. Lett. 93, 011110
(2008).

Peng Zhang, Cibo Lou, Sheng Liu, Fajun Xiao, Jianlin Zhao, Jingjun Xu and Zhigang Chen.
“Band-Gap Engineering and Light Manipulation with Egg-Crate Photonic Lattices”, OPN 25
December ( 2008). *

Rubin Liu,Yongchun Shu,Guanjie Zhang,JJiamin Sun,Xiaodong Xing,Biao Pi, Jianghong
Yao,ZhanguoWang, Jingjun Xu,"Study of nonlinear absorption in GaAs/AlGaAs multiple
quantum wells using the reflection Z-scan",Opt Quant Electron 39:1207-1214(2008).

Shuqi Chen, Weiping Zang, Axel Schiilzgen, Jinjie Liu, Lin Han, Yong Zeng, Jianguo Tian,
Feng Song, Jerome V. Moloney, and Nasser Peyghambarian, "Implicit high-order
unconditionally stable complex envelope algorithm for solving the time-dependent Maxwell’s
equations", Opt. Lett. 33, 2755 (2008).

Detlef Kip, Christian E. Riiter, Rong Dong, Zhe Wang, and Jingjun Xu, “Higher-band gap
soliton formation in defocusing photonic lattices”, Opt. Lett. 33(18), 2056-2058 ( 2008).
Peng Zhang, Sheng Liu, Jianlin Zhao, Cibo Lou, Jingjun Xu and Zhigang Chen,” Optically
induced transition between discrete and gap solitons in a nonconventionally biased
photorefractive crystal”, Opt. Lett. 33, 878(2008).

Kenji Hirano, Tomoe Fukamachi, Masami Yoshizawa, Riichirou Negishi, Keiichi Hirano,
Zhang-Cheng Xu and Takaaki, Kawamura, “X-ray Interference Fringe of
Bragg-(Bragg)m-Laue case”, J. Phys. Soc. Jpn. 77, 103707 (2008).

Wen-Bo Yan, Li-Hong Shi, Hong-Jian Chen, Yang-Xian Li and Yong-Fa Kong, “The
UV-light-induced absorption in pure LiNbOj; investigated by varying compositions”, J. Phys.
D-Appl. Phys. 41(8), 085410 (2008).

Hua Yu, Nan Hu, Ya-Nan Wang, Zi-Lan Wang, Zong-Song Gan, and Li-Juan Zhao, “The
fabrication of nano-particles in aqueous solution from oxyfluoride glass ceramics by thermal
induction and corrosion treatment”, Nanoscale Res. Lett. 3(12), 516-520 (2008).

Li Zu-Bin, Yang Yi-Hong, Kong Xiang-Tian, Zhou Wen-Yuan, Tian Jian-Guo, “Enhanced
transmission through a subwavelength slit surrounded by periodic dielectric bars above the
metal surface”, J. Opt. A. 2008, 10, 095202.

Zhibo Liu, Xiaoqing Yan, Wenyuan Zhou, and Jianguo Tian, Evolutions of polarization and

nonlinearities in an isotropic nonlinear medium, Opt. Express 16(11), 8144-8149(2008). *

D. Song, C. Lou, L.Tang, X. Wang, W. Li, X. Chen, K. Law, H. Susanto, P. G. Kevrekidis, J.
Xu, and Z. Chen, “Self-trapping of optical vortices in waveguide lattices with self-defocusing
nonlinearity”, Opt. Express 16, 10110 (2008). *

Shuanggen Zhang, Jianghong Yao, Weiwei Liu, Zhangchao Huang, Jue Wang, Yongnan Li,
Chenghou Tu, Fuyun Lu, “Second harmonic generation of periodically poled potassium
titanyl phosphate waveguide using femtosecond laser pulses”, Opt. Express 16(18):14180-
14185(2008).

Peng Zhang, Jianlin Zhao, Fajun Xiao, Cibo Lou, Jingjun Xu and Zhigang Chen, “Elliptical
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27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

discrete solitons supported by enhanced photorefractive anisotropy”, Opt. Express 16,
3865(2008).

Zu-Bin Li, Jian-Guo Tian, Wen-Yuan Zhou, Wei-Ping Zang, Chun-Ping Zhang, “Enhanced
and confined light transmission through a funnel-type aperture with a sub-wavelength outlet”,
Opt. Commun. 281, 2321-2325(2008).

Yong-Liang Liu, Zhi-Bo Liu, Jian-Guo Tian, Yan Zhu, Jian-Yu Zheng, “Effects of
Metallization and Bromination on Nonlinear Optical Properties of Diphenylporphyrins”, Opt.
Commun. 281: 776-781(2008).

Shengwen Qi, Yongliang Liu, Xiugin Yang, Tang Xu, Guiying Chen, Chunping Zhang,
Jianguo Tian, “Measurement of nonlinear refractive index of ethyl red by interference of
capillary”, Opt. Commun. 281( 23):5902-5905(2008).

Shu-jing Liu, Feng Song, Hong Cai, Teng Li, Bin Tian, Zhao-hui Wu and Jian-guo Tian ,

“ Effect of thermal lens on beam quality and mode matching in LD pumped Er—Yb-codoped
phosphate glass microchip laser  , J. Phys. D: Appl. Phys. 41 035104 (6pp) (2008).
Xiao-chen Yu, Feng Song , Wen-tao Wang , Lan-jun Luo , Lin Han, Zhen-zhou Cheng,
Tong-qing Sun, Jian-guo Tian, and Edwin. Y. B. Pun2 , “ Comparison of optical parameters
and luminescence between Er’ /Yb*" codoped phosphate glass ceramics and precursor
glasses 7, Journal of Applied Physics 104, 113105 (2008).

Meixiu Sun, Chunping Zhang, Shengwen Qi, Qing Ye, Jianguo Tian, “Effect of surface
roughness of incident region on determination of tissue properties”, Journal of Modern
Optics » Vol.55,No.8, 1219-1229(2008).

Hua Yu, Kai-Di Zhou, Kai Chen, Jie Song, Chun-Xiao Hou, and Li-Juan Zhao, “Investigation
on crystallization process in oxyfluoride glass ceramics codoped with Er’'/Yb*™, J.
Non-Cryst. Solids 354,3649-3652 (2008).

J.M.Sun, M. Helm, W. Skorupa, B. Schmidt, and A. Miicklich, “Light emission from
ion-implanted silicon”, Physica Status Solidi (c)(Proceedings of Silicon Age 3),Article No.
pc80710 (2008).

S.Prucnal, J.M.Sun, L.Rebohle,andW.Skorupa,"Energy transfer from Gd to Er atoms in
Si02(GdEr)-MOSLEDs produced by ion implantation", Materials Science and Engineering
B 146, 241-244(2008).

Ci-bo LOU, Li-qin TANG, Dao-hong SONG, Xiao-sheng WANG, Jing-jun XU, Zhi-gang
CHEN, “Novel spatial solitons in light-induced photonic bandgap structures”, Front. Phys.
China 3(1): 1—11(2008).

H. Susanto, K. Law, P. G. Kevrekidis, L.Tang, C. Lou, X. Wang, and Z. Chen, “Dipole and
quadrupole solitons in optically induced two-dimensional defocusing lattices”, Physica D 237,
3123 (2008).

Yanfeng Zhang, Yudong Li, Jiwei Qi, Guoxin Cui, Hongbing Liu, Jing Chen, Lihua Zhao,
Jingjun Xu, Qian Sun, “Influence of absorption on optical trapping force of spherical
particles in a focused Gaussian beam”, J. Opt. A: 10, 085001(2008).

Li Xiao-Chun, Kong Yong-Fa, Wang Li-Zhong and Liu Hong-De, “The two photorefractive
centres in iron doped nearly stoichiometric lithium niobate crystals”, Chinese Phys. B 17(3),
1014-1019 (2008).
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40.

41.

42.

43.

44,

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

Wei Li, Xinzheng Zhang, Yanli Shi, Jingjun Xu, Haijun Qiao, Qiang Wu, Romano A. Rupp,
Cibo Lou, Zhenhua Wang, Feng Gao, Baiquan Tang, Christian Pruner,
“Photopolymerization-Induced Two-Beam Coupling and Light-Induced Scattering in
Polymethyl Methacrylate”, Chin. Phys. Lett. 25(8), 2857-2859 (2008).

Xinzheng Zhang, Zhenhua Wang, Hui Li, Qiang Wu, Bqgiquan Tang, Feng Gao, and Jingjun
Xu, “Characterization of Photon Statistical Properties with Normalized Mandel Parameter”,
Chin. Phys. Lett. 25(11), 3976-3978 (2008).

Fei bian, Xinzheng Zhang, Zhenhua Wang, Qiang Wu, Hao Hu, Jingjun Xu, “Preparation and
size characterization of silver nanoparticles produced by femtosecond laser ablation in water”,
Chin. Phys. Lett. 25(12) 4463-4465 (2008).

ZHANG Shuang-Gen, YAO Jiang-Hong,SHI Qing, LIU Yan-Ge, LI Yong-Nan, TU
Cheng-Hou, GUO Wen-Gang, LU Fu-Yun, “Fibre-Format Photonic Source Based on
Efficient Frequency Doubling of Continuous-Wave Erbium-Fibre Laser Amplifier”, Chin.
Phys. Lett. 25(8):2873-2875(2008).

YAO Jiang-Hong, JIA Guo-Zhi, ZHANG-Yan, LI Wei-Wu,SHU Yong-Chun,WANG
Zhan-Guo, XU Jing-Jun, “Resonant Tunnelling in Barrier-in-Well and Well-in-Well
Structures”, Chin. Phys. Lett. 25(12):4391-4393(2008).

Gan Zongsong, Yu Hua, Li Yanming, Wang Yanan, Chen Hui, Zhao Lijuan, “Investigation on
up-conversion luminescence of Tm3+ and Yb3+ codoped oxy-fluorosilicate glass ceramics”
Acta Phys. Sin. 57(9), 5700-4 (2008).

Shuanggen Zhang, Jianghong Yao, Yaxian Fan, Weiwei Liu, Yange Liu, Qing Shi, Zhangchao
Huang, Fuyun Lu, Second harmonic generation in periodically poled lithium niobate
waveguide using femtosecond laser pulses, Proc.SPIE  7: 1357-1359(2008).

Sun Xiufeng, Xu Xiaoxuan, Fan Wei, “The Optimization Of The Beam Of The Laser”,
Proceedings of SPIE- The International Society for Optical Engineering, v 6824,
Semiconductor Lasers and Applications III, p 68241V(2008).

Fan Wei, Xu Xiaoxuan, Sun, Xiufeng, “Temperature dependence of PL spectrum in
researching InGaAs/GaAs single quantum well”, Proceedings of SPIE-The International
Society for Optical Engineering, v 6838, Optoelectronic Devices and Integration II,
p68380S(2008).

Xiaoxuan Xu, Zhe Qin, Haibo Lin, Wei Xu, “Study on the degradation of PLEDs by in-situ
micro-Raman spectroscopy”, Proceedings of SPIE - Thelnternational Society for Optical
Engineering, v 6828, Light-Emitting Diode Materials and Devices II, p 68280R(2008).

£, SREAL XURERT, A, IRIKE, fLEK, B, W, “BRX R &
PRARE A BAFRETERERISEN 7, MBI 57 (5),  2946-2951 (2008).

Hsks, R, 200, EA, FBEE, BETE, “Tm’ /7Y 315 A AR IR £h 3 1
B BRI, WIS, 57 (9), 5699-5704 (2008).

PERRDG . RIEZL. JHEFE). BRET. W%, FREN, 67 g s B 2 (a7 BN
T, WEE 37 (4), 239 (2008).

e, dRE, Joi, W%, “B B 15 TiO) EFH(TiO,. B G EHE IR 7T 7,
W], 66, 657-661 (2008).

B, K255, LA, BRUKME, Hi7e, “BE T RImAAEN SEABOC LS TE
HIsem”, PP A4, 24, 1095-1099 (2008).
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55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

HE, KERG WRE, kT, IVFER, B, BARE, “HFBORICFRIZESITN,
T4 28 (3), 528-533 (2008).

Xuhsz, WL, R HHALET o ABUR IR YE”, KA, 29 (6),
1023-1026 (2008).

X7, VrsE, KEF, AR, “BIRESHEBOMHEE R &R A S R
7, TR, 37 (2), 252-255 (2008),

Tt TREEFF, INF5UE, “InGaAs/GaAs HLi TP PL 1% 10 B AR ARV 7, SBUR 4k,
20 (2), 182-186 (2008).

KN, R, ZEETA, REBEFE, TRAFIN, /N HTE S B R S AL NS R i
N7, i E RS, 28 (1), 37-40  (2008),

R, RBsEr, R, IKAEM, “DWT-PLS 7618 RSP OGiEHuR A B b R A 7, it
255, 28 (8), 1846-1850 (2008).

=W, R, Tk, NS, AR, ATAR, SRAEIN, R ARIILYEZR &4 PFO=BT15 K
N E BT, el S ek i, 28 (8), 1741-1744 (2008).

Tk, BREEF, B, KT, WA, “ B -Bi kB AU 1 HE R ) B Franz-Keldysh
BOSIREFL S it 5061, 28 (8), 1701-1704 (2008).

Tk, FRBEFF, =Y, KT, KA, “TRIME nGaAs/SI-GaAs A K H 20
TERFTT”, iR S RE AT, 28 (9), 2107-2110 (2008).

TR, BT, FHS, WEUE, FOCHI, EEE, B, 5T RS AR
QPM-SHG #HiARKE RN, A 5H0CTHE, 37 (2), 233-236 (2008).
FRHEUE, MR, RO, XIEkoK, B, R, FREE, A, AR HE
BRIVDEAZEIR”,  mF R, 41 (3) (2008).

Jing Chen, Yudong Li, Yanfeng Zhang, Hongbing Liu, “Analysis on an Array of
Nano-waveguide”, R4 41 (4) (2008).

F4E 4 PR & ./ Publications of Book

1.

J. Yang, X. Wang, J. Wang, and Z. Chen, “Light localization by defects in optically induced
photonic structures”, Invited Book Chapter, in Nonlinearities in Periodic Structures and
Metamaterials", C. Denz, S. Flach, and Y. Kivshar ed., (Springer, 2008).
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% %/Patents

HiE & F/ Patents Applied

[1]

(2]

(3]

(4]

[3]

(6]

[7]

(8]

[9]

CN 101266209A; FIGATH & EAMAL RS EU vk R, &g, %, KE
B WL, skSCsE, XUEE.

CN 101266320A; H R AR A Bk REHRZEIR3S; KB &g, %, skER
.

CN 101257180A; — i 5K A E LS ml s B e 4T 0 e KB RIE, T8
PR, 48ES6, & Bk, TR, sk, HEM, M.

CN 101186435A; —MOGLF PRI MEIET % K Rig, BIRM, 8B, T

Wef=, KA, HEM, HEE.

200810153618.6; —Fi i ST R MR MMM TE o K FRAY, KOk,
WEME, %, R, TIR%E, FEERL 0E, LB

200810052869.5; =i RCEAK Til-X0,-SnX/ TiO,-X-NX 5 & 18 i 1] W64k 70 1 H1) 4%
Tk R I, Hksk, TRE.

200810053738.9; miRFE&E . FEEIEE TS IYIK TiO, v WILHEA TR B4 7%
R H, HokoE, K.

200810053737.4; —Fh5 2 S ALBRGUKRE T & T s K e, R, Bk
CH

200810053555.7; JE T4, OCT WIZEWH L R ME Tk KW W, Bz,
FH % [

[10] 200810053556.1; £ OCT R4 KB Wi, >z, HEE.
[11] 200810053557.6; H T WK OCT RAMEERH K K¥H; M, FxzE, x5, H

.

[12] 200820075056.3; Xy OCT #4; LA M, Az, HEE.
[13] 200820075057.8; £t OCT RAMFHES K SLHHA; M, FxzE, x5, H

.

[14] 200720096496.2; 4-fIE N FESE; SR, k&, HEE, X4, HE, ik

k-

AL F/ Patents Approved

(1]

(2]

Z102148631.X — ML i3 it BB B A AR T5E: K SR, REIE,
KET, SOLE, B

Z1.200720096684.5; FADGAIREUR S SLHHM,; Rig, FERM, 48856, 758N,
T/NE, SkEFE, BEHM, HEE
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EFr&1E 5357/ International Cooperation and Exchange

K5\ R 4% B Visitors List
o w4 <R VA HRFREHR AL SRV [a] KU H
52 HiX
Victor o | L = 2o v
O WP | SRR AR % 2008.11 PR
Optical Sciences Associate
2. S.Jiang S Center in University 2008.9 FEARZ W
. Professor
of Arizona
Germano . . AT
3. | Monteme | Unlve'rsr[y Paul e 2008.10.2-10 7;:1 T’E }L
. Verlaine Metz 5T, P
zzani
Tatiana ' 8% 17 16 5% it A - 2008.10.14-11. | 2%, &
H = 0. .
Peter " Hity - R IS T - s,
5. Gunter it WA (ETH) A% 2008.11.2-7 i
Physics Department
6. | Mordecha |y 5 | and Solid State | 20086.12-14 | i
1 Segev Institute, University
of Haifa
William - Department of - N
x| -
7. Firth e Physics, Glasgow iz 2008.6.12-14 LS
Electrical and
Information
Eugenio | .. Engineering . o
| -
8. Del Re =N Department, % 2008.6.12-14 ez
University of
L'Aquila
Institute of Physics
D. Kip, Tectnomgies
9. | Clausthal- | [ gies, | iz 2008.6.12-14 | 2
Clausthal University
Zellerfeld
of Technology,
Clausthal-Zellerfeld
Ultrafast Optical
R. .
Morandot " Processing Research B o
10. N X | Group, INRS-EMT, oz 2008.6.12-14 e
Varer’lnes Université du
Québec
Centre for Photonics
and Photonic
Dmitry - Materials B o2
B3 ’ -
1. Skryabin = Department of Atz 2008.6.12-14 liss
Physics, University
of Bath

43




Annual Report 2008

Department of
12, | Stefano | s . | Engincering, 4% 2008.6.12-14 | itz
Trillo University of
Ferrara
Irena v S
13. | Drevense '\F T Stefan W 7037 % 2008.2.25-3.3 | 51EWEA
k-Olenik | ’®
Miha | #1i&3C . \ AT
141 Devetak BT Stefan #ff 7Tt 4 2008.8.26-9.5 | H1EHET
Daniel R. s o NS
15.| Grischko | s | POLHFTEMK Hi% 2008.10.31 | AR
wsky -
Christian
16.| Erwin fi[E | Clausthal Tk K2 i+ 2008.11.17-23 | TAEiiH]
Riieter
University of A% N
E5 ;
17. | JunruWu | E[H Vermont 2T 2008.7.10-11 s
18, Christian i Technical University Post Doc. 2008.11 2o g
Rueter of Clausthal
H5 A\ 52 4 B /Personnel exchange Researchers List
o w44 FAA TR R AL H 7 I TA] HYTEM
52 Ho[X
Lo| R g | A/ | WO R % 2008.3 =2y N
2. | B | fEE PPN Bz 2008.10-2009.1 | A1EWEF
W& L . - A ERE
. IR 4 X .9.20- T
3 5K [E AL B FEAT IR AR K 2 A% 2008.9.20-26 gr. e
2L B2
s | o om % ﬁi‘}jﬂﬁ%%fﬁ% Heim 2008.5 IYPT 3%
4 &= 7%
N i . I FURNN
5. | KOIE BT Stefan fiff 72 fit Rl % 2008.9.20-26 | AV
28 Va A 57, Ry |/ —\E s
6. | Romamo | wem | mnEsk | #dE. K | 2008.1027-31 .B’Tj al
A. Rupp &
7. R M ESE Tufts&MIT HHIm 2007.1-2008.4 W
WA 32 IR & i/Personnel exchange Students List
lig ESE T A /A
4 AL HysifEl | U E B
51 H[X +A4
ﬂ]Z | PLTINAY VALY 9 . N
L ow o | s | PRRIREESE e ) 20079200 1 iy

44




2008 4F 5506 AR LA 122 U 0 H R S AR

2 | wE i%*” BRI E A | M | 20089 | Beak
30| s B | mmd | osioeEisn | M 22%%88‘;1 AR
.9.29-
g | % B | BT | cSIOREIAE | M 58888192 o | AHERE
. - &S| FrR A

sl o om | omE | slEs ke Mo | 20081027 B“;; il
6. | Tuk ?%*” S o2t Wk | 20089 | mEard
5|3 AN A 44 B /New Staff
FE | w4 | el | s T, Wr e 7

1 I = 1981.5 YHim WP 2

2 FIRE 5 1979.5 el HFEEHEHAR

3 FAkAE 5 1978.10 el E|R2 R

45




Annual Report 2008

ERN. EPrLiIRE/Talks at Conferences

1.

10.

11.

12.

13.

14.

15.

Z. Chen, “Discrete solitons and singularity formation in reconfigurable photonic lattices",

the International Conference on Nonlinear Waves--Theory and Applications, Beijing, June

2008. (invited)

FNH B, Light emission from ion-implanted silicon. 2008 2008 Sino-German Symposium

on silicon optoelectronics, T/ 9-14th June 2008. (i)

Daohong Song, Liqin Tang, Cibo Lou, Xiaosheng Wang, Jingjun Xu and Zhigang Chen H.

Susanto, K. Law and P.G.. Kevrekidis "Self-trapping of optical vortices in photonic lattices

optically induced with self-defocusing nonlinearity ", CLEO/QELS 2008, San Jose ,USA

Fei bian, Xinzheng Zhang, Zhenhua Wang, Qiang Wu, Hao Hu, Jingjun Xu, “Preparation

and size characterization of silver nanoparticles produced by femtosecond laser ablation in

water”, The OSA Topical Conference on Nanophotonics, Nanjing, May 26-29, 2008

Yi Hu, Cibo Lou, Sheng Liu, Peng Zhang, Jianlin Zhao, Jingju Xu, Zhigang Chen,

"Observation of discrete and gap soliton trains in light-induced 2D photonic lattices under an

identical bias condition", The OSA Topical Conference on Nanophotonics, Nanjing, China,

May 26-29(2008)

Zhi-Bo Liu, Jian-Guo Tian, Zhen Guo, Dong-Mei Ren, Jian-Yu Zheng, ‘“Nonlinear

Absorption and Optical Limiting Effects in Porphyrin Covalently Functionalized Single-Wall

Carbon Nanotubes”, The OSA Topical Conference on Nanophotonics’08, Nanjing, Jiangsu,

China, May 26-29(2008).

Kaidi Zhou, Jie Song, Kai Chen, Lijuan Zhao, Hua Yu, “Study on Synthesis and Optical

Characters of ZnS Quantum Dots”, The OSA Topical Conference on Nanophotonics’2008,

Nanjing China (May 26-29, 2008).

K, WYL %%, Resonant Tunnelling in Barrier-in-Well and Well-in-Well Structures, The OSA

Topical Conference on Nanophotonics’2008, Nanjing China (May 26-29, 2008).

IRIBEHT, “ITLLAM A — et R 7, B T m A EIT A e RS W, Kb
(2008.11.19-23), (K2R

HEE, %, R, “BA SRR IRGE R E S RE”, o EYPL2:2008

FRFFEAREUW, FFrE (2008.9.19-21) (EiFHR D

RUE, “Fi oG RHZOGINE ", B-tma T B5OEFE s, bt (2008, 10). (&

TR )

Slle, “ BRI KB AR AHOC IR ", <IN E BT R G T 7, 5 = A

FDHL A 5 REEREA LB BT =R ERBEA S REFREW, Wi
(2008.9). (BiFHk)

INFER, XigfE, FRRA, #FH, 5K#EE, W. Skorupa, M. Helm, “MitBFiEAMG

RO TEFEGUR M BHRBUO R, 38— Jm e E BRI RIOC I FUEAR W B
(2008.11.23-29).  (&#iFR )

PEREWE, JHEAE), RIEZL, BREW], 6 MR RS, 5%+ 00 b E bR

JeRFEWHT &, TIH-2RiE 2008.12.4-2008.12.8

Qi Yiling, Anas F. Jarjour, Wang Xu, Robert A.Taylor and Zhang Guoquan, “Theoretical

simulation of optical transmission in 2D photonic crystal slab with MEEP” , 2008 1 [E ;%%

25, SR (2008.11.20-25),
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19.

20.
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22.

23.

24,

25.

26.
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28.

29.

30.

31.

32.

KICE, mlE, RERL, VERZE, “REm OGP e A WA RE R 7, 2008
FEDE S, M (2008.11.20-25).

Daohong Song, Cibo Lou, Ligin Tang, Jingjun Xu, Zhigang Chen “Observation of gap
vortex solitons in optically induced photonic lattice with a defocusing nonlinearity”, -1 J{
Jee 4 [ it B A G 2 ME B A AR 22 (OPCM 2008), 7% (2008.7.25-27).

FHT, WHEA, mE, W7, VT XA, COGIRAE (2+1) 4GB T R
AR BB BT FL 7, 81 DY e 4 [ B SR S 6 2 M U R B 25 (OPCM” 2008), 7 i
(2008.7.25-27),

TKICE, g, TRERG VERUE, “RET MR AR S HLEI SR S G R B 55 hse
AL A 7, B+ VU e A [ RE SR A O I B R BIE I & (OPCM” 2008) , 75 &)
(2008.7.25-27),

AL, R, RHIE, VPR, VB, “IETPATARKOGIR T B E MR G A MR ST
77, BV A EEERSGAVEU ARBHY 22(OPCM” 2008), H & (2008.7.25-27).
FUkA, RN, R&, @, LG, LR, BSLE, VRRUE, AN, “HiafE
F T O 3 O i 45 B RE AT, BB T DY Jm A R SR A O M U R B &
(OPCM’ 2008), & (2008.7.25-27).

MRk, ZEEbk, BEOCOR, 5466, EEDE, XIdtoK, VPR, N, “HRIREE-& )8R
55 G R OR F T AR S T IOT IR AT 7, S D e A [ R SR A O A VE BT R 2
(OPCM’ 2008), & (2008.7.25-27).

Wi, R FRE, N, CERKREA GG, H D e 4 E
BRGNS AR 2:(OPCM” 2008), 5 & (2008.7.25-27).
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Spatial Frequency Combs and Supercontinuum Generation
in One-Dimensional Photonic Lattices

Rong Dong, Christian E. Riiter, and Detlef Kip
Institute of Physics and Physical Technologies, Clausthal University of Technology, 38678 Clausthal-Zellerfeld, Germany
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We experimentally demonstrate the formation of spatial supercontinuum and of spatial frequency
combs in nonlinear photonic lattices. This process results from multiple four-wave mixing initiated by
launching two Floquet-Bloch modes into a one-dimensional lattice. The dynamics of the waves is
sensitively dependent on the transverse momentum difference between the two initial modes: when
this momentum difference is commensurable with the lattice momentum the waves evolve into a
frequency comb, whereas when it is incommensurable the waves evolve into a supercontinuum of spatial

frequencies.

DOI: 10.1103/PhysRevLett.101.183903

The past few decades have witnessed growing interest in
wave propagation in nonlinear media having a periodically
modulated potential [1], starting with the pioneering work
of Fermi, Pasta, and Ulam on wave motion in periodic
particle-chains with nonlinear coupling [2]. The interplay
between nonlinearity and transport properties in a periodic
structure enables nonlinear lattices to exhibit intriguing
properties such as lattice modulation instability [3-5],
lattice solitons [5—7], and interactions among such solitons
[8,9] and among Bloch waves [10], all having no analogue
in homogeneous media. Specifically in the optical domain,
arrays of evanescently coupled channel waveguides are a
prominent example of such nonlinear lattices. These arrays
consist of equally spaced identical waveguide elements,
displaying all inherent properties of a photonic crystal
structure, such as Brillouin zones (BZ), forbidden and
allowed bands, and so on. Nonlinear waveguide arrays
were realized in different materials including semiconduc-
tors [11-13], quadratic media [14], photorefractive crystals
[15,16], liquid crystals [17], etc. They provide an excellent
platform where nonlinear wave propagation can be directly
observed and investigated experimentally [3—17].

In another domain of nonlinear waves in periodic
structures-photonic crystal fibers (PCFs)-another effect
was demonstrated experimentally in 1999: supercontin-
uum (SC) generation [18], which describes the evolution
of a relatively narrow-band ultrashort optical pulse into a
broad continuous spectrum [18], typically spanning an
optical octave or more. This phenomenon results from
the collective action of the whole set of nonlinear optical
effects, such as four-wave mixing (FWM), self- and cross-
phase modulation, and stimulated Raman scattering, often
accompanied by soliton formation as well as modulation

0031-9007/08/101(18)/183903(4)
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instability [19,20]. The SC generation phenomenon was
actually first observed in 1970 [21] in bulk glass. The
unusual chromatic dispersion characteristics of PCFs [22]
facilitate a strong nonlinear interaction over a significant
length of the fiber.

Unlike the extensive studies on temporal SC in PCFs,
the dynamics of spatial SC remained unexplored until
recently, when the idea of generating spatial SC and fre-
quency combs (FC) in nonlinear photonic lattices were
proposed [23]. The process starts with two Floquet-Bloch
(FB) modes [with quasimomenta (QM) k,; ,] which inter-
act with one another via FWM. The interaction couples
power to new FB modes, spreading to more and more
modes which are evenly spaced in momentum space.
After sufficiently long propagation distances, the power
distribution among the FB modes becomes a comb or a SC
structure, depending sensitively on whether or not the
momentum difference between the two initial modes is
commensurable (or not) to the lattice momentum. This
dynamics applies to both focusing and defocusing nonline-
arities. Here we demonstrate these effects experimentally:
the generation of spatial SC and of spatial FC in nonlinear
photonic lattices.

Consider a one-dimensional (1D) nonlinear waveguide
array, which is periodically modulated in the transverse
direction x, but is invariant along the propagation direction
z. When the nonlinear action is not too large, the linear FB
modes still form a base for describing wave propagation in
the lattice; however they couple power to one another
(coupled-mode regime). Following Bloch’s theorem, the
superposition of FB modes (for simplicity, we restrict the
sum to the first band) can be written as Y ;A (z)Uj(x) X
exp(iBiz), where k is the QM and By is the propagation

© 2008 The American Physical Society
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constant of the mode. Here U(x) = u;(x) exp(ikx), and
ui(x + A) = u(x) are periodic functions with (lattice)
period A. By solving the nonlinear Schrodinger equation,
the coupled-mode equations for the amplitudes A(z) are
obtained [23]:

dAy,

ldz

Y Criokok,Ar, ()AL, (DA}, (2) exp(iABz) = 0,
kykaks

ey

Here AB = B, + B, — B3 — B4 is the longitudinal phase
mismatch, and the plus/minus sign corresponds to the sign
of the nonlinearity. Because of the symmetry properties of
FB modes, the tensor Cy t,x.x, can be described as

A
Chikoksks = Nj; ukl(x)ukz(x)uig(x)u;(x) exp(iAkx)dx.

2

Here N is the number of lattice sites, G = 277/A is the
lattice momentum (width of the BZ), and Ak=k, + k,», —
kx:; - kx4 =nG (Wlth n = 0, 1, 2, ey Ck1k2k3k4 = (0 when
Ak does not satisfy this relation). When the two FB modes
are initially excited at z = 0, and assuming a sufficient
long distance of propagation, a cascaded excitation of
modes is triggered. Modes with QM k,; — nAk;, and
ko +nAk, (n=1,2,..., Ak, = ky» — k) are excited
by FWM interactions of the newly generated FB modes
with the modes that have excited them. This scenario goes
on and on, and new FB modes are sequentially generated,
until these modes reach the edge of the first BZ. The
evolution from that point and on depends on the commen-
surability of Ak, and the lattice momentum G.

If the momentum difference between the two initial FB
modes, Ak,, is commensurable with the width of the BZ
(i.e., Ak, = aG with a rational @« = m/I, m and [ being
coprime integers), then the nonlinear interaction leads to
the appearance of a comb of FB modes, consisting of only /
modes in each band. For example, see Fig. 1, for which
m=1,1=135, a=1/5. On the other hand, if Ak, is
incommensurable with G, the nonlinear interaction excites
an infinitely dense set of modes (Fig. 2, for which a =
1/8.6 is irrational, to within a reasonable experimental
accuracy). The explanation of both phenomena has to do
with the fact that the lattice can contribute an integer

(b)
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FIG. 1 (color online). Calculated evolution of the field Fourier
power spectrum when two modes are launched into the array
with QM difference Ak, = G/5 (commensurate case). Input
beam (a), and after 3 mm (b) and 6 mm (c) of propagation. Here
the distance of 6 mm is related to the experimental situation.

quantum of lattice momentum G to the nonlinear interac-
tion. When a newly generated FB mode is close to the edge
of the BZ and it interacts with another mode, subtracting
(or adding) lattice momentum folds the interaction out-
come back into the first BZ. In the commensurable case,
this folding always falls onto an already excited FB mode,
thus keeping the number of populated modes a finite dis-
crete set (a comb). On the other hand, in the incommen-
surable case [Fig. 2], folding maps onto new modes, until
eventually all FB modes of a particular band are populated
[24]. This is the case of SC generation or equipartition:
redistribution of energy between the linear modes of a
periodic system as a result of nonlinearity.
Experimentally, we investigate the formation of spatial
supercontinuum and frequency combs in a 1D nonlinear
lattice fabricated in lithium niobate (LiNbOj). Our 1D
waveguide array is fabricated by in-diffusion of Ti on a
Fe-doped LiNbO; wafer, exhibiting a photovoltaic self-
defocusing nonlinearity. The array consists of approxi-
mately 250 stripes with a width of 6 um and a grating
period A = 10 um, and the ferroelectric axis points along
the x direction. The band spectrum consists of three guided
bands, which are separated by gaps. The experimental
setup for the generation of spatial supercontinuum and
frequency combs is sketched in Fig. 3. We use a continuous
wave A = 532 nm laser beam (Verdi V2), polarized extra-
ordinarily to utilize the largest electro-optic coefficient 733
of the LiNbO; crystal. The beam is first expanded to a
diameter of 30 mm (*“‘plane wave’”). Using an aperture of
2 mm diameter, we select the central part (having a con-
stant intensity) to excite ~200 channels of the array. To
excite the proper FB modes, the wave is split into two
beams of equal power, which are subsequently recombined
at a controllable angle. We then use a prism pair (made of
high-index Rutile) to couple the two beams simultaneously
into, and out of, the waveguide array. Making use of the
prism coupling method [25], we selectively excite any
desired FB mode (or combinations of several modes) in
the array by proper adjustment of the incidence angle. The
intensity of the light leaving the in-coupling prism is
measured by a photodiode (PD), which allows for exact
adjustment of the transverse phase matching condition for
excitation of a particular FB mode [26]. The light coupled
out by the second prism is recorded by a CCD camera,

(c)
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FIG. 2 (color online). Calculated evolution of the field Fourier
power spectrum when two modes are launched into the array
with QM difference Ak, = G/8.6 (incommensurate case).
Input beam (a), and after 3 mm (b), and 6 mm (c) of propagation.
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FIG. 3. Schematic experimental setup. W, A/2 plate; P, polar-
izer; BE, beam expander; A, aperture; M’s, mirrors; BS’s, beam
splitters; PD, photodiode; CCD, CCD camera; WA, waveguide
array; RT, rotary stage.

which directly yields the Fourier power spectrum inside the
array.

In our experiment, we adjust the two input beams to
excite simultaneously two different FB modes of the first
band, having different wave vectors k; and k,, with k, —
ki = kyy — ke = Ak, [see Fig. 4(a)]. The angles between
the directions of the input beams and the propagation
direction (z direction) in the array determine the transverse
wave vectors, thereby determining the Bloch momenta of
the excited modes. As such, we can readily adjust the
Bloch momentum difference of the excited modes by
superimposing the two input beams at the prism base
with a small angle difference in the xz plane. In all mea-
surements, one beam (marked as B2) is launched to excite
a mode with Bloch momentum k,, = 0. The other beam
(marked as B1) is adjusted to excite a mode with a QM
difference Ak, relative to k,,. Here Ak;, can be chosen to
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FIG. 4 (color online). Formation of spatial FC in the commen-
surate case with Ak, = G/5. (a) Schematic band structure and
excited modes. Here An = n. — ng,, represents the effective
refractive index of the FB modes; (b) output linear Fourier
spectra when B1 (top), B2 (middle), and both Bl and B2
(bottom) are excited; (c) nonlinear evolution of Fourier output
spectra after ¢+ = 0.5, 1.5, and 5 min (from top to bottom).

be either incommensurable or commensurable with the
width G of the BZ.

In the first experiment, we investigate the formation of a
comb of spatial frequencies. For this commensurate case,
the momentum difference is adjusted to Ak;, = G/5. In
Fig. 4, we image the output Fourier spectra in two full
BZ’s, to provide a better perspective of the fashion in
which evenly-spaced FB modes are sequentially excited,
and overlap at the border between two neighboring BZ’s.
Figure 4(b) depicts the output Fourier spectra, under linear
conditions, when B1 and B2 are excited, either simulta-
neously or individually. Here the propagation distance is
6 mm and the input optical power is rather low (25 nW per
channel), thus avoiding any build-up of nonlinear index
changes in the array. As clearly shown in Fig. 4(c), when
the optical input power is increased to 0.9 uW per chan-
nel, the increasing nonlinearity triggers the formation of a
comb of spatial frequencies. Beginning with the two ini-
tially excited modes, the spectrum eventually develops into
a comb containing 5 FB modes in the first BZ, in agree-
ment with the theory about the anticipated number of
modes in each band [23].

Next, we change the setup to observe spatial SC for-
mation. For this the angle between the two input waves is
now chosen to be incommensurable with the lattice mo-
mentum; here the relation between those is approximately
Ak, = G/8.24 [see Fig. 5(a)]. All other parameters
(propagation length, input powers) are the same as before.
In Fig. 5(b) the linear Fourier spectra of excited modes are
given. Again, we do not observe any energy exchange
between the two FB modes under such linear conditions.
However, for increased input power, the system becomes
highly nonlinear, giving rise to coupling between FB
modes and to energy spreading. This result is obvious in
Fig. 5(c), which depicts the output power spectrum as the
nonlinear interaction builds up in time, becoming stronger
and stronger. After switching on the input light at time ¢ =
0, a cascaded excitation of FB modes starts, which, at the
beginning, is dominated by appearance of additional side
bands separated by QM = Ak, relative to k,; and k,,. With
increasing time, also (initially weak) scattered waves start
to increase in power and interact via FWM with other FB
modes. Finally, after # = 20 minutes (this rather large time
constant is related to the low mobility of our samples: low
charge mobility yields large photovoltaic fields, hence all
efficient photovoltaic materials have low mobility), a broad
spectrum of FB modes covering almost the full BZ has
developed.

The results presented in Figs. 4 and 5 nicely agree with
the main predictions outlined in [23]. However, our experi-
ments also reveal new interesting additional effects.
Observing Fig. 4 carefully reveals that most of the
Fourier components in the comb exhibit a double-peak
structure: almost every intensity peak in Fourier space is
split in two. Studying this phenomenon numerically (for
example by varying the number of excited channels, i.e.,
changing the width of the super-Gaussian beam we use as
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FIG. 5 (color online). Generation of SC in the incommensurate
case with Ak, = G/8.24. (a) Schematic band structure and the
two FB modes; (b) output linear Fourier spectra when B1 (top),
B2 (middle), and both Bl and B2 (bottom) are excited;
(c) nonlinear evolution of Fourier output spectra. Photographs
(from top to bottom) are taken after ¢+ = 0.5, 1.5, 5, and 20 min,
respectively.

the launch beam) shows that the double-peak effect results
from the fact that any finite beam has finite width in Fourier
space, and the plane waves comprising each Fourier-peak
interact with another through FWM. This phenomenon
occurs also in a homogenous system (and is related to
holographic scattering [27]). However, in a periodic struc-
ture the dispersion inside the band is weaker, and hence the
phase matching is better; thus, the resulting peak-splitting
is more apparent. In addition, we find that, if, in the
simulation, a weak additional wave (of the same wave-
length as B1 and B2, but with optical power of only ~1%
of them) is launched together with the two input waves into
the lattice, this weak wave considerably accelerates the
frequency comb or SC generation processes, although
naturally it has no apparent effect on the (very dense,
almost continuous) spectrum. In the experiment [see,
e.g., Fig. 5(b)], although we illuminate our sample only
by two plane waves, we always observe such very weak
scattered waves adjacent to the two fundamental FB
modes. The origin of these waves is attributed to multiple
reflections in the Mach-Zehnder interferometer and the
coupling prism, or, in the nonlinear case, additional waves
formed by holographic scattering inside the array [27].

In summary, we have demonstrated experimentally the
generation of spatial FC and of spatial SC resulting from

cascaded FWM interactions in 1D photonic lattices. These
phenomena display a sensitive dependence on the differ-
ence of the FB momentum between the two initially-
excited modes and the lattice momentum. We find that an
additional weak wave accelerates both processes. We em-
phasize that both phenomena are universal, and apply to all
nonlinear periodic structures in which waves propagate. In
this vein, both SC and FC generation should be observable
in Bose-Einstein condensates (BEC) in optical lattices,
with both attractive and repulsive interactions.
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We reviewed the recent progress on slow and fast lights in solids at room temperature
based on moving and stationary refractive index gratings. A dispersive photorefractive
phase coupling associated with moving gratings results in slow and fast lights. In prin-
ciple, such phase-coupling-induced slow and fast lights can be observed in any nonlinear
wave mixing process with a dispersive phase coupling effect. The slow and fast lights in
the stationary gratings are also discussed. One advantage of the stationary gratings is
the possibility to engineer the dispersion slope of the grating through designing the grat-
ing structure and parameters. As an example, we show that the dispersion slope of the
gratings is enhanced significantly by stratifying a series of identical volume index grat-
ings with homogeneous optical buffer layers sandwiched between every two neighboring
grating layers. The slow and fast lights, therefore, can be controlled more effectively in
such specifically designed grating structures than in the homogeneous gratings. Another
advantage is the high transparency of the slow and fast lights with appropriate grating
structure and parameters. Issues such as the pulse broadening effect and the pulse dis-
tortion are addressed. The slow and fast light techniques have many important potential
applications such as optical delay lines and optical buffers.

Keywords: Slow and fast lights; phase coupling; gratings.

1. Introduction

There are at least two different velocities related to the light propagation: one is
the phase velocity v, and the other is the group velocity vg.l Generally speaking,
the phase velocity is the velocity at which points of constant phase move through
a medium, while the group velocity is defined as the velocity with which a light
pulse propagates through a medium. Recent researches!' '6
in a dispersive material system show the possibility to slow down or remarkably
accelerate the group velocity of light, which has many promising applications such
as optical buffers, controllable optical delay/accelerant lines, optical memories, and

on light propagation
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devices for quantum information processing. It is also of fundamental interest tar-
geted towards the understanding of physical laws for light pulse propagation, as
well as nonlinear optics at the level of a single photon.

Early works on slow and fast lights were generally demonstrated in dispersive
amplifying/absorbing material systems.!” 2% Nevertheless, the results were blurred
by the pulse deformation due to the amplification or the attenuation of light pulses
during propagation. Recently, extremely slow light with a group velocity ~17 ms™!
was achieved in an ultracold gas of sodium atoms based on the electromagnetically
induced transparency (EIT)?! effect by Hau’s group at Harvard University,? while
fast light with negligible distortion was observed by Wang et al.® by use of a pair
of Raman gain feature to induce transparency and a large negative refractive index
dispersion. It is worthy to note that no signal propagates at a velocity faster than
the speed of light in vacuum. For many important potential applications, slow and
fast lights in solids are preferred. Various effects such as the EIT,%7 coherent pop-
ulation oscillations,'??? photorefractive effect,'''1? stimulated Brillouin scattering
and stimulated Ramam scattering in the optical fibers,'3!# and the resonant effect
in photonic crystal waveguides'® were proposed to generate slow and fast lights in
solids.

The photorefractive effect was discovered in lithium niobate (LiNbOj3) and
lithium tantalate (LiTaO3) by Ashkin et al. in 1966.23 When a spatially inhomoge-
neous light pattern illuminates an electro-optic material, charge carriers (electrons
or holes) are photo-excited from the donors (defects or impurities) to the conduc-
tion band or the valence band. These photo-excited electrons or holes migrate in
the conduction or the valence band to other places due to diffusion, drift under
an electric field or the photovoltaic effect, where they are re-trapped on the ac-
ceptors in the photorefractive materials. The photo—excitation, transportation and
recombination of charge carriers repeat until a dynamic equilibrium is reached.
In this way, the charges are redistributed in the materials, and a spatially inho-
mogeneous charge distribution is generated, which results in a light-induced space
charge field. A spatially inhomogeneous refractive index distribution will be induced
through the electro—optic effect of the materials, and this will reversibly influence
the propagation behaviors of lights that induce the refractive index change of the
photorefractive materials.

The photorefractive effect is a versatile nonlinear optical effect,?* 26 and is effec-
tive in photorefractive materials even at very low light intensities. It is inherently
a highly dispersive process because it takes time to redistribute the photo—excited
charge carriers among different donors and acceptors. In this paper, we will mainly
discuss the dispersive properties of the photorefractive wave—mixing process, and
special attention is paid to the dispersive photorefractive phase coupling effect and
its application to the generation of slow and fast lights. In addition, slow and fast
lights in stationary gratings will also be discussed.

The structure of this paper is as follows. We first discussed theoretically the
dispersive phase coupling in a nondegenerate photorefractive beam coupling process
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in Sec. 2. Slow and fast lights based on the dispersive phase coupling through a
moving grating technique are presented in Sec. 3. In Sec. 4, we address slow and
fast lights in specially designed stationary grating structures. And finally in Sec. 5,
we discussed the pulse broadening effect in slow and fast lights, which is very
important in view of practical applications.

2. Dispersive Photorefractive Phase Coupling

In a nondegenerate two-beam coupling process,?” 33 a weak signal beam of an an-

gular frequency ws interferes with a strong pump beam of an angular frequency
wp in a photorefractive material. The induced refractive index grating moves along
the grating vector but with a delayed phase-shift with respect to the interference
pattern of two coupling beams. Under the small modulation depth approximation,

the associated light-induced space charge field E,, is written ag3*3°
Ey—iFEp
Ese = — E E, E P E ) (1)
I+ F2+igt) —Qr(g —i% —iZP)

where () = w; —w), is the angular frequency difference between two coupling beams.
Ey, Ep = ekpT/q and E; = eNao(Np — Na)/(gNpeep) are the externally applied
electric field along the grating vector, the diffusion field and the limiting space
charge field, respectively. ¢ = 27/A is the grating vector and A is the grating
spacing. Np and N4 are the densities of the total dopants and the non—movable
compensation charge that maintains the charge neutrality of the photorefractive
materials in the dark, respectively. 7 equals to (8-+slo+vno) "1, and 74; = eco/eung
is the dielectric relaxation time. Iy, ng, 3, S, 7, €, kg, T and u are the total incident
intensity, the electron concentration in the conduction band, the thermal excitation
rate, the absorption cross section, the recombination coefficient, the magnitude of
elementary charge on electrons, the Boltzmann constant, the absolute temperature
of the photorefractive materials and the mobility of conduction band electrons in
the photorefractive materials, respectively. Note that the photovoltaic effect is not
considered here, and electrons are supposed to be the dominant charge carriers.
The intensities and phases of the two beams are coupled with each other through
the light-induced refractive index grating. Therefore, one may modify/control the
intensity and the phase of the signal beam through the beam coupling process. The
variances of the intensity Is(r) and the phase ®4(r) of the signal beam satisfy the

following set of differential equations?#:2?
9L,(r) I(r)I,(r)
=T —alg , 2
or I,(r) + L, (r) al,(r) (2)
09,(r) _ . L(r) .
or P IS(’I") +Ip(r) ’
where I';, and I'p, are the intensity coupling coefficient
2mn3re
Fin = MIIH(ESC) (4)

A
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and the phase coupling coefficient

3

T = ””b;eff Re(Ese) , (5)

respectively, ny is the background refractive index of the photorefractive material,

reft is the effective electro—optic coefficient, A is the operating wavelength, I,, is the

pump beam intensity, « is the absorption coefficient of the photorefractive material,

and Im(E,.) and Re(Fs.) represent the imaginary and the real components of the
complex space charge field.

It can be demonstrated that the wave coupling processes in photorefractive ma-
terials are highly dispersive. Figure 1(a) shows the typical dispersion curves for
the phase coupling coefficient I'p, (solid curve) and the slope of the phase cou-
pling coefficient 0T'p1/0Q with respect to £ (dashed curve) for a bismuth silicon
oxide (Bi12Si0q) crystal under experimental conditions A = 514.5 nm, T' = 300 K,
Ip = 10* Wm~2, Ey = 10° Vm~! and A = 30 um. The typical material parameters
for a Bi;2SiOgg crystal are shown in Table 1. It is seen that the phase coupling

T T T T T 12
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Fig. 1. (a) Typical dispersion curves of I'py, (solid curve) and OT'py /0 (dashed curve) and
(b): typical dispersion curve of the intensity coupling coefficient T'i,, for a Bi;2SiOgp crystal,
respectively. The material parameters used to calculate the curves are listed in Table 1, other
parameters are A = 514.5 nm, T = 300 K, Iy = 10* Wm~2, Eg = 10 Vm~! and A = 30 pm,
respectively.
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Table 1. Material parameters for a typical photorefractive Bij2SiOg¢ crystal at 514.5 nm. From
Ref. 35.

NA[ NQ € ny Toff o s -y Jé]
(m=3) m3) - - (pmV™l) 2V lsTh (m?J) (m? s71) (71
1022 1025 56  2.62 3.4 10—° 1.06 x 10~%  1.65 x 10~17 0

coefficient T'py, varies rapidly as a function of Q. A steep positive slope (~10 m~? s)
with respect to 0 appears within a narrow frequency window at the middle part
of the curves in Fig. 1(a), while the slope 0T ,,/9Q is found to be negative at the
two wings of the curve. A typical dispersion curve for the intensity coupling co-
efficient T, is also shown in Fig. 1(b). These results clearly illustrate the highly
dispersive property of the photorefractive beam coupling process. Physically, such
dispersive property originates from the slow response rate inherent in the photore-
fractive process, because the formation of the space charge field in photorefractive
materials involves the transport and redistribution of charge carriers among differ-
ent donors and acceptors, which may take quite a long time. Therefore, the strength
and the relative phase (with respect to the interference intensity pattern) of the
light-induced refractive index grating strongly depend on the angular frequency
difference (2.

In the following section, we will show that such a dispersive beam—coupling
process can be used to generate slow and fast lights in the photorefractive materials.

3. Control on Group Velocity of Light through Dispersive
Phase Coupling

Equations (2) and (3) can be solved under the pump-undepleted approximation,
and one obtains

Is(r) = I5(0) exp((Tiy, — 1), (6)
O (r) — ©5(0) =Tppr. (7)

Where I5(0) and ®4(0) are the initial intensity and phase of the signal beam at
the entrance surface of the photorefractive material. It is seen that the signal beam
intensity grows exponentially during the propagation, while the phase-coupling-
induced phase shift of the signal beam ®,(r) — ®,(0) increases linearly with the
propagation distance r. The total phase shift for the signal beam is I'ppr + ksr
with ks = 27ny /A being the wave vector of the signal beam in the photorefractive
material.

By differentiating the phase shift per unit distance with respect to the angular
frequency w, of the signal beam, one obtains the effective group velocity of the
signal beam v, propagating in the photorefractive materials®®

c c

~ . 8)
AT pn+ks ar (
ny + c2Epntks) 51: ) ny + ¢ 8::‘

'Ug:
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Where c is the light speed in the vacuum, and the slope 0T pn/dws is

3th o al“ph _ ng’reff EDB - E()A an?‘eﬂf’r

Ows o0 2c A2 + B2 A
Ep(m+22)+ 8 2EpB - Eod) [B (2 + 22) - 4]
% A%+ B2 B (A2 + B?)? )

with the parameters A and B to be

Ep Eo
A=14+—"7—Qr— 1
+Eq TEq7 (10)
and
Ey T Ep
B==2 4 qr (%22 11
Eq+ T<7'+Eq>7 ()

respectively. In general, the refractive index dispersion is negligibly small for pho-
torefractive materials, and it is ignored in arriving at Eqgs. (8) and (9). In the case
when ny, < cOT'pn/0ws is satisfied, vy can be further simplified to be

{0\

Vg R (aws ) . (12)

As is shown in Fig. 1(a), the slope O'pn /0w, can be either positive or negative,
depending on the experimental conditions. Therefore subluminal and superlumi-
nal light propagation are possible with a dispersive photorefractive phase coupling.
Figure 2 shows the group velocity of light in a typical photorefractive Bi;2SiOqq
crystal in the presence of a dispersive phase coupling process. It can be demon-
strated that slow lights with group velocities of the order of ~ cm s~! and fast

lights with vg ~ —ms~! are achievable through a dispersive photorefractive two—
wave phase coupling.

o~ 10+ i
g Ok i
:w_lo_ i

0 L L L
150 200 250 300 350 400
Q27 (Hz)

Fig. 2. Slow and fast lights in a photorefractive Bi12SiO2g crystal in the presence of a dispersive
phase coupling. Simulation parameters: A = 30 pm, Eg = 106 Vm~! and Iy = 10* Wm~?2 at
514.5 nm. The material parameters for a Bij2SiOgg crystal are listed in Table 1.
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The dispersion slope 0T b1 /0w is related to the response rate and the strength
of the photorefractive two-wave coupling, therefore the group velocity of light in
photorefractive material can be controlled by adjusting the experimental parame-
ters such as the angular frequency difference €2, the grating spacing A, the incident
intensity Iy and the external field Ey, as well as the material parameters, and it can
be tuned to quite a large extent, even from the subluminal to the superluminal, or
vice versa, as shown in Fig. 2. Generally speaking, control on the group velocity of
light is more effective with a lower intensity Iy and a higher external field Fy be-
cause the slope 9y /0w, is steeper at these conditions. A more detailed discussion
on this topic can be found in Ref. 35.

We note that the spectral bandwidths of the windows for the slow and fast
lights are limited. The spectral bandwidth is determined by the response rate of
the wave coupling process. A faster response rate corresponds to a broader spectral
bandwidth, but at the sacrifice of the steepness of the dispersion slope 9T, /98s.
The spectral bandwidth for a slow or fast light is narrower at a low intensity Iy and
a higher external field Ey. The limited spectral bandwidth of the slow or fast light
window illustrates the fact that the slow or fast light is observable only when the
light pulse duration is comparable to or longer than the response time of the wave
coupling process. We will discuss this issue in greater detail in Sec. 5.

Both slow and fast lights induced by the photorefractive phase coupling have
been demonstrated experimentally by several research groups.!?364! Figure 3
shows a typical experimental setup scheme to observe slow and fast lights. In the
experiments, two techniques are often employed to measure the group velocity of
light. One is the intensity modulation technique.'? In this technique, the signal

M1 EO A BS2 M2
| Ay A
laser Q =
A— e ump / [}
(e}
=
BS1 EX pz | S
8
PRC
Voltage =

A
y

Fig. 3. Experimental setup scheme to measure the group velocity of lights. M1 and M2: mirrors,
EO: electro-optic modulator, BS1 and BS2: beam splitter, EX: beam expander, PZ: piezo-mirror
which is used to generate an angular frequency shift (2, PRC: photorefractive crystal, B: Blocker,
D1 and D2: photodetector, and OS: oscilloscope, respectively.
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beam is modulated sinusoidally and then coupled with a strong cw pump beam
in a photorefractive material. It is evident that the sinusoidally modulated sig-
nal beam is composed of two components with an angular frequency difference
dws = 2w /T, where T is the periodical time of the sinusoidally modulated signal
beam. These two components are respectively coupled with the same pump beam,
but of different values of Iy, because the phase coupling coefficient I',y, is highly
dispersive in the photorefractive two—beam coupling process [see Fig. 1(a)]. The
dispersive phase coupling will result in a phase-delay/phase-advance A®; = 6T’ L
[see Eq. (7)] of the transmitted signal beam, where 6I'py, is the phase coupling co-
efficient difference between the two components of the signal beam when they are
coupled with the pump beam, and L is the propagation distance of the signal beam
in the photorefractive material. Therefore the group velocity of the signal beam in
the photorefractive material in the presence of a dispersive phase coupling is writ-
ten as vy = (6Tpn/dws) ™t = L/6t. By measuring the time-delay or time-advance
0t experienced by the signal beam, one can obtain the group velocity of the signal
beam. Another technique is to use a single light pulse as the signal beam.334% In
this case, the time-delay or the time-advance 6t experienced by the signal pulse
with respect to a reference pulse propagating in air can be measured directly, and
the group velocity of the light pulse is obtained through the relationship v, = L/dt.

3.1. Slow light
11,37,38
1

Slow light was observed in photorefractive materials such as BaTiOs,
Bi12S5i0490,'23? SnyP»Se and CdTe.?® The group velocity from ~ m s~! to ~ mm s~
were reported in different photorefractive materials under various experimental con-
ditions. A typical experimental observation of ultraslow light is shown in Fig. 4,
where the steady—state temporal traces for the reference beam and the sinusoidally
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Fig. 4. Steady-state temporal traces of the reference wave (dashed curves) and the transmitted
signal wave (solid curves) with the pump beam off (a) and on (b), respectively, during a two-beam
coupling in a 5.7-mm Bi;2SiO2g crystal. A 532-nm solid—state laser was used. The experimental
conditions were a pump beam intensity I, = 106 mW cm™2, the pump to the signal intensity
ratio ¢ = 1500, an external field Eg = 8 kV cm™!, a grating spacing A = 21.3 um, a periodical
time of the signal beam T = 250 ms and a frequency—shift of the pump beam Q/27 = 50 Hz,
respectively. From Ref. 12.
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Fig. 5. Group velocity of a single Gaussian pulse vg4 as a function of the pulse duration measured
in a 5.7-mm Bi12Si020 crystal. The values for I, ¢, Eg, A and Q/27 were set at 152 mW cm ™2,
1400, 8 kV cm™1!, 21.3 um and 60 Hz, respectively.

modulated signal beam after a Bi;2SiOgg crystal was recorded. A time-delay of
110 ms was detected for the transmitted signal beam in a 5.7-mm Bi;5SiO9q crystal,
which corresponds to an ultraslow group velocity of ~0.05 m s~!. In addition, the
phase-coupling-induced slow light was found to be amplified because of the energy
transfer from the pump beam through the intensity coupling effect, which is quite
different from the slow lights based on EIT? and quantum population oscillation
effects.!0:22 We will discuss this issue in greater detail in Sec. 3.4.

It is found that the group velocity of a Gaussian light pulse depends on the pulse
duration.?? The group velocity vy of a Gaussian pulse was found to be decelerated
with the increment of the pulse duration, but finally reaches a minimum value, as
shown in Fig. 5. This is because the photorefractive phase coupling is more effective
with a longer pulse duration, especially when the pulse duration is much less than
the response time of the coupling process, but it finally saturates when the pulse
duration is comparable to or much longer than the response time. We also note
that the time-delay 6t of a single pulse is less than that in the quasi-continuous
wave (quasi-cw) case (for example, that measured by the intensity modulation
technique), even under similar experimental conditions. This may be due to the
fact that the interaction duration between the signal and the pump in the single
pulse case is determined entirely by the pulse duration, while the photorefractive
phase coupling effect accumulates one pulse after another because of the memory
effect of the photorefractive gratings,?® and is therefore enhanced in the quasi-cw
case. In addition, the photorefractive phase coupling is more complicated in the
single pulse case than in the quasi-cw case because the frequency components of a
single pulse are more complicated than those of a sinusoidal wave in the quasi-cw
case.

3.2. Fast light

With an appropriate angular frequency difference €2 between the pump and the
signal beams, fast light was observed by Bo et al.4>*! in photorefractive Bi;2SiOq
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Fig. 6. Temporal traces of fast light in a 5.7-mm photorefractive Bi12SiO2¢ crystal. The dashed
and the solid curves were for the reference and the signal pulses, respectively. A 90-ms Gaussian
pulse experienced a time—advance of —2.2 ms when a pump beam was on. The pump beam was
of 34 mW cm™2 at 532 nm and shifted in frequency by /27 = 2 Hz. The pump to the signal
intensity ratio was 1400. The external field Ey and the grating spacing A were 8 kV cm~! and
21.3 pm, respectively. The insets show the leading and the trailing edges of the signal and the
reference pulses. Both the leading and the trailing edges of the pulses were shifted in time by the
same amount.

I was measured for a 90-ms Gaus-

crystals. A negative group velocity of —2.6 m s~
sian pulse propagating in a 5.7-mm Bi;5Si05 crystal in the presence of a pump
beam of 34 mW cm™2, as shown in Fig. 6. The transmitted signal pulse was found
to be amplified slightly with the pump beam on, as compared with that without the
pump beam. This indicates that the fast light is not a result of the energy transfer
between the two coupling beams which requires the attenuation of the signal pulse.
We should emphasize that the observed fast light with a negative group velocity is
not at odds with causality, it is a result of the negative slope of the phase coupling
coeflicient dispersion and the interference among different frequency components of
the light pulse.

Very recently, fast light was also observed by Gao et al*? in ruby at room
temperature. Figure 7 shows the experimental setup scheme to measure the group
velocity of light in ruby. A 532-nm laser beam was modulated into Gaussian pulses
by an electro—optic modulator with a pulse duration of 40 ms and a modulation
depth of 0.66, and then focused into a 10-cm ruby. The peak intensity of the
pulse in the front of the ruby was 490 mW. The group velocity in the ruby was
obtained by measuring the time delay dt between the transmitted signal pulse and
a reference pulse from detectors D1 and D2, respectively. By adjusting the distance
d between the lens L1 and the front surface of the ruby, one could observe both the
subluminal and the superluminal light propagation at appropriate conditions. In
the case when the front surface of the ruby was beyond the focal plane of the lens
(i.e., d > 300 mm), one observed slow lights. On the other hand, when the front
surface of the ruby was within the focal plane of the lens, one could observe fast
light propagation, as shown in Fig. 8 where d was set to be 233 mm and a time
advance of —1.6 ms was observed.
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Fig. 7. Experimental setup scheme to measure the group velocity of light in ruby at room tem-
perature. EO: an electro—optic modulator, BS: a beam splitter, L1: a lens with a 300-mm focal
length, M1: a mirror, and D1 and D2: detectors. d is the distance between the lens and the front
surface of the ruby.
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Fig. 8. The normalized temporal traces of the transmitted signal pulse (solid curve) and the
reference pulse in the air (dashed curve). The inset shows the temporal traces near the peak of
the pulses for a clear view of the time advance.

We believe the observed fast light in the room-temperature ruby is a result of
the wave coupling process between different frequency components of the incident
pulse. It is known that a Gaussian pulse consists of many frequency components.
These frequency components interact with each other in the ruby via nondegenerate
wave coupling processes*® with dispersive phase coupling coefficients of negative or
positive dispersion slopes under appropriate conditions.** Such nondegenerate wave
couplings are usually accompanied by energy transfer between different frequency
components. In fact, we did observe the energy transfer from the center to the edge
of the beam, which was a good support for the above explanation.

3.3. Transition between slow and fast lights

A convenient way to realize transition between slow and fast lights is by tuning
the angular frequency difference 2 between the signal and the pump beams. It is
evident from Fig. 1 that the slope OI'pn/Ows is negative first and then becomes
positive, but finally goes to negative again when one scans the angular frequency



458 G. Zhang et al.

:\50- LL ]
E ool ey !
e ; w\\ | [\

Q/2n (Hz)

Fig. 9. Transitions between slow and fast lights achieved by scanning the angular frequency
difference 2 in a 5.7-mm photorefractive Bi12SiO2¢ crystal. The solid and the empty circles were
the results with I, = 83.0 mW cm~2 and Ip = 19.5 mW cm~2 at 532 nm, respectively. The
values of Fg, Is, A and T for both cases were 8 kV cm™!, 0.1 mW cm~2, 21.3 um, and 30 ms,
respectively. The results were measured by using the intensity modulation technique.

shift © of the pump beam with respect to the signal beam. Therefore, it is easy to
demonstrate slow and fast lights in the same photorefractive material and thereby
the transitions between the slow and the fast lights simply by scanning the angular
frequency shift Q of the pump beam. Bo et al.*! demonstrated experimentally such
transitions by scanning the pump frequency shift in a photorefractive Bi;2SiOq
crystal, as shown in Fig. 9.

The slope OI'pn/dws is determined by the response rate and the coupling
strength of the photorefractive wave coupling, and is therefore tunable to quite
a large extent by adjusting the experimental conditions, so is the group velocity of
lights.?® In addition, the subluminal and the superluminal spectral windows shift
when one tunes the pump intensity I, or the external field Ej, as one can see from
Fig. 9. This is because the response rate and the coupling strength of the photore-
fractive two-beam coupling depend on experimental parameters such as the incident
intensity and the external field. Therefore, at a specific angular frequency shift of
the pump beam with respect to the signal beam, one might observe transitions
between slow and fast lights by tuning the pump intensity or the external field.
Figure 10 shows such slow and fast light transitions in photorefractive Bij2SiOqq
crystals at room temperature by tuning the pump intensity I, and the external
field Ey, respectively.

3.4. Amplification of slow and fast lights

Both slow and fast lights induced by the photorefractive phase coupling were ob-
served to be amplified due to the energy transfer from the pump beam through the
intensity coupling effect [see Eq. (6) and Fig. 1(b)], while the slow light was found to
be amplified more effectively than the fast light.!?4! Figure 11 shows the measured
dispersion curves of I'i, in the cw regime and v, measured using the sinusoidal
intensity modulation technique under the same experimental conditions except for
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Fig. 10. Transitions between slow and fast lights by tuning the pump intensity I}, or the external
field Ep in a 5.7-mm photorefractive Bij2SiOgg crystal. (a) Slow and fast light transitions by
tuning the pump intensity I, at Q/27 = 14 Hz (empty squares) and 62 Hz (solid squares),
respectively. An external field Ep of 8 kV cm~! was applied cross the crystal. (b) Slow and fast
light transitions by tuning the external field Eg at /27 = 2 Hz (empty squares) and 40 Hz (solid
squares), respectively. The pump intensity I, was set to be 19.5 mW cm™2. Other parameters I,
A and T for both cases were 0.1 mW cm~2, 21.3 um and 30 ms, respectively. The results were
measured by using the intensity modulation technique.

Fig. 11. Dispersion curves for I'i, (connected circles) measured in the cw regime and vy (con-
nected squares) measured by using the sinusoidal intensity modulation technique in a 5.7-mm
Bi12Si0g0 crystal with I, = 106 mW cm™2 at 532 nm, A = 21.3 ym and Fo = 8 kV cm~1.
The pump to the signal intensity ratio { was set to be 3000 and 1500 for the cases of I'j, and
vg, respectively. The dashed horizontal line indicates the value of the absorption coefficient o at
532 nm for the Bi12SiOg2g crystal. From Ref. 12.
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a difference in the pump to signal intensity ratio ¢ by a factor of 2 because the si-
nusoidal signal beam has two components with equal intensities. It is clearly shown
that the slow light is amplified within the slow light spectral window. The ampli-
fication of slow light was also confirmed both theoretically and experimentally by
Podivilov et al. in a BaTiO3 crystal.!! One might explain the slow light in photore-
fractive material as a result of the dynamic amplification of the signal pulse in the
wave coupling. In fact, this is not the case. Odoulov et al.3¢ proved experimentally
that it is the strong dispersion of the dynamic photorefractive gratings instead of
the intensity amplification that is of primary importance for the slow light. They
observed a considerable deceleration of light pulses in crystals such as SnsP2Sg
and CdTe with nearly compensated space charge fields due to the electron—hole
competition, in which the unidirectional energy transfer effect is negligibly small.

Several inherent advantages are appealing for this technique: (1) the group ve-
locity of light pulses can be controlled to a great extent at room temperature in
solids by controlling the phase coupling coefficient dispersion, both slow and fast
lights are possible by controlling the sign of 9L pn/0ws; (2) the slow and fast light
pulses can be amplified by use of the energy transfer from the coupling beam;
(3) this technique is effective in a wide spectral range, as long as a dispersive phase
coupling occurs during a nonlinear wave mixing process. Moreover, slow and fast
lights are expected in all nonlinear wave mixing processes with a dispersive phase
coupling effect; (4) the experimental requirements are relatively simple, for exam-
ple, it is not necessary for the light source to be a single frequency laser, and it
operates at room temperature.

4. Control on Group Velocity of Light through
Stationary Gratings

Slow and fast lights induced by the dispersive phase coupling process are based
on the dynamic refractive index gratings in the photorefractive materials. In fact,
slow and fast lights can also be generated in stationary refractive index gratings
by using its dispersion property of the forbidden bandgap.*> One advantage of the
stationary grating is the possibility to modify its dispersion property through the
grating structure design.%® In the following subsections, we will address the issues
on slow and fast lights in uniform stationary gratings, as well as in specifically
structured gratings.

4.1. Fast and slow lights in uniform stationary gratings

The effective group velocity in a uniform stationary grating (SG) with a grating

spacing A and a length L is written as®®

_c (Ak/2)? — K2cosh*¢ L
Ty (AK/2)2 — IQQ%COS}I@L ’

(13)
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where Ak = 2nyw,/c—2m/A is the phase mismatch, € is equal to (k2 — (Ak/2)%)1/2,
and x = mnq /A is the coupling constant, n; is the index modulation of the stationary
grating. At the center of the forbidden gap where Ak = 0, the effective group
velocity reduces to

L
vp= — (14)

np tanh kL’
and one observes fast light. The group velocity is approximated to kLvg as kL
becomes very large. Nevertheless, the light transmission is very small because of
the Bragg-reflection effect of the volume index grating. At the immediate vicinity of
the band edges where £L = im and the transmission is unity, slow light is expected
with an effective group velocity

Cc 772

i 15
Y ny k2L2 + 2 (15)

Lin et al.*®

experimentally demonstrated slow and fast lights in a uniform sta-
tionary grating. A group index ny = c¢/vy, = 7.5 was observed in a stationary
volume index grating with an index modulation depth n; = 2.1 x 107° recorded
in a 3.5-cm photorefractive LiNbO3:Fe crystal. Gao et al.*” quantitatively studied
the relationship between the group velocity of light and the parameters such as the
phase mismatch Ak and the diffraction efficiency 7 of the gratings in LiNbOg crys-
tals with different dopants (see Fig. 12). The effective group velocity of light was
found to be roughly proportional to the diffraction efficiency 7 of the grating when
the grating modulation depth is small and the phase mismatch is fixed. One notes
that the group index is quite small in the uniform SGs, although it is expected to
increase with a longer grating length L and a larger modulation depth n;.

Normalized group velocity

o  -1000 -2000
Ak (™)

Fig. 12. The dependence of the normalized group velocity of light vy /(c/ny) on the diffraction
efficiency 1 and the phase mismatch Ak.

17 2000 1000
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4.2. Control on group velocity of light through stratified and
phase-shifted volume index gratings

The dispersion property of the gratings can be modified by introducing defect struc-
tures into the gratings.“® We have designed a kind of stratified and phase-shifted
volume index grating (SPVIG) in which N discrete thick volume index grating lay-
ers of thickness D are interleaved with N — 1 optically homogeneous buffer layers of
thickness d, as shown in Fig. 13. The buffer layers provide the phase-shifts between
the neighboring grating layers. For the sake of simplicity, the averaged refractive
indices for both the grating layers and the buffer layers are set to be ng. The re-
fractive index modulation depth for the grating layers is n1, and the grating wave
vector along the z—axis is ¢ = 27/A with A being the grating spacing.

n,+n cos(q(x-(N-1)(D+d))) N

ny

n,+n cos(q(x-(N-2)(D+d))) | N-I

n,+n cos(q(x-(D+d))) 2
d n,
D n,tn cos(qx) 1

SIXB-X

incident reflected
beam beam

Fig. 13. The structure of the stratified and phase-shifted volume index gratings.

0
Ak/x
Fig. 14. Reflectance spectra of an uniform SG (dashed curve) and a 2-layer SPVIG (solid curve).

The grating parameters for both cases are A = 0.5 ym and n1 =4 x 10~*. Other parameters are

set to be D = 3 mm, d = 2.25 um and ng = 1.55, respectively. The thickness of the uniform SG
is 6 mm for comparison.
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4.2.1. Enhanced dispersion of stratified and phase-shifted volume index
gratings

The reflectance spectra of the SPVIGs have been studied, and strong spectral dis-
persion has been found in such structures. As compared to the reflectance spectra of
the uniform SGs, transparency peaks appear within the stop band of the reflectance
spectra of the SPVIGs due to the intervention of the homogeneous buffer layers.
As an example, Fig. 14 shows the reflectance spectra for a 2-layer SPVIG (N = 2)
with A = 0.5 pm, n; =4 x 107%, D = 3 mm, d = 2.25 um and ng = 1.55, respec-
tively. The reflectance spectra for a 6-mm uniform SG with the same set of grating
parameters as those of the 2-layer SPVIG is also shown in Fig. 14 for comparison.
A narrow bandwidth transparency peak with nearly 100% transmittance appears
at the Bragg-matched wavelength A\g = 1.55 pum in the reflectance spectrum of the
2-layer SPVIG whenever the condition 2kod = (2m + 1) is satisfied, where m is
an integer and ko = 27ng /Ao is the wave vector at the Bragg-matched wavelength.
It can be demonstrated that N — 1 transparency peaks will appear within the stop
band of the reflectance spectrum of the N-layer SPVIG, and that the positions of
the transparency peaks can be controlled by adjusting the phase-shift induced by
the buffer layer.4°

4.2.2. Enhanced control on group velocity of light in stratified and
phase-shifted volume index gratings

The dispersion of the SPVIG is remarkably enhanced as compared to that of the
uniform SG. Therefore, an enhanced control on the group velocity of lights is feasible
through the design of the SPVIGs. Figure 15(a) depicts the simulation results of the
group velocity vy and the transmittance 1" of lights through a 2-layer SPVIG with
no = 1.55, D = 1.46 mm, d = 0.25 um, A = 0.5 um and n; = 4 x 10~%, respectively.
For comparison, the group velocity and the transmittance of a uniform SG with
no = 1.55, a thickness of 2D +d, A = 0.5 ym and n; = 4 x 10~* are also shown
in Fig. 15(b). It is seen that fast light is demonstrated at/near the Bragg-matched
wavelength in both cases, while the group velocity in the 2-layer SPVIG case is
faster by a factor of ~ 10 as compared to that in the uniform SG case. Moreover,
the transmittance of the fast lights in the 2-layer SPVIG case is larger than 80%,
whereas that in the uniform SG case is less than 5% due to the Bragg-reflection
effect. It is evident that, as compared to the uniform SGs, an enhanced effect on
the control of light group velocity with a high transmittance by use of the SPVIGs
is demonstrated.

Figure 16 shows the group delay 7, (defined as 7, = L/vg, where L is the
total thickness of the SPVIG or the uniform SG) as a function of the thickness
D for the 2-layer SPVIGs and the uniform SGs at the Bragg-matched wavelength
Ao = 1.55 pum. The parameters for ng, d, A and n; are set to be 1.55, 0.25 pm,
0.5 pm and 4 x 10™4, respectively. The thickness of the uniform SG is L = 2D +d.
It is seen that the group delay in the uniform SG case increases first but then tends
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Fig. 16. The group delays 74 of a 2-layer SPVIG (solid curve) and an uniform SG (dashed curve)
versus the variation of the grating thickness D.

to be saturated with the increase of D. The group delay in the 2-layer SPVIG case
varies slowly at first, but then becomes negative and decreases rapidly with the
increase of D. A negative group delay of ~ —30 ns is possible with D = 5 mm.
This is because the transparency peak becomes sharper and sharper, therefore, the
dispersion slope becomes steeper and steeper with the increment of D in the 2-
layer SPVIG case. Note that the time scale for the SPVIG is nano-second while
that for the uniform SG is pico-second in Fig. 16. These results clearly illustrate the
versatility and the effectiveness of the SPVIG on the control of the group velocity
of light through the design of its structure and grating parameters.
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5. Pulse Broadening Effect

For practical applications, it is necessary to deccelerate/accelerate pulses while
keeping their temporal profile of high fidelity.'® This is achieved experimentally
when the bandwidth of the pulse is within the subluminal or the superluminal spec-
tral windows. For short duration pulses with a broad spectral bandwidth, however,
serious temporal profile distortion is observed® 3739 because the spectral bandwidth
of the light pulse is much broader than that of the subluminal or the superluminal
spectral windows (see Fig. 1). In this case, the frequency components of the pulse
are not uniformly delayed and amplified or attenuated. Furthermore, the high or-
der dispersion effect will also contribute to the pulse broadening and distortion. 4849
Such pulse broadening effects will not only degrade the measurement accuracy, but
also impede slow and fast lights from practical applications such as an optical buffer.

Several techniques were proposed to alleviate the pulse broadening effect.
Odoulov et al.3® delayed Gaussian pulses without severe broadening effect by us-
ing pump pulses of identical temporal profile as those of the signal pulses. The
pulses were delayed through a degenerate photorefractive two-wave mixing with
a negligible intensity coupling effect using electron-hole competition in SnaP2Sg
and CdTe crystals. Recently, Deng et al.?®
pulse broadening effect and to enlarge the delay-time-bandwidth product of slow
lights. The key in the technique is to simultaneously slow down all frequency com-

proposed a novel technique to solve the

ponents of the input pulse by the same amount using inhomogeneous broadening.
The input pulse is first split into different spectral channels by use of a dispersive
element such as a prism or grating. Each spectral channel is composed of a relatively
long subpulse with its temporal duration and its central frequency determined by
the inverse spectral resolution and the channel number of the dispersive element,
respectively. These spatially separated subpulses are then delayed independently
by the same amount of time using bandwidth—matched slow—light array elements,
and are finally recombined using another dispersive element to produce the output
pulse. In this way, a short pulse can be delayed by an amount of time much larger
than the pulse duration without temporal profile distortion and broadening effect.
As a proof-of-principle experiment, they tried to slow down a rectangular pulse
in a photorefractive BaTiO3:Ce crystal by using multiple pump beams, in which
each pump beam was tuned at different incident angle and frequency shift with
respect to the central frequency of the rectangular pulse. Here, the photorefractive
crystal simultaneously worked as both a dispersive and a slow—light element. The
pulse distortion was demonstrated to be alleviated to some extent, depending on
the number of pump beams (spectral channels) used.

Since the bandwidth of the frequency window for the slow and fast lights is
determined by the response rate of the phase coupling process, a larger response
rate corresponds to a broader spectral window of slow and fast lights. One may
alleviate the pulse distortion and broadening effect by improving the response rate
of the phase coupling process. This could be achieved by increasing the incident
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intensity but the slope OT'pn/dws becomes less steep, therefore tradeoff between
the pulse duration and the group velocity of light pulse should be made. One way
to solve this dilemma is to use a photorefractive material with a larger coupling
strength and a fast response rate. The photorefractive quantum well is a good
candidate for short pulse applications, and it is known to possess a strong coupling
strength of ~ 103 cm~! and a short response time of the order of microseconds, even
at the mW cm ™2 intensity level in the near infrared.’®®! In such material systems,
pulses of microseconds with a group velocity of the order of centimeters per second
are expected. However, for practical applications of slow and fast lights, large ratios
of the time delay Jt to the pulse duration may be necessary.

6. Summary

In summary, we have reviewed the recent progresses on slow and fast lights based
on the dispersive properties of both moving and stationary gratings. Slow lights
with group velocities as low as ~ mm s~! and fast lights with negative group veloc-
ities in the order of ~ m s~! have been observed in photorefractive materials with
a dispersive phase coupling based on moving gratings. Several methods have been
developed to tune the group velocity of light to a large extent, and even transitions
between slow and fast lights can be easily realized. The phase-coupling-induced
slow and fast lights can be observed in principle in various nonlinear wave mixing
processes as long as there are dispersive phase coupling effects. It has been demon-
strated that the dispersion properties of stationary gratings can be engineered by
designing the grating structure and parameters, therefore, enhanced control on the
group velocity of light can be realized in grating structures such as the stratified
and phase-shifted volume index gratings. More importantly, one is able to observe
slow and fast lights while still maintaining high transparency through grating de-
sign. In addition, in view of practical applications, important issues on slow and
fast lights such as the pulse broadening effect are discussed, and methods and tech-
niques to alleviate the pulse broadening effect are reviewed. The slow and fast light
techniques have important potential applications such as optical delay line, optical
buffer and quantum information processing.
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Enhanced Optical Limiting Effects in Porphyrin-Covalently
Functionalized Single-Walled Carbon Nanotubes™**

By Zhi-Bo Liu, Jian-Guo Tian,* Zhen Guo, Dong-Mei Ren, Feng Du, Jian-Yu Zheng,*

and Yong-Sheng Chen

Optical limiters are employed to protect sensitive optical
components or eyes from laser-induced damage.!'"?! They have
lower transmittance for high-intensity or fluence laser input
while they keep a high linear transmittance. Many works have
concentrated on creating ideal optical limiting devices by ex-
ploiting passive limiting mechanisms such as nonlinear ab-
sorption (multiphoton absorption, reverse saturable absorp-
tion (RSA)), nonlinear refraction (electronics or thermal
effects), and nonlinear light scattering. Both single-walled car-
bon nanotube (SWNT) and multiwalled carbon nanotube
(MWNT) suspensions have been reported to have strong opti-
cal limiting effects in the nanosecond regime, which arise from
strong nonlinear light scatterings due to the creation of new
scattering centers consisting of ionized carbon microplasmas
and solvent microbubbles.* To promote their optical limit-
ing effects, the optical nonlinear media with other optical non-
linear processes (e.g., two-photon absorption or RSA) have
been blended with carbon nanotubes.'"!!! The association of
SWNTs with organic chromophores having multiphoton ab-
sorption processes was recently shown to be a promising ap-
proach to achieve optical limiting systems with broad tempor-
al and spectral responses.'”! Carroll et al.'"! also reported an
enhanced nonlinear transmittance obtained by a RSA dye
blended with carbon nanotubes. Recently, Blau et al.l'?! pre-
sented a study on nonlinear optical characterization of stable
porphyrin/SWNT composite solutions obtained by non-cova-
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lent bonding between the carbon nanotubes and conjugated
tetraphenylporphyrin molecules.

However, little research has been carried out on optical lim-
iting effects of covalently functionalized SWNTs with reverse
saturable absorbents. Vivien et al.l’ predicted that further op-
timizations of the optical limiting performances of carbon
nanotubes may be achieved by the cumulative influences of
different nonlinear effects arising from functionalized carbon
nanotubes with reverse saturable absorbents. Porphyrins are
often used as visible chromophores to decorate the surfaces of
semiconductor and metal nanoparticles, and they are also
promising candidates for applications in optical limiters owing
to their large RSA in the visible even near-infrared wave-
length range."™" Furthermore, an effective energy or elec-
tron transfer may exist in the functionalized SWNTs with por-
phyrins."® The photoinduced electron transfer can result in a
large optical limiting effect, which has been observed in the
PVK-modified SWNTs system.l”!8] We also reported that a
covalently 5-p-aminophenyl-10,15,20-triphenylporphyrin-
functionalized SWNTs exhibits a strong optical limiting."") In
this Communication, we present the large enhancement of op-
tical limiting effects in three covalently functionalized SWNTs
with porphyrins at 532 nm, and the contribution of photoin-
duced electron or energy transfer to enhanced optical limiting
is discussed.

The structures of porphyrin-functionalized SWNTs, SWNT-
TPP (I), SWNT-NH-TPP (II), and SWNT-SnDPP (IIl) are
shown in Figure 1. The SWNT sample was produced by using
the arc-discharge method with NiO/Y,03 as catalyst.m] Ac-
cording to the established relationship between radial breath-
ing mode (RBM) frequency and tube diameter,*!! individual
tubes have a diameter range of 1.4-1.7 nm. 5,10,15,20-tetra-
phenylporphyrin (TPP), 5-p-aminophenyl-10,15,20-triphenyl-
porphyrin (NH,TPP) and trans-dihydroxo [5,15-bis-(3,5-
diocty-loxyphyenyl)porphyrin]Tin(IV) (Sn(OH),DPP) were
also prepared for a comparison of their optical properties with
functionalized SWNTSs’. Further details of the SWNTSs’ func-
tionalization can be found in the Experimental section.

Shown in Figure 2 are the absorption and fluorescence
spectra of TPP, NH,TPP, Sn(OH),DPP, L, II, and III in N,N-
dimethylformamide (DMF) solutions. It is seen from the ab-
sorption spectrum of I shown in Figure 2a that its Soret band
and Q-band have 5 nm and 4-7 nm red-shift relative to TPP
in DMF respectively, and its Soret band has a notable broad-
ening relative to the porphyrin moiety. A similar notable
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SWNT-TPP (I)

SWNT-NH-TPP (II)

SWNT-SnDPP (I11)

Figure 1. Structures of porphyrin-covalently functionalized SWNTs I, I, and III.
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Figure 2. Absorption and fluorescence spectra of a) | (dotted line) and
TPP (solid line), b) Il (dotted line) and NH,TPP (solid line), c) Ill (dotted
line) and Sn(OH),DPP (solid line).

broadening of the Soret band in II relative to the porphyrin
moiety can be observed as shown in Figure 2b, however, there
is no red-shift of the Soret band. The UV-vis absorption spec-
trum of III (Fig. 2c) is similar to that of Sn(OH),DPP because
the effect of carbon nanotube absorption on the porphyrin
peak positions is relatively small.'® In order to probe excited
state interactions of porphyrins and SWNTs, the fluorescence
spectra of I, II, III, TPP, NH,TPP and Sn(OH),DPP were
measured, as shown in Figure 2a. Upon excitation of the por-
phyrin moiety in Soret band, the solution of I exhibits 97 %
quenching of fluorescence emission at 651 nm and 717 nm.
The fluorescence spectrum of II has the same profile as that
of TPP, but its fluorescence quantum yield is only about 25 %
of that of NH,TPP (Fig. 2b). Therefore, the magnitude of
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fluorescence quenching of I is larger than that of II. The pre-
viously reported porphyrin—nanotube hybrids linked by flex-
ible chains!'® exhibits the excited-state energy transfer
quenching of porphyrin fluorescence caused by SWNTs,
which is dependent on the length of the tether linking the por-
phyrin moiety to the nanotube. However, as the linkage
chains become shorter no fluorescence quenching occurs.!'
III has a shorter tether linking the porphyrin ring to SWNTs
than II, thus both its fluorescence spectral profile and inten-
sity hardly changed from Sn(OH),DPP to III, indicating that
almost no fluorescence quenching occurred (Fig. 2¢). For the
composite I, the effective quenching can be explained by the
extended conjugated zm-system of SWNTs with a porphyrin-
mediated through-bond mechanism owing to the unique di-
rect linkage mode of the two moieties.”>?*! A possible path-
way to the deactivation of excited porphyrin can be attributed
to two competitive processes, energy transfer (ET) and photo-
induced electron transfer (PET).

Since it was predicted that the further optimizations of opti-
cal limiting performances of nanotubes may be achieved by
the accumulation of different nonlinear effects by functiona-
lizing carbon nanotubes with reverse saturable absorbents,”’
we performed the nonlinear transmittance measurements to
compare optical limiting effects of porphyrin-functionalized
SWNTs. The characteristics of output fluence vs. input fluence
for these samples are shown in Figure 3a, and the curves of
nonlinear transmittance vs. input fluence are shown in
Figure 3b. Cg solution in toluene was employed as a refer-
ence. For comparison, all of the samples were set to have
same linear transmittance of 75 % at 532 nm by adjusting
their concentration. From Figure 3, it can be seen that the op-
tical limiting effects of three porphyrins functionalized
SWNTs (I, II, and IIT) are much better than not only Cgy and
SWNTs, but also these individual porphyrins (TPP and
Sn(OH),DPP). The optical limiting thresholds of I, II, and IIT
are approximately 70, 100, and 150 mJ-cm™, respectively, all
of which are much smaller than those of Cq (300 mJ -cm’z)
and SWNTs (250 mJ-cm™). At the highest fluence
(95 mJ-cm™) used in our experiments, the transmittance has
decreased to 4.3 %, 5.1 %, and 6.6 % for L, II, and III, respec-
tively, while the transmittance is 11.3 %, 9.9 %, 21 %, and
33.5 % for Cgy, SWNTs, TPP, and Sn(OH),DPP, respectively.
This illustrates that enhanced optical limiting effects can be

Adv. Mater. 2008, 20, 511-515
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Figure 3. The optical limiting of Cg, SWNTs, SWNT+TPP, TPP,
Sn(OH),DPP, I, 1, and 1l for 5-ns pulsed laser at 532 nm. a) Output flu-
ence vs. input fluence. b) Nonlinear transmittance spectra vs. input flu-
ence. The linear transmittance for all of the samples was adjusted to
75 %.

obtained by functionalizing SWNTs with RSA chromophore
porphyrins.

As we know, nonlinear transmittance can be enhanced by
blending a RSA dye with carbon nanotubes."'! To compare
functionalized SWNTs with blended system, we also per-
formed the optical limiting measurements of SWNTs blended
with TPP, as shown in Figure 3. Because the content of por-
phyrin in I was about 30 %, which was determined by thermo-
gravimetric analysisml and the fittings of the absorption spec-
tra of SWNTs and I, the sample of 7:3 weight ratio of SWNTs
to TPP was used as the blended system, and its linear trans-
mittance was also adjusted to 75 % at 532 nm. The optical
limiting effect of SWNT+TPP blended system is better than
those of Cgy, SWNTs, and TPP, since the shortcomings of
these individual materials’ optical limiting are compensated
by combining these materials into a single system.[“] How-
ever, the functionalized SWNTs with porphyrin may be more
suitable for the application in optical limiting than
SWNT+TPP blended system as shown in Figure 3. In
SWNT+TPP blended system, although nonlinear transmit-
tance can be availably enhanced by complementary nonlinear
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MATERIALS

mechanisms, linear absorption has been also increased simul-
taneously. Under same concentrations of 20 mg-L™, the linear
transmittances of I and SWNT+TPP are 70 % and 55 %, re-
spectively. The increase of linear absorption can partially re-
strict the enhancement of optical limiting effect.

To get a better insight into the optimizations of the optical
limiting performances of porphyrin functionalized SWNTs,
we carried out open-aperture Z-scan experiments of SWNTs,
SWNT+TPP, I, II, and III with the same concentration of
20 mg-L’l, and results are shown in Figure 4a. The linear
transmittances of SWNTs, SWNT+TPP, I, II, and III are
64 %, 55 %, 70 %, 68 %, and 75 %, respectively. The com-
posite I has a largest dip among the transmittance curves of
these materials, indicating that it should has the best optical
limiting effect. Although the combination of nonlinear scat-
tering with RSA can improve the optical limiting effect effec-
tively, we believe that the enhanced limiting performance
arises from not only the combination of nonlinear mechanism,
but also the photoinduced electron or energy transfer from
electron donor TPP moiety to acceptor SWNTs." From
Figures 2 and 3, it can be seen that I with stronger fluores-
cence quenching (about 97 %) has a better optical limiting ef-
fect than IT (about 75 % ). This photoinduced electron transfer
could produce a charge-separated excited state and result in a
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Figure 4. Open-aperture Z-scan curves for 5ns pulsed laser at 532 nm.
a) Z-scan curves of SWNTs, SWNT+TPP, 1, I, and Il with same concen-
tration of 20 mg-L™', b) Z-scan curves of I for different input fluence. The
solid lines are the numerical fittings.
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MATERIALS

large optical limiting effect, just as the semiconducting poly-
mer/methano-fullerence system reported previously.[zsl Com-
paratively there is almost no fluorescence quenching occur-
ring in the composite III, and the enhancement of optical
limiting effect for III is the smallest among three functional-
ized SWNTs.

Figure 4b gives the open-aperture Z-scan curves of I for dif-
ferent input fluence. Using the Crank-Nicolson finite-differ-
ence scheme, we fitted the Z-scan curves numerically (the sol-
id lines) and obtained the values of nonlinear absorption
coefficient, 8, as shown in Figure 4b. In general, the value of
will decrease as input fluence increases for RSA process be-
cause of the saturation of RSA,[26] and however it will keep
unchanged for two-photon absorption process. The increase
of f with input fluence implies that besides nonlinear absorp-
tion the observed optical limiting performance is also influ-
enced by nonlinear scattering in the high-fluence regime. The
similar phenomena were also observed in the composites II
and III. In SWNTs and porphyrin non-covalent blended sys-
tem, the nonlinear absorption coefficient § will decrease as in-
tensity increases.'?! This may be due to the saturation of the
accessible energy levels under high-intensity pumping.

In summary, functionalizing SWNTs with RSA chromo-
phores porphyrins can enhance optical limiting performance.
The porphyrins covalently functionalized SWNTs offer supe-
rior performance to Cg, the individual SWNTs and porphy-
rins by combination of nonlinear mechanism and the photoin-
duced electron or energy transfer between porphyrin moiety
and SWNTs. Further studies to understand better the mecha-
nism and the structure—property correlations are currently in
progress.

Experimental

SWNT-TPP: The SWNTs sample was produced by arc-discharge
method. It was purified via oxidative acid treatment according to an
established procedure. 6.3 mg of purified SWNTs was sonicated for 4
h in 7.5 mL o-dichlorobenzene (ODCB). To this suspension was
added 20 mg (0.032 mmol) 5-p-aminophenyl-10,15,20-triphenylpor-
phyrin (NH,TPP) in 2.0 mL of acetonitrile. After transfer to a sep-
tum-capped flask and bubbling with nitrogen for 10 min, 10 pL
(0.074 mmol) of isoamyl nitrite was quickly added and the suspension
was stirred in dark at 70 °C under the protection of nitrogen for 48 h.
Another 100 mg (0.16 mmol) 5-p-aminophenyl-10,15,20-triphenylpor-
phyrin and 50 pL (0.37 mmol) isoamyl nitrite were added in 5 times
(total 5 x 20 mg TPP-NH, and 5 x 10 pL isoamyl nitrite) during this
period to ensure high degree of functionalization. After cooling to
room temperature, the suspension was diluted with 10 mL N,N’-di-
methylformamide (DMF), filtered over a nylon membrane (0.1 pm),
and washed extensively with DMF. Sonication and redispersion were
repeated in DMF and then in ether to remove the adsorbed porphyrin
and solvent. The final product was collected by filtration over a nylon
membrane (0.1 pm) and dried in vacuum at 80°C for 10 h to give
modified SWNTs as black powder (5.8 mg).

SWNT-NH-TPP: The SWNTs were treated as the same above.
After the oxidation process, about 10 % (Weight) of carboxylic acid
groups were introduced to the surface and end of SWNTs. Then puri-
fied SWNTs sample was treated with thionyl chloride at 70°C for
24 h. After the complete removel of excess thionyl chloride, porphy-
rin [5-(4-aminophenyl)-10,15,20-triphenylporphyrin] was added, the
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DMF solution was stirred in the presence of triethylamine at 100 °C
under nitrogen protection for 2 days. The funcitonalized SWNTs were
isolated by washing off the unreacted porphyrin with a large amount
of chloroform on 0.2 um pore size nylon membrane, with the help of
sonication to disperse the solid, the removal of free porphyrin was ac-
complished via washing with diluted acetic and triethylamine, finally
with chloroform. The product was then dried at 60 °C for 9 h under
vacuum.

SWNT-SnDPP: The SWNTs were treated as the same above. In a
typical Sn(OH),DPP porphyrin covalent solubilization experiment, a
purified SWNT sample (49 mg) was added to a solution of
Sn(OH),DPP in THF (10 mg mL™, 10 mL), and the mixture was so-
nicated for 48 h. After the removal of THF on a rotary evaporator,
the solid mixture was extracted repeatedly with hexanes, coupled with
vigorous centrifuging, to remove free Sn(OH),DPP. Then, THF was
added to the solid sample to dissolve the SnDPP-attached SWNTs.
Upon vigorous centrifuging, the solid residue was collected and then
used to go through the same covalent solubilization procedure again.
The soluble SWNT-SnDPP samples from the two repeated experi-
ments were combined, followed by a complete evaporation of the sol-
vent THEF, the residue was dried at 60 °C for 9 h under vacuum.

Measurements: The optical limiting and Z-scan experiments were
preformed with linearly polarized 5 ns pulses at 532 nm generated
from a frequency doubled Q-switched Nd:YAG laser. The spatial pro-
files of the pulses were of nearly Gaussian distribution after the spa-
tial filter. The pulses were split into two parts. The reflected pulse was
used as reference, and we focused the transmitted pulse onto the sam-
ple by using a 150 mm focal length lens. The sample was placed at the
focus where the spot radius of the pulses was (25 £ 2) um. The re-
flected and transmitted pulse energies were measured simultaneously
with two energy detectors (Molectron J3S-10). Cgo was employed as a
standard. For optical limiting experiments, all of the sample concen-
trations were adjusted to have same linear transmittance of 75 % at
532 nm in 5 mm quartz cells. For Z-scan experiments, the samples
have same concentration of 20 mg-L™.
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Paraxial energy transport of an intensity-modulated and focused Gaussian beam is studied in ruby.
Deformations of the temporal profiles are observed under different conditions and explained by the
interplay among a nondegenerate two-wave couplinglike mechanism, the population oscillations,
and the Fraunhofer diffraction. Experimental evidence is provided for the existence of a
nondegenerate two-wave couplinglike mechanism. The self-superluminal can be observed under
proper conditions. A group velocity of —83 m/s is achieved with a Gaussian-like-modulated pulse
of 30 ms with background illumination. Based on these results, a method to control the group
velocity of a single beam in such media is proposed. © 2008 American Institute of Physics.

[DOL: 10.1063/1.2827568]

The essence of controlling the group velocity of light is
to control the dispersion of the material. Among the various
applications are real-time optical delay lines and optical buff-
ers. Several methods have been proposed to manipulate the
material dispersion in order to control the group velocity,l_12
but most of them require a separated pump beam to get a
large change of the group velocity. In 2003, Bigelow et al.
found subluminal propagation in ruby and explained it by the
creation of a spectral hole via coherent population
oscillations.® Besides a large time delay, their method has the
advantage to be a self-delay of the signal beam, i.e., a sub-
luminal behavior without pump beam, which makes ruby a
promising material to control the group velocity of light.
There is also a theoretical analysis of the propagation of a
pulse with different temporal frequencies.7 They only predict
subluminal light propagation in the ruby, yet the ruby needs
a strong focusing beam to exploit the refractive index
change, and, furthermore, the laser beam is usually a TEM,,,
Gaussian beam and thus exhibits different spatial frequen-
cies. If the intensity of the beam is modulated in time, we
may expect a contribution similar to the effect of nondegen-
erate two-wave coupling®'*'> (NDTWC) that arises from
mixing of different spatial frequency components with a dis-
persive coupling coefficient Iy, because of the limited re-
sponse rate of the saturable resonant interaction of the ruby.
Such a dispersive wave coupling effect would lead to
superluminal/subluminal light propagation. Since there is ac-
tually only one beam, we call this a NDTWC-like mecha-
nism. In this letter, we study the deformation of the paraxial
part of a focused TEM, Gaussian pulse after the ruby and
provide evidence for the NDTWC-like mechanism and its
contributions to the group velocity control in ruby. At the
same time, we observed superluminal propagation at low
spatial frequencies in ruby with little deformation. A conve-
nient method is demonstrated to control the group velocity of
light without separated pump beams in the medium with a
NDTWC effect.
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The configuration of our experiment is shown in Fig. 1.
A 532 nm TEM, laser beam was temporally modulated by
an electro-optic (EO) modulator to generate pulses. A small
part of the modulated beam was sent via the beam splitter
(BS) and mirror M1 into a detector DI. This served as a
reference and also acted as the trigger of the oscilloscope.
After being focused by a lens of 300 mm focal length, the
transmitted beam was directed into a 100 mm long ruby rod
set on a translation stage. The position Z of the ruby with
respect to the lens could be changed conveniently along the
direction of the beam. An aperture of 1.5 mm diameter was
placed just in front of another detector D2 and was 840 mm
away from the lens. Therefore only the paraxial part of the
transmitted beam was detected as a signal by D2. The tem-
poral traces of the reference and the signal beams were moni-
tored by an oscilloscope and the time delay of the signal
beam with respect to the reference beam could be measured.

In the experiment, a 30 ms Gaussian pulse with a peak
power of 490 mW and a background power of 100 mW was
used. The temporal profiles of the transmitted signal pulses at
different Z’s near the focal spot of the lens are presented in
Fig. 2. The dashed curve shows the pulse profile of the ref-
erence and the vertical line indicates its peak position. The
solid curves are the paraxial signal pulse profiles at different
Z’s. We notice that there are large asymmetrical deformations
of the pulses at certain positions, for example, when the crys-
tal was placed at Z=313, 308, 273, and 258 mm. However,
we also observed clear superluminal propagation at certain
places that largely maintained their symmetric Gaussian-like
pulse profiles. For example, a time advance of 1.2 ms was
observed for Z=233 mm, which corresponds to a negative
group velocity of —83 m/s. In the case of a sinusoidally
modulated beam, similar superluminal propagation could
also be observed.

The serious deformations at certain Z’s are mainly
caused by the self-phase modulation of the beam and by the
Fraunhofer diffraction from the back surface of the sample.
When the input beam was kept at its peak intensity of
490 mW, a structure with one ring could be observed in the
far field with the ruby placed at these Z’s of large deforma-

© 2008 American Institute of Physics
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FIG. 1. Experimental configuration:
laser (Verdi-10) is at 532 nm, EO is
the electro-optic modulator, BS is the

beam splitter, M1 is a mirror, D1 and
D2 are photodetectors, and L is a
300-mm-focal-length lens. Z is the

Beaﬁn&b cam
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F
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tions. The ring structure is originated from the self-phase-
modulation effect of a high intensity Gaussian beam.'*
Whether the center of the rings is dark or bright is rather
complicated, but roughly speaking, it is mainly decided by
the wave-front curvature of the beam and the nonlinearity
of the sample.15 For a light wave with an intensity much
less than the saturation intensity in ruby, the nonlinearity
is weak (the real part n, of the nonlinear index of
ruby ~1078 cm?/W) (Ref. 13) and the large absorption
(0.69 cm™" in the sample) leads to a rapid decrease in the
intensity of the beam inside the sample. As a consequence,
the total self-induced phase change is very small and only
one diffraction ring is observed in the experiment.

When the intensity of the beam is modulated, the self-
phase modulation of the beam inside the sample changes
accordingly, and consequently the diffraction pattern in the
far field. The self-phase modulation is only intensity depen-
dent, which means that the pulse should be symmetric even
if there was deformation in its temporal profile. Considering
the relaxation of the medium, the self-phase modulation is
related to the history of the intensity of the incident beam, so
it is with the Fraunhofer diffraction pattern in the far field.
This is the main reason for the large asymmetrical deforma-
tions of the temporal profile of the paraxial energy.

Besides the case with large deformations of the pulse,
one can also see pulses of only little deformation that exhib-
its a superluminal behavior (for example, Z=233 mm in Fig.
2). The result indicates abnormal dispersion under the given

BS VL ruby signal

D1 distance from the front surface of the

trigger ruby to the lens. The inset in the dotted
rectangle is a replacement of EO to

generate the beating beams.
aperture

conditions. The group index of the modulated beam based on
the population oscillation effect is given by6

T, I 1
ng=ny + L0 [ ; 2], (1)
2 1+1y| (T8 +(1+1)

where n, is the group index of the ruby, n; is the refractive
index, I, is the normalized pump intensity, ¢ is the temporal
frequency deviation from the frequency of the pump beam,
« is the unsaturated absorption coefficient, ¢ is the invariant
speed, and 7 is the ground state recovery time of the ruby. It
is shown that the group index is always larger than the re-
fractive index of the ruby, which provides a good explanation
for the subluminal light propagation, but not for the superlu-
minal results observed in the experiment.

We believe that the superluminal light propagation is
mainly the result of a NDTWC-like process. To find evi-
dence for the process, we have to distinguish it from the
other effects mentioned above, i.e., the coherent population
oscillations and the Fraunhofer diffraction. Fortunately, both
effects are intensity dependent. However, we will show in
the following that the group velocity of light propagating in
ruby also depends on frequency shift and it could cause su-
perluminal result.

We know that the NDTWC process can occur in ruby
between two beams of different frequencies under appropri-
ate conditions."” Since a modulated TEM,, beam consists,
not only of different temporal, but also of different spatial
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FIG. 2. Temporal profiles of the transmitted paraxial
pulses with different Z’s.
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frequency components, these frequency components may in-
teract with each other in ruby via a NDTWC-like process.
The dispersive coupling coefficient I'y, could have a sharp
negative or positive dispersion slope and thus leads to super-
luminal as well as subluminal propaga‘tions.g_12 The coupling
coefficient Iy, for the NDTWC process depends not only on
the intensity but also on the frequencies shift between two
coupling beams."® Therefore, exchanging the frequency of
the signal and the reference beam will result in the change of
the dispersion slope of I'y,, i.e., the change in the group
velocity of the pulse. This is confirmed by the following
experiment.

A beating beam with only two temporal frequencies is
introduced. In the experiment, the EO was replaced by a
Michelson interferometer with one of the mirrors being a
piezoelectric-driven (PZD) mirror, as shown in the inset of
Fig. 1. Thus a beating beam was obtained when a voltage
ramp was applied to the PZD mirror. By shifting the driving
voltage from upward ramps to downward ramps, we could
control the frequency shift & to be positive or negative be-
tween the two frequency components to be positive or nega-
tive while keeping the intensity modulation and the experi-
ment setup the same. Therefore, the population oscillations
and the Fraunhofer diffraction are all the same. Yet, when we
inverted the ramp of the driving voltage, a transition from the
superluminal to the subluminal was observed for the beating
beam, as shown in Fig. 3. This clearly indicates a NDTWC-
like process between the two frequency components in ruby.
Actually the situation inside the sample is very complicated,
including the NDTWC-like process which leads to the super-
luminal or the subluminal result, the population oscillations
which leads to the subluminal result, the large absorption
along the sample, and the Fraunhofer diffraction. They com-
pete with each other and only for certain conditions one of
them will be dominant. Exact solution and simulation of the
process are important but complicated because of the com-
plicated competition and interaction between different ef-
fects, and it deserves a more detailed investigation.

In conclusion, we studied the paraxial energy transport
of a focused Gaussian beam in presence of a NDTWC-like

mechanism in ruby. By adjusting the position of the sample,
we observed self-induced superluminal as well as subluminal
propagation of the pulse with lower spatial frequency. A
negative group velocity of —83 m/s was observed for a
30 ms Gaussian pulse. This kind of self-induced changes in
the group velocity reported here should also exist in other
media with a NDTWC process.
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Time-resolved photoluminescence (PL) measurements of high-quality self-assembled small
Injy sGaj sAs/GaAs quantum dots (QDs) show that the PL decay time of the QD ground state
transition is nearly constant when the temperature is below 80 K and increases monotonously from
1.0 to 5.5 ns when the temperature increases from 80 to 300 K. The increased radiative lifetime
of the QD ground state at higher temperatures is attributed to the thermal population of the
subwetting-layer continuum states and could be one of the fundamental reasons for the low modal
gain of the QD ground state transition in single-layer self-assembled QD lasers. © 2008 American

Institute of Physics. [DOI: 10.1063/1.3021018]

Research on self-assembled semiconductor quantum
dots (QDs) has received much attention due to their potential
application in optoelectronics devices, such as QD lasers.
The radiative lifetime of the excitons in QDs at room tem-
perature is one of the most important device parameters, be-
ing inversely proportional to the modal gain of QD lasers.”™
The radiative lifetime of strongly confined excitons in QDs,
where the energy separation between the ground state and
the first excited exciton state is larger than the thermal en-
ergy kT (kg is the Boltzmann constant and T is the tempera-
ture), should be almost independent of 7. However, in real
QDs, the radiative lifetime of the ground state excitons is
expected to increase with increasing temperature due to the
thermal population of optically inactive or poorly active ex-
citon states.®® This phenomenon was first observed in
InGaAs/GaAs QDs by Wang et al’ in 1994, in InAs/GaAs
QDs by Yu et al. '%in 1996, and by other groups later." They
found that the photoluminescence (PL) radiative lifetime in-
creases first with increasing temperature and then decreases
at high temperatures. In fact, Marcinkevicius and Leon'” re-
ported that the PL decay time of InAs QDs decreases mo-
notonously with increasing temperature. These contradicting
experimental results could be related to the different sample
qualities. To investigate the intrinsic radiative lifetime of ex-
citons in QDs at high temperatures, two important issues
should be taken into account. First, the influence of the non-
radiative recombination on the surface and in the substrate
should be suppressed, which can be realized by growing
AlAs confining layers around the QDs and their barriers.
Second, the amount of defects in and around the QDs them-
selves should be minimized, which strongly depends on the
growth temperature, the deposition amount, and the quality
of the barrier layers. In this letter, we investigate the tem-
perature dependence of the PL decay time in high-quality
small Stranski—Krastanow-grown InGaAs/GaAs QDs. We
find that the PL decay time increases monotonously with
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increasing temperature when the temperature is above 80 K
and reaches a value of 5.5 ns at 300 K.

The sample was grown with a molecular beam epitaxy
instrument on a (001)-oriented undoped GaAs substrate. The
layout of the structure is as follows: GaAs substrate/500 nm
GaAs/8 nm AlAs/80 nm GaAs/InGaAs QDs/20 nm GaAs/8
nm AlAs/20 nm GaAs Cap layer. The QDs were formed by
depositing 5 monolayers (MLs) of InysGaysAs at 500 °C.
The details of the growth conditions and basic characteriza-
tion of this sample can be found in Refs. 13 and 14. Trans-
mission electron microscopy observation shows that the QDs
are half-lens shaped with the lateral base of 5-8 nm and the
height of around 2 nm. The area density of QDs is about
3x 10" em™.

The power-dependent continuous-wave PL was excited
via a Ti-sapphire laser with tunable wavelength. Shown in
Fig. 1 is the PL spectrum measured at 10 K with the excita-
tion wavelength of 790 nm. The focus spot is about 50 um
in diameter. At the excitation power of 0.02 mW, the PL
spectrum is characterized by a peak located at 1.326 eV, with
a full width at half maximum of 38 meV. As the excitation
power increases from 0.02 to 36 mW, the low-energy transi-
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FIG. 1. (Color online) Continuous-wave PL spectra at different excitation
powers. The maximum PL intensity is normalized for comparison. The inset
shows the PLE spectrum.
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FIG. 2. (Color online) (a) PL spectra at different temperatures; (b) PL peak
intensity vs temperature.

tions saturate, while transitions at higher energy are acti-
vated, leading to a blueshift of the peak position. This is
similar to what is spreviously observed in high-quality small
InAs/GaAs QDs.l‘ The high-energy tail at high excitation
power results from an excited state transition involving
ground state confined electrons and the two-dimensional hole
continuum associated with the wetting layer (WL). The inset
of Fig. 1 shows the PL excitation (PLE) spectrum with the
detection energy of 1.326 eV. The peak at 1.41 eV is attrib-
uted to the electron to heavy-hole transitions of the WL.
Note that the continuum background below the WL bandgap
can be clearly seen. These sub-WL transitions could be re-
lated to the WL morphology and/or the coupling of the QDs
with their surroundings and are believed to be responsible for
the efficient carrier relaxation in self-assembled QDS.16_20
The upconversion PL from the GaAs barrier layer can even
be observed at room temperature when pumping in the con-
tinuum background region (not shown here), indicating the
high crystal quality of the QD heterostructure.

The time-resolved PL was excited by a femtosecond
Ti-sapphire laser with a pulse width of 120 fs and a repetition
rate of 76 MHz at the wavelength of 800 nm. The PL signal
was dispersed with a monochromator and detected with a
streak camera. The overall time resolution of the system is
2.5 ps. The sample temperature can be tuned from 5 to 300 K
in a helium cryostat. The excitation power is kept to be 4
mW. The time-integrated PL spectra at different temperatures
are shown in Fig. 2(a). The peak intensity of the QD emis-
sion is plotted as a function of temperature in Fig. 2(b). The
thermal activation energy E, is determined to be 61 meV by
fitting the experimental data with the formula I(T)=1,/[1
+C exp(—E,/kgT)], where I(T) and I, are the intensities at
temperatures 7 and 0 K, respectively. Clearly, the observed
activation energy is much smaller than the energy difference
between the QD peak energy and the WL bandgap, indicat-
ing that the drop of QD PL intensity at high temperatures
cannot simply be ascribed to the thermal emission of carriers
from QDs to the WL. Actually, not only the thermal emission
of carriers from the QDs but also the carrier capture by the
defects in the barrier matrix before capturing to the QDs, and
the thermal population of the optically inactive states can
lead to the drop of the PL intensity.

The time decays of the quantum-dot PL detected at the
peak energies for different temperatures from 5 to 300 K are
shown in Fig. 2. The change in the PL decay time as a
function of the temperature is depicted in Fig. 3. It can be
seen that the PL decay time is about 1 ns and constant from
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FIG. 3. (Color online) Time decay of PL detected at the peak energies at
different temperatures.

5 to 80 K. As the temperature increases from 80 to 300 K,
the PL decay time increases monotonously from 1 to 5.5 ns.
Note that a decrease in the PL decay time at 300 K has been
widely reported in the literature.”'*?'2* The observation of
long PL decay times, even at 300 K, indicates a high quality
of our QD sample. The two AlAs layers can suppress the
influence of nonradiative centers on the surface and in the
substrate. In addition, the high growth temperature and the
small deposition amount facilitate the formation of defect-
free QDs.

The thermal population of the higher exciton states,
which are optically inactive or have lower oscillator strength,
accounts for the prolonged net radiative recombination life-
time in the higher temperature region.ﬁf8 The radiative re-
combination rate I'g(7) at temperature T is given by I'y(7)
=T'R(0)/[1+g exp(-AE/kgT)], where AE is the energy dif-
ference between the ground state of the QD and some opti-
cally inactive excited states and g is the ratio between the
degeneracy of the optically inactive states to that of the
ground state. The total recombination rate of the QD ground
state is given by11

I'eeT) = =Tr(T) + I'ng(T). (1)

1-decay
Here, 7gecay is the measured PL decay time. I'yg is the non-
radiative recombination rate associated with carriers escap-
ing out of the QDs and is given by I'yg=I"( exp(-d/kzT),
where ¢ is the activation energy for thermal carrier escape
and I';, is an escape attempt frequency. The parameters in Eq.
(1) can be determined to be I'z(0)=1.0X 107 ps~!, g=27,
AE=36 meV, and I'j)=7.0X 107 ps~!, according to the
nonlinear least-squares fitting of the experimental data in
Fig. 3. The fitting result does not strongly depend on the
value of . The radiative recombination rate is two orders of
magnitude larger than the nonradiative recombination rate.
Therefore, the measured PL decay time is dominated by the
radiative recombination even at room temperature. The large
value of 27 for the g factor (much larger than that determined
in Ref. 11) rules out the possibility that the optically inactive
states are related to the first excited hole states. The energy
difference AE=36 meV suggests that the optically inactive
states are located in the continuum background determined
in the PL spectrum. The values of AE and E, are not the
same because E, contains more information on the complex
mechanisms of the carrier loss in the QD heterostructure. For
comparison, the typical data for small InAs or InGaAs QDs
from Refs. 9, 10, and 23 are also fitted by using formula (1),
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FIG. 4. (Color online) The PL decay times of InGaAs/GaAs QDs vs tem-
perature (closed squares). Open symbols represent data from the literature.
The solid lines show the fitting results. The fitting parameters are given in
the figure.

as shown in Fig. 4. Note that the values of g ranges from 11
to 112. Therefore, the value of g=27 in our QD sample is
reasonable.

It is widely believed that the sub-WL continuum back-
ground plays an important role in the carrier relaxation in
self-assembled QDs.'*%" The photoexcited carriers in the
barrier are captured into the QD %round state through a con-
tinuum background relaxation.'®*® The increase in the PL
decay time of the QD ground state transition due to the feed-
ing of carriers into the sub-WL states at high excitation lev-
els and low temperatures has recently been reported.19 As
proposed by Vasanelli et al.,"" the sub-WL continuum tran-
sition results from the intrinsic crossed transitions between
the bound QD states and the delocalized states. Therefore,
the sub-WL continuum transitions should have lower oscil-
lation strength but higher degeneracy, compared with the QD
ground state transitions. At high temperatures, the continuum
states are thermally populated and behave like carrier reser-
voirs. Consequently, the PL decay time will be longer if the
effect of the nonradiative recombination on the surface and
in the substrate is suppressed enough.

In summary, the temperature dependent PL decay time in
high-quality small InGaAs/GaAs QDs was investigated by
using time-resolved PL experiments. We have observed that
the PL decay time of the QD ground states increases with the
increase in temperature from 80 to 300 K, and the increase is
ascribed to the thermal population of the sub-WL continuum
states. As the intrinsic radiative lifetime is at least as long as
the observed PL decay time, our observation gives one of the

Appl. Phys. Lett. 93, 183116 (2008)

fundamental reasons for the low modal gain of the QD
ground states in single-layer self-assembled QD lasers.
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Fast photorefractive response and high sensitivity of Zr and Fe codoped

LiNbO; crystals
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A series of Zr and Fe codoped LiNbOj; crystals was grown and their photorefractive properties
have been investigated. Compared with LiNbO5:Fe,Hf, the concentration of Fe?* ions is strongly
increased in LiNbOs:Fe,Zr. As a result, the photorefractive response speed of these as-grown
LiNbOj:Fe,Zr crystals is only 2 s and the sensitivity is larger than 12 cm/J while the saturation
diffraction efficiency still remains at a high level. These findings prove that LiNbO;:Fe,Zr
is an excellent choice for volume holographic storage. © 2008 American Institute of Physics.

[DOLI: 10.1063/1.2952275]

Because of its good electro-optic, acousto-optic, elasto-
optic, piezoelectric, pyroelectric, and nonlinear properties,
lithium niobate (LiNbOs, LN) is one of the most important
synthetic crystals. Laser-induced optical damage (also named
photorefraction) was discovered in LN and LiTaO; crystals.l
This effect can be utilized as holographic storage, laser phys-
ics, information processing, and calculation. It was reported
that photorefraction can be enhanced by transition-metal
ions, such as Fe, Cu, Mn, Ni, etc.,z’3 and among them, iron
doped LN (LN:Fe) crystals have been widely used in holo-
graphic volume storage nowadays because of high diffractive
efficiencies, high data storage density, and long dark storage
time. However, still several shortcomings, such as low re-
sponse speed and strong light-induced scattering, impede the
real application of LN:Fe crystal in holographic volume stor-
age. On the other hand, laser-induced optical damage of con-
gruent LN can greatly be improved by optical damage resis-
tant additives, such as Mg, Zn, In, Sc, and Hf,4_8 as soon as
the doping concentration exceeds a certain threshold. LN
crystals doped with optical damage resistant elements have
high resistance against light-induced scattering and fast re-
sponse speed for concentrations above threshold, as has, e.g.,
been demonstrated by Zhang et al. for LN:Fe,Mg.9

The main mechanism of this phenomenon is that above
the doping threshold, a part of the Fe?* and all of the Fe**
ions are repelled from Li sites to Nb sites, which causes an
abrupt decrease of the capture cross section of electrons by
Fe**, and as a consequence, a sharp increase of photoconduc-
tivity and therefore a fast response speed. Nevertheless the
decrease of Fe?*’** jons in Li sites will cause an apparent
decrease of the diffraction efﬁciency.10 Recently, Li et al
have reported that Fe ions still remain at Li sites in LN:Fe,Hf
crystals when the Hf-doping concentration goes above its
threshold value. As a result, response speed and sensitivity
are greatly improved while the saturation diffraction effi-
ciency remains at a high value."! Therefore the authors con-
sidered hafnium ions to be the most efficient one among the
optical damage-resistant ions to improve the photorefractive
properties of LN:Fe crystals. Last year, we proved that Zr
doped LN has much higher resistance a1gainst optical damage
in comparison to LN:Mg and LN:Hf. % Because Zr*, just
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like Hf** ion are both tetravalent ion with higher valence
than that of Fe”*3*, we expect that Zr codoped LN:Fe crystal
will have excellent photorefractive properties.

The objective of this letter is to investigate the holo-
graphic properties of LN:Fe codoped with Zr (LN:Fe,Zr). We
will show that LN:Fe,Zr crystals not only maintain relatively
high diffraction efficiencies, but also have much shorter re-
sponse times and better photorefractive sensitivities than
LN:Fe Hf crystals. These results make LN:Fe,Zr crystals the
better choice for holographic volume storage.

In our experiments, a series of LN:Fe,Zr crystals were
grown along the ¢ axis with the conventional Czochralski
method. The [Li]/[Nb] composition was selected as
48.38/51.62, 0.03 wt % Fe,O3 and 1, 2, 3, 4, and 5 mol %
ZrO, were codoped in to the melt, and were labeled as
LN:Fe,Zr;, LN:Fe,Zr,, LN:Fe,Zr;, LN:Fe,Zr,, and
LN:Fe,Zrs, respectively. After annealing treatment and arti-
ficial polarization, these crystals were cut to 1 and 3 mm
plates along the y faces and optically polished for character-
ization of optical absorption and photorefraction.

The holographic properties were investigated by two-
wave mixing in transmission geometry at a fixed grating
spacing. A diode-pumped frequency-doubled Nd:YAG (yt-
trium aluminum garnet) laser operating at 532 nm was used
with an intensity of 250 mW/cm?. Two mutually coherent
and extraordinary polarized beams irradiated these 3 mm
thick plates with a crossing angle of 23°. The grating vector
was aligned along the c¢ axis to utilize the largest electro-
optic coefficient r3;. The measured diffraction efficiency #
was defined as I,;/(I;+1,), where I; and I, are the diffracted
and transmitted intensity of the readout beam, respectively.
The recording time constant 7, and the saturation diffraction
efficiency 7, were described by the function of #(z)
=Nl 1 —exp(=t/7,)], while the photorefractive sensitivity §
was defined as S =(d\s”7]/ dr) o/ (IL), where I is the total re-
cording light intensity and L is the crystal thickness.

Table I shows the photorefractive properties of LN:Fe,Zr
crystals. The data for LN:Fe, LN:Mg,Fe, and LN:Fe Hf crys-
tals are also listed for comparison.g’ ' We can see from Table
I that the response time of LN:Fe is as long as 160 s. How-
ever, for LN:Mg,Fe crystals, the response time shortens to
60 s when 2 mol % MgO was codoped and to just 15 s as
MgO concentration exceeds its doping threshold. The re-

© 2008 American Institute of Physics
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TABLE 1. Photorefractive properties of LN:Fe,Zr crystals. Incident light intensity of a single beam was ap-
proximately 250 mW/cm. The data for LN:Fe, LN:Mg,Fe, and LN:Fe Hf crystals were also listed for compari-

son (Refs. 9 and 11).

Doping concentrations

Photorefractive properties

Fe Mg Hf Zr

Sample (Wt%)  (mol %)  (mol %)  (mol %)  7u(%) 7,(s) S (emd) oy (@' em™)
LN:Fe 0.01 70 160

LN:Fe,Mg, 0.01 2 70 60

LN:Fe, Mg, 0.01 6 15 15

LN:Fe,Hf, 0.03 68.0 17.2 3.99 1.31x10713
LN:Fe,Hfs 0.03 5 55.4 10.7 5.23 1.78 10713
LN:Fe,Zr, 0.03 1 25.5 22 13.46 2.52X 10712
LN:Fe,Zr, 0.03 2 32.0 1.8 12.87 2.91x10712
LN:Fe,Zr, 0.03 3 32.7 1.8 13.48 272X 10712
LN:Fe,Zr, 0.03 4 325 1.8 13.40 3.10x 1071
LN:Fe,Zrs 0.03 5 422 2.2 12.61 3.04 X 10712

sponse time for LN:FeHf crystals is in a range from
10 to 17 s. However, for LN:Fe,Zr crystals, the response
time decreases to only 2 s! Table I also indicates that as the
doping concentration of MgO exceeds the threshold, the dif-
fraction efficiency of LN:Fe,Mg decreases to only about one
fifth of that of LN:Fe. However, for LN:Fe Hf crystals, the
diffraction efficiency does not show such large differences
for HfO, concentration below and above its doping thresh-
old. The situation of LN:Fe,Zr is just like that of LN:Fe ,Hf
though the value of diffraction efficiency for the former is
smaller than that of the later. However, because the response
time of LN:Fe,Zr is much smaller than that of LN:Fe,Hf, the
photorefractive sensitivity of the former is more than two
times higher than that of the later.

The above experimental results show that LN:Fe,Zr has
more than five times shorter photorefractive response time,
more than two times larger photorefractive sensitivity, and
about 2/3 photorefractive of the diffraction efficiency of that
of LN:Fe Hf. Since we know that Zr and Hf all exist in LN
crystal as tetravalent ions, there arises the basic question:
what induces these differences? To find an answer, we cal-
culate the photoconductivity oy, from the equation:13
In(7/ Nmax) =2(0pp/ €)t+constant, where & is the dielectric
constant of the material and o, follows from the slope of the
line In(7/ 7yax) ~ 2t/ €. Experimental results on oy, for
LN:Fe,Hf and LN:Fe,Zr crystals are listed in Table I. We can
see from this table that the photoconductivity of LN:Fe,Zr is
one order of magnitude larger than that of LN:Fe,Hf, which
can give us a phenomenological explanation why the photo-
refractive response time of LN:Fe,Zr is much shorter than
that of LN:Fe,Hf. However, what is the micromechanism un-
derneath?

The OH™ absorption spectra and UV-visible absorption
spectra of LN:Fe,Zr crystals were investigated with 1 mm
thick plates, and measured by a Magna-560 Fourier trans-
form infrared spectrophotometer and a Beckman DU-8B
spectrophotometer, respectively, with the incident light trans-
mitting along the y axis at room temperatures. Figure 1
shows the OH~ absorption spectra of LN:Fe,Zr crystals,
where the curves from top to bottom are for 1, 2, 3, 4, and
5 mol % ZrO,, respectively. It is known that when the dop-
ing concentration of MgO exceeds the threshold in
LN:Fe Mg, there exists a 3507 cm™! peak corresponding to

the vibration of Fei{{)—OH‘,M’lS which means Fe** ions move
from Li sites to Nb sites and causes an abrupt decrease of its
capture cross section for electrons. Therefore, the photocon-
ductivity has a sharp increase and thus strongly reduces the
light-induced refractive index in LN:Fe,Mg. However, in
Fig. 1, there is no 3507 cm™! absorption peak even if we
decompose these bands with a three-peaks model. This sug-
gests that the lattice locations of Fe>* ions are still at Li sites
when the doping concentration of ZrO, goes above its
threshold.

Figure 2 shows the UV-visible absorption spectra of
LN:Fe,Zr and LN:Fe Hf crystals, where A, B, C, D, and E
are for 1, 2, 3, 4, and 5 mol % Zr, and X and Y are for 2 and
5 mol % Hf, respectively. We can see from this figure that
LN:Fe,Zr crystals have deeper absorption in the visible range
than LN:Fe,Hf crystals. The broad absorption band from the
absorption edge to 700 nm corresponds to the electron tran-
sition from Fe?* to Nb>*.'° It was reported that the concen-
trations of Fe?* irons (Cp.2+) can be deduced from the ab-
sorption at 476 nm."” The distribution coefficient of Fe is
nearly one, therefore the concentration of Fe’* ions (Cpg+)
can be obtained by Cg.,—Cg.2+, Where Cpg, is the total iron
doping content. The calculated results for LN:Fe,Zr and
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FIG. 1. (Color online) OH™ absorption spectra of LN crystals codoped with
0.03 wt % Fe and different concentrations of Zr. The curves from top to
bottom are for 1, 2, 3, 4, and 5 mol % Zr, respectively.
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FIG. 2. (Color online) Transmittance curves for LN crystals codoped with
0.03% Fe, 05 and different concentrations of ZrO,. A, B, C, D, and E are for
1, 2, 3, 4, and 5mol% Zr, and X and Y are for 2 and 5 mol % Hf,
respectively.

LN:Fe,Hf crystals were collected in Table II. From this table,
we can easily see that the concentration of Fe?* ions in LN-
:Fe,Zr crystals is apparently larger than that of LN:Fe,Hf and
the Fe?*/Fe®* ratio of the former is several times higher than
that of latter, which suggests that LN:Fe,Zr crystals have
larger photoconduction, faster photorefractive response
speed and higher sensitivity than LN:Fe,Hf crystals.

It surprises to some extent that the photorefractive prop-
erties of LN:Fe,Zr have not shown much difference for con-
centrations of ZrO, below and above its doping threshold. In
fact, from Table I, we can also see a similar phenomenon for
LN:Fe Hf crystals though it is not so obvious. It is known
that the main photorefractive centers are Fe?*** ions in
LN:Fe crystals. As to LN:Fe,Mg crystals when the concen-
tration of MgO exceeded its doping threshold, Fe** ions will
be pushed to Nb sites from Li site, which causes abrupt
decreases of photorefractive diffraction efficiency and re-
sponse time. However, for LN:Fe,Hf and LN:Fe,Zr crystals,
the site occupation of Fe?*** ions does not change as the
doping concentrations exceed thresholds, so the response
times decrease gradually. Below doping threshold, the re-
sponse time should decrease with decreasing content of in-
trinsic defects as the doping concentrations increases, and
since there are different types of intrinsic defects that are
related with photorefraction, detailed experiments are needed

TABLE II. The concentration of Fe?* and the ratio of Fe**/Fe? in LN:Fe,Zr
and LN:Fe Hf crystals.

Sample Cpe2+ (10% cm™) Cre2+/ Cpea+
LN:Fe, Hf, 5.53 0.358
LN:Fe, Hf; 6.72 0.457
LN:Fe,Zr, 9.89 1.570
LN:Fe,Zr, 8.82 1.197
LN:Fe,Zry 7.94 0.962
LN:Fe,Zr, 8.76 1.179
LN:Fe,Zrs 9.16 1.303

Appl. Phys. Lett. 92, 251107 (2008)

to exactly describe this process. Especially for the LN:Fe,Zr
crystals of this study, because the doping threshold is be-
tween 1.7 and 2.0 mol %,'? the doping concentration of ZrO,
in LN:Fe,Zr; is closer to the threshold than that for
LN:Fe,Hf,, where the doping threshold of HfO, is about
4 mol %, which causes the relative change of the response
time between LN:Fe,Zr, and LN:Fe,Zr, being smaller than
that between LN:Fe,Hf, and LN:Fe,Zrs.

In summary, a series LN:Fe,Zr crystals with different
doping concentrations of ZrO, have been grown, and photo-
refractive properties and UV-visible-infrared absorption
spectra were investigated. As compared with LN:Fe,Mg,
Fe?** ions still occupy Li sites as photorefractive centers in
LN:Fe,Zr when the concentration of ZrO, exceeds the dop-
ing threshold. It is interesting that although Zr** and Hf** are
all tetravalent ions, the concentration of Fe?* ions in as-
grown LN:Fe,Zr is much higher than that in LN:FeHf.
Therefore, these LN:Fe,Zr crystals have greatly enhanced
photorefractive response speed and sensitivity while keeping
still a relatively high diffraction efficiency. Our experimental
results indicate that zirconium ions are a preferable choice to
improve the photorefractive properties of LN:Fe crystal.
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Compact high power broadband superfluorescent fiber source has been demonstrated using an
ultrashort Er**—Yb**-codoped phosphate glass fiber. The fiber is 10.4-cm-long and at 1.68 W pump
power, an output power of 16.85 mW, a mean wavelength of 1540.9 nm, a bandwidth of 18.4 nm,
and a slope efficiency of 18.6% have been obtained. The dependence of output power, mean
wavelength, and bandwidth stability on pump power and fiber length are also studied, and there is
an excellent agreement between the theoretical results and experimental data. © 2008 American

Institute of Physics. [DOI: 10.1063/1.2976664]

Superfluorescent fiber source (SFS) has attracted much
research interest,l_3 due to its distinct advantages, such as
high spatial coherence, broad spectral emission, and excel-
lent long-term stability of the mean wavelength, and has
been investigated widely.4_7 Usually, the SFS comprises of a
single-mode silica fiber, which length is typically 1-50 m.
Such long length is not practical for packaging with inte-
grated optical components because spooling the long length
of fiber affects the size, the complexity, and the cost. Non-
linear effects in fiber will be aggravated with the increasing
active fiber length in the light source. Common SFS using
silica glass fiber limits the bandwidth (BW) of the emission
spectra. A shorter length of active fiber in SFS is therefore
desirable and will overcome the above shortcomings. In re-
cent years, many studies have been carried out using short
length of high gain fiber, and several groups have demon-
strated compact fiber amplifier and laser devices but not SFS
(Refs. 8—12) because it is difficult to provide sufficient gain
and curb simultaneously with laser emission in an ultrashort
high gain fiber. Hence, despite its potential applications the
investigation of SFS with short length high gain fiber has
received less attention.

In this letter, we report both theoretical and experimental
results on an ultrashort double-pass forward (DPF) pumped
high-concentration Er**—Yb?*-codoped phosphate glass fi-
ber (EYDPF) suitable as SFS. Dependence of the output
power, the SFS mean wavelength, and the BW on the
launched pump power and the fiber length are analyzed in
details. Superfluorescence is generated from an active fiber
with only 10.4 cm in length.

High-concentration EYDPF has been demonstrated to
provide sufficient gain per centimeter in achieving high
power in an ultrashort 1ength,12 due to the distinct advantages
of material.">™'® The theories and performances of high con-
centration Er’*—Yb**-codoped phosphate glass have been
reported previously.lﬁ’17 In our experiments, Er** ions and
Yb?* ions were incorporated uniformly in the core region of
the fiber with concentrations of ~1 and ~8 wt %, respec-
tively. The fiber has a numerical aperture of 0.214 and a
5 wum core diameter, and is single mode at 1.5 um wave-
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length. The off-center core fibers, which are employed in our
experiments, can enhance the pump absorption efficiency
due to the chaotic propagation of the pump light.18

Considering the system complexity and the conversion
efficiency, DPF pumping configuration is preferred as the
ideal choice.'” Each fiber end was cleaved at a small angle
(>7°), which can diminish the light fed back by Fresnel
reflection; hence the amplified spontaneous emission (ASE)
propagates only once through the fiber and lasing can be
suppressed effectively. Coupling lens was used to focus the
pump light into the fiber through a dielectric mirror (M), and
the mirror was attached to the input end of the active fiber.
The M has a reflectivity R; of =100% at 1540 nm wave-
length and a R, <6% at 976 nm pump wavelength. The fiber
was end pumped by a high-power 976 nm wavelength semi-
conductor laser diode (LD) source (Apollo Instruments S20-
976-1). To reduce the instability caused by the pump wave-
length variations, there was a temperature controlling setup
for the LD in our experiments. A power meter and an optical
spectrum analyzer (OSA) (Advantest Q8384) were used to
measure the output power and the spectrum, respectively.
The room temperature was controlled by an airconditioner in
our experiments. No attempt was made to control the
EYDPF’s temperature.

The relationship between the superfluorescence output
power and launched pump power is shown in Fig. 1. A maxi-
mum output power of 16.85 mW was measured experimen-

T T T T T
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= Maximum BW
5 15}
-
=
o
(0]8
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FIG. 1. (Color online) Output power vs launched pump power for
Er¥*—Yb**-codoped SFS.
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FIG. 2. (Color online) Emission spectra at different launched pump powers.
(a) Emission spectra using a 10.4-cm-long fiber. (b) Emission spectra using
a 15.2-cm-long fiber.

tally from a 10.4-cm-long fiber. The output power increases
almost linearly with launched pump power above the thresh-
old. The slope efficiency is 18.6% with respect to the ab-
sorbed power. We calculate the performances of the SFS
based on the propagation and the rate equations model.?’ The
solid line in Fig. 1 represents the calculated results with DPF
configuration. The evolution of the pump power and the ASE
powers with longitudinal fiber coordinate z is governed by
the power propagation equations.20 The propagation equa-
tions used a 40 nm output BW, which is represented by ten
wavelength regions, so each simulating power is produced in
a 4 nm BW. Using the fiber parameters and the coupling
efficiency measured, the calculated results agree well with
the experimental data. The results of a 15.2-cm-long fiber are
also shown in Fig. 1. A maximum superfluorescence power
of 45.85 mW can be obtained using a launched power of
1.98 W.

The emission spectra at different launched pump powers
are shown in Fig. 2. From Fig. 2(a), we can see that the
threshold launched pump power for the 10.4-cm-long fiber is
0.336 W, and the SFS reaches a maximum output power with
a launched pump power of 1.68 W. As expected, the spectral
profile varies when the pump power increases from 0.336 to
1.68 W. The peak wavelength of the emission band is 1535.8
nm with a BW (3 dB) of 5.7 nm (from 1532.5 to 1538.2 nm)
at the launched pump power of 1.68 W. The light emitted
from the fiber is the fundamental mode because a single
mode fiber is used. Further increase in the launched pump
power leads to lasing as confirmed by the presence of a sharp
peak in the output spectrum, as shown in Fig. 2. It is the
residual feedback from the fiber-end facets that results to the
onset of lasing. The superfluorescent spectra of a 15.2 cm
EYDPF were also recorded, as shown in Fig. 2(b).

In our experiment the spectra were divided into 501 dis-
crete points by the OSA. The mean wavelength21 and emis-
sion BW (Ref. 19) were calculated, respectively.

Generally, the mean wavelength of SFS depends on
many parameters; however, it is difficult to stabilize all
parameters.zz’23 In our research, we tried to reduce the influ-
ence of LD by controlling its temperature. We controlled the
LD’s temperature to *=0.1 °C, which corresponds to the
pump wavelength variations of =0.03 nm. According to the-
oretical simulation, the dependence of mean wavelength on
pump wavelength in our experiments was calculated to be

N/ 9N\,=0.0017, so the mean wavelength fluctuation caused

Appl. Phys. Lett. 93, 091108 (2008)
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FIG. 3. (Color online) BW and mean wavelength of SFS vs launched pump
power with a 10.4-cm-long fiber.

by LD was +0.033 ppm. Thus SFS mean wavelength varia-
tions due to LD’s temperature can be neglected.22 Moreover,
we fixed launched pump power at 1.3 W, and the room temp-
erature was changed between 20.2 and 23 °C over 5 h. Ac-
cording to linear fit to mean wavelengths under different
room temperatures, the intrinsic thermal effect of SFS under
experimental ~ temperature  was  estimated to be
—-8.44 ppm/ °C.

The dependence of mean wavelength and BW on pump
power was shown in Fig. 3. For the 10.4-cm-long fiber, when
the pump power increases from 0.336 to 1.68 W, the mean
wavelength decreases by 9.8 nm and changes from 1550.7 to
1540.9 nm. The shift towards shorter wavelength as pump
power increases is due to the strengthening of the 1535 nm
emission that dominates the spectrum, as shown in Fig. 2.
The increase in pump power produces a decrease in mean
wavelength with a slope of —7.19 ppm/mW. Since room
temperature was kept relatively constant (=0.2 °C) during a
short period of measuring, the dependence of mean wave-
length on pump power (less than 5 min) and the mean wave-
length variations caused by SFS experimental temperature
were about *=1.7 ppm. The maximum BW measured is 56.9
nm. When the launched pump power is increased to a value
just before lasing occurs, the BW narrows monotonously to a
value of 18.4 nm.

For comparison, the mean wavelength and the BW char-
acteristics for a 15.2-cm-long fiber are also measured and
calculated. Within the superfluorescence output range, the
total change of the mean wavelength is 8.4 nm and the slope
is —6.04* 1.7 ppm/mW. The maximum BW is 29.3 nm at
the threshold launched pump power and decreases to 5.1 nm
with a maximum output power of 45.85 mW.

In our experiments, the mean wavelength remained
within 24 ppm and room temperature was in the range of
2.8 °C over the 5 h of the test. So the average drift of mean
wavelength is about —8.57 ppm/ °C, which a%rees with the
linear fit and is in the range of reported values. 22 However,
the fluctuation of mean wavelength always exited, even un-
der the same room temperature. We speculate that fluctuation
mainly comes from temperature disruption around the active
fiber and the energy transfer mechanism in this material. To
improve the stability, further researches are undergoing.

In summary, we demonstrate the operation of a compact
broadband high-concentration Er’**—Yb**-codoped phos-
phate glass SFS by employing the conventional DPF con-
figuration. The shortest fiber, which can generate consider-
able superfluorescence, is 10.4 cm in length. From this fiber
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we obtain an output power of 16.85 mW, a mean wavelength
of 1540.9 nm, a BW of 18.4 nm, and a slope efficiency of
18.6% using a launched pump power of 1.68 W.

This work was supported by National Science Founda-
tion of China (NSFC) (Grant No. 60778038); we appreciate
Professor Edwin Y.B. Pun in City University of Hong Kong
for revising the manuscript.

IS.-p. Chen, Z.-J. Liu, Y.-G. Li, K.-C. Lu, and S.-H. Zhou, Opt. Express
16, 207 (2008).

’p. Wang, J. K. Sahu, and W. A. Clarkson, IEEE J. Sel. Top. Quantum
Electron. 13, 580 (2007).

3p, Wang, J. K. Sahu, and W. A. Clarkson, Opt. Lett. 31, 3116 (2006).

*y. C. Yan, A. J. Faber, H. de Waal, P. G. Kik, and A. Polman, Appl. Phys.
Lett. 71, 2922 (1997).

’s. C. Tsai, T. C. Tsai, P. C. Law, and Y. K. Chen, IEEE Photon. Technol.
Lett. 15, 197 (2003).

s, P. Chen, Y. G. Li, J. P. Zhu, H. Wang, Y. Zhang, T. W. Xu, R. Guo, and
K. C. Lu, Opt. Express 13, 1531 (2005).

"W, Huang, X. Wang, B. Zheng, H. Xu, C. Ye, and Z. Cai, Opt. Express 15,
9778 (2007).

8y Limpert, N. Deguil-Robin, I. Manek-Ho6nninger, F. Salin, F. Roser, A.
Liem, T. Schreiber, S. Nolte, H. Zellmer, A. Tiinnermann, J. Broeng, A.
Petersson, and C. Jakobsen, Opt. Express 13, 1055 (2005).

M. Laroche, A. M. Chardon, J. Nilsson, D. P. Shepherd, W. A. Clarkson,
S. Girard, and R. Moncorgé, Opt. Lett. 27, 1980 (2002).

10y, Hu, S. Jiang, T. Luo, K. Seneschal, M. Morrell, F. Smektala, S. Hon-

Appl. Phys. Lett. 93, 091108 (2008)

kanen, J. Lucas, and N. Peyghambarian, IEEE Photon. Technol. Lett. 13,
657 (2001).

B, C. Hwang, S. Jiang, T. Luo, K. Seneschal, G. Sorbello, M. Morrell, F.
Smektala, S. Honkanen, J. Lucas, and N. Peyghambarian, IEEE Photon.
Technol. Lett. 13, 197 (2001).

2, Li, M. Morrell, T. Qiu, V. L. Temyanko, A. Schiilzgen, A. Mafi, D.
Kouznetsov, J. V. Moloney, T. Luo, S. Jiang, and N. Peyghambarian,
Appl. Phys. Lett. 85, 2721 (2004).

BR. Wu, J. D. Myers, M. J. Myers, and C. Rapp, Proc. SPIE 4968, |
(2003).

'“W. H. Wong, E. Y. B. Pun, and K. S. Chan, Appl. Phys. Lett. 84, 176
(2004).

5B, Hwang, S. Jiang, T. Luo, J. Watson, G. Sorbello, and N. Peyghambar-
ian, J. Opt. Soc. Am. B 17, 833 (2000).

1op, Song, M. J. Myers, S. Jiang, Y. Feng, X. B. Chen, and G. Y. Zhang,
Proc. SPIE 3622, 182 (1999).

E, Song, G. Y. Zhang, M. R. Shang, H. Tan, J. Yang, and F. Meng, Appl.
Phys. Lett. 79, 1748 (2001).

18y, Doya, O. Legrand, and F. Mortessagne, Opt. Lett. 26, 872 (2001).

L, Shi, S. Zhao, W. Meng, Y. Li, S. Zhan, and R. Zhu, Opt. Commun. 257,
270 (2006).

“p.T. Nguyen, A. Chavez-Pirson, S. Jiang, and N. Peyghambarian, IEEE J.
Quantum Electron. 43, 1018 (2007).

2IW. Huang, X. Wang, Z. Cai, H. Xu, and C. Ye, J. Opt. 7, 179 (2005).

1. G. Park, M. Digonnet, and G. Kino, J. Lightwave Technol. 21, 3427
(2003).

ZpF Wysocki, M. J. F. Digonnet, B. Y. Kim, and H. J. Shaw, J. Lightwave
Technol. 12, 550 (1994).

Downloaded 24 Feb 2009 to 202.113.229.161. Redistribution subject to AIP license or copyright; see http://apl.aip.org/apl/copyright.jsp


http://dx.doi.org/10.1364/OE.16.000207
http://dx.doi.org/10.1109/JSTQE.2007.897181
http://dx.doi.org/10.1109/JSTQE.2007.897181
http://dx.doi.org/10.1364/OL.31.003116
http://dx.doi.org/10.1063/1.120216
http://dx.doi.org/10.1063/1.120216
http://dx.doi.org/10.1109/LPT.2002.806079
http://dx.doi.org/10.1109/LPT.2002.806079
http://dx.doi.org/10.1364/OPEX.13.001531
http://dx.doi.org/10.1364/OE.15.009778
http://dx.doi.org/10.1364/OPEX.13.001055
http://dx.doi.org/10.1109/68.930405
http://dx.doi.org/10.1109/68.914319
http://dx.doi.org/10.1109/68.914319
http://dx.doi.org/10.1063/1.1798394
http://dx.doi.org/10.1117/12.501644
http://dx.doi.org/10.1063/1.1640469
http://dx.doi.org/10.1364/JOSAB.17.000833
http://dx.doi.org/10.1117/12.344493
http://dx.doi.org/10.1063/1.1404996
http://dx.doi.org/10.1063/1.1404996
http://dx.doi.org/10.1016/j.optcom.2005.07.043
http://dx.doi.org/10.1109/JLT.2003.822539
http://dx.doi.org/10.1109/50.285318
http://dx.doi.org/10.1109/50.285318

s Diffractive Structures s

Band-Gap Engineering and Light Manipulation
with Egg-Crate Photonic Lattices

Peng Zhang, Cibo Lou, Sheng Liu, Fajun Xiao, Jianlin Zhao, Jingjun Xu and Zhigang Chen

L ight propagation in periodic struc-
tures offers new opportunities to
control the flow of light.! Much of the
previous research was based on optically
induced photonic lattices, an ideal plat-
form for exploring discretizing light be-
haviors.> We have shown that a new type
of photonic lattice can be established

in nonconventionally biased (NCB)
photorefractive crystals.>> This enables
the reconfiguration of desired photonic
structures and Brillouin zones (BZs) for
bandgap engineering and light manipu-
lation. Some examples include bandgap
closure and Bragg reflection suppression,
soliton transition between bandgaps,
and the interplay between normal and
anomalous diffraction/refraction under
identical excitation conditions.*”

With an anisotropic photorefractive
model,® we have theoretically investigat-
ed nonlinear beam propagation in both
homogeneous and periodic media under
the NCB condition. We found that a
self-focusing and self-defocusing non-
linearity can exist simultaneously in the
same material, depending solely on the
orientation of the probe beam; this is re-
markably different from the conventional
bias condition.? This “hybrid nonlinear-
ity” enables a transition between discrete
and gap solitons without the need of bias

reversal, as observed in our experiment.4

In addition, under the NCB condi-
tion, the enhanced anisotropy and nonlo-
cality lead to unusual index structures for
reshaping soliton beams. For example, an
elliptical discrete soliton can be created
experimentally with its ellipticity and
orientation controlled by reconfiguring
the lattice structures without changing
the soliton beam itself.*

More interesting phenomena occur
even in the linear regime. Photonic lattice
structures and their corresponding BZs
can be reconfigured at ease by adjusting
the relative orientation of the bias field
and the crystalline c-axis. Obviously, the

(a-d) Calculated refractive index profiles (first row) and corresponding BZ spectra from simula-
tion (second row) and experiment (third row) for lattice structures optically induced by an identi-
cal beam under different bias conditions, where the center of the white circle indicates one of
the intensity maxima of the optical beam and the dashed and solid arrows show the directions
of the c-axis and bias field, respectively. (e) 3D display of index pattern of (d) a typical egg-crate
lattice structure. (f, g) Observed output patterns of a tilted probe beam with its excitation loca-
tion in k-space marked by a white dot in (a, d), respectively, showing tunneling (f) and Bragg-
reflection (g) in lattices. The red cross in (f, g) indicates the input position of the probe beam.

location of index maxima, the shape of
lattice sites, and even the period of the
induced lattices can be varied dramatically.
Of particular interest are egg-crate lattices,
where both periodic positive and negative
index changes are induced in the same
material. Such lattices resemble ionic
crystal lattices with alternating positive
and negative charges, which should lead
to novel wave transmission properties
compared to conventional lattices.?

One example is the closing of a band-
gap and thus suppressing or stopping the
Bragg reflection in a particular direction.
As seen from the BZ spectra in the fig-
ure, some lines of the BZs are “missing”
due to alternating positive and negative
index changes in a row corresponding to
that k-space direction, suggesting a new
approach for bandgap engineering. The
same probe beam experiences no Bragg
reflection in the vertical direction in
lattice (a) but strong reflection in lattice
(d). Another surprising outcome for such
lattice reconfiguration is that the first
BZ for lattice (c) happens to be overlap-
ping with the 274 BZs for other lattices,

enabling another host of new phenomena
such as transitions between Bloch modes
associated with different high-symmetry
points, between normal and anomalous
diffraction, and between positive and
negative refraction by the same probe
beam excitation.” A
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Defect-Free Surface Waves

Ivan L. Garanovich, Alexander Szameit, Andrey A. Sukhorukov, Stefan Nolte,
Thomas Pertsch, Andreas Tlinnermann and Yuri S. Kivshar

I nterfaces between physical media can
support a special type of localized
mode known as surface waves. In solids,
electronic surface waves generated in
crystals at the edge of truncated periodic
potential are commonly explained as
the manifestation of either Tamm! or
Shockley? localization mechanisms.
Optical analogs of Tamm and Shockley
states have also been studied extensively
in different types of periodic photonic
structures, where such optical surface
waves are particularly attractive for
optical sensing, measurement and
characterization applications. Usually,

a surface defect is required for surface
waves to exist in straight photonic lat-
tices composed of identical waveguides.
Discrete optical surface solitons have
been recently observed in nonlinear ar-
rays, where such a defect is induced due
to nonlinearity.?

Recently, we revealed that boundaries
of modulated photonic lattices can sup-
port a new type of surface wave without
any introduced or induced surface de-
fects.# In a lattice composed of identi-
cal straight waveguides, surface waves
cannot exist and light always experiences
strong repulsion from the surface and
diffraction. In contrast, we predicted
that, in a modulated lattice composed
of waveguides with periodically curved
axes, well-localized linear surface modes
can exist, despite the fact that all the
waveguides are still identical, and there
are no defects.*

The appearance of these novel surface
modes is a result of nontrivial modifica-
tion of the diffraction properties in the
vicinity of the lattice edge, which is in-
troduced by the lattice modulation, and
is completely different from the diffrac-
tion management studied previously in
infinite lactices. We developed a general
analytical theory of such novel surface
modes, demonstrating their unique
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Theoretical prediction (top) and experimental observation (bottom) of defect-free linear
surface states in modulated semi-infinite photonic lattices. In (a) straight lattices without
surface defects, beam always experiences (b) repulsion form the surface and diffraction. In
contrast, we predict that in (c) modulated lattices, (d) a new type of surface wave is possible.
(e) Microscope image of the fabricated curved array and (f-h) fluorescent images of beam
propagation in arrays with different modulation amplitude A.

properties, which are distinct from both
Tamm and Shockley surface waves.*
We have also observed such defect-
free surface waves experimentally.’
We used the femtosecond laser direct-
writing technique to create periodically
curved waveguide arrays in silica glass
samples. A special type of silica with
high OH content was used, resulting
in the formation of fluorescent color
centers during the writing process. This
makes it possible to measure fluores-
cence by launching into array light from
a HeNe laser at 633 nm, and to directly
visualize the beam propagation. Since
the color centers are formed exclusively
inside the arrays, a high signal-to-noise
ratio is obtained. We confirmed the
absence of any surface defects in our
samples, and then studied the genera-
tion of surface waves in curved wave-

guide arrays. We showed that the degree
of surface wave localization can be
controlled by selecting the waveguide
bending amplitude (g,h).

The ability to generate these novel
surface waves in optics can aid the devel-
opment of tools for studying of various
surface phenomena. Similar effects can
also occur for other types of modulated
lattices in different physical systems. &
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Evolutions of polarization and nonlinearitiesin
an isotropic nonlinear medium

Zhi-Bo Liu, Xiao-Qing Yan, Wen-Yuan Zhou, and Jian-Guo Tian*
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Nankai University, Tianjin 300457, China
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Abstract: The evolutions of polarization and nonlinearities in an isotropic
medium induced by anisotropy of third-order nonlinear susceptibility were
studied experimentally and theoretically. The anisotropy of imaginary part
of third-order susceptibility was verified to exist by the change of ellipticity
of polarization ellipse in the isotropic nonlinear medium CS,. The changes
of nonlinear refraction and nonlinear absorption depending upon the
ellipticity of polarization ellipse are also presented. The numerical
simulations based on two coupled nonlinear Schrodinger equations (NLSE)
provide an excellent quantitative agreement with experimental results.

©2008 Optical Society of America

OCI S codes: (190.0190) Nonlinear optics; (190.4400) Nonlinear optics, materials, (190.3270)
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References and links

1. P. D. Maker, R. W. Terhune, and C. M. Savage, “Intensity-dependent changes in the refractive index of
liquids,” Phys. Rev. Lett. 12, 507-509 (1964).

2. P.D. Maker and R. W. Terhune, “ Study of optical effects due to an induced polarization third order in the
electric field strength,” Phys. Rev. 137, A801-818 (1965).

3. P. X. Nguyen and G. Rivoire, “Evolution of the polarization state of an intense electromagnetic field in a
nonlinear medium,” Opt. Acta. 25, 233-246 (1978).

4. P. X. Nguyen, J. L. Ferier, J. Gazengel, and G. Rivoire, “Polarization of picosecond light pulses in
nonlinear isotropic media,” Opt. Commun. 46, 329-333 (1983).

5. A. J. van Wonderen, “Influence of transverse effect on self-induced polarization changesin an isotropic Kerr
medium,” J. Opt. Soc. Am. B 14, 1118-1130 (1997).

6. M. Lefkir and G. Rivoire, “Influence of transverse effects on measurement of third-order nonlinear
susceptibility by self-induced polarization state changes,” J. Opt. Soc. Am. B 14, 2856-2864 (1997).

7. M.V. Tratnik and J. E. Sipe, “Nonlinear polarization dynamics. |. The single-pulse equations,” Phys. Rev. A
35, 2965-2975 (1987).

8. D. David, D. D. Holm, and M. V. Tratnik, “Hamiltonian chaos in nonlinear optical polarization dynamics,”
Phys. Rep. 187, 281-367 (1990).

9. A. L. Gagta and R. W. Boyd, “Transverse instabilities in the polarizations and intensities of
counterpropagating light waves,” Phys. Rev. A 48, 1610-1624 (1993).

10. M. Delqué, G. Fanjoux, and T. Sylvestre, “ Polarization dynamics of the fundamental vector soliton of
isotropic Kerr media,” Phys. Rev. E 75, 016611 (2007).

11. M. Delqué, T. Sylvestre, H. Maillotte, C. Cambournac, P. Kockaert, and M. Haelterman, “Experimental
observation of the elliptically polarized fundamental vector soliton of isotropic Kerr media,” Opt. Lett. 30,
3383-3385 (2005).

12. C. Cambournac, T. Sylvestre, H. Maillotte, B. Vanderlinden, P. Kockaert, Ph. Emplit, and M. Haelterman,
“ Symmetry-Breaking Instability of Multimode Vector Solitons,” Phys. Rev. Lett. 89, 083901 (2002).

13. R. DeSalvo, M. Sheik-Bahae, A. A. Said, D. J. Hagan, and E. W. Van Stryland, “Z-scan measurements of
anisotropy of nonlinear refraction and absorption in crystals,” Opt. Lett. 18, 194-196 (1993).

14. Sean J. Wagner, J. Meler, A. S. Helmy, J. Stewart Aitchison, M. Sorel, and D. C. Hutchings, “ Polarization-
dependent nonlinear refraction and two-photon absorption in GaAs/AlAs superlattice waveguides below the
half-bandgap,” J. Opt. Soc. Am. B 24, 1557-1563 (2007).

15. Z.B. Liy, Y. L. Liu, B. Zhang, W. Y. Zhou, J. G. Tian, W. P. Zang, and C. P. Zhang, “Nonlinear absorption
and optical limiting properties of carbon disulfide in short-wavelength region,” J. Opt. Soc. Am. B 24, 1101-
1104 (2007).

16. R. W. Boyd, Nonlinear Optics, second edition (Academic Press, San Diego, 2003).

17. M. Sheik-Bahae, A. A. Said, T. H. Wei, D. J. Hagan, and E. W. Van Stryland, “ Sensitive measurement of
optical nonlinearities using a single beam,” |EEE J. Quantum Electron 26, 760-169 (1990).

(C) 2008 OSA 26 May 2008/ Vol. 16, No. 11/ OPTICS EXPRESS 8144



18. Z. B. Liu, X. Q. Yan, J. G. Tian, W. Y. Zhou, and W. P. Zang, “Nonlinear €llipse rotation modified Z-scan
measurements of third-order nonlinear susceptibility tensor,” Opt. Express 15, 13351-13359 (2007).

1. Introduction

Since the pioneering experimental work of Maker, et al., [1], the dynamical evolution of
polarization state of light due to the anisotropy of real part of third-order nonlinear

susceptibility (=25 + 259, + #5,) has been studied extensively in isotropic mediaas well as
anisotropic media [2-7]. The existence of 4, can induce a rotation of axis position as a

polarization ellipse propagates through the medium. Some nonlinear effects relating to
nonlinear polarization rotation, such as bistable, unstable, and chaotic behaviors were realized
[8, 9]. A fundamental elliptically polarized vector soliton was also observed in the spatial
domain in a CS; liquid slab planar waveguide [ 10-12]. However, reports on the anisotropy of
imaginary part of 4 are few. Although several theoretical analyses [3-5] predicted that the

anisotropy of imaginary part of x® can lead to the dlipticity change of an elliptically
polarized beam in isotropic media, to the best of our knowledge no experimental observation
has supported such a prediction, and most of experimental reports were only involved in
anisotropic media[13, 14].

The anisotropy of »® can lead to dynamical evolution of the polarization state of light,
meanwhile, the change of the polarization state also has a dragtic effect on third-order
susceptibility. However, most of reports on polarization dependent nonlinear refraction and
nonlinear absorption were concentrated on anisotropic media [13, 14]. In this letter, we
present the anisotropy of imaginary parts of »® and the ellipticity dependent nonlinear
refraction and nonlinear absorption in the isotropic medium CS,. Like the anisotropy of real
part of 4, the anisotropy of imaginary part is very important to the evolution of nonlinear
polarization dynamics.

2. Experimental details

Our experimental setup is shown in Fig. 1. A commercial optical parametric oscillator
(Continuum Panther Ex OPO) pumped by the third harmonic (355 nm) from Continuum
Surelite-l1 is used to generate 4-5 ns pulses with a repetition rate of 10 Hz and tunable in the
range of 420-2500 nm. A Glan prism (G1) was used to generate alinearly polarized light. The
elliptic polarization state of the input beam was adjusted by angle (¢) between G1 and a
quarter-wave plate. The input beam has nearly Gaussian transverse shape and was focused by
a 150 mm focal length lens to form abeam waist of 19 um. To determine the axis position and
e of the global polarization state, we directly measured the transmitted energy as the analyzer
G2 rotates. The experiment is carried out on the isotropic nonlinear medium CS,. This
molecule has been thoroughly studied in nonlinear ellipse rotation and exhibits a large
molecular reorientation nonlinearity. The nonlinear susceptibility tensor of CS; at 440 nm, 470
nm, and 532 nm was studied because CS, exhibits alarge nonlinear absorption a 440 nm and
470 nm in the nanosecond regime [15]. The 5 mm length CS,; cell was fixed on the focus.

Fig. 1. Schematic of experimental Setup. G1 and G2 are Glan prisms, D1 and D2 are detectors.
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3. Results and discussions

Figures 2(a)-2(c) show the experimental normalized transmittance T as a function of
orientation of G2 (¢ ) for nonlinear output and linear output at 440 nm, 470 nm, and 532 nm.
The values of e of polarization ellipse can be obtained by using the relationship of
=T i/ Traxs Where Tpin ad T @€ the minimum and maximum of transmittance T,
respectively. The x-coordinates relative to Tyin and Te represent the positions of mgjor and
minor axis of polarization ellipse. Relative to the case of linear output, an obviously shift of
axis position of polarization ellipse in nonlinear output can be observed at these wavelengths,
which indicates the existence of the anisotropy of Re(y"). This is consistent with large

molecular reorientation nonlinearity of CS, observed in the subnanosecond and nanosecond

regimes [16]. The Re(x),) mainly contributes to the shift of axis position, i.e., the rotation of

polarization ellipse. Additionally, the change of T is much larger than that of T, as shown
in Figs. 2(a) and 2(b) a 440 nm and 470 nm. Therefore, the elipticity e changes as an
elliptical polarized beam propagates through the medium, and nonlinear absorption is

anisotropic dueto Im( ), )=0.
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Fig. 2. Experimental and theoretical results: (@), (b), (c): transmittance for nonlinear output
(open diamonds) and linear output (open circles) at 440 nm, 470 nm, and 532 nm, respectively.
(d), (e), (f): the elipticity e (open circles) and the rotation angle & (open squares) as a function
of input intensity 1o at 440 nm, 470 nm and 532 nm. The solid lines are theoretical simulations
with Re(A)=13, 8, 3.5x10% m?/V?, Im(A)=7, 2.5, 0x10% mP/V?, Re(B)=27, 20, 14x10% m?/V?,
and Im(B)=19, 6, 0x10"° m?/V/2 for 440nm, 470nm, and 532nm, respectively.

To picture the evolutions of polarization state more clearly, the ellipticity e and the
rotation angle 6 as a function of input intensity 1 at 440 nm, 470 nm and 532 nm are given in
Figs. 2(d), 2(e), and 2(f), respectively. Rotation angle 4 increases with |, at these wavelengths
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dueto Re(zS )¢0 At 440 nm and 470 nm, the value of e also increases with I, and the slope

of curve 6(lp) a 440 nm is larger than that at 470 nm. However, the value of e ailmost keeps
unchanged at 532 nm since CS, has no obvious nonlinear absorption. The increasing e with |
further verifies the existence of the anisotropy of im(3®) of CS; at 440 nm and 470 nm.

To model the evolutions of polarization and nonlinearities as an elliptically polarized
beam propagates in a nonlinear medium, the following coupled NL SEs are employed:

18(8'5) KE: , 4k’ [A\E\+A+B\E”E -0, 1)
ror\ or az 1%
1 E){ oE J aE 47rk [A\E P (A B)\E+\2}E,=O, @
rorl or az n

where r is the radia coordinate, z is the longitudinal coordinate, no is the linear refractive
index, k=27ny/2 is the wave vector and 4 is the wavelength. E., E are the left- and right-hand
circularly polarized components of the electric field. Following the notation of nonlinear
polarization of Maker, et al., [1], the effective nonlinear susceptibilities of two circular
components can be written as[16]:

(NL) _ 2
Zt _A‘ +

©)

where A=3y% +3y5 , B=6" . The solid lines in Fig. 2 are the results of numerical

simulations using Egs. (1) and (2). The parameters used in the simulations are Re(A)=13, 8,
3.5x10%° m?/V?, , Im(A)=7, 2.5, 0x10%° m?%/V?, Re(B)=27, 20, 14x10%° m?%V?, and Im(B)=19,
6, 0x10%° m*V? at 440 nm, 470 nm, and 532 nm, respectively. The total third-order nonlinear

susceptibility | 7| (1 = A/3+B/6) are 10.1, 6.3, and 3.5x107° m*/V? at 440 nm, 470 nm,
and 532 nm, respectively. The value of \ ;((3)‘ at 532 nm agrees well with that in previous

report [17].

As mentioned above, nonlinear susceptibility component B induces the evolution of
ellipticity and axis position of polarization ellipse. Meanwhile, different polarization state aso
affects the change of nonlinear refraction and nonlinear absorption [18]. Using the

relationship between the dielectric constant ¢ and nonlinear susceptibility ™ with
e=¢g,+4my™, where ¢, is the linear dielectric constant, we can write the differences in
refractive index (An, ) and absorption (Ae, ) due to nonlinear reaction as follows:

An, ZiRe[A\E\ +(A+B)E['], (4)
Ark 2
Aa, = ?Im[A\E\ (A+B)E[ . (5)

Note that the differences of refraction and absorption depend upon only the coefficient B but
not the coefficient A.

Be different from anisotropic medium, the changes of nonlinear refraction and absorption
in an isotropic medium are dependent on only the ellipticity of polarization ellipse, but not the
polarization orientation. First, for circularly polarized light with e=1, only one of two circular
components is present, and the changes in refractive index and absorption can be given by

An=2z/n,Re(A)|E[*, and Ae =4zk/n Im(A)|E|" . Second, for linearly polarized light with
e=0, we can see that the changes of refractive index and absorption can be given by
E|*, sincelinearly polarized light isa

combination of equal amounts of left-and right-hand circular components (i.e. \Efz\Ef\z),

(C) 2008 OSA 26 May 2008/ Vol. 16, No. 11/ OPTICS EXPRESS 8147



where E denotes the total field amplitude of the linearly polarized radiation with
[Ef =2]E [ =2E .

Open and closed aperture Z-scan [17] experiments were carried out to determine the
elipticity dependent nonlinear refraction and absorption. The experimental results at 440 nm
are shown in Fig. 3. The on-axis intensity |, used in our Z-scan experiments is 3.2x10°
W/cm?. For alinearly polarized light as a light source in our Z-scan measurements, nonlinear
refraction coefficient nyi, and absorption coefficient £, were determined to be 13.5x10*
cm?/W and 17.4x10° cm/W, respectively, which are over one time larger than those of
circular polarization with Ny, =6.1x10" cm%W and f4,=6.5x10° cm/W. Moreover, from the
results of Z-scan with circularly polarized light, one can obtain the value of complex nonlinear
susceptibility component A because the changes of refractive index and absorption depend on
only A in the case of circular polarization. The real and imaginary parts of A are 13x10%°
m?/V? and 8.0x10%° m?/V?, respectively. And then, the coefficient B can be determined from
the Z-scan experimental results of linear polarization or elliptical polarization, and the values
of Re(B) and Im(B) are 24x10%° m?/V? and 18x10%° m?V? respectively, which agree well
with the results obtained from nonlinear polarization experiments shown in Fig. 2.

1.4

Normalized Transmittance

zZ (mm)

Fig. 3. Z-scan curves of nonlinear refraction and nonlinear absorption in the cases of linearly,
dliptical and circular polarized input laser at 440nm. The solid lines are the theoretical fits with
Ngin=13.5%10" cMP/W, npg=8.4x10™ cmP/W, nys=6.1x10" cm?W, and fi=17.4x10°
MW, Bgi=9.5x10° cm/W, B4, =6.5x10° cr/W.
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Fig. 4. The n, (open squares) and 4 (open circles) as a function of e at 440nm, 470nm, and
532nm. The solid lines are the theoretical results.

Once Ny, and By of linearly polarized light and nyg, and B, of circularly polarized light
are determined, from Egs. (4) and (5) one can obtain the expressions of nyy and fBg of
elliptical polarized light as a function of ellipticity as follows:
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(l_ qZ)n ar + 2qn in
el = lj_ 7 2 (6)

ﬂell — (1_q ):Lﬁqr -zl—zqﬁlm , (7)
+q

n

where g=(1-€)/(1+€). The Z-scan curves of nonlinear refraction and absorption with e=0.41
are shown in Fig. 3 and we can get Ny =8.4x10™ cm?W and f=9.5x10° cm/W. Other
fitting parameters are the same as those of linearly polarized light. Figure 4 gives
experimental and theoretical results of the changes of n, and § as a function of e a 440 nm,
470 nm, and 532 nm, respectively. The symbols represent the experimental results, and agree
well with the solid lines obtained by theoretical simulations using Egs. (6) and (7). The
change of nonlinearities indicates that nonlinear refraction and nonlinear absorption are
tunable by controlling the ellipticity of eliptically polarized beam.

The relative magnitude of A and B depends upon the nature of the physical process of
optical nonlinearities. For molecular orientation nonlinearities, the ratio of thereal part of B to
that of A is 6, this is the case of optical nonlinearities of CS, in the nanosecond and
picosecond regimes. However, Re(B)/Re(A) and Im(B)/Im(A) obtained in our nanosecond
experiments at 440 nm are 2.1 and 2.7, respectively. Re(B)/Re(A)=2.5 and Im(B)/Im(A)=2.4
were obtained at 470 nm, and Re(B)/Re(A)=4 was obtained at 532 nm. The decreasing ratio of
B/A indicates that other nonlinear mechanism should exist in the nanosecond regime besides
molecular orientation. The origin of the different physical characters of the two contributions
(A and B) to nonlinear susceptibility can be understood in terms of the energy level [16]. One-
photon-resonant processes contribute only to the coefficient A, while two-photon- resonant
processes contribute to both the coefficients A and B. In Ref. [15] we reported that the large
nonlinear absorption of CS; in a short wavelength region and the nanosecond regime can arise
from a combination of two-photon absorption and the excited-state absorption induced by
two-photon absorption. Excited state nonlinearity can cause the decrease of B/A since
effective third-order nonlinearities are sequential one-photon process and independent upon
the change of polarization state.

4. Conclusion

In summary, we present the evolutions of polarization and nonlinearities in an isotropic
medium CS,. In the early sixties, Maker, et a,| planed to simultaneously study the
polarization dependence of the intensity-induced absorption and the intensity-induced rotation
in order to obtain accurate relative values of Im(A), Re(A), Im(B) and Re(B). In our work the
complex third-order susceptibility tensors of CS, at 440 nm, 470 nm, and 532 nm were
measured. To our knowledge, our results offer the first experimental evidence of Im(B)
induced nonlinear polarization dynamics and ellipticity-dependent nonlinearities in an
isotropic medium. Further experiments aiming at studying influence of spatial-temporal
effects on self-induced polarization changes due to complex third order nonlinear
susceptibility are expected to sharpen this analysis. Many interesting extensions are possible,
including the tuning of optical limiting, optical switching, and photonic crystal by controlling
polarization state.

Acknowledgments

This work is supported by the Natural Science Foundation of China (No. 60708020,
10574075), Chinese National Key Basic Research Specia Fund (No. 2006CB921703), and
the Program for Changjiang Scholars and I nnovative Research Team in University (IRT0149).

(C) 2008 OSA 26 May 2008/ Vol. 16, No. 11/ OPTICS EXPRESS 8149



Self-trapping of optical vortices
in waveguide lattices with a self-defocusing
nonlinearity

Daohong Soalgl, Cibo Lou?, Ligin Tang", Xiaosheng Wang?Wei Li*, Xingyu Chen?,
Kody J.H. Law’,

Hadi Susanto®, P. G. Kevrekidis®, Jingjun Xu®, and Zhigang Chen™*

1The Key Laboratory of Weak-Light Nonlinear Photonics, Ministry of Education and TEDA Applied Physical School,

Nankai University, Tianjin 300457, China

2Department of Physics and Astronomy, San Francisco State University, San Francisco, California 94132, USA
3Department of Mathematics and Statistics, University of Massachusetts, Amherst, Massachusetts 01003, USA

*Corresponding author: zchen@stars.sfsu.edu

Abstract: We demonstrate the self-trapping of single- and double-charged
optical vortices in waveguide lattices induced with a self-defocusing
nonlinearity. Under appropriate conditions, a donut-shaped single-charged
vortex evolves into a stable discrete gap vortex soliton, but a double-
charged vortex turns into a self-trapped quadrupole-like structure. Spectrum
measurement and numerical analysis suggest that the gap vortex soliton
does not bifurcate from the edge of the Bloch band, quite different from
previously observed gap spatial solitons. Our numerical findings are in good
agreement with experimental observations.
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Optical waves propagating in nonlinear waveguide arrays and photonic lattices have attracted
a great deal of interest [1, 2]. One of the key paradigms of discretizing light behavior in
periodical structures is the self-trapped states better known as “lattice solitons’ [3-8]. Such
discrete spatial solitons typically have their propagation constants residing in the semi-infinite
gap (arising from the total internal reflection) or inside a true photonic band gap (arising from
the Bragg reflection). Although gap solitons were traditionally considered as a temporal
phenomenon in one-dimensional (1D) periodic media, spatial gap solitons in both 1D and 2D
configurations have been demonstrated recently in a number of experiments with either a self-
focusing or a self-defocusing nonlinearity [5, 6, 9-12].

Optical vortex solitons propagating in periodic media form another family of discrete
spatial solitons with helical phase structures, as have been predicted earlier [13, 14] and
demonstrated in optical induced lattices with a self-focusing nonlinearity [15, 16]. These are
semi-infinite-gap vortex solitons. Gap vortex solitons with their propagation constants located
inside a photonic bandgap have only been observed so far with a self-focusing nonlinearity
where the vortex solitons bifurcate from the band edge of the second band, thus named as
second-band vortex solitons [17]. To our knowledge, gap vortex solitons in self-defocusing
lattices have never been demonstrated, although they have been predicted in theory to exist as
spatially localized topological states in Bose-Einstein Condensates confined by an optical
lattice [18] as well asin photorefractive optically-induced photonic lattice [ 19, 20].

In this paper we report the first experimental demonstration of self-trapping of both
single- and double-charged vortex beams by on-axis excitation in a “backbone” photonic
lattice induced with a saturable self-defocusing nonlinearity. We show that, under proper
nonlinear conditions, a single-charged (m=21) vortex beam can evolve into a gap vortex soliton,
while a double-charged (m=2) vortex beam tends to turn into a self-trapped quadrupole-like
structure. The spatial power spectra and interferograms (with atilted plane wave) of the self-
trapped vortices from both experiments and numerical simulations are presented, and the
stability of the vortex solitons is aso studied numerically. Our results show that the gap
vortex soliton does not bifurcate from the edge of the first Bloch band, quite different from all
previously observed fundamental, dipole or quadrupole spatial gap solitons.
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The experimental setup for our study is similar to those used earlier for observation of
discrete (semi-infinite gap) vortex solitons in self-focusing lattices [15], except that we now
use a self-defocusing nonlinearity to induce the waveguide lattices [12, 21]. The lattice is
induced in a photorefractive SBN crystal (5x10x5 mm?®) by a spatially modulated partially
coherent light beam sent through an amplitude mask. The mask is appropriately imaged onto
the input face of the crystal, creating a periodic input intensity pattern for lattice induction.
The lattice period is about 27 um. With a negative bias voltage, the intensity pattern induces a
“backbone” waveguide lattice, as the crystal turns into a defocusing nonlinear medium [22].
The vortex beam is generated by sending a coherent laser beam through a computer generated
vortex hologram. In all experiments, the lattice beam is ordinarily-polarized while the vortex
beam is extraordinarily-polarized. Thus the lattice beam will undergo nearly linear
propagation in the crystal while the vortex beam will experience a large nonlinearity due to
the anisotropic property of the photorefractive crystal [5-8]. An incoherent white light source
was used as a background illumination to fine tune the screening nonlinearity. The output
beam patterns and Fourier spectra are monitored with CCD cameras. The vortex beam exiting
the crystal is also sent into a Mach-Zehnder interferometer for phase measurement as needed.

In our experiment, the off-site excitation scheme is used so that the vortex core is on an
index minimum while the donut-like vortex beam covers four adjacent index maxima. To
open the first Bragg reflection gap (between the first and second Bloch bands), a relatively
high lattice beam intensity and bias field is employed for induction of a deep lattice potential
[12, 21]. By fine-tuning the nonlinearity (through the bias field and the lattice-to-background
intensity ratio), self-trapping of the vortices can be established. Typical experimental results
are presented in Fig. 1, for which the intensity ratio of the vortex beam to the lattice beam is
about 1:4, and the bias field is about -1.2 kV/cm. The interferograms of the input vortex
beams with atilted plane wave are shown in Fig. 1(a), where the central fork resulting from
the fringe bifurcation indicates the phase singularity (m=1 for top panels, and m=2 for bottom
panels) of the vortex beam. When self-trapping is established in the nonlinear regime, both
m=1 and m=2 vortices assume an intensity pattern primarily consisting of four spots [Fig.
1(b)], similar to the semi-infinite-gap vortex solitons [15, 16]. Along the directions of the
principal axes of the square lattice (which are oriented diagonally rather than horizontally and
verticaly), long “tails” beyond the central four spots can be seen. Although the intensity
patterns of self-trapped m=1 and m=2 vortices look somewhat similar, significant differences
can be found in their phase structure and spatial spectrum.

First, we use two different interference techniques to identify the phase structure of self-
trapped vortices as used earlier for vortices in self-focusing lattices [23]. One is to send a
tilted broad beam (quasi-plane wave) to interfere with the output vortex beam [Fig. 1(c)]. For
the limited propagation distance of our crystal length (10 mm), it appears that the vortex
singularity (manifested by the central fork in the interferograms) persists after the nonlinear
propagation through the crystal, although it seems that charge-flipping (reversal of forks) is
associated with the m=2 but not the m=1 vortices at the crystal output. However, as shown
below from numerical simulations to longer propagation distance, the singularity can maintain
only for the m=1 but not for the m=2 vortices. In fact, our theoretical analysis shows that a
“true” double-charged gap vortex soliton does not exist under this excitation condition, and a
quadrupole-like soliton structure is found instead for the m=2 vortex. The other technique isto
send a co-axia broad Gaussian beam as an interfering beam. We can see clearly that the phase
structures for self-trapped m=1 and m=2 vortices are different [Fig.1 (d)]. The two diagonal
spots are out-of-phase for the m=1 vortex but in-phase for the m=2 vortex, similar to self-
trapped vortices in self-focusing photonic lattices[15, 16, 23].
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Fig. 1. Experimental results of self-trapping of single-charged (top) and double-charged
(bottom) vortices in a defocusing photonic lattice. (a) Interferograms showing the phase of the
input vortex beams, (b) intensity patterns of self-trapped vortex beams at lattice output, (c, d)
interferograms between (b) and a tilted plane wave (c) and an on-axis Gaussian beam (d),
respectively, and (€) the k-space spectra of (b) where the dash squares mark the first Brillouin-
zone of the square lattice. (a, ¢) are zoomed in with respect to (b, d) for better visualization.

Next, we measure the spatial spectrum of self-trapped vortices [Fig. 1(e)] by using the
technique of Brillouin Zone (BZ) Spectroscopy [24]. Again, dramatic differences between
m=1 and m=2 vortices can be seen in these k-space spectra, indicating quite different physical
pictures for self-trapping. For the m=1 vortex, most of the power is located alongside the first
BZ, but it would not concentrate just to the four corner points (corresponding to four high-
symmetry M points) which mark the edge of the first Bloch band and where the diffraction is
anomalous [6, 25]. For the m=2 vortex, however, the nonlinear spectrum reshaping makes the
power spectrum settle into the M-points quickly, similar to those of the fundamental gap
solitons and gap soliton trains [12]. Numerical simulations (see below) show that such
spectrum difference remains for long propagation distance. These results suggest that
although the m=1 vortex can evolve into a gap vortex soliton, it does not bifurcate from the
edge of the first Bloch band, quite different from al previously observed fundamental, dipole
or quadrupole-like gap solitons in self-defocusing lattices [6, 12, 21]. It is also significantly
different from the second-band gap vortex solitons [17] or the reduced-symmetry gap solitons
[26] in self-focusing lattices, which all bifurcate from the edge of the second band. On the
other hand, the m=2 vortex can evolve into a quadrupole-like localized state, which does seem
to bhifurcate from the edge of the first Bloch band as confirmed by numerical analysis below.
We would like to mention that in Fig. 1 we did not show the linear output of the vortex beams
simply due to that the linear output pattern does not differ significantly as compared to the
nonlinear output of Fig. 1(b) in our experiment. Thisis because the induced lattice potential is
deep (for opening the first gap [12, 21]) and the length of our photorefractive crystal is only
10 mm so the vortex beam does not exhibit strong discrete diffraction as clearly seen in our
simulations to longer propagation distances. However, the experimentally measured phase and
spectrum of the linear output are apparently different from those of nonlinear output. In the
linear region, all adjacent intensity peaks from the vortex beam have an in-phase relationship
and the power spectrum covers the entire first BZ with most of the energy concentrated in the
center of the BZ.

We now compare the above experimental observations with our numerical results
obtained using beam propagation simulations with the initial condition similar to that for the
experiment. The numerical model is a nonlinear wave equation with a 2D square lattice
potential under self-defocusing photorefractive nonlinearity [6, 27]. Figure 2 shows the typical
simulation results corresponding to experimental results of Fig. 1. Excellent agreement can be
seen for the 10 mm of propagation distance (i.e. our crystal length) for both m=1 and m=2
vortices. In particular, even for only 10 mm of propagation, clear differences can be seenin
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Fig. 2. Numerical results of self-trapping of single-charged (top) and double-charged (bottom)
vortices in a defocusing photonic lattice corresponding to experimental results of Fig. 1. The
propagation distance is 10 mm corresponding to the length of the crystal used in experiment.

the phase structure [Fig. 2(c, d)] and k-space power spectrum [Fig. 2(e)], as observed in our
experiments (Fig. 1). To examine whether the relevant gap soliton structures can persist for
longer propagation distances, simulations are also performed with a propagation distance up
to 40 mm while all other parameters are left unchanged. The results are shown in the left
panels of Fig. 3. Indeed, the corresponding intensity patterns are found to be nearly unchanged
even after 40 mm of propagation. However, by interfering the vortex beam with atitled plane
wave to observe the phase structure, amajor difference is noticed after 40-mm of propagation:
while the fork is still in the center of the interferogram for the m=1 vortex (hence showing that
the m=1 gap vortex can maintain its helical phase structure), this is not the case for the m=2
vortex. In the latter case, the forks in the center disappear gradually and the vorticity is
eventually lost. In fact, the m=2 vortex loses its original angular momentum and transforms
itself into a quadrupole-like structure. Before the vorticity completely disappears, a transient
state of charge flipping is found from our detailed simulations, but unlike the periodical
appearance of m=2 and m=-2 vortices found in the self-focusing case [23], the m=2 vortex
singularity cannot maintain in self-defocusing lattices, and the vortex disintegrate into an
unstable quadrupole-like structure. (In the self-focusing case, the quadrupole appearsonly as a
transient state for charge flipping of the m=2 vortex under the isotropic photorefractive lattice
potential [23]). This dynamical evolution can be seen more clearly in the 3D plot of beam
propagation illustrated in the right panels of Fig. 3. Furthermore, our numerical simulations to
longer propagation distance also indicate that the tails of the self-trapped m=2 vortex have
wave properties typical to Bloch modes located in the vicinity of the first-band M point (being
out-of-phase between adjacent sites along directions of the lattice principal axes [25]). Thisis
consistent with the k-space power spectrum that settles onto four M points, indicating that the
m=2 vortex evolves into a gap quadrupole soliton bifurcated from the edge of the first Bloch
band. On the other hand, similar simulations to 40-mm propagation distance for the m=1
vortex does not show this well-defined phase relation in the tals [Fig. 3(a)], as some
neighboring sites are in-phase and some are out-of-phase along directions of the lattice
principal axes. The power spectrum concentrates more into the four sides of the first BZ rather
than evolves into a well-defined four M-point spectrum as in Fig. 3(b), suggesting that the
m=1 gap vortex soliton does not bhifurcate from the edge of the first Bloch band.

Finally, we investigate the stability of both m=1 and m=2 self-trapped vortices by means
of linear ability analysis for typical parameters corresponding to experimental observations.
Our analysis shows that, indeed, the m=1 vortex gap soliton is stable aimost throughout the
first gap of the defocusing lattice, while the quadrupole gap state is always linearly unstable.
Since the latter instability growth rate is relatively small, the quadrupolar structure is
observable for certain propagation distances, as demonstrated in our experiment and
numerical simulations. The soliton solutions (in real and Fourier space) and the corresponding
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Fig. 3. Simulation results of single-charged (a) and double-charged (b) vortex beams
propagating to a longer distance of 40 mm. Left panels show the output transverse (x-y)
intensity pattern (left), its interferogram with a titled plane wave (middle), and its k-space
spectrum (right) in both (a) and (b). Notice that the vortex singularity maintains in (a) but
disappearsin (b). Right panels show the propagation of a stable m=1vortex beam (c) and of an
unstable quadrupole beam as arising from the breakup of m=2 vortex (d) long the longitudinal
z-direction (from bottom to top) through the defocusing lattice.

maximal growth rates [maximum real part Re(A) of the linearization eigenvalues] as a
function of the propagation constant p are illustrated in Fig 4, where regions of zero growth
rate (Max[Re(A)]=0) indicate the good stability of the gap soliton solutions. We note again
that, as seen in Fig. 4 (right panels), while the unstable quadrupolar structure seems to
bifurcate from a linear Bloch mode of the first band, the same is not true for the m=1 gap
vortex soliton, as the latter stability (and corresponding existence) curve appears to have a
turning point before reaching the band edge. Results from our experimental observation and
numerical analysis are in good agreement with recent theoretical work on the families of the
m=1 gap vortex solitons in periodic media [28], where it also shows that the single-charged
vortex families do not bifurcate from edges of Bloch bands, but rather they turn back and
move into band gaps before reaching band edges. Although such non-edge bifurcation of
vortex gap solitons can be found from the mathematical model of nonlinear propagation of
vortices in 2D periodic media, it seems that the underlying physical mechanism for the
emergence of such “purely nonlinear” states merits further investigation. Intuitively, this
might be attributed to the nontrivial helical phase structure of the vortex, which cannot be
expressed as a simple superposition of linear Bloch modes near the band edge. A related
interesting issue is to explore the existence and maybe to experimentally demonstrate the
genuine m=2 gap vortex solitons with different excitation conditions, such as those gap vortex
states proposed in [29]. Although the gap vortices in periodic structures have been previously
proposed in literatures [18, 28, 30], the theoretical analysis presented here with a model
involving a saturable self-defocusing nonlinearity is particularly relevant to our experiments
and helpful for a good understanding of the experimental observations. Furthermore, the
features of the nonlinear spectrum reshaping and instability analysis which have not been
illustrated before will stimulate further theoretical study of spatial gap vortex solitons in
periodic systems beyond optics.
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Fig 4. Numerical solutions of self-trapped quadrupole [a.)] and single-charged vortices [b.) and
¢.)]. Shown aretypical stationary patterns (first column), corresponding phase structure (second
column), Fourier spectra (third column), and maximal instability growth rates (fourth column).
Plots in fourth column are given as a function of the propagation constant u, while the spectral
bands are denoted by shaded areas. The first Bloch band is located to the right, where for the
single-charged vortex family the stable node branch [solid line, b.)] collides with the unstable
saddle branch [dashed line, c.)] before reaching the band edge. Zero growth rates indicate that
the self-trapped structure islinearly stable.

In conclusion, we have demonstrated self-trapping of both single- and double-charged
vortex beams in optically induced photonic lattices with a self-defocusing nonlinearity. We
have shown that only the single-charged vortex beam can evolve into a gap vortex soliton
which does not bifurcate from the band edge, while the double-charged vortex eventually
reshapes into a quadrupole-like gap soliton which does bifurcate from the edge of the Bloch
band. The single-charged vortex gap soliton can be linearly stable under certain conditions
while the double-charged vortex tends to break up into a quadrupole-like structure which is
linearly unstable. Our experimental results are corroborated by numerical simulations.
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