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Bl =/Preface

In 2010, the work at our lab was mainly focused on optical nonlinearities of organic materials,
functional optical crystals, micro-crystal glass ceramics, nano-particulate  films,
up-conversion-luminescent materials, rare-earth doped glasses and their microstructures, also
nonlinear optical manipulation of light in photonics structures. Especially achieved some fruitful
results in the slow-light nonlinear optics and addressable optical buffer memory by EIT, the
graphene hybrid material covalently functionalized with Porphyrin and optical limiting, optical
trapping and manipulation of metallic micro-particles, generation of propagating plasmons by
electron beams. In addition our newly startup researches are going along well, such as the
silicon based MOS light emitting devices, weak-light nonlinear bio-optical effects, et al. In this
report, we present a short summary of the results achieved in each line of activity of 2010.

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. We also benefit a lot from our colleagues from other units all over world, who
provide us advices and supports. Many thanks for their kind supports. In addition, our staff and
students worked hard in order to make our research better and faster. Thanks a lot for their
indispensible contributions and wonderful research works.

Hereby | would also like to stress that Prof. Hutian Wang joined our lab last year and started
the research works on topics of manipulation of optical fields and its application.

Prof. Dr. Jingjun Xu %g

Director,

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

LMY 596 TR/ Nonlinear Physics and Photonics Techniques
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In this field, we mainly focused on
optical nonlinearities of organic materials,
beam propagation, one dimensional photon
crystal, sub-wavelength microstructures, and
nonlinear surface waves. There were 22
scientific papers published in international
academic journals, and 2 patents applied in
this year. The total researching funds are 6.67
millions. This year, we obtained some
important results as following:

FERR S KGR ARG S AR 2k T
FATHRAE T FRIAB M B 2 BE R 49K B
FARGME, AVK IR FB ) 2 BERR AN K
B AE K FTNGN-— H 25 H Bt fie (DMIF) H LE 7
AT EAE R A, RIS ORBE T AR
WEHEL MR R . 4, FERRE. BT
AR, KIEAN A S5 K DMFEGT R AE
YNFD T R I A AELR AT SR, TTIE B
PPk, BEE A SBIRIRE RGN, &
VEBER L A IE B 7 AR 2k 47 5 O T 2R
BATIN T GNAD ki T F AR Ze v I 5 R T
/ﬁ/ﬁﬁ’]ﬂﬁ**ﬂxﬁzﬁ T B ik b WS Js T

TEFIDMFAIEA A S2)E E &

In the aspect of the nonlinear optical
properties of carbon-based nanomaterials, we
reported that the hydroxyl groups modified
multi-walled carbon nanotubes can be
dispersed both in water and N,
N-dimethylformamide (DMF) much better
‘thahjin chloroform, strong nonlinear scattering

.{pi!@)pgrties from these suspensions were also

12

observed. We also studied the nonlinear
properties
suspension in DMF in nanosecond and
picosecond pulse regime under tight focusing
geometry and thick sample cell conditions.

refraction of graphene oxide

The suspension shows negative nonlinear
refraction due to transient thermal effect in
nanosecond exhibits a
changeover from positive to negative
nonlinear refraction as the graphene oxide
concentration increases due to the opposite
sign between nonlinear refraction of DMF and
graphene oxide itself in picosecond regime.
A A FEVE B, RATFT T R ke
TARLM G R IR, AT A BLAR L
P88, AELAERSORI I E 2t BT ) 5 T 2 B
NSO IR AL o 7E AR ML BN Y

regime, while
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Fig. 1. Comparison of spectra at different sample position. Left

side: FTL, Right side: BSL

The polarization characteristic of ultrafast
nonlinearity was systematically studied in
isotropic medium, we found that nonlinear
refraction, nonlinear absorption and nonlinear
scattering  changed greatly with the
polarization states (linearly, elliptically and
circularly) of incident beam. During the

nonlinear scattering, we have designed
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experiments to analyze the signal of
femtosecond open-aperture Z-scan of carbon
disulfide around 800 nm. The signal is verified
to arise mainly from nonlinear scattering, not
two- or three- photon absorption.
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Fig. 2. (a)-(d) Cross sections of Ex at zr, 10zr, 30zr, and 50zr,
respectively. (e)-(h) Cross sections of E, at zr, 10zr, 30zr, and 50zr,
respectively. And, (i)-(l) cross sections of By at zr, 10zr, 30zr, and

50zr, respectively.
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Fig. 3. (a)-(c) Variation of the energy gain with a, yo, and 6. The

i'! es, red curves, and blue curves present the energy
alns Iotal work done by Ex, and E, respectively.
uN
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In theory analysis of accelerating electron
using laser beam, we analyze the energy gain
in vacuum electron acceleration by Airy beam.
We find the characteristics of transverse
acceleration and non-diffraction of Airy beam

can lead to the formation of a long
“asymmetric field channel” along the
propagation  axis, Wwhere the intense

asymmetric field can accelerate the injected
electron to higher energy. Meanwhile, the
injection energy of electron plays an important
role in determining the final energy gain.
Through numerical
studied detailedly
acceleration induced by an Airy beam. Results
show that an electron entering into asymmetric
field channel may be captured and gain high
energy and decaying parameter, the injection
energy and inject angle of electron, play
important roles in the electron energy gain.

FEJCR ORI T T, FATEA 4 T
— Y SR SRR i AR 5 [ S 0 AR T
HIIZ B . I3 45 SRR B SR R A Bk
TR, ORI ILIEE) .
R A E T TT DA 3 e A\ 't 9 BORL T
PRI

simulation, we have

vacuum electron
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E - —— L0010 Pas
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. W
| B

w 5 8 5 18 15 ™
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Kl 4 —AE 50nm FRE/NERIEAFIRH A B, 72
Airy JEHAE R T 3) J1 5k
Fig. 4. The trajectories of a 50 nm (radius) fused silica
nanoparticle at the initial position of x = -11 um (z = 0)

with different viscosity of surrounding medium.

In theory analysis of microparticles




Annual Report 2010

manipulation by light, the radiation forces and
trajectories of Rayleigh dielectric particles
induced by one-dimensional Airy beam were
numerically analyzed. Results show that the
Airy beam drags particles into the optical
intensity peaks, and guides particles vertically
along parabolic trajectories. The trapping
stability could be improved by increasing
either the input peak intensity or the particles
radius.
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MR . BT RIEEINT R E R Rk, =
PRI 3R AL R S BRI A AL UL S, A A & i
BANTE ] LLSEIL — R B 5, JRATFE
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(R ER
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Fig. 5. Conversion efficiency # of SHG vs. (a) applied

external electric field Eq and (b) background illumination I

We introduced a new type of solitons,
Photorefeactive  surfaces solitons  Local
nonlinearities can lead to the concentration of
light energy, consequently bright solitons and
dark solitons can be excited; nonlocal
nonlinearities can lead to the confining of a
light beam near a boundary and propagating
along the surface of medium. In virtue of the
'cWTration of nonlocal and local
“nonl Lhearities,' Surface solitons can be
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implemented. We successfully excited bright
surface solitons and dark surface solitons in
SBN crystal and LN crystal, respectively. For
one hand, take advantage of surface wave
solitons light energy can be concentrated; for
another hand, take advantage of the natural
linepath of surface the phase matching can be
satisfied successfully. As a result, the giant
enhancement of SHG can realized and we
have obtained high of 80.3%/W efficiency in
SBN crystal.

FEARLRNE G Tl B L S FE N D T
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IE B 6 27 7 5T 45 K A AN 7 ) NS R E X
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PR AL FIESS Z $33t i Ze IR
e A I ARG I, A
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The transmitted and reflected Z-scan
characteristics for light-tunneling
heterostructures composed of one-dimensional
photonic bandgap material and metallic film
are theoretically investigated. An apparent
Z-scan signal will appear around the
light-tunneling even if the incident peak
intensity is very low. Both of the transmitted
and reflected Z-scan signals from left
incidence are much larger than those from
right incidence, demonstrating the
nonreciprocal for two incident directions. The
variation of the reflected Z-scan curve shape is
opposite to that of transmitted Z-scan curve
shape as light wavelength increases. Moreover,
the reflected Z-scan signals from left
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incidence will appear a very sharp peak
around the light-tunneling. Applying our
results enable to optimize the PBG-metal
heterostructure  designs and  operation
wavelengths for particular applications such as

laser cavity, optical diode and optical
switching.
1 )
) A IA”
Ew i"' A i
i ”,_. 1 I
o RS i ST SR L
()w BOSH e e . @ 1, 650 3 LR e
g.us . 2 u‘ ;". o ::s
g - - N I
S50, l aa Tu

B 6 ARNGHEHEK T (M 530 nm F 550 nm) A MIA
SHRNES Z AR, @)A(c) JFL Z AL (b)A(d)
ML Z i 25

Fig. 6. The transmitted Z-scan curves from left incidence for
different wavelengths from 530.0 nm to 550.0 nm. (a), (c)
Open-aperture Z-scan; (b), (d) close-aperture Z-scan.
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We design another kind of the structured

subwavelength aperture with two gaps inside,

%.E' W
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which can lead to strong near-field
enhancement. Different from the
ridged-aperture, the gap-aperture require an
incident polarization perpendicular to the
connecting line of the gaps. It is due to the
different way of the localized surface plasmon
excitation. We try two other gap-apertures
with triangle gaps and trapezoid gaps to
confirm the effect of the localized surface
plasmon. We present the polarization
properties of the gap-aperture and design a
four-gap-aperture to obtain polarization

independence enhancement. In addition, we
present a combined aperture original from
both the gap-aperture and the tooth-aperture,
which can combine the advantages of the two
apertures

and

and achieve

super

original
enhancement

strong
resolution

simultaneously.

Normalizad Inanalty (e1L)

7 () WABROSHIEEK/NLAER: (b) 6
HANL BIRAML. ZHERE Xy WRAS FHIA
—ALIREE .

Fig. 7. () A subwavelength aperture in silver film with
two gaps. (b) Normalized intensity spectra of the
gap-aperture for x- and y-polarizations as well as spectra
of the tooth-aperture and a bare circleh ole for

comparison.
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In this field, we mainly focused on the
functional optical crystals, micro-crystal glass
ceramics, photonic microstructure,
nano-photonics, and nano-particulate films. 21
papers were published in international
academic journals, 2 invention patents applied,
and 2 patents issued. The total researching
founds are more than 4 millions. This year, we
obtained some important results, they are
mainly shown as following:
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AR 18, BERGEIR AL AR 1/20. ZK
I A e T B AR 1) v 0l R R 2 O A
IEEIERADGX, A AN O e A
# Optics Letters &y 4 IR S I, I H.i%
& F 4% Nature Photonics (4, 128-129 (2010))
1 1E Research Highlights. 5% 48B4 4
W2 B SR AR = G R T B AR Gt D 2 N 4
J& AN —TT W—LLAM &G B, A R
N IR 07 A

The ultraviolet (UV) photorefraction of
Zr doped lithium niobate (LN:Zr) was
investigated. The experimental results show
LN:Zr crystals have high resistance against
photorefraction in UV region as well as in
visible range, which can withstand UV light
intensity of above 10° W/cm?. According to
Ithe fitting results of erasing curves with UV
La;?;éreen lights, a two-center O®"-defect
"nilod‘el was suggested. Our results indicate
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LN:Zr is an excellent candidate for optical
damage resistance from UV to visible
spectrum.

Fig. 1. Beam distortion of the transmitted UV lights (wavelength
351 nm, intensity 1.6x10° W/cm?) after passing through LN
crystals. (a) PLN; (b) LN:Zry; (c) LN:Zry; (d) LN:Zrs

KT BHRRE G, RIHPOEHR
118 2.5 mol%, BRIE fi i 73k & %5 0.98,
FOLA5 R 658 3x10° Wiem?,  #i1l&d 2 fir
7~ WREEHT S R RN 6x10°, 2
1 — PRI R I DU 45 AR BR IR B AR A . %
ZE R T Opt. Lett. 35, 883 (2010), H:r
PG B P 5 128 D912 3 P 3 T P

@ (b) © (@

Fig. 2. Distortion of transmitted argon laser beam spots after 5 min of

irradiation.

(a)-(d) for Sn1:LN, Sn2:LN, Sn2.5:LN, and Sn5:LN, respectively. The
light intensities are (a) 2.5x10? W/cm?, (b) 4.7x10° W/cm?, (c) 4.8x10°
Wicm?, and (d) 5.4x10° W/cm?,

Applications of
nonlinear optics at high light intensities are
seriously hampered by optical damage. Recent
investigations have shown that Hf** and zr**
ions have some advantages in suppressing
optical damage of LiNbO; with respect to
Mg®*. Here we present Sn doped LiNbOs;
(Sn:LN). Experimental results indicate that

lithium niobate in
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Sn:LN has similar optical damage resistance
as Mg doped LiNbOs;, but the doping
threshold of Sn is only 2.5 mol%, where its
distribution coefficient is 0.98. Hence Sn* ion
turns out to be another good choice for
increasing optical damage resistance of
LiNbOs;.

G TR

Ot &
LSRN
i

Vim0 pm -

S00VImm . 200Vimm

Fig. 3. Microscopic images of inverted domains with
different applied electric fields at the same reverse time of
100 s and light intensity of 6.4x10* W/cm?.

(a) Electric field varies from 700 to 30 V/mm; (b) amplified
images for electric fields from 60 to 20 VV/mm; (c) amplified

images of the inverted domains of (b).
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Light-induced domain reversal of
near-stoichiometric Mg-doped LiNbO; crystal
was investigated with a focused 532 nm
continuous laser beam. The lowest electric
field applied to accomplish domain nucleation

is only 30 V/mm and 1/80 of the coercive field,

which is safe and convenient for us to
fabricate domain structures. Under this super
low applied field the pinning effect of domain
wall is so obvious that the inverted domain
. .r@veals a gear shape contrary to the hexagon in
“a higher applied field. Then two-dimensional

ojpn patterns with the smallest domain size
" m have been fabricated.
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JEBE e H AT TRBE R T2,
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Fig. 4. Comparison between light-induced —z patterns and
transcribed +z patterns. (a) Two dimensional domain patterns on
-z face fabricated by a focal laser beam and electric field of 600
V/mm and a duration time of 10 s. (b) The corresponding
transcribed domain patterns on +z face. The imagines beneath

are etched y face profiles of domain spots.

Recently light-induced domain reversal
has been developed to a promising method for
domain engineering, but the depth of reversed
domain is only of several tens microns, which
greatly limits its practical applications. In this
letter, we fabricated domain patterns on the —z
face of 10 mol% Mg  doped
near-stoichiometric lithium niobate with the
assistance of a focal 532 nm laser, and then
succeeded to transcribe these domain patterns
from the -z to the +z face by applying external
field without laser illumination. The
transcribed domains have much larger depths,
can sustain more than 100 times of the
transcription cycles without large deformation,
and can be erased by one transcription cycle
with illumination of 532 nm laser. Finally, a
light-induced ferroelectric domain
transcription model was proposed.
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Fig. 5. TEM photographs of KLW nanocrystalline powders
annealed at 500 °C (left) and 600 °C (right) for 2 h..

= 528nm °
12 s  550nm slope=1.860 > s m
+ _856nm . ol

ﬂ

4 4
Hi1/2-" 11512
e

Szz2-"hsr2

-
@
o slope=1.914

Instense
=
(X

Yb:10 mol%, Er:2 mol%
slope=1.794 -

AP

550

4 4
Fa2- 1152

5.0
LnP {mw)

500 600 5.5 6.0

‘Wavelength(nm)

650

Fig. 6. UC emission spectra of 10 Fig. 7. Pump power dependence of all

Mol% Yb* - 2 mol% Er** codoped the three bands of UC emission
LW nanopatrticles (red line) and the spectra of KLW codoped with 10
mol% Er** single doped KLW mol% Yb* and 2 mol% Er®".

nanoparticles (blue line). ) ) 33
The luminescent nanocrystalline Yb

o Sl

?;}i ‘-',idﬁdv‘fErgj* codoped KLa(WO,), has been
ared by Pechini method. X-ray diffraction
ransmission  electron microscope were
to study the structure of the obtained
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samples. The average grain size of these
samples depended on the annealing
temperature, increasing with the increase of
the temperature. The cell parameters and the
crystallite size of KYDbyErgg,Laggx(WO4),
nanocrystalline decreased with the increase of
x value. Luminescence studies showed that the
intensity of upconversion emission of the Yb*"
and Er** codoped samples was much stronger
than that of the Er** single doped samples
(pumped by 980 nm LD). The upconversion
emission mechanisms suggested that all the
three bands of upconversion emissions were
two-photon process.
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Fig. 8. Structure projection of Fig. 9. Circular dichroism spectrum

KMgBOj3 viewed along [111] of polycrystalline KMgBO;
The work continued with the work of last

year, concentrated on the investigation of new

borate luminescence materials and structural

study. Photoluminescence of Dy** doped
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NaSrBsOg and NaszSrBsOy, were investigated,
and the structures of the doped samples were
refined by Rietveld method. It was found that
the Dy** doped pentaborates had effective
yellow emission, and Dy** occupied the Sr**
positions. The photoluminescence of various

rare earth ionic doped KSr,(BO3); were
investigated, and effective red and blue
emissions with good color purity and

saturation were detected. After the structural
comparison of many crystals, it was found that
K" plays a key role in the structure
transformation  from  centrosymmetry to
non-centrosymmetry. Then a nonlinear chiral
borate KMgBO; was synthesized based on the
structure of birefringent crystal NaMgBOs.
The new compound was found to have a wide
transparency, including the vacuum ultraviolet
region. The circular dichroism spectrum
collected from a polycrystalline sample
showed several weak peaks of Cotton effects,
which can be easily repeated. It may come
from the random inequality of enantiomers in
the polycrystalline sample or occasionally
asymmetric synthesis, which confirm the
optical activity of KMgBO:s.
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Tin and nitrogen co-doped titania has been
prepared by hydrolysis precipitation method,
which has been studied by X-ray diffraction,
'>?T;z photoelectron spectroscopy, diffuse
.,Ire_f_'. ;tance UV-vis absorption spectra, and
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photoluminescence. The surface area has been
determined by using the BET method. Tin is
incorporated into TiO, crystal lattice
substitutional mode, while nitrogen is present
as surface species. The resultant energy levels
of tin doping and nitrogen surface states are
located inside the bandgap, which are close to
the  conduction and bands,
respectively. Hence, co-doping of tin and
nitrogen can greatly enhance the absorption in
visible light region and inhibit the
recombination of photogenerated charge
carries, leading to a higher photocatalytic
activity for the co-doped catalyst than pure
TiO, and solely doped TiO, with nitrogen or
tin for 15 degradation of 4-chlorophenol under
both visible and UV-light irradiation. This
indicates that codoping simultaneously with
two foreign elements is a feasible way to
improve the photocatalytic activity of TiO.,.

in
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Fig. 10. Scheme of photocatalytic mechanism of

nitrogen and tin doubly doped TiO,
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A new type of composite film
(heterostructure) with optoelectronic

properties have been prepared by coupling
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Sn-doped rutile TiO, (R-TiO,-Sn) and
N-doped anatase TiO, (A-TiO,-N) with use of
a sol-gel method. Under visible and UV light

TiO./ZnO ¢ Ji &5 1A F] T 64 H 7 M ITOFR
T 6%, M5 3500] WL (400-600nm)SPS
M 7 358 5 % s R 8 RECR () $ 1 o

irradiation, it exhibits a higher photocatalytic o~ o = = o o ere =
activity than both R-TiO,-Sn and A-TiO,-N . Tt
Br [ T rere

films due to the formation of a heterojunction S e | T
at the interface, as well as the increase of total ~ -

@) [] ) & o | En
amount of photogenerated charge carriers and i = = L = * 1 ~

@ ® @

introduction of doping states. Our results offer ™, |EpP B = 10oe

a paradigm for developing optoelectronic
functional materials that can be used in many
fields, such as solar cells, photocatalysis, and

Fig. 12. Schematic representation for energy band levels of Rup,P/TiO,/ITO(a),
Rup,P/TiO,-Zn/ITO(b) and Rup,P/TiO2/ZnO/ITO(c) film.

photosynthesis. TiO,/ITO, TiO,-Zn/ITO and

¥ e o TiOx/ZnO/ITO films were prepared by
! EE;T-D / ion-beam sputtering, and then
::Z:ﬁ...,m,,. / " furthersurface-sensitized with the
, oo /5 Ru(phen),(PIBH) complex (RupP) of
) z //ﬁ;ﬁ RUp,P/TiO,/ITO, Rup,P/TiO,-Zn/ITO, and
2 —t—t Rup,P/TiO,/ZnO/ITO by the spin-coating
LR “n::h-nm - ATIOPN RATIO-Sn method. Surface photovoltage spectra (SPS) of
Fig 11. The heterostructure and photocatalytic activity of the films revealed that SPS responses were

R-TiO,-Sn/A-TiO,-N sample. present at 400-600nm after
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surface-sensitization and the SPS intensity
ratios between the peaks at 400-600 nm and
350nm were different because of the different
energy band structures in the TiO,-based films.
The physical parameters and energy band
structures of TiO,-based and Rup,P modified
TiO,-based films were determined by electric
field induced surface photovoltage
spectroscopy (EFISPS). We found that the
400-600 nm SPS peaks of the Rup,P modified
films came from the Ru 4d to phenm'; and
PIBHx , electron transitions. The Zn?* doping
level in TiO,-Zn benefits the injection of
photogenerated electrons from the ligand
levels to the conduction band. The TiO,/ZnO
heterostructure favors electron transfer to the
surface of ITO, which can enhance the SPS
response in the visible light region (400-600
nm) as the  photoelectron
transformation efficiency.

LA ZnO GKAERE F1 it SR F ¥ iz -

well as
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TiOx/ZnO and N-doped TiO,/ZnO
composite nanotube arrays were synthesized
by sol-gel method using ZnO nanorod arrays
as template. SEM, UV-Vis, and XPS were
used to characterize the samples. The
nanotubes showed a uniform hexagonal shape.
The diameter and wall thickness of the
nanotubes were about 100 nm and 20 nm,
Some N dopants were
into the TiO»/ZnO

respectively.
substitutionally doped
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lattice, while the majorities, such as N-Ox,
N-C and N-N species were chemically
absorbed on the surface of TiO,/ZnO
composite nanotubes. The dopant-induced
narrow of the band gap is due to the doping of
N ions in the TiO, lattices, which enhance the
visible-light response and promote the
separation of photogenerated  carriers.
Compared with the TiO,/ZnO composite
nanotube arrays, N-TiO,/ZnO composite
nanotube arrays exhibited a higher
photocatalytic activity.
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Fig. 13. N 1s XPS spectra of N-TiO,/ZnO (b) composite nanotube arrays(A).
Zny, XPS spectra of the TiOZnO(a) and N-TiO»/ZnO (b) composite

nanotube arrays (B).
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The main research topics in this group
are fabrication and optic properties of
nano/micro-structure, nonlinear optical
manipulation and its applications, quantum
nonlinear optics, ultrafast detection and
by wusing fs technology and
photorefractive materials and nonlinear optics.

analysis

We published 33 papers in various academic
journals. The main research progresses in
2010 are as follows.
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It BAL R ARk P CnfE 1(a)).
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JUH A 23t F R 1 B2 2 8 K (BniE Ty 7Y
gy 0.01), JGIRAE S AR et i 2k
PR RIS () 1(0). (c)). LERT,
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Bl 1. #rit = E 0.0224 BIETT BDE T2t 1 BRIE ), 1 AR
SRAE R OG A% 6.60m JE7E H S T _E KR 54 (0) FOGIAE b % v (4%
U (c) /Fidz 1 The band structure diagram of a square lattice with a refractive
ind-e‘x I'modulation depth 0of '0.0224 (a), the output intensity distribution after a
6.6-cm prll{gampength with c_m-site excitation (b), and the propagation
dynamics of Ii'grﬁjn.the lattice (c).
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We study the linear discrete diffraction
characteristics of light in two dimensional
backbone lattices. It is found that, as the
refractive index modulation depth of the
backbone lattice increases, high-order band
gaps become open and broad in sequence, and
the allowed band curves of the Floquet-Bloch
modes become flat gradually (see Fig. 1(a)).
As a result, the diffraction pattern at the exit
face converges gradually for both the on-site
and off-site excitation cases. Particularly,
when the refractive index modulation depth of
the backbone lattice is high enough, for
example, on the order of 0.01 for a square
lattice, the light wave propagating in the
backbone lattice will be localized in transverse
dimension for both the on-site and off-site
excitation cases (Fig. 1(b), (c)). This is
because only the first several allowed bands
with nearly flat band curves are excited in the
lattice, and the transverse expansion velocities
of the Floquet-Bloch modes in these flat
allowed bands approach to zero. Such a linear
transverse localization of light may have

potential applications in navigating light
propagation dynamics and optical signal
processing.
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fi et B ATt 25 17 7 M 5 B0 2 TR e i 45
He), T i e R AR 2 AT LU 2

Bl 2 — i e LR BB ' 7 it i o 4% R [ S 36 285 TR (a) N2 i g
6 (b-d) R RAAETIGIRERNE, A GBEF B TRk
HIdAgE  (e-) LSRR E (@) ER¥EET M
S TEE () e T mi&r G . /Fig.2. Experimental
results of bandgap guidance of a vortex beam in a tunable negative
defect.(a)vortex at input.(b)-(d)induced lattices with non-zero intensity
defect, no defect and zero-intensity defect,(e)(f)vortex output from the
defect in (b) and its interferogram.the circles in (f)mark the location of
the vortex pairs.(g)interferogram when the vortex is excited at non

defect site.(h)vortex diffraction output when lattice is absent.

In this work, we experimentally
observed band gap guidance of higher order
dipole defect modes(DMs) and vortex defect
modes in photonic lattices with a negative
defect (see Fig. 2). Firstly, we succeeded in
fabricating 2D photonic lattices with a tunable
negative defect, such lattices are obtained by
superposition of two lattices with the same
period, one is a uniform periodic intensity
pattern and the other has a zero-intensity
defect site on otherwise uniform periodic
pattern. By fine tuning the ratio of the two
lattices, the defect strength can be varying
from zero to one, and then we send a singly
charged vortex beam to the defect site to study
the linear propagation behavior. We find that
the donut-shaped vortex beams can be guided
in the lower-index defect, provided that the
defect strength is set at an appropriate level.
Such vortex DMs have fine features in the
“tails” associated with the lattice anisotropy
'al? rcan be considered as superposition of
“dipole DMs.
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i ERMEE R ER CGE 3 (c-e)), %F
FITR, BATKIL T LAHTEA B EI2E
AR T TH A BT CanfE 3 (ed)do SEG hi
e i, §, kE (WE 3 (a) RNEE
NG FEAE RO oA, &ad A REJEL

=

gap

3015 0 15 30 3015 0 15 30  '-30 15 0 15 30

K3: (a) @Mk GREAMD g GELZND
TR : (b)) Wil gk GEED FE S GEE)
FRYHY B 48 ) LA e = FhAS R T AT FOAAAE I 285 (ce) =
FARRMAMEICTF . /Fig. 3: (a) the interface between a
simple (right) and super lattice(left); (b) the band gap
structures of simple (blue) and super lattice (yellow) and the
existence curve of the three types of the interface solitons;
(c-e) the typical profiles of the three interface solitons.

We investigated the nonlinear beam
dynamics at the interface (marked by the
dashed line in Fig. 3(a)) between a simple and
a super lattice light-induced in photorefractive
crystal. Three different types of interface
solitons are obtained numerically with
self-focusing  nonlinearity, including the
dipole-like interface gap soliton [Fig. 3(e)]
which has never been reported before to our
knowledge. They either localize in the
semi-infinite band gaps of both lattices [like
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the solitons of “C” family in Fig. 3(b)], or in
different band gaps of the lattices [like the
solitons of “D” or “E” type in Fig. 3(b)], due
to the simultaneous influence of both the
lattices, so these solitons at this interface have
very big difference in the profiles and phase
structures [Figs. 3(c-e)]. Depending on the
excitation conditions at the positions i, j and k
near the interface [Fig. 3(a)], we observed
experimentally the three types of solitons
under a self-focusing nonlinearity.

FATHEFE T — B e 6 /e — 48001 d
% 5 A 5 S AL R HF 2 B AR S R
P, SRR EESNEREIRLMET,
FEVU S BRI, — B i Re s B R T A
ﬁ%%%ﬁ%ﬁ%ﬁ%% TTIAE LA RUBUK

» BEAESE — MR SO 28 R R I
ﬁﬁm@%% FATHIERAR 70 b7 2% B I ity
BRIl TR A ER (Al 4).

4. B EOR CGE—HD HIURSER CGEZHD MRk E
IFEIEE R () ANFFWIE S Mg, (b &iEhst, © 3k
MG, (D ELHEHGTWE, (o) JEZEMImIERE. /Fig 4

Experimental results of vortex self-trapping under single site(top) and

four-site (bottom) surface excitation (a)lattice beam superimposed with
the vortex beam,(b)linear and (c)nonlinear output of the vortex beam,
where the blue dashed line indicates the surface location,(d)zoom-in
interferogram of (c) with an inclined plane wave and (e)k-space
spectrum of (c).

We  demonstrate  self-trapping  of
singly-charged vortices at the surface of an
optically induced two-dimensional photonic
lattice. Under appropriate conditions of
self-focusing nonlinearity, a singly-charged

..\Lprtex beam can self-trap into a stable
“semi-infinite gap surface vortex soliton

h a four-site excitation. However, a
, sir snte excitation leads to a quasi-localized
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state in the first photonic gap, and our
theoretical analysis illustrates that such a
bandgap surface vortex soliton is always
unstable (see Fig. 4).
BRI TR AR ZHIES
TR EAE S, HEEYIE AR E T 5
RN AT T RLHDOE T Rk
WHIT 1 A e B AT BN X 3 5 ] R 1%
AR RIS SR (il 5). F R e
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I B IATSEL EAER TR 1 Ak
g B 1 XA AR e B AT LUK X 1
AR S B0

™ l'. - »
sen Fo.
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[ 51 ST R 5 ) 5 0 I 1) A RO DX (R BB C EHE) Ssicatah )
CRHHD; B S =HER T H R A0, 5 S 58 DU HE =T R A B
WIXEE. SMnsZA (@) -(d) 7702 2.4, 3.4, 3.2, and 8.0 kvicm. /Fig.5

Numerical (upper two rows) and experimental (bottom two rows) results of
optically induced lattice structures and corresponding Brillouin zone spectra.
The first and third rows show the refractive index distributions, and second and
fourth rows are the corresponding BZ spectra. Solid and dashed arrows in first
row represent the directions of ¢ axis and bias field, and the white circle
corresponds to an intensity spot of the lattice-inducing beam. The bias field for
(a)-(d) is 2.4, 3.4, 3.2, and 8.0 kV/cm, respectively. Dashed lines in the second

row indicate the missing Bragg-reflection lines in the BZs of induced lattices.

We demonstrate ionic-type
photonic lattices  consisting  of
alternating positive and negative lattice
potentials akin to those of ionic crystals
in solids. A modified geometrical
structure factor is developed for
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describing Bragg scattering in these
non-Bravais photonic lattices. We show
that lattice reconfiguration leads to
incomplete Brillouin zone spectra due to
selective band-gap closures.
Experimentally, incomplete Brillouin
zone spectra and associated
Bragg-reflection suppression are
observed in such ionic-type lattices
optically induced in a bulk nonlinear
crystal (see Fig. 5).

FATHE 41 B 7 B 7 b A% SE IR
T AR EDRAR 5 18] AT I AR N e AR
IEHATH 5 RCFE AT RS, DL E R sy
5 RCE TS| CnkE 6), B rax LR
P AL R RUR 26 AT T, AR E T
AR 1IN i 1. 2% A1 A5 45 i A 45 A F) B A o S
B o

Kl 6 Hidbks EM SR IER TR S REATH . (@ -
(D FEAATRFIBOR AT T AN [ B s 5440 5 S R T
St AR BB —HP) SIRai R (BB, + X
FARNI 0. IFig .6 Demonstration of 2D normal and
(a)—(d)

Numerical (top) and experimental (bottom) results of output

anomalous diffraction by lattice reconfiguration.

diffraction patterns of the same probe beam. The crosses indicate

the center of the input beam.

We demonstrate controlled excitation of
Bloch modes and manipulation of diffraction
and refraction in  optically induced
two-dimensional photonic lattices. Solely by
adjusting the bias condition, the lattice
structures can be reconfigured at ease,
enabling the observation of transition between
Bloch . modes associated with different
’hm]rsymmetry points of a photonic band, and

linterplay between normal and anomalous
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diffraction as well as positive and negative
refraction under identical excitation condition
(see Fig. 6).

TATHEFL T =407 s b B 4t ik
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A (b3) ) o AIFIAFBIRRE 2 RN, FRAT
BRI ST T = Y61 A i B G AT
HEs (E7 (o A (d) ) . BshETE
HIGN T3 Z ), AR Sy =4
T AR R RS G R N, ET SR T
MR S RTH (EI7 @) A (b)) )
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EI7: (a) BUEBHUA (b) SEIGZEIREE T ARG i 2 8
FETRDEARE; (o) BB (d) SLIeFREH T =4
T hnE B G A, 121353 N TA=0, 0.4FNL I L, 4
RN B . / Fig. 7: (@), (c) Numerical and (b), (d)
experimental demonstrations of (a), (b) CDT and (c), (d) image
transmission. (al)-(a3) and (b1)—(b3) show output transverse
patterns of a focused Gaussian probe beam at different modulations,
and (a4) shows a side view of the probe beam propagating along z
under the CDT condition A=0.4. (c1)—(c3) and (d1)-(d3) show
corresponding output patterns of a “+” shape [input shown in (c4)

and (d4)] after propagating through the 3D lattice.

We investigate the linear beam dynamics
in three dimensional (3D) optical lattices. We
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find both numerically and experimentally that
the longitudinal index modulation of the 3D
lattices play an important part in the energy
flow of a probe beam. With some special
longitudinal index modulations, the probe

beam doesn’t diffract during propagation [Figs.

7(a2), (b2) and (a4)], which is called coherent
destruction of tunneling (CDT); while with
other index modulations, diffraction of the
probe beam in the lattices also exist [Figs.
7(al), (b1), (@3) and (b3)]. Image transmission
based on CDT has been proposed and
successfully demonstrated [Figs. 7(c) and (d)].
Additionally, the couple constant of the lattice
can be easily switched to negative by tuning
the longitudinal index modulations, and then
anomalous diffraction [Figs. 7(a) and (b)] and
negative refraction [Figs. 7(c) and (d)] of the
probe beam have
experimental

been observed. Our
results agree well with the
numerical simulations.

8: (a) SEHACE: (b HALESR S MR TR,
FAE N Dyl Ds (¢, d) BUEAEINSEHAE Dg F Dy X
L6 LR KOs i iR B . [ Fig. 8: () experimental
setup; (b) schematical shifting of the phase mask and the
Gaussian beam, whose distance of translating are respectively
Dmand Dyg; (c, d) numerically optimal control of the trajectory
and peak intensity of Airy beams with different Dy, and Dy
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f&4%. | Fig. 9: (a) propagation of normal Airy beams; (b, d)
propagation of Airy beams generated by shifting only phase
mask downwards; (c, €) propagation of Airy beams generated
by further shifting the Gaussian beam upwards and keeping
Dgl=IDrl-

We demonstrated the optimal control of
the projective motion of two dimensional Airy
beams. We have shown that the range and
height of the beam trajectories can be
controlled with ease, and the peak beam
intensity can be easily delivered and
repositioned to a given target. Fig. 8 shows
that only shifting the phase mask and the
Gaussian beam, whose distance of translating
are respectively Dm and Dg in Fig. 8(b), can
control optimally the trajectory as well as the
position of the peak intensity numerically. In
experiment, if only phase mask is shifted
downwards, the trajectory of Airy beams will
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be changed and the peak intensity always
appears at the maximum height [Figs. 9(b) and
(d)]. If we further shift Gaussian beam
upwards and keep |Dg|=|Dm|, the trajectory
will not be changed, but the peak intensity will
appear at maximum range [Figs. 9(c) and (e)].
A potential application of this method through
shifting the mask and the Gaussian
two-dimensionally is that a beam deflected
from a desired target can be repositioned with
peak intensity.
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We study the behavior of Airy beams
propagating from a nonlinear medium (a
biased photorefractive crystal) to a linear
medium (air). We show that an Airy beam
initially driven by a self-defocusing
nonlinearity experiences anomalous
diffraction and can maintain its shape in
subsequent linear propagation [Figs. 10(d1)
and (d2)], which can be numerically explained
with' the modulations (of the chirped lattice
. induced by the Airy beam itself) reshaping the
E :sb".‘sra into four parts inhomogeneously [Fig.
.,10(d3)], but  its intensity pattern and
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acceleration cannot persist when driven by a
self-focusing nonlinearity [Fig. 10(c)], which
can also be demonstrated by its spectrum that
mostly localize in the area near the center of
the Fourier space [Fig. 10(c3)].

CCD

(spectrum)

Kl10: (a) SLEGACE: (b-d) H—FIRE =557y dmikh
ARk Lom AN I R AE 22 b A% 4% Lom i 1) HH 5 DA R = (] 43t
A SR AT AT AR, B R B AR
ffEt. IFig. 10: (a) Schematic of experimental setup. SLM,
spatial light modulator; SBN, strontium—barium—niobate
crystal; PC, personal computer; BS, beam splitter; L, Fourier
transform lens. (b)—(d) Output intensity patterns of an Airy
beam after 1 cm through crystal (first column) plus another 1 cm
through air (second column) when (b) no nonlinearity, (c)
self-focusing nonlinearity, and (d) self-defocusing nonlinearity
are present. White dashed line marks the “head” position of the
Airy beam at crystal output. The third column shows Fourier
spectra of the Airy beam corresponding to the first column.
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Fig. 11: clockwise rotating two (a) and three (b) blades beams.
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12: (a) SEURACE; (b-d) 7l 7 NSHAATE & A I
PTG, Ferh 5 — B A& B I Al 2 a8 07 . IFig.
12: (a) Experimental setup. SLM, spatial light modulator; BS,

beam splitter; F, spatial filter; WLS, white-light source. (b)
Single-blade propeller generated in experiment. Four panels are
snapshots of three instantaneous patterns plus the time-averaged
intensity pattern at input; (c) and (d) depict output patterns after
(c) linear diffra ction and (d) nonlinear self-trapping through the

crystal.

We generate multiple-blades rotating
beams by moiré technique with spatial light
modulator  (SLM), and demonstrate
self-trapping of such rotating beams with
:n’(igi[rstantaneous self-focusing nonlinearity in
“a photorefractive crystal. Experimentally the
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number and rotating direction of these rotating
beams can be control at ease [clockwise
rotating 2 and 3 blades beams in Fig. 11 and
anti-clockwise rotating single blade beam in
Fig. 12(b)], and the rotating speed can be
controlled independent of any mechanic
movement or phase-sensitive interference.
During linear propagation, these beams will
suffer diffraction [Fig. 12(c)], however, they
can be self-trapped [Fig. 12(d)] due to the
waveguide induced by the time-average light
intensity with non-instantaneous self-focusing
nonlinearity while keeping the rotating
property. We expect that the generation and
self-trapping of multiple-blades rotating
beams may find applications in optical and
biological micromachines.
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Nonlinear spectrum broadening of
femtosecond laser pulses in photorefractive
waveguide  arrays. In  photorefractive
waveguide arrays, the process and extent of
spectral broadening of femtosecond laser
pulse caused by self-phase modulation are
studied theoretically and experimentally (see
Figs. 13, 14). The threshold of self-phase
modulation is more than two times larger than
the common threshold in a bulk sample, which
affects the extent of spectral broadening
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dramatically. Comparing to the threshold in
bulk material, we defined the threshold
induced by the structure as the second
threshold. The coupling length and the ratio
between the common threshold and the input
peak intensity of the femtosecond laser pulse
are the two key parameters dominating these
phenomena. This work is useful to achieve
ultrafast switch in photonics lattice using
femtosecond laser pulse.

13. KEPBOERK I T AR I B BT AT IR . (@) =4ERR
BIFE. (b) ARG o 1 B0 T B BT 565 I RE & 2> A o /Fig. 13,

Discrete diffraction pattern of femtosecond laser pulse at output facet.
(a): 3D image of discrete diffraction; (b): power distribution of discrete

diffraction for different input peak intensities.
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Optical forces on a nanoparticle around

' Ia?’;:orptive dielectric nano-fiber illuminated
by ;oilinear' polarized counter-propagating
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beams were investigated. The results show the
scattering force of the two beams causes the
steady trapping along the fiber and the
gradient force makes the trapping in the
transverse plane of the nano-fiber. By altering
the intensity ratio between the two incident
beams and the polarization direction of the
beams, manipulation along the nano-fiber and
in the transverse direction can be realized (see
Fig. 15), respectively. The numerical results
present a new promising method to realize
quasi 3-dimensional optical manipulation.
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7z=5.0um. /Fig. 15. The scattering forces versus z on a particle with
diameter of 20nm (a) and the normalized stiffness versus the absorption
coefficient y (b). Here D=400nm, L=10.0pm, r=0.2 1um and ¢=0. In (a),
the four lines present the cases that y=0.01/um, 0.1/um, 0.2/um and
0.5/ptm, respectively. In (b), z=5.0pm.
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Highly ordered nanocomposite arrays
formed by filling anodized aluminum oxide
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. 16. BEBYKRFHIRN6GTERICIRG (2) A HEAAO-IIIZ

Ja (b) BB

Rh6GIHIVRE A : 0.50x10°M. B4 Bk

WORLIIHEE 42 54 a: 0.00x10°°M, b: 0.75x10°M, ¢: 1.5%10°M and d:

2.25x10°M.

45 R LAIRGG I 2k 2 BE A MR IR 5% ' Vet R 9 v HEAT )3 —

k.. IFig. 16 The fluorescence spectra of samples of Rh6G doped with

gold nanoparticles solution (a) and Rh6G doped with gold nanoparticles

incorporated in AAO-III (b). The concentration of Rh6G solution in

ethanol is 0.50x10" M. The concentrations of gold nanoparticles are a:

0.00x10°M, b: 0.75x10°M, ¢: 1.5x10°M and d: 2.25x10°M. The

results are normalized basing on the fluorescence peak intensity of Rh6G

in the pure ethanol solution.

(AAO) with Rhodamine 6G (Rh6G) which is
doped with/without metal nanoparticles, are
studied by visible absorptive, fluorescence
spectra and atomic force microscopy (AFM).
The results show that the optical properties of
Rh6G dyes doped with and without metal
nanoparticles are both influenced by the
highly ordered porous AAO nanostructures,
and the influence depends on the
surface-to-volume ratio (SA/V) of the samples
which decided by the size of nanopores (the
diameter and spacing distance of nanopores)
in the AAO. The optimized size of nanopores
in this experiment is selected with the
maximum SA/V and then the maximum
fluorescence enhancement. The fluorescence
spectra of Rh6G doped with gold
nanoparticles incorporated in AAO vyields a
surprised enhancement and a ~12nm blue shift
comparing with it in the solution environment,
and the enhancement increases with the
increasing doped concentration of the gold
nanoparticles. It’s contributed to the effective
H'!lrtlon of the spatial confinement and large
.1SAN of AAQO to the quenching effect induced
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by the metal nanoparticles. More than 5.5
times fluorescence enhancement is achieved in
this work through optimizing the size of AAO
and the concentration of gold nanoparticles
(see Fig. 16).

IERR R AL B ] 2 AE [ A A B R
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10 8] J 7 e BR AR A o SR W R R A A it 2
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TR, TRIDGHIG T R R R A
A FNDCAZR R — B, 6T )R
AR R 8 BRI AN S S R A8 I
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GE3cH
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EI17 ARZEHCIRE T2l ot T 571 5 diFE b
[H (224K . [Fig. 17. Temporal evolution of the angular width of
CBS cones. The vertical coordinate o = WyW, is the ratio
between the width W, at the time t and the initial width W,. The
quantity awo is the ratio without pump light, and ayv and av are

the ratios for VV and VH geometries, respectively.

We experimentally study
backscattering of light for a water suspension
of lithium niobate microcrystalline particles.
Light-controllable localization  of
photons in a suspension is demonstrated (see
Fig. 17) for the first time to our knowledge.
The effect is attributed to the reorientation of

coherent

weak
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microcrystalline particles in the field of a
linearly polarized pump beam. Thus the
isotropic becomes
anisotropic.

WA R BRI AR S 7 TR
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WHFL LAE, FRATFIA 365/50 nm ik B 46
SRS ZL AR, I B AR ROGE) F
AR . LA RER, LRI S
6 (9400 mW/em?) ] B i S S 4T 4R Py
RIS, T EEESEEK A1 (0.25 Hz, 1.25%
) FEFRER (B R S BRI R
(Fig. 18A) . HZL 4 XA KEE 5,
B 58 A1 BE N R S B i B
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N E SEAR i NS RN b L e 52 S )
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AR R R, (A5 LA P SR ARG
TPy ES NI AR 2 PN v & S )il
2L, NI 1 RS LL A Y AR I 2 2
SRe [FIF, FRARHEZ4E510, FIAERTTE
ARSI 1% BRSO iR, IR
25 B0 TR AR R (Fig. 18B) .
AW T4 R ] ARSI TG Bh 19T VAR At
— 58 FRY SIS R AT LA

Ultraviolet (UV) light has a significant
influence on human health. In this study,
human erythrocytes were exposed to UV light
to investigate the effects of UV irradiation

suspension partially

(UVI) on autofluorescence. Our results
showed that high-dose continuous UVI
enhanced  erythrocyte  autofluorescence,

whereas low-dose pulsed UVI alone did not
have this effect. Further, we found that H,0,,
one type of reactive oxygen species (ROS),

h'a?Jr_erated autofluorescence enhancement
un h both continuous and pulsed UVI. In
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contrast, continuous and pulsed visible light
did not result in erythrocyte autofluorescence
enhancement in the presence or absence of
H,0,. Moreover, NAD(P)H had little effect on
UVI-induced autofluorescence enhancement.
From these studies, we conclude that
UVI-induced erythrocyte autofluorescence
enhancement via both UVI-dependent ROS
production and photodecomposition. Finally,
we present a theoretical study of this
autofluorescence enhancement using a rate
equation model. Notably, the results of this
theoretical simulation agree well with the
experimental data further supporting our
conclusion that UVI plays two roles in the
autofluorescence enhancement process. See
Fig. 18.

| —— Coatinacns UVI
| SN p—
0 Flued UVE

04 5400 mWiem®

18. 41Ok (365/50 nm) G SLLANM BRSO a5, (A) &
SEEEAME (9400 mWiem?) 5 LA B PRS2k RS
sl RGP AR A SR
SR 2k BRGNS SR T B B A SO 9 2
(B) M RN AN =R T (N1, Npy, Na) S H
HiJE (Npos) %5 FEBHE T ()48 /b %4 . /Fig. 18. (A) Experimental

(solid) and simulation (-d-) results of UVI-induced autofluorescence

24856 (9400 mW/em?, 0.25 Hz, 1.25%

enhancement in  erythrocytes.  Experimental  evolution  of
autofluorescence change induced by pulsed UVI at 9400 mW/cm?
(pulsed UVI and continuous UVI). (B) Theoretical population density
time evolutions of hemoglobin (N;), bilirubin (N2), photodegradation
products of bilirubin (N3), and ROS (NROS) at a UVI intensity of 9400
mW/cm? using a rate equation.
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/Fig. 19. Coupling of an electron beam to metallic wire plasmons. (a) and

(b) show schematic views of electrons passing at a distance of 10 nm from
ik

'il'_v{e surface of an infinitely long free-standing silver wire of 160 nm in

diameJr infinitely long silver wire pair, respectively. (c) Electron
energ |1IS"_ ‘abil-ity for  the single wire considered in (a). (d)

¥ H ) i
Energy-loss b'ral;.sbility for the wire pair of (b).
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We show that electron beams can
efficiently excite gap-plasmon modes
metallic waveguides defined by nanowire
pairs. These modes are characterized by
monopole-monopole  charge  symmetry.
Significant excitation yields of higher-order
dipole-dipole and quadrupole-quadrupole
modes are also predicted. Our results are
based on rigorous numerical solution of
Maxwell’s equations in which the electron is
described as a classical external current. In our
analysis, we find it convenient to simulate
electron energy-loss spectra,
resolved in the frequency and parallel
momentum transferred from the electron to the
wires for various perpendicular electron
trajectories. The charge symmetry of these
modes is inferred from the distribution of the
induced near fields. The emission yield for the
gap modes is as high as 10 plasmons per
incoming electron over the visible range of
frequencies. Higher-order modes can be
selectively excited by playing with the

in

which are

orientation of the electron trajectory whereas
the gap plasmon is preferentially launched in
nonsymmetric configurations and it is totally
suppressed in symmetric arrangements. The
effect of curvature along the direction of the
wires is also explored by considering the
excitation of plasmons defined in the gap
between two circularly shaped wires. Our
results provide full support for the excitation
of gap plasmons with  designated
electron-beam sources in nanocircuits. See Fig.
19.
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Fig. 20. The normalized FLDOS distribution and the simulated
PL in EHM and in structured sample at different detection

angles.
The modulation of the spontaneous

emission of Rhodamine 6G has been observed
in  one-dimensional  periodic  dielectric
structure of dichromated gelatin film with
refractive index contrast as low as 0.01. The
spontaneous emission is enhanced at the band
edges and inhibits in the band gap, which
agree well with the theoretical analysis on the
redistribution of the fractional local density of
optical states. See Fig. 20.

FE R 25 75 T IAC T HIBE Fe, JATT
1S T — Se B B4 A9 i 3 [Optics  Express,
18, 26351 (2010); J. Opt. Soc. Am. B, 27,
2350 (2010); Optics Express 17, 9219 (2009)]-
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For the research of Thz phonon polariton,
we have gotten a series of achievements
[Optics Express, 18, 26351 (2010); J. Opt. Soc.
Am. B, 27, 2350 (2010); Optics Express 17,
9219 (2009)]. Using a phase contrast and
self-compensating polarization gating
geometry, we brought out the quantitative
time-resolved imaging of Thz phonon
polariton in lithium niobate crystal. We also
studied the modes, propagation, energy
distribution of Thz phonon polariton in
subwavelength, anisotropic slab waveguide.
Thz phonon polariton is an important kind of
elementary excitation, which has significant
value for both theoretical research and
practical application. Our achievements
brought out the methods of quantitative
time-resolved imaging for Thz phonon
polariton, and show its properties in
subwavelength anisotropic slab waveguide,
which is the production and propagation
material for Thz phonon polariton. We do
believe that our results opened the door for the
further research of Thz phonon polariton, such
as coherent control, specific optical property
of Thz phonon polariton.

P9 K A ] S P P T 98¢ 5 o RO 2K 7
T RAC T TC B 77 160 AR P A 2 PR 1 S 5
fiff 5T [Optics Express, 18, 26351 (2010)]. A
Rl A4 A L, 75 T ARAGIOT IR & AN RN Y
BiEe B 21 45t T ARFEARL S B TR
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[Fig. 21 (a), (b), (c), and (d), Dispersion curves

Experimental and theoretical analysis of
THz-frequency, direction-dependent, phonon
polariton modes in a subwavelength,
anisotropic slab waveguide. For different
propagation direction, phonon polariton waves
have different modes. Fig. 21 shows the
dispersion curves for different propagation
directions, in which the red curves are the
experimental results, the blue dot curves are
the calculated TE mode, and the green dot
curves are the calculated TM mode.
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Fig. 22. Electric field profiles for the lowest symmetric and

antisymmetric modes at 0.5 THz.
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The wavelength of Thz phonon polariton
waves in the sample is about 100 micrometer
and while the thickness of the crystal is 50
micrometer. So a lot of energy distributes on
the crystal surface (see Fig. 22). This kind of
surface wave can interact with material
deposited on the crystal surface. It opens the
door for the interfacing of Thz phonon
polariton waves with other optical or
photoelectric devices.
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Fig. 23. Effective refractive index (phase ERI) ellipse for three

TE modes at a wave vector =50 rad/mm. The open symbols
are experimental data and the solid lines are calculated results.

To do research of nonlinear process of
Thz phonon polariton, we also show its
effective refractive index ellipse in Fig. 23.
The open symbols are experimental data and
the solid lines are the calculated results.
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3l). [Fig. 24. Phase shift of the absorption grating and the

refractive index grating versus irradiation at 1 = 0.78 W/cm?.

The phase shifts of the extinction and
refractive index gratings to the illumination
pattern are revealed in doped polymethyl
methacrylate (PMMA). The dynamic process
of these shifts is studied via two-wave
coupling at 351 nm. It is shown that these
shifts are from the strain and the shrinkage
inside the sample and accompanied with the
photo-repolymerization process during the
building process of the holographic grating.
Such shifts will cause obvious energy
exchange between the two recording beams
~and enough attention should be paid to the
nonlocal property of the holographic gratings
' I 2 material in the application. See Fig. 24.
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Table 1 The photorefractive properties of doped lithium niobate crystals at 325 nm.

Samples CLN CMgl CMg2 CMg4 CMg5 CMg7 CMg9 M22

alem™) 779 5.81 532 247 5.75 1.72 207 17.15
7 (%) 1.52 118 173 210 46.8 759 81.7 50.7

oL, (X107 em/ 2 W) 231 9.22 957 108 82.6 110 278 364
7, (8)" 4.38 2.85 233 1.90 0.35 0.43 0.073 3.08
r(em™")® 4.75 4.53 541 1.69 235 20.6 253 29.2

An (x10°5) 2.39 1.50 1.82 0.33 2.75 1.97 335 403
S (cm/J)* 4.29 2.78 286 0.45 8.60 9.13 33.1 7.75
(M/#)!d (cm™) * 4.76 0.78 0.77 0.11 0.28 0.22 0.31 5.63
Samples CZn5 CZn7 CZn9 CInl CIn3 CIn5 CHf4 CHf6
alcm™) 349 3.03 290 10.80 6.38 5.02 247 251
74 (5)* 136 61.4 677 976 154 495 123 277
ol L, (10712 em/Q W) 527 237 255 142 337 98.8 105 120

7, (8)" 0.33 0.20 0.19 8.60 0.24 0.27 0.48 0.28
T (cm=) ® 11.9 276 38.0 246 11.6 229 23.1 293

An (x107°) 1.75 4.26 4.67 0.91 1.16 224 215 323
8 (cm/I)* 10.9 24.5 37.7 1.44 7.35 25.5 5.30 28.5

(M#)ld (em™) * 0.54 0.28 0.39 2.62 0.57 0.69 0.13 038

We studied the photorefractive effect of

lithium niobate LiNbO3; doped with Mg, Zn,
In, or Hf at an ultraviolet (UV) wavelength
down to 325 nm. It is found that the UV
photorefraction of LiNbO3; doped with Mg, Zn,
In, or Hf was enhanced significantly as
compared to that of the nominally pure
LiNbO;. The UV photorefraction of these
crystals at 325 nm is even better than that at
351 nm (see table 1). For example, the
photorefractive coupling gain
coefficient and the photorefractive recording
sensitivity at 325 nm were measured to be 38
cm tand 37.7 cm/J, respectively, in a LiINbO;
crystal doped with 9 mol % Zn. The

two-wave
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photorefractive response time of a Mg:LiNbO3
with a 9 mol % Mg was measured to be 73 ms
with a total recording intensity of 614
mW/cm? at 325 nm. In highly Mg, Zn, In, or
Hf doped LiNbOs; crystals, diffusion
dominates over photovoltaic effect and
electrons are the dominant charge carriers in
UV photorefraction at 325 nm. The results are
also of interest to the study on the defect
structure of LiNbO; near to the absorption
edge.

FATERAR B FT 1 4 ) T 3R s P 2%
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25 GaAs-AlGaAs & f () Raman-Nath 2 & 1ic & K -2
By CRZD) 0 B (SE£R) A1 1By ORZR) A7 bRHEE el
2% . [Fig. 25 The multi-wave mixing configuration in the Raman-Nath
region in GaAs-AlGaAs quantum well, and the dispersion curves of
group velocity for the -2" (dotted curve), zero-th (solid curve), and

1% (dashed curve) diffraction beams.

We show theoretically that, based on the
dispersive phase coupling effect during the
wave mixing process, both slow and fast light

e
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can be achieved in GaAs-AlGaAs
photorefractive  multiple quantum  wells
(PRMQWs) films applied with a transverse
direct-current electric field. The simulation
results in the transverse-geometry PRMQWSs
films show that the group velocity and
bandwidth of slow light can be on the order of
centimeter per second and 100 kHz (see Fig.
25), respectively. The extremely low group
velocity and the relatively broad bandwidth
are mainly originated from the strong
quadratic electro-optic effect and the fast
response rate of the PRMQWSs films,
respectively. Our results show that the
delay-bandwidth product of slow light can be
significantly improved in PRMQWs films as
compared to the reported results in other
photorefractive materials.

FRATHE Dt )30 5 ZR b A, LN
2 7 AR SEHOG K —Hr S ALK T,
e 26 fis. HET 988 s Hie,
Gi— R T TR I R KT LA

The second-order spatial subwavelength
interference pattern is observed in a modified
Michelson interferometer with single-mode
continuous-wave laser beams, as shown in Fig.
26. By analyzing our subwavelength
interference experiment based on Feynman’s
path integral theory, a unified interpretation
for all the second-order subwavelength
interference is suggested.

?\/\f\,ﬁm/\f Y

1500 2000 1500 2000

x(pm) Hm)

&1 26— 23 18] B8 B (@) A K B8 B (b) .
Fig.26 Normal spatial second-order interference (a) and

subwavelength second-order interference.
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ATTN: LT

KITIEY Kot LR
e, LB AIOMEL NG
AETEAX 25
In this field, we mainly focused on the
up conversion luminescent material,
fiber optic, rare earth dope glass, applied
spectroscopy and spectral instrument. This
year, we obtained some important results, they
are mainly shown as following:
BB RERIBT I
Research on glass ceramics

Er3b3 LB IR Eh B B A RE K. RE
AR S S A, X BN T B
RIGHARKI A (BRI E & X
ALk, HadImeR R ZE . 5
MR RS, XAERAERH B2 E) TR
KPR o {35 i BE RE 25 45 BB A O 0

laser,

s INTTSRAN A RHAS 2 o BT T8
B AN BB M B BT TR, (H2 T

BRI S B R B R IE IR D o JEH AL
B R AT B AT H A 400K i SR A A 5 i
WEFRIERATRN . N, FAIH& T 2
EERI BRI RE L, JF el AL B 2
P, BRI R
1 AL R I B R

Tablel Phosphate glass ceramics with different Li-doped
concentration

5T WS AR BRI T -

BIH S P.0s Li:0 Er,0, Yb.0s
BE/RH (mol%) | 80 20 0. 05 0.25
BE/RH (mol%) | 75 25 0. 05 0.25
BEJRE (mol%) | 70 30 0. 05 0.25
BEIRLE (mol %) | 65 35 0.05 0.25
% e NHHPO; | Li.CO; | Ery0s Yb.0s

! iEr?’*/Yb3+ phosphate glass has advantages
of Iarge energy storage and high energy
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transfer efficiency, which has important
applications in the upconversion. However,
the glass itself has some weaknesses, such as
the weak mechanical strength, easy to
deliquescence and lower luminous efficiency,
which make the applications of the materials
limited. But glass ceramic combines the
advantages of glass and ceramic. Now
r**-doped fluoride glass-ceramic have widely
been studied. But the research on the
phosphate glass ceramics (especially, the
impacts of the annealing temperature, time on
the type of nanocrystal) is less. Therefore, we
prepared the Er**/Yb*" phosphate glasses. And
by annealing, the phosphate glass ceramics
were obtained.
(1) EL AR ET IR, AR T
SHBRELEME. TE NI
(80P205-20Li,0)-0.05 Er,03-0.25Yh,03 (mol%)7E
N ) A A FE R FEE P XRD P o [ P ) S s B
PALFI [ R AC, ATETIE RO H H IR
F AR S th B A5 4

[d 7o T Owver0, xLipO, ¥LPO,
4

v oy T O Vi

Y Yy ¥y ¥
= X - . >
12h

w0 * v vy v

=
6h

Intensity (a.u.)

a
| Precursor glass

= ] & 0 &

20

P 1 RTORB BRI M % (FE 790K FAFEAE A]) ) XRD %
Fig.1 XRD patterns of the precursor glass and glass ceramics that were

annealed at 790K for different heat treatment times

By annealing the precursor glasses, the
phosphate glass ceramics were prepared. The
next picture shows the XRD diagrams of the
samples with the ratio of
(80P,05-20Li,0)-0.05 Er,05-0.25Yb,03
(mol%), which were heated at 790K for
different times. From the figure, it is obvious
that the numbers and kinds of diffraction

peaks increase with the increasing of
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annealing time. THE.

(2) NTHE—IESE XRD 455, FA1xt Fig4 is the log-log plots for the
I TR B uuﬁﬁl?@%ﬁ HgE (TEM) JIl3%.  dependence of the green emissions and the red
MRS FAEL XRD 384510 1R 414, emission intensities on pump power. The
L 2, population processes of both the red emission

For proving the results of XRD, the TEM and the green emissions are two-photon
diagrams of the glass ceramics were measured. processes.
And the results were in good agreement with ]

O SMem guperm
# 545 am Tlapal98
£, o] 857 em Dupeles

the XRD measurements and calculations.

i T a3 ap_ 22 za 2% 323 3p
13 2D 22 24 25 23 3D Loag{Pewer fuii)]

&l 4 EHEIRADCMEIEH RO SR DR R
Fig.4 log-log plots for the dependence of the green emissions
and the red emission intensities of on pump power

2 st oo () DOCHURIE
6ha). 12h(b) A1 24h(c)] 1 (5) Increasing of luminescence

TEM EI& # 2 AFEE Ce WL HIBERR 5 Bl &
Fig.2 TEM image of glass Table 2 Phosphate glass ceramics with different Ce-doped concentration

ceramics annealed at 790K for
6h(a). 12h(b) and 24h(c)

(3) &l 3 J2 Hi LK B R A B BB S AE 975nm
WOL ZARE R TR . e, CYEO 0 02 70
I TR B A ) R BB R 5R T IR E Y, 1
HAEL W HEL T R, ER T EXCE
(1) an A 37 BE B 3 A CYE2 04 0.2 7.0

Fig.3 shows the luminescence spectra of

Samples | CeO,(mol%) Er,O3(mol%) | Yb,03(mol%)

CYE1l 0.2 0.2 7.0

) CYE3 0.8 0.2 7.0

the glass and glass ceramics at 975 nm laser
diode pump. From Fig.3, the emission CYE4 12 02 70
intensity of the glass ceramics are stronger
compared to that of the glass. And the Stark = 18 W% -
split is very obvious, which shows that the -

. 4 5 3 10| CEY1 3 —— "“T
crystal field intensity around Er®* has . 3 —=2 N %/\ HE
increased. 008 % =3

00 04 08 12 16

o Ce?+ concentration (mol%)

0.04-

Intensity (a.u.)

0.00 e
1400 1500 1600 1700 1800

Wavelength (nm)

5 Ce " HIBLxt T 1.54um 86 fIEE

= 15m 1530 Wm 1D

E:

Ittty ()
= [
Interudty (nu)
E ¢

rarelsci == Fig.5 Impact 1.54um luminescence on the sensitizing of Ce*
3 1€ 975nm ot HERIH T, BTIRBORA BRI R L |
L RIZL SN R 2RFERTIHBANT CeYbEr (ELHI,

Fig.3 UC emission and infrared luminescence spectra of the glass Jﬁil‘i Ce E’J}é%)\, &ﬂ]ji}m 4|11/2 ﬁﬁ‘éﬁﬁfﬁfﬁ

n, and lass ceramics at 975nm LD pum
Oy g RIS, lap BERFGEIAK, 1.54um

(@I54miﬁﬁkﬁﬁﬁ%mﬁwim WA TR, WA 5.
'I E 0T P e ORI B 1 35 P s 1 1 Table 2 is the rate of Ce,Yb,Er in the glass
RISORHIAE RS A —HE, #EPt ceramics. Through doping Ce, we observed that
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the lifetime of 4lup energy level obviously
decreased, but the lifetime of 4lia energy level
changed less. And the 1.54um luminescence
intensity increased, seen in Fig.5.

%3 A Tm. Tby Mn WREERIBERR 2h 3 35

Table3 Phosphate glasses doped with different Tm. Th. Mn concentrations.

Samples | 7205 L0 Sbp03 | Tmy0s | ThsO7 | MnO,

(mol%) | (mol%) | (mol%) | (mol%) | (mol%) | (mol%)

Tml 80 15 5 0.2

Tbl 80 15 5) 0.3

Mn1 80 15 5 0.5

TBM1 80 15 5 0.2 0.3 0.5

x 3 ABAFE Tm. Thy Mn K K%
B ER B . JATTN BEREE S TBML £ 720K
BEAT LI 6h, JTE— BB AL 1 AT IR A
AL S BB R ARG

Table 3 shows phosphate glasses doped
with different Tm. Th. Mn concentrations. The
sampleTBML is annealed at 720K for 6h. The
luminescence properties of the glass and glass
ceramic are discussed.

- Tm: hem=450nm
Th: kem=548nm

(@) _TmH'D, Mn: Jem=630nm

2.ex=360nm

Intensity (a.u.)

Mg

Tm:'D ¥,
®) " el by Mn'E-‘A,
Ma:T A, 4

300 360 420 480 540 600 660 720 78
Wavelength (nm)

2 6(a) FEM Tm1. Tbl 1 Mnl BB . (b) 76 360nm
KF, FES TmL, Tbl Al Mnl fR % . RS &
HIfE A .

Fig.6(a) Excitation spectra of the Tm*(hey=450nm),
Tb* (hem=548nm), and Mn**(Ake=630nm) doped phosphate
glasses. (b) Emission spectra of the Tm**, Tb**, and Mn*" doped
phosphate glasses at 360nm light excitation. The inset is the

photos of the samples at 360nm light excitation.

= & B 6 2 FE 5 Tml. Tbl A1 Mnl HEk
: Al MU o 7 36nm WA T, FEdh Tml, Tbl
I VINIDL 5 SRR . S A2

" Figure 6 is the excitation and emission
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spectra of the Tm1, Th1 and Mn1 samples. At
360nm excitation, the Tml, Thl and Mnl
samples emit blue, green and red emissions.

6 & f£ 360nm ¥ K T ,
Tm®*/Th® Mn** = 45 i 1 Hh 34 385 1 356 39 P
BRI R CGE o 47 P R S 1) 3 3 AR 35 3 o 74
(R 6 R o 3R N B3 8 M e T R 5 1 R
1B 2 3305 W) 2 10 R Ol o ) 4 B 9 T R Y

Figure 6 is Tm*"/Tb*/Mn*" tri-doped
phosphate glass and glass ceramic at 360 nm
light excitation. The inset is the photos of the
Tm**/Tb**/Mn*" tri-doped phosphate glass and
glass ceramic. The emission spectrum of the
glass ceramic has covered the whole visible
light range. Of special note, a very dazzling
white disc appears on the glass ceramic
sample. The emission intensity of the glass
ceramic is approximately 20 times stronger
than that of the glass.

Glass ceramic Jex=360nm
Glass

2
2

Glass ceramic

u
3
1

8
2

Intensity (a.u.)

420 480 540 600 660 720 780
Wavelength (nm)

K& 6 f£ 360nm ¥k T, Tm>/Tb> IMn* = 5 iERR £h 33 A1
TR 1A R e e W o 37 P T ) B8 35 3 A R 1 K
FHE .

Fig.6Emission spectra of the Tm*/Tb**/Mn* tri-doped
phosphate glass and glass ceramic at 360 nm light excitation.
The inset is the photos of the Tm**/Tb**/Mn* tri-doped

phosphate glass and glass ceramic at 360nm light excitation.

Zhit: BITTE 790K FAKLHE AT IR B B
1452 7 B Hh b &, It BRI
PRI R) TG AC, GoK & 0 RO ISR Y R 2R
FEAR . AESCTE R A, BB R
(R G 2 R T A Y

Results: By annealing the precursor
glasses at 790K, we obtained the phosphate
glass ceramics. And we observed that the type
and size had changed with the increasing of
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annealing time. By measuring the
luminescence spectra, we also found that the
emission intensity of the glass ceramics are

stronger than that of glass.

SR T T i B U AH SR A

St SR A A0 B S A R R R
SXoF R A s B A e ) o 1 g AT
THEFC . BT IE S I SRR R R K
fif o T %ot R A3 o AT B R R 1T B
I R T X 2 AT S R R R S A
FifYIPOREFs B, 7EAN R IS S5 0L T,
MBI S R — e R B AR . ST
WA B i S5 A BEAT T 08, X T2 RTAE
A AL I A R (RS TR A S B B AT
TPE. AN, JEI SIS X TR T R
ORGSR AT T 5

ZEIR T B 4B 44 10 BB e 2 R REAN
HL AR SR EE I 4T AN SO AS T R g R
. #5200 FES R M B EER R £
e Al 0SB N ESURAW] S e Al = £ YN 1
B A7 AR 35 B I 6 i & SR PR s
DU B4, B IX R EM 2R,
W 528 T AA800 nm#|2000 nmlX 35 P FIiL
LT HMEHESEIRI .

T 9 7 1 0 SR 400 5 0 ) 2 R s R
PP T EC T T B TG A
fEi it FE.
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Fig. 7. A complete description of the entire process. (a) Standard B-PbF,
crystal, which has a typical face-centered cubic structure. (b) The super
““pseudo-cubic’’ cell (thin black frame) forms by RE* substitution for
sz" and F interstitial. (c) Crystal cell of low temperature group sample
o l,aken out from the pseudo-cubic cells as thick red frame. (d) Crystal cell

of hi
fromjthi

ih temperature group sample by a (= b) decreasing and ¢ increasing

cell of the low temperature group sample.

are-earth doped oxyfluoride glasses and
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nanocrystalline glass ceramics have been
prepared and studied by energy dispersive
X-ray spectroscopy (EDS) and X-ray
diffraction (XRD) aiming at investigating the
structure and the symmetry of the nanocrystal
as well as the site of the rare-earth ion. To
solve the problem encountered by previous
researchers due to glass host interference, we
etched off glass matrix and released the
fluoride  nanocrystal, which is more
convenient for EDS measurement. A
tetragonal phase model with the chemical
formula as PbREF5 proved by quantitative
EDS and XRD analyses has been proposed in
this paper for the first time. Two specific
crystalline phases with the same space group
have been observed at 460 C-500 ‘C and
520 C-560 °C, respectively. Moreover, a
super “‘pseudo-cubic” cell based on our
tetragonal model may give a good explanation
to the probable previous cubic-symmetry
misunderstanding by researchers. Additionally,
the thermodynamic mechanism of phase
transition and the thermal stability related to
the structure of nanocrystals in glass ceramics
have been studied and supported by ab initio
calculations and experimental methods. The
structure and thermal stability of the
nanocrystal and clear environment of the
rare-earth ion reported here have far-reaching
significance with respect to the optical
investigations and further applications of
rare-earth doped oxyfluoride glass ceramics.
Near-infrared laser has been more widely
the areas of military and medical
applications. However, near-infrared light is
not visible, so applications and experiments
need to detect card. Electron trapping material
can convert near infrared laser to visible
light by means of photostimulated
luminescence. The up-conversion luminescent
materials can also performance the process
though the multi-photon absorption. The

in
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detection card made by electron trapping
materials or up-conversion luminescent
materials is used to detect near infrared laser.
From the review of two types of materials, the
novel near-infrared laser detection card could
be applied wavelength range from 800 nm to
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2000 nm.

The quantum cutting and energy transfer
processes of rare earth ions were researched in
oxyfluoride and tellurate glass ceramics.
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This year, we obtained some important
results, they are mainly shown as following:
RERE 2GR BT SRR
(1) B2 7B BRI E RS
FIH Laview 12575 B TBOR A5 « i IR IR AL
TR REE R4 Akl sk, ST
BUROGERE . WUROGIE . BBUROBGIE. b
58— FRIR — FERHE . HEBUROGRALI B3l
g, w1 pos. BRETTHERIE 2.
RG] LU E 2050 — AN B D61, A
70 10pA—1A, Hi% 0-1100V, AR

TR AN T 1 9N .
LR BRI,

' 1V, L—1—V &4 EE0

BRA

Fig.1 the automatic EL and

PL measurement system
and the programs

2.7 FITHE]
Fig.2 the automatic EL and PL measurement programs

PL, EL and optoelectrical system has

been set upWe have set up a

- photoluminescence and electroluminescence

“study, system with Labview program. Fig.1

_'Ia Fig.2 show the automatic EL and PL
 measurement System and the programs. With
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this system we can measure
photoluminescence spectra from ultraviolet to
near infrared (200-1700nm).
Electroluminescence from silicon pn diodes
and MOS light emitting devices at constant
current from 10pA to 1A or constant voltage
from 0-1100V. I-V-L characteristics in a
current controlled or voltage controlled mode.
The sensitivity of the system are very high, the
lowest detectable light intensity <1nW.

AR Y BRI TS
o SRR FRHEE R T REUUR RS,
PSR % 2 o B L BRI SIO, KROGHIE,
HfO, high-K RS, 75 ik Z A fRiE
B ITO MBI R 4, HEREABAR SR
HETIR RS, SR RGN AR S

A processing line for silicon based MOS
light emitting devices has been installed
including Silicon wafer cleaning. An atomic
layer deposition system for deposition of
rare-earth oxide, HfO, high-K dielectric layers,
and SiO, layer doped with rare earths.
Ultrasonic Spray Pyrolysis Method for
deposition of transparent 1TO electrode.
Vacuum thermal evaporation system for Al Au
and Ag metallic films. Photolithography
system and spin coating system.

(WE T BUOLEITRIFRHE MOS TE
IR, B & IS MOS HIEIUR LA 1
ITO/SION/Si-richSiOB,g /Si  MOS FiLE %
Jad .

Er-doped silicon nanocluster based MOS
light emitting devices have been processed
with a structure of ITO/SION/Si-richSiOB,g
ISi.

KL R 5 XU AR FHAE Er B 7 2L
HEROCHE SR T 2 DNEER AET)ER 20 MW,
A 405 nm 1] GaN BOGEREUR T, LA
TZR 5 GIARFER Er & TR R ZDEBUROG.
& 3 A RAAMNFE IS BRI E ) E
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TSiOB,s M KIDEBUR L . HRERR
JERT 5% I, R BPUKREERGIE N ROt
BB ORI B RO K B2 485, 65 = i
RGN, PUKEER B R, HNKK
TR LR, FFE R 2R ET R
RN

K 3. BA AR SRR LA & i SiO, MR EUAOL
ik

Fig.3 PL spectra from the Si-rich SiO2 films containing different
excess Si concentrations of 0,5,7.5,12.5 and 15%.

Kl 479 1.5% ErB i35 A H 0. 5.
7.5, 12.5 I EYREERE HISi-rich SiO,:
ErfEsBUOGHEE, AR R, gk
FEWREE KT 5% I, SR EErfIZLAMROGIEE
B KRR P 1 KR 2 1 i, EEAS SN
KEERIRE I s MRS, XKW, 7EEr
BRI EESIO, W E Y, SR AN KEER RE &
HRX T Ers 7 ROGEUR G R AR R
sEfEH .

Efficient photoluminescence from the
silicon nanoclusters in Si-rich SiO, has beeen
observed, and strong energy transfer from
silicon cluster to Er luminescent centers
causes a strong increased of the luminescence
efficiency of the infrared emission. Fig.3

]

PLIB I GBI

LI

B 4. 15%Er 1 4% [ 7 5 B A A A i & g oK K

Ll SictichSiO: Er MBLNEECR ok it

Fig.4 PL spectra from the 1.5% Er doped Si-rich SiO2:Er films
c*taining different excess Si concentrations of 0,5,7.5,12.5 and
15

1.1

- ysiﬁigv"s the PL spectra from the Si-rich SiO,
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films containing  different excess Si
concentrations of 0, 5 ,7.5, 12.5 and 15%.
Fig.4 shows the PL spectra from the 1.5% Er
doped Si-rich SiO,:Er films containing
different excess Si  concentrations of
0,5,7.5,12.5 and 15%.

(3) FIH SION ZzjE a5t & 7 iEUR
Tt AR E M. IR SION Z i E AT
H VR S5, 4% H 1ITO/SION/Si-rich
SiO,:Er/Si MOS Z5i BT adeft, K5 /2
arfhait B o Dy T ISR S AR,
F I AEACR A 100 nm FEH ITO S HE.
&l 6 M [E5E Si0,: Er RIGEIESE, MOS 4
P 1-V R PEBE STON 223 2 J5 5 (¥ 42 4k it
4. Horp SION g2 R4 e 1 U
A LR AT IR TG, $R i T HLER
R IR R AT SN, 28000175

i AR

SiO;RE

B, v
LamATRRNR i
. Si0g

n-type S

Bl 5. SEMZE MOS 25t EBUROGA M . 454
SION 1E A SR BT 5 2 2
Fig.5 Scheme of the Double-gate layer MOS EL structure.

1 BV sio, Er 50nm
SION: 3050 100 150 200 nm

current (A)
=)

AL, L AR
0 20 40 60 80 100120140160180
Voltage (V)

K6 [HE SiOy: Er KIGZESE, MOS S5 I-V Rk
SION 222 JEL FE 1A A
Fig.6 1-V characteristics of the MOS structure with different
thickness of SiON buffer layer and fixed thickness of SiO2:Er
light-emitting layer
The stability of the MOS light emitting
devices was strongly improved with SiON
buffer layers in the MOS devices.Fig.5 shows
the scheme of the Double-gate layer MOS EL
structure. Fig.6 is the I-V characteristics of the
MOS structure with different thickness of




"

i 5_" 1

-

Annual Report 2010

SION buffer layer and fixed thickness of
SiO,:Er light-emitting layer.

(4) AT T BERM LA RS
T T REUER B LR AR T MOS S 44
BUROGR . EEERME 7. Kl 8 Fis:
5BUOGH R, BEEKER R 2,
RLBUROEREA BT FEAR . LR B g ik
TEE T 80 ) R PF tdG 0 1 SiO, TR A
R MERE, ERIERT, GKEE R
Ber 26 L BN T AR, BT
TRAEGHR LR B 2 18] OB 2 FRAIR 17 o v
THIBEMT YRR, KPR 7 Rk ROk
Er &1 £ R B BURGRCE

EL IR IOV @, 1)

14EE 1450 1588 1550 1880 1850 1788 1750

7. 15%Er # 2% 14 A B A R W S & gl oK i vk B
i Si-richSiOp: Er MERIHBUOWOLHE,  #FEE 0.5 mm,
LA 100 $%

Fig.7 EL spectra from the 1.5% Er doped Si-rich SiO2:Er films
containing different excess Si concentrations of 0,2.5, 5,7.5 and
10%

Q§§j%$L

| ] 2 a L] E 1w 12 14
Esrews BI cusie st (8]

-“'\-\-,_\_\_-:

ELITBIONY & 1

8. L5%Er{5 7% i 73 53 B A A [F] 1 B 4 K Ak ik AL 1) Sii-rich

SiOp: ErfiBiAIBUR LI AR EE ST HAIR R

Fig.8 The relationship of EL intensity from the 1.5% Er doped

Si-rich SiO2:Er films with the excess Si content.

Strong infrared electroluminescence from
Er doped silicon rich SiO, MOS devices has

I iau.

been observed. Fig.7 EL spectra from the 1.5%

Er doped Si-rich SiO,:Er films containing

- different excess Si concentrations of 0,2.5,

'5,7.5 and 10%.Fig.8 shows the relationship of
Iitensity from the 1.5% Er doped Si-rich

M [%qur:ﬁIms with the different content of

44

excess Si.

MBE TARICHR
The MBE working report
MAZREGH KNG (PL) TR T
IN.182Ga0 18AS/GaAs [N AL J¢ W A7 3z = H&:
TFBERE SR 77 ~ 300 KR T Rl P ) R s
P, WA 9 Fs. i ER AR, B
R T BT B0 AR iR BUR G AR
IR . 7E Varshni AR E, 5l
N HI L )5 3R R AE B AR A AEg T,
AEq 72l FEFI2H 53 R 3 T PR RE 1T LA
R LRI RIS, WKl 10 B
7N o

e, — m—
300K 1 27TH
217K //\--\ 227K]
27K | 3 /\
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121k | || \
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11 1.2 13 14 Energy féV
Energy foV
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A (b) RARAME,

Fig.9 Photoluminescence spectra of Ing15:Gaos1sAS/GaAs three

quantum wells at various temperatures: (a) strained; (b)

strain-compensation.

134 4 strain@xperimental data
T + unstrainexperimental data
132 T — strain theoretical line

T unstain theoretical line
-,

20 300

200
Temperature /K

T TR T
10 Inp 16:Gap s18AS/GaAs AL J NAR KM = & T HF i Bl 5
IR &

Fig.10 Dependence of temperature on energy gap of
Ino.182Gao s18AS/GaAs strained and strain-compensation three

quantum wells

The variable-temperature
photoluminescence (PL) spectra  of
INg 15:Gag g18AS/GaAS strained and
strain-compensation three quantum wells

(QWs) were experimentally determined in the
temperature range 77~300 K, as shown in
Fig.9. Atheoretical calculation was presented




2010 “Eg5 AR IOL T AR H M E A KR EER

that takes into account the
temperature-induced variations in band gap
and biaxial strain to explain the PL
spectra. Based on the Varshni relationship, the
change of the band gap energy AEg caused
by the strain was introduced. AEg is the
function of the temperature and the alloy
composition. The calculated results are in
good agreement with the experimental results,
as shown in Fig.10.

HAL T M-V E=Teea AR
) MBE A KA1, 5 IRATH) S04
¥l InGaP/GaAs, InGaAs/InP J% & & % i)
GaAsP/GaAs, InAsP/InP FIiiE B A R4 (1
Witr. Wi 11 I 12 s 8 00K S ks R
AR AG LI B e il B AR X B A R 3K [
INELYNC WALy it s LN B i1 o ST U =
G A o, SRR RS A < o Y
BRI PSRBT B IR S T RN A
el B2 R AR A R Hh B E A (R R

Thermodynamic models for
molecular-beam epitaxy (MBE) growth of
ternary
proposed, which are in agreement with our
experimental materials InGaP/GaAs,
InGaAs/InP  and reported data about
GaAsP/GaAs, InAsP/InP. As shown in Fig.11
and Fig.12. The lattice strain energy AG and

I11-V semiconductor materials are
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thermal decomposition sensitized to growth
temperature are demonstrated in the models
simultaneously for the first time. AG is the
function of the alloy composition, which
affected by flux ratio and growth temperature
directly. The calculation results reveal that
ratio and growth temperature most
strongly influence the growth processes.
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Fig. 11 Dependence of the In/Ga flux ratio on indium

composition x of In,Ga.P/GaAs at 480 C.
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He3%A$E & H B F/Manipulation of Optical Fields and Its Application
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In this field, we mainly focused on the
generation of the new optical fields such as
vector fields and optical vortex by continuous
wave and femtosecond pulse; the focusing
engineering, the nonlinear effect, the micro
manipulation and fabrication by the new
optical fields. This year, we obtained some
respective results as following.
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In recent years, vector fields have
attracted significant interest due to the unique
feature compared with homogeneously
polarized beams. Unlike the previous vector
fields with local linear state of polarization
(SoP), we present an idea based on the Poincar
¢ sphere (as shown in Fig. 1) and demonstrate
the creation of a new type of vector fields,
which have hybrid states of polarization. Such
a type of vector fields have completely
ldlfferent property from the reported scalar and
- vector fields. As an example, the generated
vector fields with hybrid SoPs are shown in
Fig. ‘2. It is important to propose a flexible
t&dhmque to generate arbitrary vector fields in
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principle. The novel vector fields are

anticipated to
phenomena, and applications.

result in

new

effects,
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Fig. 1. (a) The Poincaré sphere and (b) different SoPs on the

Poincar¢ sphere.
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Fig. 2. Created four different vector fields with hybrid SoPs, the
SoPs (the first row) and the intensity patterns behind the
horizontal polarizer (the second row).
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Fig. 3. Experimental results for the vector fields with
spatial-variant SoPs. Intensity patterns and the schematics of
SoPs (the first row) and the measured Stokes parameters (the

rest three rows).

Vector fields with hybrid SoPs could
result in a new category of optical orbital
angular momentum (OAM). As is well known,
a light field can carry spin angular momentum
(SAM) or OAM. As an intrinsic part of the
nature of a light field, SAM is associated with
circular polarization and has two possible
quantized values of X/#. The previous OAM
is carried by an optical vortex with helical
phase exp(-j¢#) and has a value of £#, where

4 ‘~-';_l‘¢,j_s t_he azimuth angle in polar coordinate and

“the in'teger ¢ is the topological of the vortex
. The present OAM is resulted from the
{hal phase gradient. Evidently, the
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Fig. 4. Experimental configuration to validate OAM associated
with the curl of polarization. The dashed-line box shows the
generating unit of radial-variant vector fields. Inset (a) shows
an example of simulated ring focus. Inset (b) shows the
properties of the ring focus for a radial-variant vector field with

hybrid SoPs, where the blue and red lines are the radial

dependences of intensity and OAM respectively.
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Fig. 5. Snapshots of the motion of trapped particles around the

10

ring focus generated by radial-variant vector fields with hybrid

SoPs, caused by polarization-curl-induced OAM.

space-variant phase is a prerequisite for
possibility of producing optical OAM caused
by the phase. The question is whether the
polarization as a fundamental nature of light
can also be used to produce optical OAM. It is
imaginable that the light fields with the space
variant distribution of SoPs have the
possibility of carrying OAM. We predict a
new category of optical orbital angular
momentum that is associated with the curl (not
the gradient) of polarization in theory. In
experiment, we design and generate vector
fields with radial-variant SoPs as shown in Fig.
3, then the created vector fields are used in an
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optical tweezers experiment as shown in Fig. 4.
The orbital motions of the trapped optical
isotropic  particles are observed. The
experiments agree well with our theoretical
prediction and the OAM from the curl of
polarization was validated. The work was
published on the Physical Review Letters. Our
results create a link between two important
issues on optical OAM and vector field. As we
predicted, the induction of the vector fields
breaks the limitation that the polarization
nature of light field can not influence optical
isotropic materials. Our idea may spur further
independent insights into the generation of
natural waves carrying OAM and the
expansion of the functionality of many optical
systems, thereby facilitating the development
of additional surprising applications.
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Rupp, and Jingjun Xu, “Ultraviolet irradiation induces autofluorescence enhancement via
production of reactive oxygen species and photodecomposition in erythrocytes”, Biochem.
Biophys. Res. Commun. 396(4), 999-1005 (2010).

Wenwu Sun, Leiting Pan, and Zhuang Ma, “Hypo-Osmotic Stress Enhances the Uptake of
Polyethylenimine /Oligonucleotide Complexes in A549 Cells via Ca** Mobilization from
Intracellular Stores”, Oligonucleotides 20(2), 111-115 (2010).

Chengguo Ming, Feng Song, Yin Yu, “Calculation on the energy transition coefficient by
up-conversion emission intensity ratio”, Journal of Alloys and Compounds, 506, 33 (2010).
Chengguo Ming, Feng Song, Qingru Wang, Gong Zhang, Yin Yu, “Infrared-to-visible
upconversion in Er¥" and Er¥*/Yb* activated Sb,O, nanopowders prepared by sol-gel route”,
Journal of Luminescence, 131, 271 (2011).

Yang Meng, Zhen-Ni He, Jian Yin, Yu Zhang, and Tian-Hao Zhang, “Quantitative Algorithm
for Melatonin Suppression by Light at Night,” Prog. Biochem. Biophys. 37, 686-689 (2010).
L. Wu, J.C. Sun, Y. Zhang, S.F. Jin, Y.F. Kong and J.J. Xu, “Structure determination and
relative properties of novel chiral orthoborate KMgBO3”, Inorg. Chem., 49, 2715-2720
(2010).

Yong-Qiang Cao, Tao He, Yong-Mei Chen and Ya-An Cao, “Fabrication of rutile
TiO,—Sn/anatase TiO,—N heterostructure and its application in visible-light photocatalysis”,
J. Phys. Chem. C, 114(8), 3627-3633 (2010).

Meng Chen, Tong-Qing Sun, Hong Chen, Yu Zhang, Li Wu, Yong-Fa Kong and Jing-Jun Xu,
“Synthesis and luminescence properties of Yb** and Er** doped KLa(WO,), nanoparticles”,
J. Solid State Chem., 183(9), 2161-2165 (2010).

Nan Hu, Hua Yu, Ming Zhang, Pan Zhang, Ya-Zhou Wang and Li-Juan Zhao, “The
tetragonal structure of nanocrystals in rare-earth doped oxyfluoride glass ceramics”, Phys.
Chem. Chem. Phys., DOI: 10.1039/c0cp00903b.

Xiao-Liang Zhang, Zhi-Bo Liu, Xin Zhao, Wen-Yuan Zhou, and Jian-Guo Tian, “Nonlinear
optical properties of hydroxyl groups modified multi-walled carbon nanotubes,” Chem. Phys.
Lett. 494, 75-79 (2010).

L. Wu, Y. Zhang, WW. Su, Y.F. Kong and J.J. Xu, “Structural study of nonlinear optical
borates K;_\Na,Sr4(BO3); (x<0.5)”, Powder Diffr., 25, S11-S16 (2010).

Wei Li, Xinzheng Zhang, Zhenhua Wang, Qiang Wu, Longchang Liu, Jingjun Xu, and
Baiguan Tang, “Observation of modulated spontaneous emission of Rhodamine 6G in low
refractive index contrast 1D-periodic gelatin film”, Science China: Physics, Mechanics,
Astronomy 53(1), 54-58 (2010).

Gao F, Xu J J, Zhang G Q, et al. “Nonlinear optical properties and superluminal propagation
in the ruby.” Chinese Sci Bull, 55:473-477(2010).

Fei Bian, Rui Wang, Huaixin Yang, Xinzheng Zhang, Jiangi Li, Hongxing Xu, Jingjun Xu,
Jimin Zhao, “Laser-driven silver nanowire formation: effect of femtosecond laser pulse
polarization”, Chin. Phys. Lett. 27(8), 088101-3 (2010).

Hua Cheng, Weiping Zang, Ziyu Zhao, Zubin Li, Wenyuan Zhou, and Jianguo Tian,

:"?rNon-paraxial split-step semi-vectorial finite-difference method for three-dimensional

wide-angle beam propagation,” Chin. Phys. Lett. 27, 014201 (2010).
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90.

91.

92.

93.

94.

Wei Li, Baiquan Tang, Xinzheng Zhang, Feng Gao, Longchang Liu, Qiang Wu, Leiting Pan,
Cibo Lou, Shangyu Guo, Romano A. Rupp and Jingjun Xu, “Investigation on the phase shifts
of extinction and phase gratings in polymethyl methacrylate”, Chin. Opt. lett. 8(1), 18-21
(2010)

Xu J, Cheng C, Zheng Z, Chen J, Bai Q, Liu C, and Wang HT, *Electromagnetic
transmission in configurations composed of two one-dimensional perfect electric conductor
metal gratings” , Chin. Opt. Lett. 8, 807 (2010).

JERARL, AU, SKOCE, miE, FRAkH, E4RM®, sOIE, sKER, WRE, EH
AMHEZ M N S o A", BlAE@ ik 55(1), 15-19 (2010).

BerE, Josetn, #EITF, HI%, “N-Ti02/ZnO B A 9KERES BRI L8
EALTEYE”, PB4, 26(3), 663-668 (2010).

IR, MR, BIE, BV %, “Rup2P R BUL Tio, 8 & B G BT H R e 7,
YH L2 ZAR, 26(6), 1617-1622 (2010).
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oF

55




Annual Report 2010

% %1|/Patents

B35 &/ Patents Applied

[1] CN101856611A; — FlughZ mis BRI MEATT); K B %, Z4kA. ERE.

[2] 201210196667.5; —FifEmaK TiO, MEALFDEMEMBCRERIA R K, i, £
. TRE. mAT.

[3] CN101879443A; — M2y R RMRE et fb il K W%, mwlt.

[4] 201010207689.7; HHMERRELMA; K XILHE. HEE, FLEKR. KE. BHRAK,
wRE.

[5] CN101776833A; FENAOGHE AT IIEIERIEKICIEE S K KER, &, #7, &5
g, #FrT, FRE.

FAEF/ Patents Approved

[1] ZL200810053555.7; &4tk OCT MIAEMIH ST o & 7% KW o, JACz,
HH 2 [

[2] ZL200810053556.1; Z K OCT R4t KW; Wi, A Cx, HEE.

L h'[mf i ?l‘f
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EFr&1E 5357/ International Cooperation and Exchange

S5 N\ R 4 B/ Visitors List
B 44 WX BAAL HRFR B HR AL SRV I [ K95 BN
Nikolay I. | . e A e . ] TAEVT I
2. \K/T:ér:;a/ #E | Univ. of Osnabrueck | f+/E | 2010.1.19-3.21 | &/ERFYE
3 Af]rr‘]‘ffa #E | Univ. of Osnabrueck | B4 | 2010.1.19-3.21 | &{ERI
v 2010.3.15-4.24 e
4. :::ferl /% | Univ. of Osnabrueck T iy ez
Nason
2010.9.19-
5. | Ma’ani-H | J:[H Univ. of Ulster fH+ EVEWTR
essari 1120
University of : 2 Dotas
B 5 H P
= FheE = Cincinnati ft: 2L FARZ
) . N I TAEVs i)
7. Ping Yu BRI =2 =] 5 2010.1.10-11 SN
g K 7 BR % I 2R A
8. | YA | xm | mmak e 2010810 | %A%
Nikolaus Institut fir Chemie,
0. Ernstif 1t 5] Humboldt Professor 2010.10.17 -28 | FARAIR
9 Universitédt zu Berlin
Aol . AL LKA R
10. oganov' EEH | RV R SHER % 2010.5.31 TAEVT A
B &R
. WEreq SUMN" B= e | U1 Mass. At 2 2011.07.14 il
Boston
Hi5 A\ R 44 B /Personnel exchange Researchers List
" 44 X FAAT HRFREHR AL H 7 st ] aRrREN:q|
et [ ey . . | 2010.7- RS
U b gy ks :
Lol BRE | gy | EEARFR | 88 20109 | A
rilg \ JIPAPNESEY 2 | 2010.5- R
'52' o el = kA I ’_L'}
1T B | 2010.7-
|| B S| #ny AELEp EERT
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BRI AL H BB /Personnel exchange Students List
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FF X 8, e A/ e "
B "4 MK <R }v2 Wk H4 4 B ] HE
1. aeain &/ e BEEmMAE 4 | 2010.4-2011.3 | &1EWESE
2 ik % H Rice University g 2010'9'41_2011' H1ERE T
3 Ii) 15 Wi 78 ] Univ. of Osnabrueck | f# -t/ | 2010.6-2010.9 | &1EWIF
N s gﬁ?‘%j g P 23
4 ZENE BT Stefanff 5t i fii-4 | 2010.3.14-4.11 | &1ERF5
IH 4 1 M Sz K 24 B 2009.9- N e
5 ik %[ Ry E i+ - E1EWF I
" | ISR B 2010.4- A .
6 [JiE 4 F[H f, i+ G SVERTA
; : " 2010.10.24-10. | ZhnEpr
7 ARk % [ EAvIE RN WA 28 N
o . 2010.10.24-10. | ZInHEPpxr
8 A EJEs| L AIL RN A4 29 2R iy
9. XN'E A HA RILKE A4 2009.10 BB
10. | KA 7 1] HhER K2 A et 2009.7 st
11. | JFglid 1 ] i B TR | 2009.10 B4
5|3 AT 1R
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ERN. EFrLiIReE/Talks at Conferences

10.
118

12.

n

Yongfa Kong, Shiguo Liu, Fucai Liu, Shaolin Chen, Jingjun Xu, “Tetravalent ions doped
lithium niobate crystals”, Workshop on Optics and New Materials 1l, Hong Kong, China,
April 30-May 3 (2010). (Invited Talk).

Feng Song, Qingru Wang, Chengguo Ming, Jianguo Tian, Jingjun Xu, Shangxin Lin, Edwin
Y.B.Pun, “The influence of photonic mode density on the luminescence of erbium-doped
optical materials”, Proc.of SPIE, Vol.7598 759803 (2010). (Invited talk)

Feng Song, Chengguo Ming, Wentao Wang, Lanjun Luo, “Electronic polarizability and
optical parameters of Er*'/Yb** co-doped phosphate glasses”, Proc.of SPIE, Vol.7598
75981P (2010). (Invited talk)

Yongfa Kong, Shiguo Liu, Fucai liu, Shaolin Chen, Ziheng Huang, Romano Rupp, Jingjun
Xu, “The control of photorefractive effect in lithium niobate by tetravalent dopants”, 11th
Europhysical Conference on Defects in Insulating Materials, Pécs, Hungary, July 12-16
(2010).

Yongfa Kong, Shiguo Liu, Fucai Liu, Yanjun Zhao, Shengging Wu, Shaolin Chen, Jingjun Xu,
“Recent progress in zirconium doped lithium niobate crystals”, the 16th international
conference on crystal growth, Beijing, China, August 8-13 (2010).

Tao He, Junyan Zhao, Yaan Cao, “Surface photovoltage spectroscopy - a powerful tool for
evaluation of electrodes used in dye-sensitized solar cells”, The 5th Forum On New Materials,
Italy, June 13(2010).

Chengliang Yang, Qiang Wu, Christopher A. Werley, Jingjun Xu, and Keith A. Nelson,
"Measurement of Effective Refractive Index Ellipse of LiNbO3Subwavelength Slab
Waveguide for Thz Phonon Polariton Wave," International Conference on Ultrafast
Phenomena, Snowmass, USA, July 18-23 (2010).

Wei Cai, Lei Wang, Xinzheng Zhang, Jingjun Xu, “Excitation of gap plasmons by electron
beams in metallic nanowire pairs”, 11th International Conference on Near-Field Optics,
Nanophotonics and Related Techniques, Beijing, China, Aug. 29 — Sep. 3 (2010).

Daohong Song, Cibo Lou, Jingjun Xu and Zhigang Chen,”Observation of Higher band gap
solitons in photonic lattices” the international conference on Nanophotonics Tsukuba, Japan ,
May 30-June 3, 2010

Yi Hu, Peng Zhang, Simon Huang, Cibo Lou, Jingjun Xu, Zhigang Chen, “Linear and
Nonlinear Control of Ballistic Trajectory of Airy Beams”, SPIE Optics Photonics, San Diego,
California, USA, August 1-5(2010).

Yi Hu, Peng Zhang, Cibo Lou, Weiyu Huang, Jingjun Xu, and Zhigang Chen, “Optimal
Control Of The Ballistic Trajectory Of Airy Beams”, Nonlinear Photonics, Karlsruhe,
Germany, June 21-24(2010).

Yi Hu, Simon Huang, Peng Zhang, Jingjun Xu, Zhigang Chen, “Nonlinearity-Controlled
Reshaping and Anomalous Diffraction of Airy Beams”, Conference on Lasers and
Electro-Optics (CLEO), San Jose, California, USA, May 16-21(2010).

,_Yiling Qi, and Guoquan Zhang, "Peculiar discrete diffraction characteristic of
itwo-dimensional backbone lattice”, LThC5, Frontiers in Optics 2010/Laser Science XXVI,

59



javascript:searchAuthor('Hu,%20Y')�
javascript:searchAuthor('Zhang,%20P')�
javascript:searchAuthor('Lou,%20C')�
javascript:searchAuthor('Huang,%20W')�
javascript:searchAuthor('Xu,%20J')�
javascript:searchAuthor('Chen,%20Z')�
javascript:searchAuthor('Hu,%20Y')�
javascript:searchAuthor('Huang,%20S')�
javascript:searchAuthor('Zhang,%20P')�
javascript:searchAuthor('Xu,%20J')�
javascript:searchAuthor('Chen,%20Z')�

Annual Report 2010

14.

15.
16.
17.
18.

19.

20.
21.
22.
23.
24.
25.
26.

27.

28.
29.

30.

T <8

[

T *.r.'_:

October 24-28, 2010, Rochester, New York, USA.

Zhaohui Zhai, Guoquan Zhang, Yiling Dou, Jingjun Xu, "Phase-matched Generation of Phase
Conjugation Wave Based on Atomic Coherence in Solids”, FMI4, Frontiers in Optics
2010/Laser Science XXVI, October 24-28, 2010, Rochester, New York State, USA.

LER, XNELE, XNES, BHAK, FRE, U REmREREan —titk”, tE
PP oy 2010 ERKEEA ARSI, REE (2010.9.16-19). CGEEFHR )

INE, “FAE CMOS BORMIREZE RO AFIITEFL”, T EWE 22 2010 FKFESW, K
#:(2010.9.18-19). GEiFHR )

iie, “I-HAG AR RIER AR, PEYH S 2010 FKEFESW, KRE
(2010.9.18-19), ik

o, fEss, 7w, W%, Christopher A. Werley, Keith A. Nelson, “ K24 75 7 #4k
BT RS R LR, o E Y E 2 2010 ERKFEEAR S, RE (2010.9.16—19).
Wi, 29, k@, YFHR{ZE, Christopher A. Werley, Keith A. Nelson, “ 2% 75 1 4k,
BOTAE TP T T 5 R AL AT 7T, T EBE 24 2010 FEKFEEARSW,
R (2010.9.16—19),

IR, R, LEE, BES, B, EE, VP, BRSSP IR PO IR RS,
T E PB4y 2010 FEAKFAAR LW, RiFE (2010.9.16—19).

AR, KEN, EEW, WRiE, “FERTETET BRI A,
T E A2 2010 SERKF AR, REE (2010.9.16—19),

mlE, SROCE, TKER, WRE, “RESIDGRILEEER I B S RSB TR”,
T E P BSR4y 2010 FEAKFTAAR LW, R (2010.9.16—19).

LBER, XELE, XA, FR%E, Wk aEntadR”, S+hikeE
BERSCAME AR S W, T3 (2010.8.16-19). GEiF Rk

A, EAK, AN, OIE, WRZE, “JERIEN—4E0 75 505 RS s g,
F+ T EBERESCEMR AR, T (2008.8.16-19)

AN KOIE FR EAKR HH EIRE WRE, “AGOGEBRKN TR G T R
WAT EsEm JofE ", B Tm e E BRSO A AR S, T41(2008.8.16-19) .
Zhuoyi Ye, Cibo Lou, Ligin Tang, Dachong Song, Zhigang Chen, “Beam steering in defected
photonic lattices”, &1 T )i 4 H &R A6 F#AR 2, T4 (2008.8.16-19).
FARAE, skERL, #7, FhEE, LB K, Y¥at%, Tatyana Volk and Natalia M. Rubinina,
“B AR SR 325nm FAMGIT AR RN L7, B T m A E BRSO R AR
2, T7(2008.8.16-19).

P, TRER, “ —4ERHRDGT EE T b BRI RIT 7, B TUm e E BRSO
PR AR 2, T1£(2008.8.16-19)

sKICE, M, RERL, FREZE, B R6G PMMA HE: TR 3 Bl & S 1
RER R SRIOAT 7T, BB+ TUmEE BRI AR S, T9€(2008.8.16-19)
Xiao-Qing Yan, Zzhi-Bo Liu, Shuo Shi, Jian-Guo Tian, “Polarization and thickness
dependence of nonlinear absorption and nonlinear scattering in isotropic medium,” %5+ 7.
Jeii 4 [ B R AOG M R 25, T411£(2010.8.16-22)

sRERSE, XU, BRIEZR, BUR, HEE, “f80 R RRDG AR L 5O R
R NEFE,” B T A BRSO FUAAR S, T%(2010.8.16-22)

IR, SREDS, e, HEE, “ASHmEmIBOCR B R, hEDEEES

2010 EENFS, R (2010.8.23-26),
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33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

FRAL, JERAET-, FHAEE, 3B OGO S N R S s it 9T 7, o EDG S 4E 4 2010
FARFEL, R (2010.8.23~26).

O, RER, R, S|EESL WRE, T RMERLE Y A R ROk TE
i STEIE A EAE”, FHmeEE TR EASW, R (2008.8.5-7).

XM, SRER, “BEBOCSRMTEKTE”, HHEeEE s eARal, i
F. (2008.8.5-7).

FNFER, “ERRUIERROGRAF IR, 5 12 e ERGF AR W R
W4, 77N (2010.11.5-8) (iR ).

KAg, WF, SkE%, Tk, TWH, PSR, WL, “EuCEREMDE IS R ORGK
BHE R g AR, 58 12 Ja 4 EROGS F AR S U KOG EAR R i 2, 5
(2010.11.5-8).

XM, F#EA, FVFIH, “Nanosecond field-induced quenching of the luminescence from
Er-doped silicon nanocrystals”, £ = Ji 4> E 45 4 90K PR R G T2 AR 21, %
(2010.8.10-14) CGEiEik) -

J. M. Sun, S. Prucnal, A. Miicklich, W. Skorupa, and M. Helm, “Silicon-based light emission
in ultraviolet” 2010 7th IEEE International Conference on Group IV Photonics, Beijing
China (GFP 2010).

RIEERE, PN, B RER AL X Si/SisN, B S i S5 H S I LU 7, 2010 4Rk
O MBI 2, BiRL (2010.5.23-25).

FEHHT, PN, “SiOp BT hmd 5 r SR O s F o vl T RE R USRI R,
2010 FREFGH TR 8T 2, BIAT (2010.5.23-25).

XEP, TR, BUR, BRIEZAR, HERE, “BRaSiEbDaFIEg it B PR A, 7
S5 VU Je 4 RG2S 5 E AR g4y, T (2010.11.6-10).
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FHERN. EPFr£i/Conferences Sponsored by the Laboratory

F o mERLEIHETFEPIPE (2010.6.30-7.1; KA

2010 4E 6 H 30 HET7H 1 H, HRsEinsAEia N B =B as/p 158 — Jm E bRt
BTk S PE—— AR R M e R KA RO E B 250 ARUEFT 2051 T REEE.
BARL AR gk, AR, asl, EAFEERMRESS

Wi o= Bl e 2R 16 27 B L7 5 B R AE A TRl 90 B HG I PR Atk b PR RS S £ 35 4
BT SR E hEAC R M ZRHE BUR . ARG K 2210 B FIF BUR R 56 B R P h 2 K
22K M. Ablowitz #%. EEFRE P T 2B T. R. Akylas #%. S b gufil B Bk K241
D. N. Christodoulides #%. & EHrHAR K F=AVENNHEBUZ . 52 E W AMTIUR 1
J.Fleischer ##%. EEE DH AL KM A Aceves 3%, LIAFIFE T B A M. Segev #
. M. Orenstein #dZ. A. Szameit, JNEKBEALTE K= R Morandot ti #d%, e #iK
0 J. R Tredicce iR, MARIHZERKEM E. DelRe, WKFIIEE 2K 22 D. Neshev,
7 fiE B 5 LR K22 B N, Efremidis 555 K538 NOBAE LR & . ERT 2], SaRE
JEIT T HEUF 8 o

AU AR AL T Y B A AR AL BE 03 [ B 4 23 £ R ISCIRCF & 5 TEHES)
I P AR et a2 A e L 4 v B S S R S ) St i s SR A5 5 T B T AR A

.;ﬁfv#m
B

lﬁﬁ%fﬁj‘ﬁlﬁ@% PEJG T 24 20 & B 8 45 5256 %5/ The Key laboratory of Weak Light Nonlinear
nics (Nankai University, Tianjin 300457), Ministry of Education, China
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K 4A 40 5 HATI){EER/Academic Service

B Py AR H Z4EE/Service to the Domestic Professional Societies

75 P4 RGN B aRH
1 HRE HH ] R RN PR AU L B RIS 2008-
2 WEE HEDE R W 2006-
3 HREE REML e FIEEE RS 2010-
4 HRE RETEOCH AR F 2 FlEEE RS 2010-
5 FRE I 2 1B 5K B R S F1{E 2009-
. o E AR R A T
6 LEK eI HE 2008 —2011
=l e E S IE=N
7 LB K R TRERR 32 4 aaﬁ%ﬁzgaﬁfik 2006-2010
8 KU RETEI FIEEE RS 2009-2014
i & RET T Ee S 2006-
9 5K R RETHR 24 WS 2009-2013
p N HEEESER MBI | R, BEEECH 2006-2010
10 WIEHFRROERS | RYEREZR A
PIMELLRR 5
b HE HK Y B R A Bl4H K 2008-2010
11 HAEZ G R 2 R AL A R AR
HIeE EAMHEMEA
25 > —— 0
12 g | %,;; ;1*%%575 & e 2008-2009
v wER W E BT SRR Z 5 2006-2011
srax
m o H ﬁ‘ﬁiiﬂé\:‘ﬁ HLE AR Z3 55 —
DA
A ERAGER 2 T X
15 IRIGEFT S URAN |\ vy o | FRZE R 2009-2013
[P
T ®OE BRSO AREG R E | o m¥ARREE 2007-2010
MR E I
17 O [Py iR /B IR B 2006-2010
18 *®UE TP 27 B B & FHEUR A 2007-2011
19 KU [EEplipNES R HAR 2008-2012
B P9 BATFIFEER/Service to the Domestic Journals
rs 44 FEERLI B {201
Vs & Frontiers of Physics in China s 2008-2011
RO Applied Optics iz 2009-2012
A Ginc=2iy) Il = G 2008-
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4 KO K Il 32 4 2009.5-
5 4 e (LA 2= oKP AR s

6 HHRE (C7EED s 2007-2011
7 TR (b= 50i9 =) iz 2009-2012
8 TR Chinese Physics Letters Y 2009-

9 HRE (R EEES R ) iz 2008-

10 HEE CEOEHEAD iz 2007-2010
11 fLAK CEOEHEARD iz 2007-2010
12 LA K CN T m A2z iz 2009-2012
13 Tk AL CHOGHAR) HiZs 2007-2011
14 gk A BOtH G TR YZs 2010-2013
15 i % CHOEHAR) s 2006-2010

;. *
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$RIZ1E R /Awards & Honors

e P RE PR IR B A 14 5 0 RS = AL B SR B BRI AT
2010 4 EFH L2 iR 4

PR E:

T/SHIT: FRE

BREE R B A R 2 AR M 15 e IR 1) R BESRIR A SR T AR I e 7T
b SRR I SR e S R T 5 LRI R AR AR T K
WA X K. XEA

< P "‘"i

[7a -1 rG : :.-3

& N

IRE T /Award for excellent teachers

2010 FEFERRI B e XA E:

PARE: KOIE XK

FR& 24 Award for excellent students

HHH 2010 FE L AREERTAL”: EEHK

(Hot 5 FHdt ) A& “2010 R EDE HERIR”: HEEMHK
i E P2 2010 SERFEAR S BERETKIEIR S 2. MR

BT R 2009 A5 LA O B G RE): EEMK

BT RANF 2T S [E2PA PN V2 o | A el VA
BT RAMF LR KIE

TRILFWE 2010 FRJE “TIBZ R — “HAZE”: W R OKICE

MRS

e ¥ OB OWSCE B B4 LXK

ST CX N A RN

e RO RBE RE KKST BAE ¥ % B O
B

I

iﬁ%ﬁﬁimward for group
ll?‘q %%ﬁﬁﬁiﬁi*ﬁ ZRIE L FH A B 2 e At A S
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{31837 /Dissertations

1. 24 Dissertation for Doctoral Degree

y s e &

Iii

¥

"

[1]
(2]
(3]
[4]
[5]
(6]
[7]
8]
[9]

JERIRL T IS AR MO AN L FI0: PR

i CRDBOUIKRE —4E B AUA R ARkt 7T . YPRE
2K, WEPBOCHE B i R AR GUOR G A LR LR T UM VPR
ERE, RSB & LN S hEF

SR, PR RE S G R/ TR SIh: 7%

FETT, ARG T A WA P DAL IR R AT, . FREA

A MERRERE S AV D2 T, Sl HEE
R, O FRI AR ) SRR R T .

=, WEDCHERBMAMBIEA S E 8L, S0 FES, KRG

[10] =2, SLITARM B S AL — BB AE TN 0l XEELL 5ok
[11] ARHRHS, SeIrARR R K AR B P ARBOT KRARERE PN, 00 5KR%E
[12] AR, SEIrARARLRIER I B IR T, I ORI, TKRI

[13] H7Kk5E, MiETEGR Tio, AT Al ML HEALTE PENLER B IT; ST HL%
[14] FEHRRE, ANGIEEMERANYEE B IDhRENERT 7L S0 I«

[15] ERBA, wimtEghk = Akl WOLAEAL I H ] & S HOCHEMF T 7T, . &

[1]
(2]

(3]
[4]
[5]
6]
[7]
(8]
[9]

W%

WA 3¢ Dissertation for Master Degree

M, ANFERE R P RO 2. skaOE

SEWRGE, BRAMGROR P AL TR TR T AR T PO B R BT T R
R

BB, WA ANEVE A K IR B T B SR A AR i Uil fNEE

A, DR S RREE BB IR S, AN

FOGT, RIS B TR RO 18] 5 2 B A AT L S0 INEE

BRI, St AR R B R IR AL 2. SRERL

WTT, BYURAE CdSe/ZnS JeBUR I INFRFFIE SOt TR AN 3. K EEL

SKRICRE, ZTRARTIF R SR R R R I g

IR, AN E R E TR AU BT st e Sm. HEE
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The UV photorefraction of Zr-doped lithium niobate (LN:Zr) was investigated. The experimental results
show that LN:Zr crystals have high resistance against photorefraction in the UV region as well as in the
visible range and can withstand a UV light intensity of above 10° W/cm?. According to the fitting results of
erasing curves with UV and green light, a two-center O%/~-defect model was suggested. Our results indicate
that LN:Zr is an excellent candidate for optical damage resistance from the UV to the visible spectrum.

© 2009 Optical Society of America
OCIS codes: 160.3730, 190.5330.

Lithium niobate (LiNbOg, LN) has been described as
a decathlon material in nonlinear optics. Since it has
good electro-optic, acousto-optic, piezoelectric, and
nonlinear properties, LN has been extensively inves-
tigated for applications in integrated optics and non-
linear photonics [1-3]. Photorefraction (PR), also
called laser-induced optical damage, can be utilized
in volume holographic data storage [4—6], but seri-
ously limits the applications of LN at high light in-
tensity, such as in frequency convertors, optical para-
metric oscillators, and @ switches. Therefore the
suppression of PR is of prime importance for improv-
ing device performance. It has been shown that PR
can be greatly suppressed in LN doped with Mg, Zn,
or In above threshold [7-9]. However, the so-called
PR resistance is not absolute but depends on the in-
cident light wavelength. In fact, PR is effectively re-
sisted in the visible range but is apparently enhanced
in the UV region [10,11]. Till now, there has been no
report on the resistance of LN against UV PR
(UVPR), which seriously hinders its applications in
the UV region.

Recently, it was reported that LN doped with tet-
ravalent ions, especially Zr** [12], exhibited out-
standing optical damage resistant performance. In
this Letter we investigated the UVPR of Zr-doped LN
(LN:Zr). It was found that PR was also significantly
reduced.

The LN:Zr crystals were grown along the ¢ axis
with the conventional Czochralski method. The melt
composition was [Li]/[Nb]=48.4/51.6, and 1.0, 2.0,
3.0, and 5.0 mol. % ZrO, was added into the melt, la-
beled as LN:Zr;, LN:Zry, LN:Zr;, and LN:Zr5, re-
spectively. After annealing treatment and artificial
polarization, 3-mm-thick y-cut plates were ground
and polished to optical grade. For comparison, nor-
mally congruent pure and 5.0 mol. % MgO-doped LN
(PLN and LN:Mgs) crystals were also grown.

The traditional setup for holographic recording
was employed to investigate the UVPR property (as
shown in [11]). An Ar* laser light was split into two

0146-9592/10/010010-3/$15.00

equal beams (e-polarized, wavelength 351 nm, inten-
sity per beam 0.9 W/cm?, diameter 1.5 mm) to write
gratings. The holographic grating vector was aligned
along the ¢ axis of the crystal with a grating period of
0.64 um. The diffraction efficiency 7 is defined as 7
=1,;/(I;+1,), where I, are the diffracted and the
transmitted beam intensity, respectively. During re-
cording, one of the UV beams is blocked for 0.1 s ev-
ery 1.0 s, and the second beam is diffracted from the
written grating to obtain the diffraction efficiency. Af-
ter recording for about 80 s, the grating is saturated.

The dependence of UVPR saturated diffraction ef-
ficiency on Zr concentration in LN is shown in Fig. 1.
We can see that the saturated diffraction efficiency is
apparently reduced when Zr is added into LN. The
PLN crystal has a saturated diffraction efficiency of
5.06%, while it abruptly decreases to 0.10% in
LN:Zry. We calculated the saturated refractive index
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Fig. 1. Dependence of UV photorefractive diffraction effi-

ciency and saturated refractive index change of LN:Zr on
the doping concentration of Zr. For comparison, the open
symbols show the data for LN:Mgs. The lines are the
guides to the eye.
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change from the diffraction efficiency according to »
=sin?[wAnd/(\ cos 6)] (\ is the free-space wavelength
and 6 the Bragg angle) [13], which is also shown in
Fig. 1. The refractive index change of LN:Zr, is only
1.1x 1075, which is about eight times smaller than
that of PLN, and only one twentieth of that of
LN:Mgs.

To evaluate the intensity threshold of resistance to
optical damage, we focused the UV laser beam
(e-polarized, wavelength 351 nm, intensity 1.6
X 10° W/em?), and put the 3 mm y-cut plates at the
rear focal plane of the lens to observe the distortion of
transmitted beams. As shown in Fig. 2, the light spot
is distorted seriously for PLN and LN:Zr; after 5 min
of illumination, while it passes through LN:Zr, and
LN:Zrs almost without distortion. A similar result
was also observed in LN:Zr3, which is omitted in Fig.
2 for simplification. Thus, the intensity threshold of
highly doped LN:Zr is above 105> W/cm?, the highest
intensity now in our laboratory.

As we know, there are plenty of intrinsic defects in
congruent LN (CLN), existing as Li vacancy (Vy;) and
anti-site Nb%* (Nb??) [14]. The UVPR in CLN is very
considerable and is not suppressed but enhanced in
LN:Mg. Thus it can be deduced that UVPR has no di-
rect relation to Nb?! but is related to Vi;. Recently
the generally defined UV absorption edge of CLN at
a=20 cm™! was attributed to the band tail absorption
of Vy;, actually of O?~ ions near Vy; [15]. And O~ holes
near Vi; have been produced by x-ray and two-photon
excitations [16]. The UV-light-induced absorption has
been considered to be related to O~ near Vy; (O™—V{,)
[17,18]. Therefore, it is reasonable to consider 02/~
ions near Vy; (O27~—Vy;) as the UVPR center. In fact,
the amount of Vi; in CLN and LN:Mg near the
threshold is almost the same; the large UVPR differ-
ence between them indicates that other photorefrac-
tive centers should exist in LN:Mg. The O~ hole sta-
bilized by Mg?* on the nearest-neighbor Nb site
(0O-—Mg3;) has been characterized by its electron

(a) (b)

Fig. 2. (Color online) Beam distortion of the transmitted
UV lights (wavelength 351 nm, intensity 1.6 X 105 W/cm?)
after passing through LN crystals. (a) PLN, (b) LN:Zry, (c)
LN:Zrg, (d) LN:Zrs.
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spin resonance spectrum and attributed to UV-light-
induced absorption in LN:Mg [19,20]. Because M,g,r‘{f\ﬁO
has a different valence with Vi;, it can be deduced
that two kinds of UVPR centers should exist in
LN:Mg.

Then we examined the UV light erasing perfor-
mance of the photorefractive gratings. After the grat-
ing is saturated, one of the written beams is blocked,
and another beam (wavelength 351 nm, intensity
0.9 W/cm?) is used to erase the gratings. The normal-
ized typical curves for LN:Mg and LN:Zr are shown
in Figs. 3(a) and 3(b) (triangles), respectively. These
curves have large deviations when fitted by a
monoexponential function but can be perfectly fitted
by a double-exponential function: 7=, exp(-t/m)
+ 15 exp(—t/7y), where 7,5 are amplitudes of expo-
nents 1 and 2, and 7,5 are time constants, respec-
tively. The fitting curves (solid curves) are shown in
Figs. 3(a) and 3(b), and fit parameters are listed in
Table 1. The fitting results also indicate that the one-
center model is not suitable for highly doped LN, and
there should exist at least two kinds of UVPR center.

The saturated UV gratings were also illuminated
by a green beam (e-polarized, wavelength 532 nm, in-
tensity 0.9 W/cm?, diameter 2 mm) incident at the
Bragg angle. It was observed that the gratings can be
completely erased, just as shown in Figs. 3(c) and
3(d) (triangles). This is quite different from the obser-
vation in the visible region, where reading with light
of longer wavelength does not erase the photorefrac-
tive grating recorded by a shorter one because its
photonic energy is not high enough to excite electrons
from deep energy levels [6,21]. Therefore, we con-
sider that this erasing process may have relationship
with another kind of charge carrier: holes. These
green light erasing curves also have large deviations
when fitted by a monoexponential function but can be
fitted very well with double-exponential functions, as
shown in Figs. 3(c) and 3(d) (solid curves), which
means that both gratings recorded on two kinds of
different photorefractive center can be completely
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Fig. 3. (Color online) Normalized typical erasing curves
for (left) Mg- and (right) Zr-doped LN with (top row) UV
and (bottom row) green illumination. The triangles repre-
sent experimental data, and the solid curves fits of double-
exponential functions.
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Table 1. Fit Parameters of the Normalized Typical Erasing Curves (Fig. 3)

uv Green
Crystal 71(s) m Ty(s) 72 71(s) m 7o(s) 72
LN:Mgjs 0.19 0.82 1.37 0.18 10.17 0.78 108.89 0.22
LN:Zrj 8.22 0.81 2.44 0.19 6.93 0.81 106.55 0.19

erased by the green light. The fit parameters are also
given in Table 1.

It should be mentioned that similar fit results have
been obtained for LN:Zry, LN:Zr3, and LN:Zr5. For
simplification, only the results of LN:Zr; are pre-
sented in Fig. 3 and Table 1. As can be seen from
Table 1, 7, values for LN:Mg are approximately
equal to those for LN:Zr (~0.2) for both erasing
lights. In addition, 7, in both samples are nearly the
same (~2.0 and ~100 s for UV and green lights, re-
spectively). Thus we can deduce that the small terms
of the double-exponential functions may result from
the same kind of photorefractive center: intrinsic de-
fects. While 7; is significantly different for LN:Mg
and LN:Zr, it indicates the larger terms of the double-
exponential functions are induced by different cen-
ters, which might be associated with the doping de-
fects of Mg and Zr ions, respectively.

Just as O~—Mg3;, is found in LN:Mg, it can be de-
duced that the impurity defect of O~—Zry; should ex-
ist in highly doped LN:Zr. Therefore it would be rea-
sonable to suppose that the two kinds of
photorefractive  centers are 027"—Vi; and
0%7-—Mg3; in LN:Mg and 0?7V, and 0>/~ —Zry,
in LN:Zr, respectively. Because Mgy, has a higher
negative valence than Vi, 0%  ions near Mg}, are
less stable and lose electrons more easily under the
illumination of UV light than near Vi,, which causes
LN:Mg to have stronger UVPR than PLN. Though
Zry, and Vi, have the same valence, O?~ ions near Vi,
may lose electrons more easily than near Zry, be-
cause of the loss of Li*, which induces the weaker
UVPR of LN:Zr compared with PLN. Therefore, the
difference in the capacity of 0>~—Mg3; and 0%~ —Zry,
as donors may lead to the UVPR discrepancy be-
tween LN:Mg and LN:Zr. However, the UV-light-
induced charge carrier process in doped LN is still
not so clear, and further investigations are greatly
necessary.

In summary, UVPR is highly resisted in Zr-doped
LN, which extends the nonlinear optical applications
of LN to the UV region. The diffraction efficiency is
only 0.10% in LN:Zr,, and the refractive index
change is eight times smaller than that of PLN. The
intensity threshold of optical damage resistance in
LN:Zr, is above 10° W/cm?. In addition, a two-center
02/~-defect model was suggested to explain the
micromechanism of the UVPR in doped LN.
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Optical orbital angular momentum from the curl of polarization
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We predict a new category of optical orbital angular momentum that is associated with the curl of

polarization and a kind of vector field with radial-variant hybrid states of polarization that can carry such

novel optical orbital angular momentum. We present a scheme for creating the desired vector fields.
Optical trapping experiments validate that the vector fields, which have no additional phase vortex, exert
torques to drive the orbital motion of the trapped isotropic microspheres.

DOI: 10.1103/PhysRevLett.105.253602

A light field can carry spin angular momentum (SAM)
or orbital angular momentum (OAM). As an intrinsic part
of the nature of a light field, SAM is associated with
circular polarization and has two possible quantized values
of £7 [1]. Since the original concept of optical OAM was
pioneered by Allen et al. in 1992 [2], as a fundamentally
new optical degree of freedom [3], OAM has attracted
extensive attention and academic interest due to its prac-
tical and potential applications in various realms (such as
nonlinear optics [4], atom optics [5], quantum optics and
information [6], optical communication [7], optical tweez-
ers and micromechanics or microfluidics [8], biosciences
[8], and even astronomy [9]). The concept of the optical
OAM has now been extended to other natural waves such
as a radio wave [10], sonic wave [11], x ray [12], electron
beam [13], and a matter wave [ 14], so that the optical OAM
is undoubtedly an extensively interesting issue.

As predicted by Allen et al. in 1992 [2], a scalar vortex
field with a helicoidal phase front of exp(—j€¢) could
carry an optical OAM of ¢h [1-3,15-21]. Evidently, for
scalar fields with homogeneous distribution of states of
polarization (SoPs), the space-variant phase is a prerequi-
site for possibility of producing optical OAM caused by the
phase. The question is whether the polarization as a fun-
damental nature of light can also be used to produce optical
OAM. It is imaginable that the light fields with the space-
variant distribution of SoPs have the possibility of carrying
OAM. Consequently, vector fields with space-variant dis-
tribution of SoPs [22-25] offer an opportunity of producing
optical OAM associated with the polarization nature.

In this Letter, we predict in theory and validate in
experiment a new class of optical OAM associated with
the curl of polarization independent of phase. It is quite
different from the well-known OAM associated with the
phase gradient independent of polarization. The theoretical
result reveals that this novel OAM can be carried by a
radial-variant vector field with hybrid SoPs. We present a
scheme for creating the desired vector fields. An optical
trapping experiment confirms that the optical OAM carried

0031-9007/10/105(25)/253602(4)
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by the vector fields we presented drives the motion of
trapped isotropic microspheres around the ring focus.
The present result is a breakthrough from the limitation
that the polarization nature of light field can only influence
optically anisotropic materials.

Theoretical Prediction.—A light field at an angular fre-
quency w has a vector potential A, as A(x,y) = A(x,y) X
[a(x,y)é, + B(x,y)&,lexp(jkz — jot) with |al® + |BI* =
1, where the complex amplitude A can be described by
real-valued module u# and phase . « and B indicate the
distribution of SoPs of a light field. Under the paraxial limit
and the Lorenz gauge, the cycle-average momentum flux P
can be written as P o (E X H) in terms of the magnetic field
H=(VXA)/u, and the electric field E=jwA +
j(w/k*)V(V-A). The transversal component of P is di-
vided into

P(i) o« 2u2V v, (la)
P(f) « ju*(aVa* — a*Va + BVB* — B*Vp), (1b)
PV o« jV X [uX(aB* — a*B)e.]. (Ic)

The cross product of P with r (radius vector) gives the
angular momentum flux J « r X P. Accordingly, the z
component of J, J_, is composed of three parts

IV 2020 /0, (2a)
J? « jut(ada*/ap + BaB*/dd —c.c.),  (2b)
I o jrolu*(aB* — a*B)]/or. (2¢)

where Jﬁl) is the well-known OAM associated with the

azimuthal phase gradient, ng) and J§3) are associated

with the distribution of SoPs. If a and B are real valued,
implying that SoP at any location of the field section is

local linearly polarized, both J 22) and J?) are zero. If either
a or BB is at least a complex-valued function, ng) and J? )
are possibly nonzero values. J gz) arising from the azimuthal

© 2010 The American Physical Society
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variation of SoPs is the simple superposition of contribu-
tions from two orthogonal field components.

We are interested in J?), a new class of optical
OAM. We define a parameter o, describing SoP, as o =
jlaB* — a*B). For instance, o = +1 or — 1 represents the
right-handed (RH) or left-handed (LH) circular polariza-
tion, whereas o = 0 is the linear polarization. Surprisingly,

1% originates from the curl of the vector ou’é.. As we
expected, the optical OAM can be indeed associated with
space-variant SoPs independent of phase. To achieve

nonzero-valued J%, two prerequisites should be satisfied:
(i) o # 0, i.e., local SoPs at locations in the field section
should not be all linearly polarized, and (ii) o or SoPs
should be radial-variant instead of being azimuthal-variant.

A nonzero-valued J. ;3) requires the light field to be a vector
field with the radial-variant hybrid SoPs. The crucial issue
is how to create the desired vector field satisfying the above
requirements.

We should emphasize that as a common requirement for
light field carrying optical OAM, a certain physical quan-
tity (phase or SoP) of light field must be space-variant. The
helically phased scalar fields, which have on-axis phase
singularity, carry the known OAM caused by the azimuthal
phase gradient independent of polarization [see Eq. (2)]. In
contrast, the radial-variant vector fields with hybrid SoPs,
which have no polarization singularity, carry the optical
OAM associated with the curl of polarization independent
of phase [see Eq. (2¢)].

Generation of Radial-Variant Vector Fields.—Most re-
ported vector fields [22-32] have a common feature: the
distribution of SoPs is a function of ¢ only. However,
radial-variant vector fields are rarely involved. Niv et al.
[33] reported the generation of radial-variant vector fields
with space-variant axially symmetric distribution of SoPs
with the aid of subwavelength grating for a 10.6 um CO,
laser. A crucial issue still remains: how to create the vector
fields satisfying the requirements of producing the optical
OAM associated with the curl of polarization. Based on the
idea of wave-front reconstruction in the scheme presented
in Refs. [24,25], the additional phase & in the transmission
function of a spatial light modulator (SLM) is a function of
¢ only,as 6 = m¢ + . The generated vector fields have
the azimuthal-variant SoPs. In theory, if 0 is a function of r
only, as 8 = 2nmr/ry + ay (where ry is the radius of the
vector field, n is the radial index, and « determines SoP at
r = 0), the vector field should have radial-variant SoPs.

Generating the radial-variant vector field with local
linear polarization requires a pair of orthogonal base vec-
tors [24]. The scheme similar to Fig. 1 in Ref. [24] is shown
by the dashed-line box in Fig. 3 below; in this situation two
A/4 wave plates are used to generate a pair of orthogonal
RH and LH circularly polarized fields, and the additional
phase in SLM is set as & = 2n7r/ry + a,. The intensity
patterns of all generated vector fields exhibit uniform
distribution and are indistinguishable for different values
of n and «y. As shown in Figs. 1(a)-1(d), the intensity

patterns of four vector fields passing through a horizontal
polarizer exhibit cylindrical symmetry with concentric ex-
tinction rings, suggesting that the SoPs of the generated
vector fields have radial-variant and local linearly polar-
ized distributions. The linear polarization at the center
r = 0 is along the direction of ¢ = «.

We now generate the radial-variant vector fields with
hybrid SoPs (including linear, elliptical, and circular polar-
izations). The scheme similar to Fig. 2 in Ref. [25] is
shown by the dashed-line box in Fig. 3 below, in this
situation two A/2 wave plates are used to generate a pair
of orthogonal linearly polarized fields, and the additional
phase in SLM is still set as § = 2nar/ry + ay. As shown
in the 1st and 2nd columns of Fig. 2, the intensity patterns
of two generated radial-variant vector fields exhibit the
uniform distribution, although SoPs have hybrid distribu-
tion. As an example, in the Ist column, as r increases from
r =0 to ry, SoPs change from 77/4 linear polarization at
r =0 to RH elliptical polarization within r € (0, ry/4),
RH circular polarization at r = ry/4, RH elliptical polar-
ization within r € (rg/4, ry/2), 37 /4 linear polarization
at r=ry/2, LH elliptical polarization within r €
(ro/2,3ry/4), LH circular polarization at r = 3ry/4, LH
elliptical polarization within r € (3ry/4, r), and finally, to
—37/4 linear polarization at r = r.

To characterize the distribution of SoPs of a vector field,
three Stokes parameters, sy, §,, and s3, in the representa-
tion of the Poincaré sphere 3 should be specified [25,34].
For the radial-variant vector field with hybrid SoPs,
the theoretical Stokes parameters are s; =0, s, =
cos(4nmr/ry + 2ay), and s3 = sin(dnmr/ry + 2ay). The
measured results, as shown in the 2nd to 4th rows of Fig. 2,
exhibit cylindrical symmetry, implying that SoPs are in-
deed radial variant only as predicted in theory, s; = 0, so
SoP at any location of the field section is represented by a
point in the 77/2 meridian circle on 2. For instance, in the
1st column, the SoP at r = 0 is 77/4 linearly polarized and
is located at point (sy, 55, s3) = (0, 1, 0) in the equator on
3., whereas the SoP at r = ry/4 is RH circularly polarized
and is located at the north pole of (0, 0, 1) on 2, and so on.
For comparison, the measured Stokes parameters of the
local linearly polarized vector field are also shown in the
3rd column of Fig. 2. Both theoretical and measured results
show that this vector field has s; = 0, suggesting that the
SoP at any location is indeed linearly polarized and is

FIG. 1 (color online).

Intensity patterns of four radial-variant
linearly polarized vector fields passing through a horizontal
polarizer and their schematics of SoPs. (a) n = 1.0 and «, =
0, (b) n=15 and @ =0, (¢c) n=0.5 and @y = 7/2, and
(d) n = 0.5 and o, = 37/4.
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FIG. 2 (color online). Intensity patterns of two radial-variant
vector fields with hybrid SoPs, schematics of SoPs, and mea-
sured Stokes parameters. The 1st and 2nd columns correspond to
(n=0.5, g =0) and (n = 1.0, ay = 7/4), respectively. For
comparison, a local linearly polarized vector field with (n = 0.5,
ag = 0) is also depicted in the 3rd column.

located at the equator on 3. The generated radial-variant
vector fields with hybrid SoPs indeed satisfy the two pre-
requisites previously mentioned for generating OAM asso-
ciated with the curl of polarization.

Evidence of OAM Associated with the Curl of
Polarization.—To confirm the feasibility of OAM associ-
ated with the curl of polarization, the focused vector field
as an optical tweezer is a useful tool. Figure 3 shows the
trapping experimental scheme, wherein the laser source at
532 nm has a power of 20 mW. All the generated vector
fields have the same radius of r, = 2.5 mm, a 60X objec-
tive (with NA = 0.7) is used to focus the vector field, and
the neutral colloidal microspheres with a diameter of
3.2 pm are dispersed in a layer of sodium dodecyl sulfate
solution between a glass coverslip and a microscope slide.

We first implement simulations for the focusing property
of radial-variant vector fields. The parameters used in
simulations are the same as those used in the experiment.
The simulation results indicate that the radial-variant vec-
tor fields (not only local linear polarization but also hybrid
SoPs) are tightly focused into a ring focus using a high NA
objective. As an example, the simulated intensity patten of
the ring focus where n = 10 is shown in the inset (a) of
Fig. 3. The inset (b) of Fig. 3 shows the simulated radial

A

Lamp

=
‘ Trapped

Particles

13 14
Radius (1)

Space Lens Grating
Filter

GENERATING UNIT OF VECTOR FIELD

A/2 or M4 Wave Plate

System

FIG. 3 (color online). Experimental configuration to validate
OAM associated with the curl of polarization. The dashed-line
box shows the generating unit of radial-variant vector fields.
Inset (a) shows an example of simulated ring focus. Inset (b)
shows the properties of the ring focus for a radial-variant vector
field with hybrid SoPs (n = 10), where the solid and dashed
lines are the radial dependences of intensity and OAM J?),
respectively.

dependences of intensity (solid line) and of OAM JS)
associated with the curl of polarization (dashed line) in
the focal plane for the radial-variant vector field with

hybrid SoPs where n = 10. The maximum OAM JES) and
the strongest intensity locate at the same radial position,
which is of such great importance that trapped particles in
the ring focus can acquire the maximum torque when
rotating around the ring focus.

The trapping experiments indicate that the ring traps
generated by radial-variant vector fields (not only with
the local linear polarization but also with hybrid SoPs)
can trap an arbitrary number of particles. The reason
originates from the fact that the ring focus has a continu-
ously changeable radius because n can be an arbitrary real
number, which is quite different from the discrete radius of
the ring focus generated by the azimuthal-variant vector
field. For the particles trapped in the ring optical tweezers
produced by radial-variant vector fields with local linear
polarization, no motion is observed around the ring focus,
implying that radial-variant vector fields with local linear
polarization carry no optical OAM.

We are very interested in the trapping property of the
ring traps generated by the radial-variant vector field with
hybrid SoPs. As the time-lapse photographs shown in the
upper row of Fig. 4, the trapped particles when n = 10
move clockwise around the ring focus [35], with an orbital
period of ~8.4s. When n is switched from positive
(n = 10) to negative (n = —10), the motion direction of
the trapped particles is synchronously reversed [35], as
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t=16s t=32s t=48s t=6.0S t=72s t=84s

(4]

'3
¢ L
FIG. 4. Snapshots of the motion of trapped particles around the
ring focus generated by radial-variant vector fields with hybrid

SoPs, caused by polarization-curl-induced OAM (also see
Ref. [35]).

[51

(6]

(71
(8]

[9]
shown in the bottom row of Fig. 4. The observed results

imply that the ring traps have the capability to exert torque

to the trapped isotropic particles. Consequently, the radial- [10]
variant vector fields with hybrid SoPs can carry the optical
OAM associated with the curl of polarization independent
of phase. [11]
For the interaction of light with matter, the polarization
can influence anisotropic materials, but not isotropic ma- [12]
terials, which is true for scalar fields. As we predicted, the
induction of the vector fields breaks this limitation to make [13]
the polarization nature of light field influence optically
isotropic materials. Since SAM and OAM decouple in the [14]
paraxial limit [36] and SAM results in the rotation of an
anisotropic particle around its own axis [21], our observed
rotation of the trapped isotropic particles should be domi- [15]
nated by OAM. [16]
Summary.—We predict a novel optical OAM associated
with the curl of polarization independent of phase. To [17]
demonstrate this idea, a scheme is presented for creatin [18]
\ > 1ced, p reatng o)
the desired radial-variant vector fields and enabling the
flexible generation of novel vector fields. Using optical [20]
traps, we confirm that the radial-variant vector fields with
hybrid SoPs can carry this novel OAM, whereas the radial- [21]
variant linearly polarized vector fields cannot. Our results [22]
create a link between two important issues on optical OAM [23]
and vector field. Our idea may spur further independent (24]
insights into the generation of natural waves carrying OAM [25]
and the expansion of the functionality of many optical [26]
systems, thereby facilitating the development of additional (271
surprising applications. [28]
The authors acknowledge the support of NFSC under [29]
Grants No. 10934003 and No. 10874078, and 973 Program
of China under Grant No. 2006CB921805. [30]
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Recently, light-induced domain reversal has been developed to a promising method for domain
engineering, but the depth of reversed domain is only of several tens of microns, which greatly
limits its practical applications. In this Letter, we fabricated domain patterns on the —z face of 1.0
mol % Mg doped near-stoichiometric lithium niobate with the assistance of a focal 532 nm laser,
and then succeeded to transcribe these domain patterns from the —z to the +z face by applying
external field without laser illumination. The transcribed domains have much larger depths, can
sustain more than 100 times of the transcription cycles without large deformation, and can be erased
by one transcription cycle with illumination of 532 nm laser. Finally, a light-induced ferroelectric
domain transcription model was proposed. © 2010 American Institute of Physics.

[doi:10.1063/1.3518474]

Lithium niobate (LiNbO;, LN) is a ferroelectric crystal
of great interest for material scientists due to its excellent
electro-optic, acousto-optic, elasto-optic, piezoelectric, pyro-
electric, and nonlinear properties. Ferroelectric domain engi-
neering of LN has received much attention for its wide ap-
plications, such as nonlinear frequency conversion devices,
optical parametric oscillators, photonic band-gap devices,
and electro-optic Bragg modulators.'™ Up to now, the most
common domain reversal technique for creating domain pat-
terns is electric poling, where a photolithographically pat-
terned electrode provides a spatially modulated electric field
across the crystal along z-axis. Because of the complex pho-
tolithograph and limited minimal domain widths, some im-
proved poling techniques are proposed to obtain more pre-
cise domains.””’ Light-induced domain reversal,8 ie.,
reversal by the simultaneous application of an external field
and laser illumination, has developed to a promising method
for domain engineering in recent years. Because the reverse
field is reduced within the illuminated areas, a light pattern
can be transformed to a domain pattern without any
photolithography.g’lo

However, a problem of light-induced domain reversal is
the limitation of a domain depth. Needle-like domains nucle-
ate first on the —z face within the illuminated area, and then
spread outside, but prefer to accomplish reversal at the edge
of the laser spot under a much higher external electric field
than that for light-induced domain nucleation.'’ In such a
high electric field, the domain size will be much larger than
that of the laser spot. Usually, the depth of these domains is
within several tens of microns without such high external
field, which limits their practical applications. In this Letter,
we present a method to transcribe domain patterns between
the —z and +z faces. The transcribed +z domains have more
regular domain walls, smaller sizes, and much larger depths,
which is advantageous to some future applications of domain
engineering.

“Electronic mail: kongyf@nankai.edu.cn.
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The samples used in this study were provided by the
R&D Center for Photon-Electro Materials of Nankai Univer-
sity and are 0.3 mm thick z-cut near-stoichiometric LN
single crystals doped with 1.0 mol % Mg. The experimental
setup mainly involves an insulating holder filled with tap
water, which allows simultaneous illumination and applica-
tion of a uniform electric field along the z-axis of the sample.
A beam from a frequency-doubled diode-pumped Nd: YVO,
laser with a wavelength of 532 nm was focused to a spot size
of 3.5 um by using a 10X, 0.25 NA (NA denotes numerical
aperture) objective at a depth of less than 50 wm below the
—z surface. The power of the laser beam was about 70 mW,
and thus the intensity at the focal spot is about 5.2
X 10> W/cm?. Positioning and exposure were achieved by a
computer-controlled two-axis stage system coupled with a
mechanical shutter. Arrays of domain spots with selected ex-
posure time and applied field were formed first on the —z
face. Then we applied a forward electric field of 2300 V/mm
(100 V/mm lower than the reverse electric field) for 10 s.
Domains beyond the illuminated regions accomplished re-
versal normally, while further growths of former light-
induced reversed domains were inhibited, leaving +z surface
domain islands on a merged background, thus domain pat-
terns were transcribed from —z to +z face. In the back tran-
scribed stage, we used lower electric field of —1200 V/mm
with the same duration time to transfer domain patterns back
to the —z face. All samples were etched in hydrofluoric acid
for 10 min, after then, a microscope was employed to ob-
serve the domains on both surfaces.

Figure 1 shows the process of the domain patterns being
transcribed between two faces. First, light-induced domain
patterns with different domain sizes were fabricated on the
—z face by different electric fields (in the range of 600-300
V/mm with a step of 60 V/mm for top to bottom line) and
different duration times (1, 2, 4, 6, 8, and 10 s for left to right
line) on the —z face. Then an electric field of 2300 V/mm was
applied for 2 s to succeed partial forward transcription. Un-
der such a high field, domains first nucleate around the edge

© 2010 American Institute of Physics
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FIG. 1. (Color online) Microscopic images of domain patterns. (a) Light-
induced domain patterns on —z face fabricated by different electric fields
(600-300 V/mm with a step of 60 V/mm for top to bottom line) and duration
time (1, 2, 4, 6, 8, and 10 s for left to right line) under a consequent
transcribed electric field of 2300 V/mm for 2 s. (b) Partially transcribed
domain patterns on +z face.

of the former light-induced domains, and then become larger
and merge with each other, forming a large six-sided polygon
of reversed area, which serves as a merged background in the
transcribed process [Fig. 1(a)]. The smooth and continuous
unetched section shows the newly reversed domain area
while the etched area is the nonreversed —z face. Figure 1(b)
shows the optical image of partially transcribed domain pat-
terns inside the merged background on the +z face. It is
interesting that although the domains on the —z face grow
much larger than the laser spot and merge to a big six-sided
polygon domain, the transcribed +z domains maintain its
original shapes and the size of the minimal transcribed do-
main is about 3.3 wm, which is almost the same as the size
of the laser spot (3.5 wm). It should be pointed out that in
Fig. 1(b), there is no transcribed domain corresponding to the
lower left domain within the hexagonal region in Fig. 1(a),
which indicates that the original —z light-induced domain is
unstable and cannot be transcribed as its size is smaller than
the laser spot.

In order to compare the domain quality, we observed the
etched domain patterns on both surfaces. Figure 2(a) shows
the optical image of a two-dimensional light-induced domain
pattern on the —z surface fabricated at 600 V/mm and a du-
ration time of 10 s. Figure 2(b) shows the corresponding
transcribed domain pattern on the +z face after applying for-
ward transcribed field of 2300 V/mm for 10 s. We can see
that the transcribed domains on +z mostly follow the original
shapes on the —z face, and importantly, the domain walls
appear to be extremely straight while some of them are
somewhat irre§ular on the —z face, origin from the surface
pinning effect.” Although some transcribed domains seem to
be somewhat deformed after transcription, further experi-
ments have shown that such deformations can be overcome

FIG. 2. (Color online) Comparison between light-induced —z patterns and
transcribed +z patterns. (a) Two dimensional domain patterns on —z face
fabricated by a focal laser beam and electric field of 600 V/mm and a
duration time of 10 s. (b) The corresponding transcribed domain patterns on
+z face. The imagines beneath are etched y face profiles of domain spots.

Appl. Phys. Lett. 97, 201901 (2010)

FIG. 3. (Color online) Microscopic images of the domain patterns with
varying transcription cycles from 1 to 100. (a) Light-induced and transcribed
domain patterns on —z face. (b) Transcribed domain patterns on +z face.

by accurate control of the electric field and the duration time.
In order to compare the depths of the domain structures be-
fore and after transcription, we duplicated the transcription
experiment in another sample of 1 mm thickness and then
polished its y face. The pictures at the bottom of Fig. 2 show
the light-induced and transcribed domain spot profiles after
3 h of etching of the y face. All light-induced domains on the
—z face within the laser spot have limit depths of no more
than 60 um, while domains outside the illuminated region
can grow to a deeper depth of about 100 um. However, the
transcribed +z domains have much deeper depths that reach
about 950 um, i.e., they go nearly across the whole thick-
ness of the sample. The domain wall is quite straight inside
the crystal, which might be beneficial for future applications
of domain engineering.

Another interesting phenomenon is that by applying a
back transcribed electric field of somewhat more than 600
V/mm, all the +z face domain patterns disappear and transfer
back to the —z face again. Figure 3 shows the optical images
of the domain patterns with different transcription cycles on
both surfaces. All the domain patterns keep their original
shapes quite well even after 100 times of transcription cycle,
which means light-induced domain structure holds a high
stability during the transcribed process. At the center of each
domain on the -z face, it generates a new round area similar
to the laser spot after one transcription cycle, the reason of
which will be discussed later. Further experiments indicate
that while irradiated by 532 nm laser light (intensity of
30 mW/cm?) with one transcription cycle, the entire domain
patterns no matter on —z or +z face will be erased. It means
that the polarization of the crystal can be refreshed again by
simultaneously applying laser illumination and electric field.

The phase information of the transverse section across
the reversed domain has been measured by digital holo-
graphic interferometry. It was found that there exists a defor-
mation of the crystal lattice in the area of the focal spot.12
Besides, y face cross-sectional profiles of light-induced do-
main in Mg doped congruent LN have shown that many
short needle-like domains penetrated into the bulk in the area
of the spot with limited depths of no more than 30 wm,
while deeper needle-like domains grew outside the area of
illumination and kept growing deeper with increasing expo-
sure times. - According to former and our results, we pro-
posed a transcribed model as schematically shown in Fig. 4.
Strong illumination leads to photoexcitation of charges. A
concentration gradient is formed which drives electrons into
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FIG. 4. (Color online) The schematic diagram for domain transcribed pro-
cess. (a) The distribution of light-induced electrons and holes. (b) The for-

mation of a light-induced domain on —z face. (c) The forward domain tran-
scription. (d) The backward domain transcription.
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the dark area and holes with lower mobility remain in the
illuminated region, producing a short range extra electric
field only near the —z surface, which decreases the coercive
field locally [Fig. 4(a)]. The reduction proportion of nucle-
ation field increases exponentially with increasing laser in-
tensity over a threshold value and eventually reaches some
saturation value at higher intensities.'” The intensity used in
our experiment was about 5.2X 10° W/cm?. We have also
tried intensities lower by one order of magnitude and found
no difference of the light-induced nucleation field, i.e., with
an intensity of 5.2X 10 W/cm? we are far beyond satura-
tion. At such a high intensity, the Gaussian shape of the laser
beam, the intensity gradient, and the conductivity of crystal
are the most important parameters to determine the light-
induced extra field. When a constant electric field and a focal
laser beam are applied, domain nucleation occurred within
the beam spot; at the same time, domains propagate toward
the +z face forming head-to-head boundary beneath the
surface'! [Fig. 4(b)]. In the region of illumination, holes
reach a high concentration level, which are easily accumu-
lated by the head-to-head boundary and then screen the de-
polarization field, stopping these needle-like domains grow-
ing any further and leading to a limited depth but large wall
energy of domains. After reversing for a longer time, do-
mains spread outside the focal spot, where the laser intensity
decreases rapidly, causing a lower concentration of light-
induced holes. In this region, the needle-like domains need to
grow deeper and larger in order to accumulate enough holes
for boundary charge compensation, some of them even cross
the whole thickness. Because of merging with each other,
domains with lower wall energy in this region become more
stable in the consequent poling process, and this is consid-
ered to be the precondition of the transcribed process. In the
forward transcribed stage, the laser beam is removed and a
much higher electric field is applied. Under these conditions,
the domains at the edge of the former light-induced reversed
domain will grow normally across the whole sample thick-
ness and then spread outside to merge with other domains
that spread from other spots. However, the further growth
under the illuminated area is inhibited, leaving a +z surface
domain island on a merged background [Fig. 4(c)]. In the
backward transcribed stage, a negative sign electric field is
applied, and domains outside the inhibited area all turn back
to their original states. It is proven that there exists a round
area in the core of the reversed domain after one transcrip-
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tion cycle, which has a size approximately matching up that
of the focal spot [Fig. 3(a)]. That is possibly due to high wall
energy of the domains, small domain size, and low density of
surface screen charge, and as a result domains in spot region
become unstable and turn back to its original state again
under backward transcribed operation [Fig. 4(d)]. Because of
much low dark mobility of hole and the very strong attrac-
tive force from the head-to-head boundary, positive charges
can be conserved on the boundary for a long time, compen-
sate the head-to-head boundary charge, and keep the domain
pattern sustain 100 cycles in the consequent transcribed pol-
ing. This model is proven by further experiments that all the
patterns can be erased by laser illumination and simultaneous
electric field, because of the increased electron and hole mo-
bility, as a result of an accelerated charge compensation pro-
cess on the domain boundaries.

In summary, light-induced domain patterns have been
fabricated by a focal 532 nm laser and simultaneous electric
fields on the -z face of 1.0 mol % Mg doped near-
stoichiometric LN. Applying consequently electric poling,
we succeed to transcribe domain patterns from —z to +z face.
The transcribed +z domains have more regular domain walls
and larger depths, which will benefit to future applications.
The transcribed domains can keep their original shape for
more than 100 cycles, but can be erased by just 1 cycle under
illumination of a 532 nm laser. Then, a model for light-
induced domain transcription was proposed. This work gives
a method to transcribe the surface structures between —z and
+z faces without obvious deformation, thus provides an easy
alternative method for fabricating useful domain and surface
structures.
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Electron acceleration in vacuum induced by a tightly focused chirped laser pulse has been studied.
For a fixed laser output power, the tightly focused chirped laser pulse can accelerate electrons to
much higher energies. Focusing laser down to the order of wavelength requires inclusion of terms
of third order at least in the diffraction angle € in the description of the associated field. Retained
electron energy depends strongly on frequency chirp parameter and initial position of the electron.
Besides, retained energy increases with laser intensity, pulse duration, and initial velocity of
electron, and varies periodically with laser constant phase. © 2010 American Institute of Physics.

[doi:10.1063/1.3294634]

Petawatt lasers' with repetition of ultrahigh intensity and
ultrashort pulses have been developed based on chirp-pulse-
amplification technique. Laser-based accelerators” are ca-
pable of producing high-energy electrons in much shorter
distances than conventional accelerators due to the large
electric fields associated with laser, and the problems inher-
ent in laser-plasma interaction, such as instabilities, are ab-
sent in vacuum. Consequently, electron acceleration by an
intense laser attracts much attention and has been investi-
gated widely.&7

A significant scheme for laser acceleration has been pro-
posed based on chirping in laser frequency.g_10 In this
scheme, due to the contribution of frequency chirp to the
phase synchronization of the laser pulse and the electron, the
electron can gain considerable energy in the interaction with
a focused chirped laser pulse whose electric field can be
simulated by low-order Gaussian field. The ultimate goal of
electron acceleration is to reach giga-electron-volt or even
tera-electron-volt energy, which requires the use of laser with
extremely high intensity. Such intensity may be produced in
the laboratory by focusing a laser beam to an extremely
small spatial dimension, typically a few microns. When a
laser beam is focused down to the order of laser wavelength
a Gaussian beam descrlptlon becomes 1naccurate By the
use of Lax series approach some researchers'>™'* analyzed
this effect and got the high order correction terms of the
diffraction angle ¢ in the description of the associated fields.
For a tightly focused laser, Lax series field is valid near the
propagation axis, and its divergence far from the prospaégation
axis can be eliminated by Weniger transformation.'>"!

In this letter, we present that for a fixed laser power the
tightly focused laser pulse is more beneficial to accelerate an
electron to high energy. Focusing laser beam down to the
order of wavelength requires inclusion of terms of third order
in the diffraction angle & in the description of the associated
field. Energy obtained by electron depends strongly on vari-
ous parameters, such as laser beam waist, chirp parameter,
initial position of electron, laser intensity, pulse duration, ini-
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tial velocity of electron, and laser constant phase.

In comparison with the elliptical and circular polariza-
tions, the linear polarization seems to be more effectlve for a
single electron acceleration using a chirped laser pulse % The
chirped laser pulse adopted here polarizes along the x direc-
tion and propagates alon§ the z axis, and its electromagnetic
field can be described® "1
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where x=é&w, y=wwo, e=wy/z,, pP=E+17, f=il(z/z,+1),
Rayleigh length z,=kw§/2, wy is the beam waist radius, E
=Eof exp(—=fp>)exp{il w(s)t—kz+¢@y]—s*/ 7}, the instanta-
neous frequency w(s)=wy+bys, the retarded time s=z/c-t,
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by is frequency chirp parameter, w, is the frequency at s=0,
wave number k=w(s)/c, c is the speed of light in vacuum,
is the wave number at s=0, 7 is the laser pulse duration, E,
is field amplitude and ¢ is constant phase. b=b0/w(2) is the
dimensionless chirp parameter.

Electron acceleration can be simulated by solving the
electron dynamics equations

dp dx
0 (E+BXB), o ecB-E, (7)
where the momentum p=ymcf, the energy x=7ymc?, the
Lorentz factor y=(1-£%)""2, and B is the velocity normal-
ized by c. The peak field intensity I, can be expressed in
terms of I\~ 1.375X 10'3¢*(W/cm?)(um)?, where inten-
sity parameter g=eEy/mcw. For the fields given by Egs.
(1)—(6), the laser power P may be calculated by integrating
the time-averaged Poynting vector over the entire transverse,
preferably through the focus. Dropping terms of order &® and
beyond, one gets” !

W g &t
P[TW:I:TIO 1+Z+§

2 2 4
~0.0216<%> [1+8—+8—}, (8)
N I

where 1,=1(0,0,0)=cE%/8 is the on-axis peak intensity at
focus. Equation (8) shows clearly that for a fixed laser
power, the peak intensity is inversely proportional to the
square of beam waist radius, or equivalently ¢ is inversely
proportional to wy,.

In simulations, the electron is considered to be acceler-
ated from the initial position (x,,yq,z) With initial velocity
(Bx, By, B,), and the initial position of the laser pulse peak is
assumed to be at (0, 0, 0). The interaction of electron-laser
locates mainly in the region near laser focus and propagating
axis, where electron dynamics simulated by Lax series field
keep convergent and valid.” Therefore, Lax series field
shown above is employed in our simulations. The roles of
some parameters such as laser beam waist radius, chirp pa-
rameter, laser initial position, laser intensity, pulse duration,
initial velocity of electron, and laser constant phase in deter-
mining the final energy gain will be discussed below.

Figure 1 gives the curves of retained electron energy
versus beam waist radius wy, which are simulated by the
first-order, third-order, and fifth-order correction field, re-
spectively. When the laser power is fixed, its peak intensity is
inversely proportional to the square of laser beam waist.
Thus, the tightly focused laser pulse is more beneficial to
accelerate electrons. But, if the laser beam waist is smaller
than wg pear, the electron will escape quickly the interaction
region with a lower energy. For the chosen parameters, re-
tained electron energy peaks at wgpeac=3.5 wm. When an
electron is accelerated by an intense field with a suitable
frequency chirp, it can remain in acceleration phase for a
longer time and gain higher energy. Focusing laser pulse
down to the order of wavelength requires inclusion of terms
of &3 in the description of the associated fields. In the region
wo>18 um, the € model, the energy gain calculated by us-
ing the field accurate to e, gives accurate results and the
relative error is less than 1%. In the region wy<<18 um, the
& model exhibits substantial deviations from the &* model,
and the £* model gives the same results with the &> model.
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FIG. 1. (Color online) Retained electron energy as a function of beam waist
radius wy. Parameters used in simulations are A=1 um, 7=100 fs, ¢,
=0.97r, electron initial coordinate (x,,yq,20)=(0,0,120/k), initial velocity
(By»By.B.)=(0,0,0.9) and the full interaction time wt=1X 10°. Black curve
is simulated by fifth-order correction field with the dimensionless chirp pa-
rameter b=0, and red, blue, and green (dashed) curves are simulated for
b=0.02 by first-order, third-order, and fifth-order correction field, respec-
tively. The fixed laser power is 10 PW.

E,, the longitudinal electric field, always plays a domi-
nate role in accelerating the electron. But the electron final
energy is more sensitive to the chirp parameter than that of
the longitudinal electric field of the laser pulse. The final
energy gain depends strongly on dimensionless frequency
chirp parameter b, as shown in Fig. 2. An appropriate linear
and negative chirp can prolong effectively the acceleration
stage of laser-electron interaction, so that the electron gains
high energy. Retained electron energy varies acutely and ap-
proximately periodically with the increase in & when b
>0.2. For the chosen parameters, the peak energy is about
1.86 GeV. Figure 3 gives retained energy as a function of
initial position of electron relative to the laser pulse peak for
b=0.2 and b=0, respectively. The laser intensity in the focal
region is highest, thus, the electron should be accelerated

" 1 "
198 0.199 0.200

b

FIG. 2. (Color online) Retained electron energy vs dimensionless chirp
parameter b. (b) is a small part of (a). Red curve in Fig. 2(a) is the average
value of the oscillations. In the simulations, wy=5 um, ¢g=100, and other
parameters are the same as those of Fig. 1.
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FIG. 3. (Color online) Retained electron energy vs initial coordinate z; of
electron. Both (b) and (c) are a small part of (a), respectively. Blue and black
curves are simulated by fifth-order correction field with dimensionless chirp
parameter b=0.2 and 0, respectively. The red curve in Fig. 3(a) is the aver-
age value of the oscillations (blue curve).

from a position near the peak of laser pulse. If a suitable
frequency chirp is introduced, the electron can gain much
higher energy especially in the region z,<<240/k,. For the
chosen parameters, the peak energy is about 2.513 GeV at
20=55.52/k.

Figure 4 gives the dependences of retained energy on
various parameters, such as dimensionless laser intensity g,
pulse duration 7, initial velocity of electron 3, and constant
phase ¢, for b=0, 0.02, and 0.2, respectively. Results show
that retained energy increases with ¢, 7, and 3., and changes
periodically with ¢,. The phase slippage between faster elec-
tron and laser pulse is smaller, thus a fast electron may retain
in acceleration stage for a long time. Long pulse duration
increases the interaction time of electron-laser. These factors
are all beneficial to accelerate electron to high energy. For
b=0.2, the peak of retained energy as a function of ¢ is
1.807 GeV at ¢y=166° and 346°. Moreover, it is seen that
the electron can gain much higher energy with a suitable
frequency chirp than that without a frequency chirp, and for
the chosen parameters, the model with b=0.2 is better than
that with b=0.02.

In summary, electron acceleration in vacuum by a tightly
focused chirped laser pulse has been studied. Focusing laser
pulse down to the order of wavelength is more beneficial to
acceleration of electron. The final energy gain depends

Appl. Phys. Lett. 96, 031103 (2010)
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FIG. 4. (Color online) Retained electron energy as a function of (a) laser
intensity parameter ¢, (b) laser pulse duration 7, (c) initial velocity of elec-
tron 3., and (d) laser constant phase ¢,. Black, red and blue curves are
obtained by fifth-order correction field with the dimensionless chirp param-
eter b=0, 0.02 and 0.2, respectively. Others parameters used in the simula-
tions are the same as those of Fig. 1.

strongly on various parameters and will have a peak value
when these parameters are chosen suitably. The energy gain
of electron with a suitable frequency chirp is much higher
than that without a frequency chirp.
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We experimentally study coherent backscattering of light for a water suspension of lithium niobate microcrystalline
particles. Light-controllable weak localization of photons in a suspension is demonstrated for the first time to our
knowledge. The effect is attributed to the reorientation of microcrystalline particles in the field of a linearly polar-

ized pump beam. Thus the isotropic suspension becomes partially anisotropic.

OCIS codes: 030.1670, 290.1350, 290.4210, 160.3730.

Anderson localization [1], one of the most interesting
phenomena in solid state physics, was first introduced
in electron transport as a disorder-induced phase transi-
tion from the classical diffusion regime. Realizing that
Anderson localization is a wave phenomenon, these con-
cepts were then extended to sound waves, light waves [2],
and matter waves [3]. Many phenomena of light localiza-
tion have been reported, such as random laser, transverse
localization of light [4], and coherent backscattering
(CBS) [2]. CBS causes an enhancement of intensity in
the backscattering direction, which is called the cone
of CBS. It has been widely studied theoretically [5] and
experimentally in various disordered systems such as sus-
pensions [2], ceramics [6], porous glasses [7], and liquid
crystals [8].

In the diffusion regime, light is transported across the
diffusive material as a random walk with the average
step being the transport mean free path (MFP) I*. For
weak localization, the angular width (full width at half-
maximum) W of the CBS cone is proportional to 1/,
where 1 is the wavelength of light in the scattering med-
ium [2]. In order to effectively control the multiple scat-
tering behavior in a random medium, a relatively large
change of the transport MFP has to be achieved. The
MFP depends strongly on the concentration [9] and diam-
eter [2] of scatterers in the disordered medium. In parti-
cular, an anisotropic CBS cone in nematic liquid crystals
has been observed that results from an anisotropic MFP
[8]. Here we have chosen a water suspension of congru-
ent lithium niobate (CLN) microcrystalline particles as a
disordered medium to investigate CBS, because lithium
niobate (LN) possesses exceptional optical, electro-
optic, and photorefractive properties.

Localization behavior has been controlled by light in a
waveguide [3] or photonic lattices [4] and by temperature
in macroporous glass infiltrated with liquid crystal [10].
In this Letter we demonstrate that CBS of green light in a
water suspension of CLN microcrystalline particles can
be controlled by a red pump beam. It is the first observa-
tion of optically controlled weak localization of light in a
suspension. The MFP of light inside the water suspension
changes with the alteration of the effective refractive in-
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dex of the particles, due to their reorientation induced by
the pump light. The induced anisotropy of the suspension
results in a width variation of the CBS cone.

A CLN single crystal was grown by the Czochralski
method. Linearly interpolated from data in [11], its refrac-
tive indices at 532 nm are n,, = 2.3237 and n,, = 2.2346.
Microcrystalline particles were prepared by a planetary
ball mill. Their diameter was about 220 nm after mem-
brane filtration, as measured by dynamic light scattering.
The suspension, formed by mixing 9.00 wt.% microcrys-
talline particles with deionized water through ultrasonic
dispersion, was filled into cuvettes (10 mm x 10 mmx
45 mm). At higher concentrations, the suspension is
not stable for a sufficiently long time because of sedimen-
tation. On the other hand, lower concentrations mean
poor signal-to-noise ratio of the backscattering measure-
ments. A diode-pumped CW laser beam at 532 nm with
vertical polarization was used as a probe. The beam diver-
gence was less than 0.1 mrad, and the beam diameter was
about 4.0 mm. Light at 671 nm from another diode-
pumped CW laser passed through a Glan-Taylor prism
and provided the pump. Its beam diameter was around
8.0 mm. In order to minimize the possible influence of
the probe beam, a probe intensity as low as
37 mW/cm? was chosen. The pump intensity was four
times larger. Both laser beams were combined through
one beam splitter and impinged collinearly onto the sam-
ple cuvette. The polarization direction of the pump beam
was adjusted by a half-wave plate. The CBS cone of the
suspension was monitored by a CCD placed at the rear
focal plane of a lens with a focal length of 400 mm. A band-
pass filter before the lens blocked scattered red light. The
angular resolution of our detection system is about
88 urad, estimated by the measured Airy disk diameter.

The polarization detection of CBS cones was investi-
gated by putting a polarizer in front of the CCD. As in [8],
no enhancement with/without pump light was observed in
the polarization reversing channel down to the noise level,
i.e., experimental results given in this Letter refer to the
polarization-preserving channel. Figure 1(a) shows a
CBS image of the green beam without red pump light
after 70 s of integration by the CCD. One can see the

© 2010 Optical Society of America
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Fig. 1. CBS cone of the suspension: (a) image of backscat-

tered intensity distribution under polarization-preserving detec-
tion and (b) intensity profile.

well-known enhanced backscattered cone caused by
constructive interference of counterpropagating waves.
Configuration averaging happens automatically by the
Brownian motion of the scatterers. The profile of the
CBS cone shown in Fig. 1(b) is the horizontal cross section
of the CBS image through the center of the CBS peak; an
angular width W of 2.396 mrad was derived from a Lor-
entz function fit. There is a slight but apparent asymmetry
ofthe CBS peak that we do not understand, which requires
further investigation.

A comparison of the temporal behavior of the angular
width of the CBS cone with/without red pump light is
shown in Fig. 2. The vertical coordinate « is the ratio
W,/W, between the width W, at time ¢ and the initial
width W,. Without pump light, the width of the CBS cone
with polarization parallel to the incident light does not
have an apparent variation (i.e., awg = 1). This means
that the influence of the probe beam itself on the suspen-
sion is negligible. However, the angular width changes
significantly as soon as the red pump light is switched
on. With probe and pump beams both vertically polarized
(VV geometry), the cone becomes wider (ayy > 1), while
the cone becomes narrower (ayy < 1) with a vertically
polarized probe beam and a horizontally polarized pump
beam (VH geometry). This demonstrates that it is possi-
ble to control weak localization of the green probe beam
by a red pump beam.
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Fig. 2. Temporal evolution of the angular width of CBS cones.
The vertical coordinate a« = W,/W, is the ratio between the
width W, at the time ¢ and the initial width W,. The quantity
awo 1s the ratio without pump light, and ayy and ayy are the
ratios for VV and VH geometries, respectively.

The experiments were repeated several times. We al-
ways found that the angular width reaches its maximum
and minimum after about 8 min for VV as well as VH geo-
metry, respectively, as shown in Fig. 2. Thereafter, the
change of the angular width becomes small, which might
be due to deposition of the particles or to influences of the
pump light, such as thermal effects or aggregation. For
that reason, we took the ratios at 8 min from five subse-
quent experimental runs to calculate the average ratios.
The average awo is 1.0009 + 0.0011, slightly more than
1. The average ayy is 1.0409 + 0.0014, i.e., about 4.00%
wider than awg. The average ayy is 0.9678 + 0.0016,
i.e., about 3.31% narrower. The induced change for VV
geometry is slightly larger than that for VH geometry
as Wyy:Wywo:Wyg = 1.040:1:0.9669.

A possible explanation for the change of the width of
the CBS cone is reorientation of LN microcrystalline par-
ticles under the influence of the pump beam [12]. Though
the scatterers in suspension are anisotropic, the suspen-
sion is apparently isotropic without pump light due to
random orientation of the scatters. However, this isotro-
pic suspension became partially anisotropic under the in-
fluence of the pump beam.

The electric polarization induced in a uniaxial micro-

crystalline particle by linearly polarized light is P =
e,(e] - 1)E + e,Ae(n - E)n, where E is the electric field

of the light with an amplitude F, # is the unit vector of
the optical axis of the microcrystal, ¢, is the dielectric
constant of the vacuum, and Ae = ¢| — ¢ is the dielec-
tric anisotropy of the crystal for the red pump light.

Then one can get the torque [°P'= (P xE)=

e,Ae(nx Ey)(n- Ey), and thus the free energy supplied
by the light electric field is [13]

_/B \dE = —eye B+ Ae(i- B2 (1)

Striving for minimum free energy, the optical axis of
positive uniaxial microcrystalline particles tends to be
parallel ta.the light electric field, i.e., 7||E for Ae > 0,
while 7 LE for Ae < 0. LN is a negative uniaxial crystal
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with Ae < 0; therefore, the optical axes of the LN
microcrystalline particles tend to be perpendicular to
the polarization of the pump light. The axes of the micro-
crystalline particles in VV geometry prefer to orientate
horizontally, which results in an effective refractive in-
dex close to n,, for the particles to the vertically polar-
ized green probe light. In VH geometry, the pump light
will lead to an effective refractive index close to 7.

The width W of the CBS cone can be expressed as W =
0.74/2al* [8]. The MFP in Fig. 1(b) is 24.7 ym, which is
much smaller than the thickness of the sample
(10 mm). In the diffusive regime, the MFP of a random
medium is expected to be inversely proportional to the
concentration p and the diffusion cross section ¢ of the
scatterers: I* « 1/(po) [14]. Furthermore, ¢ is propor-
tional to (k? — 1)? [7], where « is the relative refractive in-
dex of the scattering particles to the surrounding medium
at a given wavelength. Therefore, the width of the CBS
cone can be expressed by

W = kip(x® — 1), (2)

where the proportionality factor k can be considered con-
stant in our experiments. Supposing that the effective
refractive index of the microcrystalline particles in our
isotropic sample is (1,, +7,,)/2 = 2.2791 for the green
probe light, the relative index kwo = MN/Mwater €quals
1.708, whereas the refractive index of water N, iS
1.334. Illumination of the suspension by linearly polarized
pump light leads to reorientation of the microcrystalline
particles.

Let us first consider the case that all microcrystalline
particles reach their minimum energy, i.e., all particles
align perpendicular to the polarization direction of the
pump light. Then the relative index xyy = 7,4/Myater 18
1.742 for VV geometry and the relative index xyg =
Ny /Nyater fOor VH geometry is 1.675; then the ratios
among the widths of the CBS cones should be
Wyv:Wwo:Wyg = 1.124:1:0.8858. The measured width
change of the CBS cone is close to £3.7%), i.e., much smal-
ler than the theoretical value of +11.9%. A reason for this
is that the pump light inside the sample is strongly depo-
larized and no global reorientation can take place. The po-
larization extinction ratio of the incident pump light was
10%:1, and the ratio of the reflected pump light fell to 100:1.
Behind the sample the ratio decreased close to 1:1, and
there is no ballistic contribution to transmitted intensity.
Another possible reason may be that most particles do not
reach their minimum energy due to perturbation by ther-
mal motion. The CBS cone of the red pump light becomes
wider than its initial cone, and its temporal behavior is si-
milar to that of the green light for VV geometry, which is
because, in this case, the pump and probe are both red,
i.e., have VV geometry. The experiment was also per-
formed in a water suspension of zirconium silicate micro-
crystalline particles, a kind of positive uniaxial crystal. We
observed wider and narrower CBS cones for VV and for

VH geometries, respectively, which supports the above
analysis.

Angular anisotropy had been observed for weak locali-
zation of light from ordered anisotropic scatters [§]. In our
experimentsboth orthogonal angularwidths W ; and W, of
the CBS cones without pump light are nearly the same, with
W /W equalto 1.000 £ 0.020, which suggests that the ori-
ginal suspensionisisotropic. For VV geometry, an anisotro-
py of 1.069 + 0.021 appears with both angular widths
becoming larger. For VH geometry, an anisotropy of
0.951 £ 0.025 arises, with both angular widths becoming
smaller.

In conclusion, we realized optical control of CBS based
on the reorientation of CLN microcrystalline particles in a
suspension by a linearly polarized pump beam. This im-
plies that the apparently isotropic suspension became par-
tially anisotropic under the influence of the pump beam.
The effect is, in principle, reversible.
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We study the behavior of Airy beams propagating from a nonlinear medium to a linear medium. We show that an
Airy beam initially driven by a self-defocusing nonlinearity experiences anomalous diffraction and can maintain its
shape in subsequent propagation, but its intensity pattern and acceleration cannot persist when driven by a
self-focusing nonlinearity. The unusual behavior of Airy beams is examined from their energy flow as well as

the Brillouin zone spectrum of self-induced chirped photonic lattices.

OCIS codes: 190.4420, 050.1940, 350.5500.

Airy beams have recently attracted a great deal of inter-
est [1-3] with many proposed applications [4-6]. Genera-
tion and control of Airy beams in an effective way is thus
desirable. Apart from the linear control of Airy beams’
ballistic trajectories [7,8], it has been demonstrated that
nonlinearity can play nontrivial roles in both generation
and control of Airy beams [9-11]. For example, by chan-
ging the phase-matching condition in a second harmonic
generation process [9,10], one-dimensional Airy beams
can be generated with controllable paths. In a photore-
fractive material with diffusion-dominated nonlinearity,
self-trapping of Airy beams can be realized [11]. In this
Letter, we study the transition of Airy beams from a
nonlinear to a linear medium driven initially by a self-
focusing or self-defocusing nonlinearity. Some unique be-
haviors of such nonlinearity-controlled Airy beams,
including loss or persistence of acceleration and normal
or anomalous diffraction are revealed. In particular, we
found that an Airy beam under an initial self-defocusing
nonlinearity exhibits anomalous diffraction and propa-
gates robustly over a long distance after exiting the non-
linear medium, but it breaks down in both Airy beam
pattern and acceleration when driven by a self-focusing
nonlinearity. Our numerical results find good agreement
with experimental observation.

Our experiments are performed in a biased 1-cm-long
photorefractive SBN:60 crystal [Fig. 1(a)]. To create a
truncated Airy beam, a spatial light modulator (SLM)
is placed at the focal plane of the Fourier transform
lens [2,3]. An extraordinarily polarized Airy beam (1 =
532 nm) is thus generated, propagating first through
the biased crystal under the influence of photorefractive
screening nonlinearity and then through air (free space)
for another 1 cm. Solely by switching the polarity of the
bias field, self-focusing and self-defocusing nonlinearity
is achieved for nonlinear control of the Airy beam.
The Airy beam patterns, along with k-space spectra
are monitored by CCD cameras.

Typical experimental results are shown in Figs. 1(b),
1(c), and 1(d). When no bias field is present, the Airy
beam undergoes linear propagation inside the crystal.
(The photorefractive diffusion effect [11] can be ne-
glected owing to the large size of the Airy beam used
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here—about 50 ym for the main lobe.) After another
1 cm of propagation in air, its main spot (or “head”) is
shifted along the vertical direction [Fig. 1(b2)] in compar-
ison with that right at the existing face of the crystal
[Fig. 1(b1)] owing to the transverse acceleration [1,2].
When a positive dc field of 4 x 10* V/m is applied, the Airy
beam experiences a self-focusing nonlinearity and

CCD

(spectrum)

Fig. 1. (Color online) (a) Schematic of experimental setup.
SLM, spatial light modulator; SBN, strontium-barium-niobate
crystal; PC, personal computer; BS, beam splitter; L, Fourier
transform lens. (b)—(d) Output intensity patterns of an Airy
beam after 1 cm through crystal (first column) plus another
1 cm through air (second column) when (b) no nonlinearity,
(c) self-focusing nonlinearity, and (d) self-defocusing nonlinear-
ity are present. White dashed line marks the “head” position of
the Airy beam at crystal output. The third column shows Four-
ier spectra of the Airy beam corresponding to the first column.

© 2010 Optical Society of America



reduces its overall size with most of its energy distributed
to the four spots close to the Airy “head” [Fig. 1(cl)]. In
this case, the nonlinearity seems to cause stagnation of
the Airy beam’s acceleration, and the subsequent free-
space propagation shows that the Airy beam is strongly
deformed by the nonlinearity [Fig. 1(c2)]. In addition,
its k-space spectrum is “focused” toward the center
[Fig. 1(c3)] as compared to the case without initial nonli-
nearity [Fig. 1(b3)], suggesting that the Airy beam exhibits
normal diffraction. By reversing the polarity of the bias
field (to -4 x 10* V/m) so the Airy beam experiences
a self-defocusing nonlinearity, its nonlinear output
[Fig. 1(d1)] and subsequent linear propagation [Fig. 1(d2)]
behaves dramatically differently. The intensity profile of
the Airy beam is less affected by the self-defocusing non-
linearity, and the peak intensity of the Airy beam after sub-
sequent linear propagation in air is not decreased but
rather increased while persistent in its acceleration
[Fig. 1(d2)]. Furthermore, the Fourier spectrum reshapes
into four major spots in k-space, as shown in Fig. 1(d3),
resembling the Brillouin zone (BZ) spectrum and asso-
ciated anomalous diffraction behavior in photonic lattices
[12-14].

The above experimental observations can be corrobo-
rated with numerical simulations. Propagation of an Airy
beam in a biased photorefractive crystal is described by
the following nonlinear Schrédinger equation:

oU 1 U 0°U .

52~ 2kgng <ax2 + 8y2> + tkoAnU, (1)
where U is the wave function, k is the vacuum wave vec-
tor, and ny = 2.3 is the unperturbed refractive index. In
the biased crystal, the nonlinearity for an e-polarized beam
can be determined by An = -0.5n3y33Ey/(1 + |U[?), in
which y33 = 280 pm/V and E is the amplitude of the bias
field. The wave function of an input Airy beam can be ex-
pressed as U(x,y,z =0) = UyAi(X/x,) exp(aX/xy)Al
(Y/yo) exp(aY /yo), where U, is the amplitude; Ai denotes
the Airy function; X and Y are equivalent to (x + y)/v/2
and (-x +y)/ V2, respectively; x, and vy, are two scaling
constants; and a is the decay factor for the truncated beam
profile.

Numerical simulations are performed by solving Eq.
(1) with the split-step beam propagation method. (Para-
meters U, ), and a are chosen as 7.3, 13.5 x 10%, and
0.11, respectively.) Without the nonlinearity, i.e., £y = 0,
the Airy beam is nearly unchanged after 2 cm linear pro-
pagation, and its output Fourier spectrum has a Gaus-
sian-like shape. When E; = +4 x 10* V/m is applied, it
experiences a self-focusing nonlinearity, and its intensity
concentrates mainly onto the four spots close to the Airy
“head” while the “tails” get shorter [Fig. 2(a)], diverging
even more in subsequent linear propagation [Fig. 2(b)].
The k-space spectrum reshapes asymmetrically into a
bowtielike pattern, more localized toward the center
[Fig. 2(c)]. The propagation can be better visualized from
the side view evolution, as shown in Fig. 2(d), where the
dashed curve marks the path of the same Airy beam with-
out initial nonlinearity. The acceleration is reduced or
lost as compared to the case without the nonlinear con-
trol. In Figs. 2(e) and 2(f), we plotted the transverse en-
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Fig. 2. (Color online) Numerical simulation of an Airy beam
propagating under initial self-focusing nonlinearity. (a), (b)
Transverse intensity patterns after (a) 1 cm through crystal plus
(b) another 1 cm through air. (c) Fourier spectrum of the out-
put Airy beam. (d) Side view of 2 cm propagation, where the
dashed curve represents the trajectory of the Airy beam without
initial nonlinearity. (e), (f) Calculated transverse energy flow
around the main lobe corresponding to the square area shown
in (a) and (b), respectively.

ergy flow of the output beam corresponding to the areas
marked in Figs. 2(a) and 2(b). Apparently, after initial
nonlinear propagation, the direction of the energy flow
goes toward all directions, suggesting that the phase of
the Airy beam is destroyed by the self-focusing nonlinear-
ity. Once the Airy beam is released into free space, it be-
haves more like a confined Gaussian beam, showing
normal diffraction without evident acceleration.

Now with a reversed bias field of Ey = -4 x 10* V/m,
numerical results (Fig. 3) show that the Airy beam is
somewhat expanded at the beginning owing to the self-
defocusing nonlinearity, but its shape is nearly unchanged
[Fig. 3(a)]. In contrast to the self-focusing case, the Airy
beam persists in its intensity pattern and transverse
acceleration during subsequent free-space propagation
[Figs. 3(b) and 3(d)]. Furthermore, its power spectrum re-
shapes into a diamondlike pattern [Fig. 3(c)], resembling
the first BZ [14] of an asymmetric square lattice. The en-
ergy flow of the Airy beam is also quite different from that
in the self-focusing case, since the Poynting vectors of
the Airy beam line up toward the same direction around
the Airy “head” [Figs. 3(e) and 3(f)]. Counterintuitively,
the peak intensity of the main lobe gets even stronger after
subsequent linear propagation, as seen from the side view
evolution [Fig. 3(d)]. This phenomenon suggests that the
Airy beam might experience anomalous diffraction after
initial self-defocusing nonlinearity, akin to that observed
in photonic lattices [12,13].

Nonlinear

Fig. 3. (Color online) Numerical simulation of an Airy beam
propagating under initial self-defocusing nonlinearity. Other
description is the same as that for Fig. 2.
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Fig. 4. (Color online) (a), (b) Plots of output intensity profiles
along the y axis of an Airy beam as a function of the bias field
after (a) 2 cm and (b) 3 cm of propagation, while the nonlinear-
ity is on only for the first 1 cm. Positive (negative) values of E
correspond to self-focusing (self-defocusing) nonlinearity. (c)
Transverse intensity pattern of a perfect Airy beam. (d)
Zoom-in of nonuniform intensity pattern in the region marked
by dashed square in (c). (e) Index lattice self-induced by the
intensity pattern of (d) at E, = —4 x 10* V/m. (f) Brillouin zone
spectrum of the induced lattice of (e).

To get an idea of how much nonlinearity an Airy beam
can withstand before it becomes deformed, we per-
formed a series of simulations at different levels of non-
linearity as controlled by the bias field. The results are
shown in Figs. 4(a) and 4(b), where the output transverse
profiles along the y axis are plotted as a function of the
bias field after 2 cm and 3 cm of propagation (only the
first 1 cm with nonlinearity). Clearly, the Airy beam can-
not maintain its shape after 2 cm of propagation even at a
weak self-focusing nonlinearity (say, E, = +10* V/m),
and it gets strongly deformed at higher bias fields. On
the other hand, the Airy beam’s main lobe withstands
after 3 cm of propagation even at a strong self-defocusing
nonlinearity (say, E, = —10 x 10* V/m). In addition, from
Fig. 4(b), it is evident that, under self-defocusing non-
linearity, the peak intensity of the Airy beam becomes
much stronger than that in the linear case (i.e., £y = 0)
after the same distance of propagation.

To better understand the “anomalous” behavior, let us
take a close look at the diamondlike Fourier spectrum, as
shown in Fig. 3(c). This spectrum is very similar to that of
a gap soliton generated by balancing anomalous diffrac-
tion with a self-defocusing nonlinearity [14], for which
the k-space spectrum populates mainly the four corners
of the first BZ, indicating that the anomalous diffraction
of the Airy beam might originate from the self-induced
lattice structures. In Figs. 4(c) and 4(d), we zoom in
the Airy beam intensity pattern not far from the “head,”
and it indeed exhibits a squarelike structure with nonuni-
form intensity distribution and lattice spacing. Under a
self-defocusing nonlinearity, the Airy beam induces an in-
dex distribution akin to a nonuniform or chirped “back-
bone” lattice, as shown in Fig. 4(e). This self-induced
lattice could exhibit properties similar to those of uni-
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formed lattices [15] and thereby change the diffraction
of the Airy beam. To visualize the BZ of the self-induced
lattice, the BZ spectroscopy method is used to calculate
the BZ spectrum of the induced lattice [16]; the result is
displayed in Fig. 4(f). Clearly, the self-induced lattice of
the Airy beam shows a BZ structure. Thus, the principle
for anomalous diffraction observed here could be similar
to that reported in [12,14,17].

In summary, we have studied nonlinearity-controlled
persistence and breakdown of Airy beams. Our results
bring about another possibility for control of Airy beams.
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Using numerical simulation, we have studied in detail vacuum electron acceleration induced by an Airy beam. The
phase of the field varies slowly, and the intensity of the field is independent of the decaying parameter of the beam in
the asymmetric field channel [(AFC) Opt. Express 18, 7300 (2010)] formed by the Airy beam. Results show that an
electron entering into the AFC may be captured and gain high energy. Meanwhile, the decaying parameter, injection

energy, and injection angle of the electron play important roles in the electron energy gain.
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Advances in the technology of intense laser fields [1-3]
continue to motivate the research of vacuum laser accel-
eration inrecentyears [4-7]. The drawback of laser-driven
acceleration by Gaussian beams is that the interaction
length over which the high intensity can be sustained is
relatively short due to transverse spreading. Therefore, la-
ser-driven electron acceleration by quasi-diffraction-free
beams has attracted widespread attention [8-10]. Re-
cently, optical Airy beams, first predicted and realized
by Siviloglou et al. [11,12], have attracted intense attention
[13-15]

The behavior of transverse accelerating and non-
diffraction of the one-dimensional (1D) Airy beam led to
the formation of a long “asymmetric field channel” (AFC)
along the propagation axis [15]. In this Letter, the propa-
gation dynamics of the field inside the AFC are studied in
detail. Inside the AFC, the phase of the field varies
slowly, and the intensity of the field is independent of
the decaying parameter. The electron entering into the
AFC may be captured and retained in the accelerating
stage continuously. The longitudinal electric field makes
a significant contribution to the energy gain of the cap-
tured electron. The decaying parameter, injection energy,
and angle of electron play important roles in determining
the energy gain.

The 1D Airy laser beam polarizes along the x direction
and propagates along the z axis. Its electromagnetic field
can be expressed as [15]

E, = —iE{(20® + 2iaé - & /4 + 2s + 2k>x2)Ai(A)

+ (4a + iE)AV(A)}/ (2k%3), (1)

E, = E{[2d® + 9ia®£/2 + a(-3£2/2 + 65 — 4k*x3)

(20 + E3/8 - 3s&/2 + k)| Ai(A)

+ (6a2 + diak + 25 — £2/2 - 4k%a2) AT (A)}) (4%2)
(@)
B, = iB{(2a% + 2ia¢ - £/4 + 2s - 4k22)Ai(A)

1 (da + AT (A)}/ (4h2a2), 3)
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E, =0, B, =0, and B, = 0. A7 represents the Airy func-
tion, and A#/(A) denotes the derivative of Ai(A). A =
s—(£/4)% +ia&/2, B=as—a&?/8—i&/96+ia’E/4+isE/4,
and E = Eexpli(ot - kz + ¢o) + B], where E, is the
field amplitude, ¢, is the constant phase, s = x/x, %
is an arbitrary transverse scale, £ = z2/z,, 2, = kx% /2, k
is the wavenumber, and a is the decaying parameter.
To facilitate analysis, we define f,(s,&) = E.(s,¢)
exp(ikz,.£) as the slowly varying envelope of the trans-
verse electric field. Figure 1 gives the spatial variations
of f, and E,. f, is quasi-diffraction free and varies with
parabolic trajectory. The transverse accelerating prop-
erty deflects the main lobe toward the positive x direc-
tion and forms a “channel” along the propagation axis,
as shown in Figs. 1(a) and 1(b). The propagation dy-
namics of E, are shown in Figs. 1(c)-1(f). The field is
asymmetric along the propagation axis and forms a
“channel,” namely, AFC. Also, the boundary of AFC is de-
termined by that of the axis wave channel of f,. The
phases of f, and E, are given in Fig. 2. The phase inside
the AFC varies more slowly than that outside the AFC.
And the AFC mainly locates in the region of z > 15z,
in the longitudinal direction. Figure 3 gives the cross sec-
tions of E, for different decaying parameters a. The field
outside the AFC decreases with the increasing of a, and
the field inside the AFC is nearly independent of a.
Electron dynamics in a laser beam in vacuum is
governed by the relativistic equations of motion dp/dt =
-e(E + p xB) and d=/dt = —ecff - E, where the momen-
tum p=ymch, enersy E =ymc?, Lorentz factor
y=(1-p%)Y2 and B is the velocity scaled by c. The
peak field intensity I, will be given in terms of the
dimensionless parameter q = eE,/mcw, where I A% =
1.375 x 1018¢?> (W/cm?)(um)?. Electrons with different
initial energies are injected and interact with an intense
1D Airy beam. The simulated results are given in Fig. 4.
The initial fast electron quickly passes through the in-
tense field region (IFR), and then it is captured by the
asymmetric field in the AFC. In the IFR, the phases of
the field vary rapidly and the electron senses the ac-
celerating and decelerating phases alternately. So the

© 2010 Optical Society of America
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Fig. 1. (Color online) (a)-(c) Propagation dynamics of real
component and imaginary component of f,. and the real com-
ponent of E,, respectively. (d)—(f) Cross section of £, at 10z,,
30z,, and 50z,, respectively. Parameters used here are ¢ = 0,
A=1um, xy =51, a =0.05, and ¢, = 0.

electron gains little energy. In the AFC, the phase of the
field varies slowly. Therefore, the captured electron can
remain in the accelerating phase continuously and gain
much higher energy. For this case, the final energy gain
is about 655.72 MeV. Energies obtained from the trans-
verse and longitudinal fields are 29796 and
357.76 MeV, respectively. The initial slow electron is
strongly influenced by the transverse field and reflected
outside the AFC. It gains a majority of its energy in IFR,
which is mainly afforded by the transverse field. Outside
the AFC, the electron senses the accelerating and decel-
erating phases alternately and cannot gain energy any
longer. The final energy gain is about 238.47 MeV.
Variations of the electron energy with the decaying
parameter, injection energy, and injection angle are given

(a) (b)
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Fig. 2.

(Color online) (a), (b) Phases of f,, and E,.
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Fig. 3. (Color online) (a)—(d) Cross sections of E, at z,, 10z,,

20z,, and 40z, respectively. The black, light gray (red online),
and dark gray (blue online) curves are calculated with a = 0.01,
0.05, and 0.1, respectively.

in Fig. 5. There are three regions in every figure, which
are symbolized with a, £, and y. In region a, the trajec-
tories of the electron are indeterminate and the electron
may be captured or reflected. In region f, the electron is
always reflected and gains little energy. And in region y,
the electron is captured and gains high energy. Specifi-
cally, for the given parameters, the electron is captured
in the region 0.0455 < a < 0.1, as shown in Fig. 5(a). The
electron, whose scaled injection energy is y, > 18.84 or
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Fig. 4. (Color online) (a) Trajectory and (b) energy gain. (c)—
(h) E,, E., phases of E,, and E,, and the works done by E,, and
E., sensed by the electron along its trajectory, respectively.
Parameters used here are a=0.05, 1=1um, x,=D54
q=20, and ¢, =0, initial location of the electron
(x,2) = (0.1%, 0), injection angle of the electron § =0, and
black and light gray (red online) curves are calculated with
the initial injection energy of y, = 40 and 16, respectively.
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Fig. 5. (Color online) (a)-(c) Variation of the energy gain with
a, 70, and 0. The black, light gray (red online), and dark gray
(blue online) curves represent the energy gains and the total
work done by E, and E, respectively. (a) yo =30 and 6 = 0,

(b) a =10.05 and 0 =0, and (c¢) yo = 30 and a = 0.05.
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1.63 < yo < 8.75, can enter into the AFC and be continu-
ously accelerated, as shown in Fig. 5(b). Moreover, the
electron injecting at a small angle, -10.1° < 0 < -4.1°,
is more likely to enter into the AFC and be captured, be-
cause the phase varies relative slowly in these directions
in the IFR, as shown in Fig. 5(c).

In summary, electron acceleration in vacuum by an
Airy beam has been studied in detail. An electron enter-
ing into the AFC may be captured and remain in the ac-
celerating stage continuously. The decaying parameter,
injection energy, and injection angle of the electron play
important roles in determining the electron energy gain.
The adjustable injection parameters have been discussed
and optimized to gain high-energy electrons.
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Giant enhancement of surface second-harmonic
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Giant enhancement of second-harmonic generation (SHG) with 83.4%/W coversion efficiency is obtained,
taking advantage of photorefractive surface waves with diffusion and drift nonlinearity. In this method, the
self-bending induced by diffusion nonlinearity can be utilized at the surface and can solve the phase-
mismatch problem in bulk due to beam self-bending. With drift nonlinearity, an applied external electric
filed and background illumination can further constringe surface waves to the surface and consequently en-
hance SHG, which provides the possibility and flexibility of control. © 2010 Optical Society of America

OCIS codes: 240.4350, 190.2620, 190.5330.

In particular, one of the fundamental issues in
second-harmonic generation (SHG) is the realization
of phase matching (PM) between the fundamental
and second-harmonic (SH) waves, which traditionally
are achieved using birefringence [1]. However, the in-
volved light waves are required to have different po-
larizations, and thus only those off-diagonal elements
of the nonlinear coefficient whose values are rela-
tively small can be utilized. Moreover, in many crys-
tals the birefringence cannot compensate the disper-
sion. A quasi-phase-matching (QPM) scheme was
proposed by Armstrong et al. and has been applied in
various practical nonlinear optical crystals [2]. Con-
ventionally, QPM is realized by using the vector of
the periodical inversed domain grating as an addi-
tional vector to compensate the phase mismatching
[3]. However, complicated structures had to be pre-
fabricated [4].

Spatial solitons provide a promising method for
SHG, which can overcome the above mentioned dis-
advantage. In 1999 Song et al. reported the observa-
tion of 0.996%/W SHG in Fe:KNbOj taking advan-
tage of the photorefractive (PR) soliton with local
drift nonlinearity, where PM occurs among propaga-
tion constants of the fundamental light and SH light,
rather than wave vectors in a bulk [5]. However, as
we demonstrate in this Letter, nonlocal diffusion non-
linearity induced self-bending may result in the
phase mismatching and the consequent depressing of
SHG in bulk. The conversion efficiency 7 of SHG is
proportional to the intensity of the light energy and
second-order nonlinear coefficient y?, which can also
depend on the electro-optic coefficient r. On the one
hand, high r is favorable to SHG, but on the other
hand, high r.g is also favorable to decreasing the size
of the soliton and consequently increasing the inten-
sity of the light energy, as a result of increasing the
conversion efficiency 7 of SHG. However, at the same
time, the larger the r., the more drastic the self-
bending is and the more difficult the PM is to be sat-
isfied, and even no SHG can be observed.

0146-9592/10/101605-3/$15.00

Fortunately, the surface provides a natural line-
path and shows excellent efficacy to take advantage
of diffusion nonlinearity-induced self-bending to
solve the above problem very well, where a laser
beam can be confined and propagate straight along a
line. In this case, so-called surface waves (SWs) may
be excited [6,7]. Taking advantage of photorefractive
surface waves (PR SWs), all nonlinear optical phe-
nomena may be expected to be strongly enhanced
near the surface. In 1999, Smolyaninov et al. re-
ported a 1% strong enhanced SHG in BaTiO; with
diffusion nonlinearity [8]. In 2006, we also realized
1%/W SHG in Sr,¢Bay 4NbO35 with diffusion nonlin-
earity [9].

It is well-known that self-focusing local drift non-
linearity can concentrate the intensity of light en-
ergy, so stronger enhancement of SHG may be ex-
pected. In this Letter, taking advantage of the PR
SWs with photorefractive diffusion and drift nonlin-
earity, a 7=83.4%/W 532 nm SHG is successfully
achieved using a 73.6 mW, 1064 nm cw laser. On the
one hand, with drift nonlinearity, applied external
electric field E, and background illumination I, can
concentrate the light energy of PR SWs; on the other
hand, high intensity of light energy can enhance the
diffusion nonlinearity induced self-bending and fur-
ther constringe PR SWs to the surface.

First, a Gaussian laser beam (A=1064 nm and P
=73.6 mw) was focused into the bulk of strontium
barium niobate crystal, with its minimum waist
about 30 um at the input face. Both ¢ surfaces of the
crystal are polished to ensure an ideal interface and
provide the circumstances for the straight propaga-
tion of solitons. Two copper sheets glued on the ¢ sur-
faces by conductive adhesives are used as electrodes.
Figure 1 shows the setup for the generation and ob-
servation of SH waves. Figure 2(a;) shows the image
of the expanding of transmitted laser beam at output
face without SHG detected, as shown in Fig. 2(as).
When an external electric field Ey=413 V/mm
(1900 V, 4.6 mm) and an uniform incoherent back-

© 2010 Optical Society of America
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Fig. 1. (Color online) Setup for the generation and obser-
vation of SH waves.

ground illumination of I,=43.5 mW/cm? (15.6 mW,
0.46 X 0.78 cm?) were applied, the light spot at the
output face is constrained to a size similar to that at
the input face, and it deflects towards the direction of
—c. A soliton formed and reached its steady state at
95 s; however, there was also no SHG detected, as
shown in Figs. 2(b;) and 2(b,), just due to the phase
mismatching caused by self-bending of the soliton.
The dashed lines in Figs. 2(a) and 2(b) show the cen-
ter of the light beam.

Then we shift the crystal parallel to the ¢ axis to
make the incident center close to the —c surface of the
crystal. The distance between the incident beam cen-
ter and the edge of the —¢ surface is about 40 um,
and the incident angle is 0°. Without an applied ex-
ternal electric field, interference between the inci-
dent beam and the reflected beam occurred, and PR
SWs with diffusion nonlinearity formed, as shown in
Fig. 2(c;). At the same time, bight green SH waves
emitted from the —c edge at the output face, as shown
in Fig. 2(cy). The dashed lines in Figs. 2(c) and 2(d)
show the crystal edge in the output surface. When an
external electric field Ej=413 V/mm and an uniform
incoherent  background illumination of I,
=43.5 mW/cm? are applied, the interference stripes
at the output face converge toward the —c surface and
reach steady state at 95 s. Simultaneously, the inten-
sities of interference stripes and SH waves are
greatly increased, as shown in Figs. 2(d;) and 2(d,),
respectively. In the experiment a 532 nm bandpass
filter and a heat absorbing glass (with the transmis-
sivity less than 0.1% for wavelengths over 1000 nm)
are used in front of the CCD or powermeter to image
the distribution or measure the power of the SHG, re-
spectively. The power of SH wave in Figs. 2(cy) and
2(dy) are 1.12 and 4.52 mW, respectively, and the
conversion efficiencies are 20.7%/W and 57.1%/W, re-
spectively.

Fig. 2. Images of solitons, SWs, and the corresponding SH
waves at the output face: (a;) diffraction of incident beam,;
(by) PR soliton with Ey=413 V/mm and I,=43.5 mW/cm?;
(c;) PR SW with diffusion nonlinearity; (d;) PR SW with
diffusion and drift nonlinearities, Ey=413 V/mm and I,
=43.5 mW/cm?; (ay)—(dy) corresponding SH waves of
(a1)—(d;) at the output face.

OPTICS LETTERS / Vol. 35, No. 10 / May 15, 2010

To understand the principle and rule of the SHG in
this configuration, an e-polarized fundamental laser
beam propagating along the interface of a PRC and
metal is considered, taking into account the diffusion
and drift components of PR nonlinearity; the complex
amplitude E(x,z) of the light field satisfies the non-
linear scalar wave equation

V2E(x,z) + k2E(x,2) = 0, (1)

where k=ko[n+An], kg=2m/N\y, N is the wavelength
in vacuum, n is the refractive index of e-polarized
beam in PRC, An is the nonlinear refractive index
change in PRC, [n+An?=n?-n*rgE,., ro is the ef-
fective electro-optical coefficient, and E. is the space-
charge field, which can be can be written as:

kT EI,’

E (x,z2)=—V In[l(x,2) +1,'| + ———,
(%,2) e U2) +1,'] I(x,z) + 1

(2)

where kg is Boltzman constant, 7' is the temperature,
e is the charge of electron, E is the applied external
electric field, I(x,z) is the light intensity of the sur-
face waves, and I," =1, +1;, where I, and I, are the in-
tensity of background illumination and equivalent
dark irradiance, respectively. The first and the sec-
ond terms on the right-hand side of Eq. (2) describe
the effect of diffusion and drift nonlinearities, respec-
tively. Rewrite E(x,z) as A(x,z)exp(ikgnz), where
A(x,z) is the complex amplitude normalized by I b"l/ 2
and I(x,z)=A%(x,z). Substituting Eq. (2) into Eq. (1)
produces

PA  PA A% GA
Wt

EA . JA
—— =—12kogn—, (3
A2+1 ox aA2+1 ' On&z ®)

where y=2k?n*rowksT/q and a=k,’n*r. The inten-
sity distributions of the fundamental beam can be
calculated by the beam propagation method (BPM)
and are shown in Fig. 3. Figure 3(a) shows the profile
of incident beam at the input face, and the FWHM of
light beam is about 30 um and incident at x=40 um;
Figs. 3(b)-3(i) shows the profiles at the output face at
z=7.8 mm. Figure 3(b) shows the linear case; Fig.
3(c) shows the case with diffusion nonlinearity only;
and Figs. 3(d)-3(f) show the cases with diffusion and
drift nonlinearity when E,=50, 150, and 435 V/mm,
respectively, without background illumination. The
beam gradually is drawn toward the boundary, and
the intensity increases with the increasing of E,. Fig-
ures 3(g)-3(i) show the cases with diffusion and drift
nonlinearity when I, =10, 100, 160 mW/cm?, respec-
tively, with Ey=435 V/mm. The beam also continu-
ally is drawn toward the boundary, and the intensity
increases with the increasing background illumina-
tion.

The conversion efficiency 7 from the fundamental
beam to the SH wave can be expressed as

Py, (X?)%PL?sin?(ARL/2)

n=—_ o 9
P, A (ARL/2)

(4)

where P, and Py, are the power of the fundamental
wave and the SH wave, respectively; L is the length
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Fig. 3.

(Color online) Intensity distribution profiles of the surface wave. (a) Input face; (b)—(i) output face at z=7.8 mm: (b)

linear; (c¢) with diffusion nonlinearity; (d)—(f) with diffusion and drift nonlinearity, I,=0 mW/cm?, E;=50, 150, 435 V/mm,
respectively; (g)—(i) with diffusion and drift nonlinearity, Ey=435 V/mm, I,=10, 100, 160 mW/cm?, respectively.

the of medium; A is the cross-sectional area of the
beam; and Ak is the PM factor of the SHG. In the ex-
perimental configuration, the SHG conversion effi-
ciency is mainly determined by intensity of light en-
ergy P,/A and PM factor Ak. The above theoretical
analysis indicates that intensity of light energy P, /A
and consequently the conversion efficiency 7 could be
effectively improved by increasing the applied elec-
tric field and the background illumination.

In the experiments, first the applied electric field
E varied from 0 V/mm to 435 V/mm. The conver-
sion efficiency 7 increased along with the increasing
of E,, as shown in Fig. 4(a). Second, the uniform in-
coherent background illumination I, varied from
0 to 164 mw/cm?. The conversion efficiency also in-
creased with the increasing of I, as shown in Fig.
4(b). One can find from Fig. 4(b) that the increasing
of 7 becomes slow when high enough background il-
lumination is applied. From Eq. (2) one can know
that with the increasing of I, the effect of drift non-
linearity saturates gradually. So the increasing of 7
gradually reaches saturation. The theoretical analy-
ses of the evolution of the fundamental beam are in
good agreement with the experimental results. In the
experiment, the conversion efficiency is improved al-
most four times with applied E, and I,.

90

(a) (b)

0 40 80 120 160
l,(mW/cn?)
Fig. 4. (Color online) Conversion efficiency 7 of SHG ver-

sus (a) applied external electric field £, and (b) background
illumination I,.

0 100 200 300 400
Ey(V/mm)

Interface
SBN

:BZw !
(B20=2B.)

Fig. 5. (Color online) Scheme of PM for SHG in the surface
waveguide induced by PR SWs.

ﬁZw

The scheme of PM for SHG using PR SWs is shown
in Fig. 5. £, and k,, are the wave vectors of the fun-
damental wave and the SH wave, respectively. 8,
and By, are the propagation constants of the funda-
mental wave and the SH wave, respectively. Let us
consider fundamental light and SH waves propagat-
ing along the surface waveguide induced by PR SWs.
In such a surface waveguide, the wave vectors ks,
and %k, are in a wide angular range. So always the SH
waves with propagation constant Bs,= 8, can be reso-
nant excited, as shown in Fig. 5. That is to say, the
momentum conservation is satisfied by propagation
constant. At the same time, such a waveguide is
highly multimode with many optical modes corre-
sponding to geometrical optics rays propagating in a
zigzag manner parallel to the surface. Thus there is
multimode SHG with various fB,, that couple to-
gether and compose a pattern similar to that of the
fundamental beam, as shown in Figs. 2(c) and 2(d).

To summarize, giant enhancement of SHG conver-
sion efficiency can be obtained by taking advantage of
the surface. This study also indicates a way to en-
hance the nonlinear phenomena, and a series of sur-
face related applications may be expected.
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Abstract: Femtosecond optical pulses were used to generate THz-
frequency phonon polariton waves in a 50 micrometer lithium niobate slab,
which acts as a subwavelength, anisotropic planar waveguide. The spatial
and temporal electric field profiles of the THz waves were recorded for
different propagation directions using a polarization gating imaging system,
and experimental dispersion curves were determined via a two-dimensional
Fourier transform. Dispersion relations for an anisotropic slab waveguide
were derived via analytical analysis and found to be in excellent agreement
with all observed experimental modes. From the dispersion relations, we
analyze the propagation-direction-dependent behavior, effective refractive
index values, and generation efficiencies for THz-frequency modes in the
subwavelength, anisotropic slab waveguide.
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1. Introduction

Terahertz-frequency phonon polariton generation, control and detection have received
extensive attention in recent years due to their outstanding capabilities in terahertz (THz)
spectroscopy, imaging and advanced signal processing [1-5]. Phonon polariton waves result
from the coupling of lattice vibrational waves and electromagnetic waves, and can be
generated in ferroelectric crystals such as LiNbO; (LN) via impulsive stimulated Raman
scattering (ISRS) using femtosecond optical pulses [6,7]. The electromagnetic component of
the phonon polariton wave can be coupled into free space and is a source for intense THz
pulses [8-12]. THz waves generated in the sample do not propagate collinearly with the pump
beam due to the large index-mismatch between optical and THz frequencies. Instead they
generate a Cherenkov radiation pattern and propagate primarily in the lateral direction [13,
14]. This lateral propagation facilitates coherent control of the THz wave, which can easily be
made to interact with subsequent optical pulses, other THz waves, or patterned structures all
in the same small crystal of LN. As a result, a LN slab can serve as a platform for THz
processing because generation, propagation, detection, and control can be fully integrated in
one sample [5, 15]. Furthermore, when the sample thickness becomes comparable to or less
than the THz wavelength, the strong evanescent field of the THz wave can interact with
material deposited on the crystal surface. This opens the door for spectroscopic analysis and
interfacing the LN slab with other optical or photoelectric devices.

Because the THz wave propagates almost perpendicular to the optical pump beam, it is
possible to obtain time-resolved images of the electric field in the LN slab. As the THz wave
propagates through the crystal, its electric field changes the refractive index through the
electro-optic effect. The time-delayed probe pulses, which can be expanded to illuminate the
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whole crystal, experience a spatially dependant phase shift proportional to the refractive index
change. Four methods have been introduced to convert this phase pattern to an amplitude
image: Talbot imaging [2], Sagnac interferometry [16], polarization gating [16,18], and phase
contrast imaging [17]. In a recent comparison [18], an improved geometry for polarization
gating was found to offer the best sensitivity and most reliable field quantification, while
phase contrast imaging was best in situations requiring high spatial resolution. In this paper,
we used the polarization gating system similar to that shown in [18] to record a sequence of
images. The full spatio-temporal evolution was extracted from the image sequence and
double Fourier transformed to obtain the wave vector vs. frequency dispersion curves [e.g
17.]. The data collection and analysis were performed as a function of wave propagation
direction to study the complex mode structure present in an anisotropic slab waveguide,
which was found to be in excellent agreement with theory. From the dispersion relations we
extract the mode and propagation-angle dependent effective refractive index (ERI) and
discuss pumping efficiencies for THz phonon polariton waves in a LN waveguide.

2. Experimental section

The experiments were performed with a Ti:sapphire regenerative amplifier whose pulse
duration was 120 fs, central wavelength was 800 nm, and repetition rate was 1 KHz. The laser
pulses were divided into a pump beam (370 pJ per pulse) and probe beam (35 pJ per pulse).
The vertically polarized pump beam was routed through a mechanical delay stage and then
focused to a line on the sample by a 200 mm focal length cylindrical lens (about 1 TW/cm?).
The probe was frequency-doubled to 400 nm in a BBO crystal and expanded to be larger than
the sample. The probe beam is nearly collinear with the pump by using a dichroic mirror, so
the second harmonic wave of the pump on the sample, whose wavelength is the same as
probe, can be blocked with a razor blade on the focal plane of the imaging lens. Figure 1(a)
shows a sketch of the experimental setup and the coordinate system. A quarter-wave plate
(QW1) and a retroreflective mirror were used in a 4-f system. The mirror and lenses imaged
the sample precisely back onto itself without magnification or inversion. The axis of QW1,
which was the same as the first Glan-Taylor polarizer (GTP1), was at + 45° so it exchanged
the ordinary and the extraordinary polarization components of the probe. In this way the
spatially varying phase shift between the vertical and horizontal polarization components
accumulated from the probe’s first pass through the sample was compensated after the second
pass. The phase shift after the first pass resulted from the intrinsic birefringence of the LN
slab, and self-compensation was necessary to correct for spatial inhomogeneities in the phase
shift due to thickness variation, strain, or other imperfections in the slab. The phase shift
electro-optically induced by the THz wave, however, was not compensated because the THz
wave was launched only after the probe pulse had passed through the sample the first time.
The THz-induced phase information was converted to amplitude information prior to
detection with the camera by QW?2 (oriented vertically) and GTP2 (oriented at —45°). In this
geometry a positive field results in a positive amplitude change and vice versa [18].

#136308 - $15.00 USD  Received 8 Oct 2010; revised 18 Nov 2010; accepted 19 Nov 2010; published 1 Dec 2010
(C)2010 OSA 6 December 2010/ Vol. 18, No. 25/ OPTICS EXPRESS 26353



(a) f f f f
DM

pump

blue QW1 RM
filter

BS

GTP1

(b) T<‘
x T
w— 800NM ¢

probe

Fig. 1. (a) Overview diagram of the experimental setup. GTP1 and GTP2 are Glan-Taylor
prisms, whose polarizations are at + 45° and —45° to z-axis respectively. BS: 400 nm beam
splitter; CL: cylindrical lens; DM: dichroic mirror; RM: retroreflective mirror. QW1 and QW2
are zero order 400 nm quarter-wave plates with optic axes at + 45 ° and parallel to z-axis
respectively. The 800 nm pump (red) and 400 nm probe (blue) are nearly collinear when they
arrive at the sample, a 50 pm thick LiNbO; slab. (b) The pump geometry and coordinate
system. The 800 nm pump beam (red) propagates through the crystal, orthogonal to the crystal
surface, while the THz (green) is guided down the slab. (c) The cylindrical lens can be rotated
by 6 relative to the z-axis (the c crystallographic axis of the LN sample) in order to launch the
THz wave in a 90°-0 direction.

The pump geometry is shown in Fig. 1(b). Red lines represent the 800 nm pump beam and
green the broadband THz waves generated when the pump is focused into the 50 pm thick
LiNbO; crystal slab. Because the center wavelength of the THz phonon polariton wave is
about 100 um, the slab acts as a sub-wavelength waveguide. As Fig. 1(c) shows, the THz
wave propagation direction was changed by rotating the cylindrical lens. Because of the
strong anisotropy of LN at THz frequencies, the nature and behavior of the waveguide modes
change drastically as the propagation direction rotates relative to the optic axis.

3. Results

By changing the delay between the pump and probe pulses, a series of images can be
obtained. The image sequence can be compiled to form a movie showing THz propagation
[2-5, 17, 18]. Because the line focus launches plane-wave THz transients that propagate
laterally away from the focal region (i.e. the origin), in each image recorded at a different
probe time delay the signal was uniform along the direction of the line focus. Therefore at
each propagation distance from the origin, we averaged the signal over this direction,
collapsing each 2D matrix of values and the corresponding image to 1D. We then displayed
each 1D image corresponding to a selected time delay as a horizontal line, and we displayed
the 1D images one above the other in time order, showing the full temporal and spatial
information in a single graphic (Fig. 2(a)). From Fig. 2(a) we can see dispersion, reflection,
and different waveguide modes clearly and the THz electric field E(t) also can be acquired
using the same method as [18]. A 2-dimensional Fourier transformation of Fig. 2(a) yields the
THz dispersion curves (Fig. 2(b)). Along the vertical axis, time is transformed to frequency,
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and along the horizontal axis, space is transformed to the wave vector, k,, which is often
called the waveguide propagation constant, £. In Fig. 2, 8 = 0, so the crystal’s c-axis is
parallel to the 800 nm pump polarization. In this geometry, which has been most used in
previous work [2-5,15-18], only z-polarized THz is generated, and true transverse electric
(TE) modes are launched in the slab. Overlaid on the experimental data are the dispersion
curves for air (white line), bulk LN (magenta line), and the calculated TE mode dispersion
curves (see e. g [19].) up to a frequency of 2 THz for an isotropic slab waveguide with n = n,
(dotted blue lines). The curves show four TE waveguide modes, which propagate at different
group velocities, v, =de/dk, and phase velocities, v, = w/k . Cutoff frequencies can be

seen for the all but the first mode as expected. Although the isotropic waveguide analysis is

predictive in this simple geometry, a more complete analysis is required when 6 = 0, as will
be shown below.

frequency (THz)

0 1 2 3 4 5 6 7 0 50 100 150
x-position (mm) wave vector (rad/mm)

Fig. 2. (a) Space-time plot of a propagating THz wave. We can see waveguide dispersion (the
frequencies separate as time progresses), reflection from the crystal edge, and the first two
waveguide modes (the second mode has a higher frequency and a steeper slope because of its
lower group velocity) in this picture. The horizontal axis is the x-axis of the coordinate system
in Fig. 1 and vertical axis is the delay time between the probe and pump. (b) Dispersion curves
of the THz wave in the LN slab waveguide computed by taking 2D Fourier transformation of
(a). The horizontal axis is the wave vector, k (also called the propagation constant, 3), and the
vertical axis is frequency of THz wave in the sample. Theoretical dispersion curves in air
(white), bulk LN (magenta) and in a 50 pm slab waveguide (dotted blue) are overlaid on the
experimental data where the first three modes are visible.

In an anisotropic waveguide, constraints relating to propagation in bulk anisotropic
material and constraints relating to propagation in a waveguide both come into play. In bulk
anisotropic material waves are divided into two normal modes, ordinary waves and
extraordinary waves, which propagate through the material at different velocities [20]. In an
isotropic waveguide there are also two uncoupled eigenmodes, the transverse electric (TE)
and transverse magnetic (TM) modes, which propagate through the waveguide at different
velocities [19]. When 6 = 0 or 90°, these modes map directly onto one another. For ¢ = 0° the
TE mode is an extraordinary wave and the TM mode is an ordinary wave while for § = 90°
the opposite pairing holds. When 6 = 0, however, the high-symmetry configuration is broken
and all the modes couple together. The new eigenmodes of the system are neither purely TE
nor TM and also not purely ordinary or extraordinary. The coupling effects the mode profiles,
dispersion curves, and effective refractive indices in a fundamental and significant way, as
will be demonstrated experimentally (presented immediately below) and theoretically (the full
analysis can be found in the appendix) in the remainder of this paper.

With the experimental system mentioned above, we measured the dispersion curves for
different propagation directions by rotating the cylindrical lens and CCD camera together,
which kept the THz wavefront aligned vertically in the images. In this manner the THz wave
propagation direction was varied from 0 to 90 degrees relative to the c-axis as shown in Fig.
1(c). The polarization of the 800 nm pump light was not rotated and thus was parallel to the c-
axis in all measurements. Because of the strong ra; electro-optic coefficient in LN, this
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ensured efficient pumping of THz waves with a large component polarized along the optic
axis [21-23]. Using the same data collection and analysis procedure as was used to generate
Fig. 2(b), the dispersion curves were measured for different angles 6, some examples of
which are shown in Fig. 3. Overlaid on the experimental data are the theoretical solutions for
a bound mode propagating in an anisotropic, dielectric slab waveguide with a thickness of 50
um, an extraordinary index of 5.11, and an ordinary index of 6.8. The full derivation is
presented in appendix A. For all modes and all angles, the data agree very well with
theoretical predictions.

frequency (THz)

frequency (THz)

0 50 100 150 O 50 100 150
wave vector (rad/mm) wave vector (rad/mm)

Fig. 3. (a) Dispersion curves for 6 = 20°. Blue dotted lines are calculated TE-like mode
dispersion curves and green dashed lines are TM-like modes. Experimentally we see three TE-
like modes and no TM-like modes. The white box in the lower right shows a blow-up of the
region around an avoided crossing between the two lowest symmetrical modes. (b) Dispersion
curves for § = 50°. In this case, TE-like modes still predominate and TM-like modes are too
weak to be observed. (c) Dispersion curves for § = 70°. We can see both TE- and TM-like
modes, and all of the first 7 modes are observed experimentally. (d) Dispersion curves for 6 =
90°, in which only the TM modes are excited. All the experimental data agree well with the
calculated curves.

In Fig. 3(a) where 6 = 20°, one set of modes is very TE-like, and one is strongly TM-like.
Because the TE-like modes have their primary polarization component along the c-axis, they
were pumped much more strongly than the TM-like modes, which were too weak to be
observed clearly. Blue dotted lines are calculated TE-like modes and green dashed lines are
TM-like modes. An interesting effect resulting from propagation in the anisotropic waveguide
when 6 = 0 or 90° is visible in the region containing the white lines, a magnified view of
which is shown in the lower right corner. Although the TM-like modes are not visible, we still
see an avoided crossing when two modes with the same symmetry (symmetric or
antisymmetric) cross. The avoided crossing, visible in experiment and predicted by theory,
results from coupling between TE- and TM-like modes in the anisotropic waveguide. Here
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the two lowest symmetric modes, the lowest TE-like mode and the second TM-like mode,
avoid each other.

Figure 3(b) shows dispersion curves for the case of § = 50°. The three TE-like modes
predominate, although their strength is reduced, and TM modes still cannot be observed. No
avoided crossings occur between modes of the same symmetry within the bandwidth of the
experiment. As @ increases, the velocity of the extraordinary wave approaches that of the
ordinary wave [30], which means that the slopes of TE-like and TM-like modes tend to be
more similar at higher frequencies. Figure 3(c) shows the results for § = 70°, where both TM-
like and TE-like modes can be seen clearly. The strength of the TE-like modes continues to
decrease with increased ¢ and TM-like modes are finally pumped strongly enough to detect.
Although some of the modes are weak, the first seven modes can be observed in the
experiment, all of which agree with theoretical predictions. Continuing the trend, at high
frequencies the slopes of the TM-like and TE-like modes become even more similar. Finally,
Fig. 3(d) shows results for & = 90°, where only TM modes can be observed.

Using the derivation in appendix A, we can calculate the E-field profile of THz waves as
shown in Fig. 4. Figures 4(a) and (b) show field profiles for TE and TM modes respectively at
6 = 0°. The coordinate system in Fig. 4 is the same as in the appendix (see Fig. 8), where the
axes are defined by the propagation direction of the wave and not by the lab frame as in Fig.
1. Blue, green and red lines represent electric field along x-axis, y-axis and z-axis
respectively. The electric field along the y-axis, whose polarization is perpendicular to the
surface of the slab, changes drastically at the slab surface ( = 25 um). As mentioned above,
pure TE and TM modes only exist at 0 and 90 degrees. At any other angle the eigenmodes are
superpositions of TE and TM modes and contain all three polarization components, as shown
in Fig. 4 (c) and (d) where 6 = 50°.

£ (c)
-
5 05
i I Y| = e Pt T [ e (05, (), S
2L
o -05} 0 =50° 0 =50°
TE-like TM-like
-1
-100 -50 0 50 100 -100 -50 O 50 100
y-position (um) y-position (um)

Fig. 4. Electric field profiles for the lowest symmetric and antisymmetric modes at 0.5 THz.
Ex Ey and E, are represented by blue, green and red lines respectively. The discontinuities in E,
located at & 25 pm occur because of the slab surfaces. (a)-(b) TE and TM profiles when 6 is 0°.
(c) and (d) The electric field profile when 6 is 50°.

One can extract the group and phase effective refractive index (ERI) from dispersion
curves like those shown in Fig. 3. The phase ERI can be retrieved directly from the dispersion

curve, n, =c/v, =ck/(2zf), and the group ERI can be retrieved from the slope of the
dispersion curve, n, =c/v, =cAk/(2zAf) . Here v, and vy are the phase and group
velocities, and the wave vector, k, and frequency, f, correspond to the axes in Fig. 3. From the
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derivation in the appendix, we can calculate both phase and group ERI for all propagation
directions of TE-like and TM-like modes in the LN slab waveguide. Based on the agreement
between experimental data and theoretical predictions shown in Fig. 3, Fig. 5 gives the
theoretically calculated phase and group ERI for different angles, modes and frequencies. The
ERI values are important for phase-matching in THz generation and for many nonlinear as
well as linear optical processes.
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Fig. 5. (a) The frequency- and mode- dependent phase ERI for TE-like (dotted blue) and TM-
like (dashed green) modes when 6 = 0°. (b) The phase ERI when 6 = 70°. (c) and (d) are the
same as (a) and (b), but for the group ERI.

In Fig. 5 dotted blue lines are the calculated ERI for TE-like modes and dashed green
lines are the ERI for TM-like modes. From Fig. 5(a) and (b), we can see that the phase ERI
for both TE-like and TM-like modes transitions from 1 (the index of air) to the bulk effective
index. For the TM-like waves the bulk index is always the ordinary index of refraction, n, ~
6.8, while for the TE-like waves the bulk index is that for the extraordinary wave in the
anisotropic material, and changes from ~5.1 at 0° to ~6.8 at 90°. At all angles, the low-
frequency TM-like modes have most of their energy in the evanescent field in the air and
have ERI values near unity. The ERI then transitions rapidly to bulk-like values at higher
frequencies. Much like the phase ERI, the group ERI transitions from 1 to the bulk effective
index (see Fig. 5 (c) and (d)). In contrast to the phase ERI, however, the group ERI rises well
above the bulk values before approaching them asymptotically at high frequencies. In contrast
to the phase index, where higher modes always have lower ERIs, the group ERI is usually
higher for higher modes. Another difference is that the peak group index changes drastically
with 6 for both TE-like and TM-like modes, while the peak phase ERI for the TM-like modes
is just the bulk value and insensitive to angle.

A useful way to display the ERI is with an index ellipse, which highlights the angle-
dependant behavior. Figure 6 follows the phase ERI for the first three TE-like modes at wave
vector magnitude £ = 50 rad/mm as a function of angle, tracing out the phase ERI ellipse. We
measured data in the first quadrant, and because of the symmetry these results can also be
used for 90° to 360°. Values over 70° were not recorded because the TE-like modes were too
weak to be observed. Figure 6 shows the measured values for the first three TE-like modes as
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open symbols and the calculated values predicted by the derivation in the appendix as solid
lines. The experimental data can be fit to an ellipse, where the long and short axes are 5.44
and 4.18 for the first mode, 3.36 and 2.59 for the second mode and 2.01 and 1.74 for the third
mode. The value of the long axis represents the ERI for an ordinary wave (the TE mode is
purely ordinary at 90°) and the short axis represents the ERI for an extraordinary wave (the
TE mode is purely extraordinary at 0°).

—a—TE-0
—o—TE-1

—v— TE-2

270

phase-ERI
o

180

Fig. 6. Effective refractive index (phase ERI) ellipse for three TE modes at a wave vector f =
50 rad/mm in a 50 um LN slab waveguide. The open symbols are experimental data and the
solid lines are calculated results. The scale along the x-axis is the same as that along y.

Because the 800 nm light was always polarized along the c-axis, we only pumped through
the ra; electro-optic coefficient, which generated THz polarized along the optic axis [5]. The
THz generated by the pump can be represented by a linear combination of waveguide modes,
and the magnitude of the contribution from a given mode is related to the projection of its
polarization along the c-axis. Thus, for a given mode and frequency, one can make a rough
estimate of the relative pumping efficiency 7(8) by looking at the fraction of the mode

energy corresponding to a field inside the crystal oriented along the optic axis:

_[j/[Ef(Y)sin29+ EZ(y)cos® 6 |dy o
[ [E2()+EZ(y)+E2(y) Jay

Through the integration limits, the expression also takes into account the degree to which the
mode is localized within the slab, which improves the efficiency since generation only occurs
in the crystal, or is extended into the (air) cladding where no generation occurs.

Figure 7 shows # as a function of 8. When 6 = 0°, the TE mode is polarized purely along
the optic axis and is pumped most efficiently. As 8 increases, the component of the TE wave
along the optic axis slowly decreases. In contrast, the component of the TM wave along the
optic axis increases, especially after 60°, and at 90°only the TM mode is pumped. At 70°,
both modes are pumped with similar efficiencies. The qualitative trends in # explain the mode
amplitudes observed in Fig. 3. For 4 less than about 60°, TM-like modes are too weak to be
observed, while for & more than about 85°, the TE-like modes are not visible. As predicted,
both kinds of modes are visible at 70° as shown in Fig. 3(c). Using different pump
polarizations and reflective elements integrated into the waveguides, it will be possible to
generate modes not observed in this study.

n(0) =
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Fig. 7. The fraction of total mode energy corresponding to a field inside the crystal polarized
along the optic axis, 7, which gives a rough prediction for pumping efficiency. The dotted blue
line corresponds to the first symmetric, TE-like mode at 1 THz and the dashed green dashed
line corresponds to the first antisymmetric, TM-like mode at the same frequency. As the angle
increases, the TE-like mode becomes weaker while the TM-like mode grows in.

4, Conclusions

We have measured the propagation properties of THz waves in a 50 um LiNbO3 anisotropic
slab waveguide using a self-compensating polarization gating imaging system. This system
can detect the THz electric fields both temporally and spatially over a wide wavelength range.
Using the system, we studied the propagation-direction-dependent behavior of waveguide
modes and determined the dispersion curves and effective refractive index for THz waves. A
general solution for waveguide modes in a uniaxial slab waveguide was derived and found to
agree with the experimental data.

Dispersion is integral to many processes in THz science and generally in linear and
nonlinear optics, including broadening of ultrashort pulses, walk-off between pump and probe
pulses, phase-matching of parametric processes, and generation of optical solitons. Because
dispersion in a waveguide is determined by both the intrinsic material dispersion and
geometric dispersion, it is essential to understand waveguiding effects. The results presented
here will facilitate the design of functional devices with new capabilities in the LiNbO;
platform for integrated THz experiments and processing.

Appendix A: The general solution to a uniaxial slab waveguide with isotropic cladding

Anisotropic slab waveguides were extensively studied in the 1970’s [24-30]. In many cases,
attention was focused on anisotropic films deposited on a substrate that was itself anisotropic
because mode converters, polarization mode filters, and other devices of that time had such a
geometry [26]. The case in this paper is somewhat simpler because the geometry is symmetric
(see Fig. 8). An additional simplification is that the anisotropic core (the slab) is embedded
within an isotropic cladding (air in our experiment). In the derivation of the waveguide
dispersion curves and mode profiles presented below, we assume the experimentally relevant
conditions that the crystal is uniaxial (like LiNbQO3) and its optic axis is parallel to the slab
surface. The slab is assumed to extend infinitely along x and z and both core and cladding
have no magnetic response. The wave is assumed to propagate along the x-direction and
extend infinitely along the z-direction. In the experiment the cylindrical lens generating the
wave was rotated instead of the sample, so the derivation here is performed in the coordinate
frame of the lens. Finally, to simplify the analysis we assume that the waves are harmonic in

space and along the propagation direction: E(X,Y,z,t) = E(y)exp[i(8x —at)], where =Kk,
is the propagation constant.
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Fig. 8. The geometry for the waveguide mode derivation. (a) An anisotropic slab of width 2(
centered at y = 0 embedded in an isotropic cladding which extends to infinity. The bound wave
propagates along x and extends infinitely along z. ¢ and x are the permittivity and permeability
in the different regions. (b) The coordinate system for the derivation is defined by the slab
surface normal and the propagation direction, which differs from Fig. 1 where the coordinates
are defined in the lab frame. 0 is the angle between the z-axis and the optic axis of the crystal.

The derivation presented below will loosely follow the analysis of Marcuse and Kaminow
[30] where the more complicated symmetric geometry of an anisotropic slab with anisotropic
cladding is studied. For the sake of brevity our analysis will skip some intermediate steps,
many of which can be found in [30]. The first step in the derivation is to determine the
characteristics of waves in bulk material, i.e. the dispersion curves and polarizations, in both
core and cladding. Linear combinations of these bulk waves, constrained by system
symmetry, are used to build the waveguide modes and lay out the general functional form of
the solution. The boundary conditions at the waveguide surface generate a homogeneous
system of equations which can be used to solve for the coefficients in the linear combination.
Solutions exist for this system of equations, i.e. the determinant of the corresponding matrix
is zero, only for certain pairs of frequency and propagation constant. These allowed solutions
correspond to the waveguide dispersion curves.

To simplify notation we define several important variables. The propagation constant,

B =k, , was defined above, and the wave vector orthogonal to the slab surface is defined both
outside the crystal, i = k;’“t , and for the ordinary and extraordinary waves inside the crystal,

K.k, =Ky Kkt . o is defined as imaginary because bound modes will have evanescent,

decaying fields in the cladding. There are three relevant bulk dispersion curves which define
the relationships between wave vector, frequency, and index, one for the cladding and one
each for the ordinary and extraordinary waves in the uniaxial core. They are:

cladding: o’ = g* —k*n? (2a)
ordinary: &’ =k*n? — (2b)

. n? .
extraordinary: 2 =k’n? — g* (cos2 6’+n—925,|n2 Hj (2¢)

where k =w/c is the wave vector in free space and n_,n,,andn, are the cladding index,
ordinary index in the slab, and extraordinary index in the slab respectively. These relations
are used to eliminate «,x,,andx, from the equations which follow, so everything is
expressed in terms of g and k.

For a specific pair of § and k, there are four possible plane waves in each region, two signs

for k, and two polarizations. In the anisotropic medium, the polarizations correspond to the
ordinary (later represented by 0) and extraordinary (later represented by &) waves. In the
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cladding, any pair of orthogonal polarizations can be chosen, so for convenience we choose
the TE polarization (represented below by v for vertical polarization) and the TM

polarization (represented later by h for horizontal polarization). We can write out the most
general form of the waveguide mode solution as:

cladding: E(y) = AV exp[ay]l+ Ah~ explay]l+ Av' exp[-ay]+ Ah* exp[-ay] (3a)
core: E(y) = Be" explix,y]+B,0" exp[ix,y]+ B,6” exp[-ix,y]+B,0” exp[-ix,y] (3b)
cladding,: E(y)=CyV™ exp[ay]+C,h~ exp[ay]+C,v* exp[-ay]+C,h* exp[-ay] (3c)

where A;, B;, and C; are scalar constants and the +/— superscripts correspond to the sign of k, .

The polarizations in the expression above can be determined from the appropriate vector
constraints. In the cladding:

0 +ih ] [ia
Vi=v=|0|, k*xVoech®=|-h |x|-p (4)
1 0 0

where h, and h, are the magnitudes of the components of the normalized polarization

vector. In contrast to the isotropic cladding, where any orthogonal polarizations could be
chosen, in the slab the polarizations are uniquely determined as the ordinary and
extraordinary wave polarizations in bulk material. The ordinary wave will be orthogonal to
the plane containing the crystal axis and the wave vector: 6 « k x¢ . The extraordinary wave
will be located in the plane of k and ¢ . The displacement field will be given

by Dckx(kxc) , and the electric field is given through the constitutive relation:

=-1=

E=E(—t9)6 R(G)D where R is the rotation matrix for rotation around the y-axis. This
yields:
to, +x, C0s O
0" =| -0, || —fcosd (5a)
F0, Fx,sinéd
_ 2 .
{i—i}(ﬁz +z<(f)cos2 @sin @+’ sin G{COS g8 9}
e go ge 80 Ee
* . sing
il F ORS00 (sb)
€, &
- )
{i_i}(j sin’ 6'c056'+(,82 +K‘§)COS€|:Sm g, L0586 9}
L & & &, & ]

where o,,0,,0,,¢,,e,,ande, are the magnitudes of the components of the normalized

polarization vectors.

With the dispersion curves (Eq. 2) and polarizations (Egs. 4 & 5) of waves in the bulk
material in hand, we can simplify the expressions in Eq. 3 for E(y) . For bound solutions, we
require that the electric field decays to zero as y — +oo0, so the terms in the cladding that are

exponentially growing can be discarded. We now apply the symmetry condition that there is a
reflection plane down the center of the sample, which eliminates half of the coefficients. In
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this situation, the solution must be made of symmetric and antisymmetric modes. Absorbing
some constant factors into the coefficients, we have:

Symmetric:
hA, |
cladding, y <—¢: E(y) =|-ih A, |exp[a(y +0)] (6a)
A
e, Cos(x,Y) [0, cos(x, y)
core: E(y) =B, | —ie, sin(x,y) |+B,| io, sin(x,Y) (6b)
e, cos(x,Y) | 0, cos(x,Y)
h,A,
cladding, y > ¢: E(y) =| ih A, [exp[-a(y - ()] (6c)
A
Antisymmetric:
h.A,
cladding, y <—(: E(y) =| —ih,A, |exp[a(y + )] (72)
A
e, sin(x, y) 0, sin(x, y)
core: E(y) =B, | ie, cos(x,Y) |+B,| io, cos(x, Y) (7b)
e, sin(x,y) 0, sin(x, Y)
_thZ
cladding, y > ¢: E(y) =| -ih A, |exp[-a(y - ()] (7¢)
A

Applying the symmetry conditions eliminated half the unknowns, so now we need only
apply boundary conditions at one interface to solve for the coefficients. The boundary
condition is that the tangential E and H fields must be continuous across the boundary [20].
Using Faraday’s law and the fact that 6/0z=0, o/ox=if, and O/ot=—iw for our

functional form, E(x,y,z,t)=E(y)exp[i(fx—at)] , we can express all the boundary
conditions in terms of the electric field components:

Ez,clad = Ez,core (8&)
oE oE
z,clad — z,core (8b)
oy oy
Ex,clad = Ex,core (SC)
H aEx cla - aEx,core
IﬁEy,clad - a; < = IﬁEy,core _T (8d)

The constant coefficients in functional form of the solutions (Eqgs. 6 & 7) must be chosen
so the above boundary conditions are satisfied at the interface (y = ¢). They must be solved
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independently for the symmetric and antisymmetric modes. The four expressions above yield
a set of homogeneous equations which can be recast in matrix notation.

Symmetric:
-1 0 e, cos(x,0) 0, cos(x, () A 0
-a 0 e,x, sin(x, () 0,x, sin(x, () A, 0 9
0 h, —e, cos(, () 0, cos(x, () B,| [0 ®)
0 hp-ha (epB+ex,)sin(x.l) —(0,B+0,x,)sin(x,0) || B, 0
Antisymmetric:
1 0 e, sin(x, () —0, sin(x, () A 0
a 0 —e,K, CoS(x,() 0,x, cos(x, () A 0 10
0 h, e, sin(x, () 0, sin(x, () B,| |0 (10)

0 hpB-ha (eB+ex,)cos(x,l) (0,8+0,x,)cos(x,() || B, 0

The polarizations (Egs. 4 & 5) and bulk dispersion curves (Eq. 2) can be used to remove
all dependence on «,x,,and «,, so for a given angle 6, the only variables are § and k. The
determinant will be zero, i.e. the set of equations has a solution, only for  and k pairs that are
on the waveguide dispersion curve, and finding all allowed pairs traces out these curves.
Using the allowed pairs, the bulk dispersion curves, and one additional “normalization
condition” such as B, +B, =1, all wave vectors and coefficients can be completely
determined. The theoretical dispersion curves for several angles are plotted along with the

experimental data in Fig. 3, selected electric field profiles are shown in Fig. 4, and the
effective indices of refraction for two angles are shown in Fig. 5.

Acknowledgements

The authors would like to thank Alexei Maznev for his invaluable insights regarding
anisotropic waveguide behavior and solutions. This work was supported by the National
Basic Research Program of China (2010CB933801), the 111 Project (B07013), the National
Natural Science Foundation of China (10604033), the Tianjin Natural Science Foundation
(09JCYBJC15100), U.S. National Science Foundation Grant No. ECCS-0824185, and a
National Science Foundation Graduate Research Fellowship (C.A.W.).

#136308 - $15.00 USD  Received 8 Oct 2010; revised 18 Nov 2010; accepted 19 Nov 2010; published 1 Dec 2010
(C)2010 OSA 6 December 2010 / Vol. 18, No. 25/ OPTICS EXPRESS 26364



JOURNAL OF APPLIED PHYSICS 108, 063101 (2010)

Slow and fast light in photorefractive GaAs—AlGaAs multiple quantum

wells in transverse geometry
Fang Bo, 2 Ze Liu,"? Feng Gao,’

Guoquan Zhang,

232 and Jingjun Xu®®

TEDA Applied Physics School, Nankai University, Tianjin 300457, China
The MOE Key Laboratory of Weak Light Nonlinear Photonics, Nankai University, Tianjin 300457, China
3Photonics Center, School of Physics, Nankai University, Tianjin 300071, China

(Received 9 June 2010; accepted 1 August 2010; published online 16 September 2010)

We show theoretically that, based on the dispersive phase coupling effect during the wave mixing
process, both slow and fast light can be achieved in GaAs—AlGaAs photorefractive multiple
quantum wells (PRMQWs) films applied with a transverse direct-current electric field. The general
formula for the group velocity of the diffracted beams in the Raman—Nath regime during the wave
mixing process in a nonlinear thin film is derived and is then applied to the case of the PRMQWSs
films in the transverse geometry. The simulation results in the transverse-geometry PRMQWs films
show that the group velocity and bandwidth of slow light can be on the order of centimeter per
second and 100 kHz, respectively. The extremely low group velocity and the relatively broad
bandwidth are mainly originated from the strong quadratic electro-optic effect and the fast response
rate of the PRMQW:s films, respectively. Our results show that the delay-bandwidth product of slow
light can be significantly improved in PRMQWs films as compared to the reported results in other
photorefractive materials. © 2010 American Institute of Physics.

[doi:10.1063/1.3485829]

I. INTRODUCTION

Recently precise control on the group velocity of light
pulses has attracted much attention from both fundamental
and practical view points. Many resonant effects, such as
electromagnetically induced transparency,1 coherent popula-
tion oscillation,” stimulated Bn'lloum/Raman scattermg,3 4
and nonlinear wave mixing process % have been developed
to generate strong dispersion in a relatively narrow spectral
range, thereby tuning the light group velocity to a value very
different from the light speed in vacuum. Various potential
applications based on light group velocity control, including
quantum computing,9 optical delay lines and buffer
memories,  sensitive measurements,n_13 and so on, have
also been proposed or demonstrated.

It is well known that the nonlinear two-wave mixing
(TWM) process in photorefractive and Kerr media is dra-
matically dispersive with respect to the frequency difference
between the coupling beams. Both the energy and the phase
coupling coefficients of the TWM process are dependent on
the frequency difference between the two coupling beams.
The case for a multiple wave mixing process is similar. The
light group velocity control via the dispersive phase coupling
effect during nonlinear wave mixing process was experimen-
tally demonstrated in a variety of nonlinear materials such as
barium titanate (BaTiO;),’ tin hypothiodiphosphate
(Sn,P,S6),>¢ cadmium telluride (CdTe),’ bithium silicon ox-
ide (BinSiOzO),7 and liquid crystals.8 Using this technique,
ultraslow light with a group velocity less than 1 mm/s can be
easily achieved at room temperature with a relatively simple
experimental setup similar to that used in the traditional
TWM experiments. Fast light can also be produced in some
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nonlinear materials listed above. One advantage of this tech-
nique is that a common laser at almost any wavelength can
be used in the slow/fast light experiment, as long as the
material is nonlinearly sensitive at the operating wavelength,
so it is a promising technique to manipulate the group veloc-
ity of signal pulses in a wide spectral range. On the other
hand, the spectral bandwidth of the slow- or fast-light win-
dow, within which the group velocity of the signal pulse can
be tuned to a large extent with a negligible wave profile
distortion, is quite narrow because of the relatively slow re-
sponse rate of the wave-mixing processes in these nonlinear
materials. The typical spectral bandwidth of the slow- or
fast-light window was reported to be of the order of or less
than kilohertz.”™®

The narrow bandwidth puts a serious limitation on the
cut-off modulation frequency of the signal beam in practical
applications of slow and fast light. Due to the same reason,
the delay-bandwidth product per unit propagation distance,
which indicates the capacity to delay a light pulse, is very
small as well. To overcome this obstacle, several methods
were proposed to expand the spectral bandwidth of the dis-
persive phase-coupling-induced slow or fast light. These
methods include the increase in the coupling beam
inte:nsities,7 the use of fast response materials,7 and the em-
ployment of multiple pump beams with each pump beam
responsible for a portion of the frequency components of the
signal pulses.14 It is worthy noting that one can easily extend
the spectral bandwidth of slow/fast light by use of the former
two methods, while one can improve both the spectral band-
width and the relative time delay/advance simultaneously,
and therefore, the delay-bandwidth product, by use of the
third method. This method is similar to the technique used in
the slow light induced by the stimulated Brillouin scattering,

© 2010 American Institute of Physics
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where two adjacent Lorentzian gain lines were generated to
expand the slow-light bandwidth and therefore to improve
the delay-bandwidth product.15

It is well known that the photorefractive multiple quan-
tum wells (PRMQWSs) is one of the photorefractive materials
with the fastest response rate, and its response time is of the
order of ms in general even under the illumination of weak
light beams with a total intensity on the order of milliwatt
per square centimeter.'"'® So it is a promising candidate to
expand the spectral bandwidth of slow light, and thereby to
manipulate the group velocity of light pulses with a rela-
tively high modulation frequency. More importantly, both the
quantum-confined exciton and the quadratic electro-optic ef-
fect will contribute to the energy and phase coupling, and the
photorefractive coupling effects will be extremely strong
when the PRMQW:s applied with a strong direct-current (dc)
electric field is illuminated by the photons with their energy
near to the band gap of the PRMQWSs.'*'® As a result, it is
possible to improve both the bandwidth and the delay-
bandwidth product per unit propagation distance, and shorter
signal pulses with higher modulation frequency can be de-
layed effectively. So it is attractive to explore the control of
light group velocity in PRMQWs during the wave mixing
process.

In this paper, we discuss theoretically the dispersive
properties of the energy and the phase coupling coefficients
during the wave mixing process and the corresponding group
velocity in a PRMQWs film applied with a transverse dc
electric filed in the plane of the quantum wells (the trans-
verse geometry). Compared with the reported results in other
photorefractive materials, the bandwidth of slow and fast
light in PRMQWs is broadened to ~100 kHz with group
velocities on the order of centimeter per second. In Sec. I, a
general theoretical model for the derivation of the group ve-
locity of light pulses propagating in a nonlinear thin film in
the presence of a pump beam is given. In Sec. III, the light-
induced space-charge field and refractive index grating in
PRMQWs are given, and the theoretical model described in
Sec. II is applied to a PRMQWs film in the transverse ge-
ometry. In Sec. IV, we numerically simulate the dispersive
properties of the energy and the phase coupling effects as
well as the group velocity of multiple diffraction beams in a
PRMQW:s film in transverse geometry. Furthermore, the de-
pendence of the group velocity and the bandwidth of slow/
fast light on the wave-mixing parameters for the zeroth-order
diffraction beam are discussed in detail. A brief conclusion is
given in Sec. V.

Il. GENERAL THEORETICAL MODEL IN A NONLINEAR
THIN FILM

Suppose that two plane waves, s wave for the signal and
p wave for the pump, are incident symmetrically into an
optically nonlinear thin film from the same side with a cross-
ing angle 26 and interfere with each other (see Fig. 1), when
the two waves have slightly different angular frequencies
(ie., o;# w,) and wave vectors (i.e., lgﬁﬁlgp), the electric
fields for the signal and pump beams can be written as
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FIG. 1. The schematic diagram of the two-wave coupling in a nonlinear thin
film with a thickness L.

E_)Jo'pt — A)jgi(lzjvf—wjl)’j =s,p, (1)

where ffs and 15,, are the wave amplitude for the signal and
the pump beams, respectively. Since the incident angle 6 is
usually small, we can assume that the two coupling beams
propagate paraxially (approximately along z-axis) and have
the same polarization for simplicity, and thus the electric
fields of the two waves can be treated as scalars. The total
light intensity distribution in the superposition region of two
coupling beams can be written as

[=|E}, +E},|* = Iy + Re[ I, ], ()

opt

where Iy=|A |*+|A,|* is the average intensity of the super-
posed beams, / 1=2A3A; is the amplitude of the interference
pattern, {)=w,—w, represents the angular frequency differ-
ence between two beams, K= ng—lgp is the grating vector with
a magnitude of 277/ A, where A=\/2 sin 6 is the period of
the fringe pattern and A\ is the wavelength of the incident
beams in vacuum.

If the angular frequency difference () is so small that the
nonlinear optical thin film can response linearly to the inter-
ference pattern, a modulated traveling electric field will be
formed via photorefractive effect. The total electric field in
the nonlinear thin film is along the x-axis and given by

E=Ey+Re[E, e K], (3)

where E, is the externally applied dc electric field with its
positive polarity along the positive x-axis in Fig. 1, E| is the
light-induced space-charge field. Both the amplitude and the
spatial phase shift ¢ (with respect to the light interference
pattern) of the space-charge field E, depend on the properties
of the nonlinear medium and the experimental conditions
such as the angular frequency difference (), the total light
intensity /,, the externally applied electric field E,, and the
period of the fringe pattern A.

The generation of the space-charge field in the nonlinear
optical thin film will give rise to a refractive index grating
via the electro-optic effect. The index grating, including the
fundamental component only, is

n=ny,+ An = ny, + ng+ np e D 4)

where 7, is the background refractive index of the nonlinear
medium when no light is present, n, is the refractive index
change induced by the spatially homogeneous screening
electric field, n; is the amplitude of the index grating, and ¢
is the spatial phase shift in the light-induced index grating
with respect to the original light interference fringe pattern.
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Note that both the amplitude and the phase shift ¢ of the
space-charge field E; are influenced by the angular frequency
difference (). Thus, the amplitude n; and the phase shift ¢ of
the refractive index grating arising from the space-charge
field are also sensitive to the change in the angular frequency
difference ().

To investigate the wave mixing process in the nonlinear
thin film, we substitute Eq. (4) for the refractive index into
the wave propagation equation

w2

V2E, . + ?n2E0p, =0, (5)
where c is the light speed in vacuum. If the typical effective
thickness of the optical medium L is much less than the
period of the refractive index grating, the dimensionless QO
factor (Q=2mAL/(nA)?) is much less than unity, the scatter-
ings of the incident beams will be governed by the Raman—
Nath diffraction. Otherwise, it is governed by the Bragg dif-
fraction. In this paper, we focus on the wave mixing process
in a nonlinear thin film where the Raman—Nath diffraction
dominates, therefore high order scatterings must be taken
into account. In this case, the total light field at the output
face of the sample is given by

Eopt= 2 Amei[(nb+"0)kmL_wm’], (6)

m=—0

where the term in the summation represents the mth-order
outgoing field, k,,=k,+mK, w,,=w,+m= w,+(m+1)Q, and

Ay =[Ad,(8) + AT, (8 ]e™ ™20, (7)

with J,,(8) being the mth-order Bessel function of the first
kind, 6=2nk,,L, and ¢ is the phase shift in the index grating
with respect to the interference fringe pattern as noted above.
Note that paraxial approximation is also applied to the case
for the diffracted beams here.

It is evident that the presence of a phase-shifted refrac-
tive index grating in a nonlinear thin film allows for nonre-
ciprocal energy transfer and phase coupling. We can define
v, and B, as the energy and the phase coupling coefficients
related to the mth-order diffraction beam during the wave
mixing process in a nonlinear thin film, respectively, and
therefore the amplitude A,, can be rewritten as

A,, = A e Ynl+iBul) (8)

On the other hand, the dispersive phase coupling during the
wave mixing process allows for the control on the group
velocity of light. Following the derivation process in Ref. 19,
one can get the group velocity of the mth-order diffraction
beam

B\ B\
(5] () <9>
dw,, dm+1)Q
Note that the dispersion of the refractive index of the mate-
rial is out of consideration because it is usually negligibly
small in comparison with that of the phase coupling coeffi-

cient during the wave-mixing process in any kind of optical
nonlinear materials when the angular frequency difference
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between the two coupling beams fall into or near to the slow-
or fast-light window.

lll. PHOTOREFRACTIVE GRATINGS IN PRMQWS FILM
IN TRANSVERSE GEOMETRY

The formation of photorefractive gratings and the wave
mixing properties, especially the energy coupling effect, in
PRMQW:s thin films and the related physical mechanisms
were extensively investigated.m_18 In order to get significant
photorefractive effect, a strong electric field is always ap-
plied across the sample in two different experimental geom-
etries: the transverse geometry with the external electric field
applied in the plane of the quantum wells and the longitudi-
nal geometry with an electric field perpendicular to the
PRMQWs thin films. In this work, we will focus on the
transverse geometry.

In the transverse geometry, both the external electric
field and the light-induced grating vector are set to be in the
plane of PRMQWs, and most of the photocarriers will trans-
port in the plane of PRMQWSs due to drift and diffusion. The
photocarriers transporting perpendicular to the plane of the
quantum wells through ways such as quantum tunneling or
thermal emission over the quantum barriers is negligible.
Therefore, one-dimensional transport equations governing
the generation and distribution of the photocarriers in bulk
materials is a good approximation to describe the general
photorefractive properties of the PRMQWs film. The set of
the transport equations for the photocarriers, including the
generation-recombination equations, the current equations,
the charge conservation equation, and the Gauss’s law, are as
follow

%_VT‘]-;:IQ"-ISeNOD_UenUeNB_’yghnp’ (10)
%+Vjﬁ'=la+lshl\’5—ffhpvhl\’%—mnp, (11)
Jo=epnE +kpT,u, Vn, (12)
Jn=empE —kgTw, V p, (13)
gt(mNA—p—Ng):—V'G”jh), (14)
V- (€€k)=—-e(n+Ny—p-Np), (15)

where 71, p, N, N}, and N, are the number densities of
electrons, holes, deep donors, ionized deep donors and shal-
low acceptors, respectively, I is the incident intensity, « is
the absorption coefficient for the generation of electron-hole
pairs, fe,h, Se» O Ve and i, j, are the current density, the
photoionization cross-section, the defect capture cross sec-
tion, the drift velocity, and the mobility for electrons and
holes, respectively, v,, is the direct combination rate of
electron-hole pair, kg, T, T,, €, and €, are the Boltzmann
constant, the absolute temperature of the circumstance, the
absolute temperature of electrons, the relative dielectric con-
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TABLE 1. Various rates related to electrons and holes.

J. Appl. Phys. 108, 063101 (2010)

Transition rate L=sulo+vipo Tie=s.do+ vePo

Ton recombination rate L gin=vi(Na+n9=po) [ge=v.(Ny=Np+ng—pg)
Drift rate I'g=Ku,Ey Ig=Kv,

Diffusion rate T p,=K?kpT ! e [p=K%*gT, 1,/ e

Direct recombination rate L opn="Yenno Leen=Yenpo

Dielectric relaxation rate L n=emnpo/ €€y Lgie= % % iKILB Tc(dd,;c + MZIE“ Ta)]

stant, and the permittivity of vacuum, respectively. The ther-
mal excitation of the carriers is neglected here because its
rate is much smaller than the light excitation rate.

Note that the hot electron effect'® must be considered in
the PRMQW:s film in transverse geometry, because a strong
external electric filed was always applied across the PRM-
QWs film. In this regime, the electrons gain kinetic energy
through acceleration by the strong electric field, then the
electron temperature can be significantly higher than the cir-
cumstance temperature, and it can be high enough to pro-
mote a significant fraction of electrons into the indirect val-
leys. Since the mobility of the electrons in the upper valleys
is smaller than that in the lower valley, the intervalley trans-
fer of electrons between the upper and the lower valleys will
affect the statistical mobility of electrons significantly. For
simplicity, we assume a two-valley system and the depen-
dence of the mobility of the electrons on the electric field is
primarily determined by the intervalley transfer. Under this
circumstance, the electric-field-dependent 7, v,, and u, are

given by
2
T,=T+ %E, (16)
B
v, = p.E, (17

_ [p+ mR exp(= AU/KT,)]
Mo L E exp(— AU/K,T,)

) (18)

where 7, represents the energy relaxation time with a typical
value ~1 ps, u; and p, are the mobilities of electrons in the
lower and upper valleys, respectively, R and AU are the
density-of-state ratio and the energy difference between the
upper and the lower valleys, respectively.

By solving the transport equations under the small
modulation depth approximation, we can obtain the concen-
trations of the photocarriers and the space-charge field in the
illuminated region of the PRMQWs film. In the linear re-
sponse approximation, the quantities such as E, p, and n can
be expressed as

E =Ey+ Re(E, /K-y, (19)
p=po+ Re(p &), (20)
n=ng+ Re(nlei(K"'Q’)), (21)

respectively, where E| is the external dc electric field across
the sample, ny=Iya/o,v,N,y and py=Iya/ow(Np—N,) are
the zeroth-order solutions of the transport equations under
homogeneous illumination. Here we neglect the relatively

small terms, such as the photoionization from the deep de-
fects, the thermal excitations and the direct recombination.
By defining various rates related to electrons and holes listed
in Table L'® the transport equations in the linear response
regime become

(l‘Q’ - irEe + 1—‘IRe + I‘IDe + Fle + 1—‘eeh)nl + (Fehh - Fle)pl
+ (e =TgNi =Lla+s,(Np=Ny—ng+po)],  (22)

(Coen=Tiny + (= iQ + il g, = Tpp+ T+ Ty + L) py
+ (= Ty + )Ny = LLa+ 5,(Ny+ 19— po)], (23)

(iTge = Tpny + (U gy = Tpp)py + (= iQ + Ty + Tyi) Ny = 0,
(24)

where N, =i€,.)KE,/e stands for the total number density of
the space charges. In these equations, some rates are negli-
gibly small, such as the transition rates I';,, ', the dielectric
relaxation rates I'y;,, Iy, and the direct recombination rates
L,ons Topne By keeping only the large terms and the terms
related to the angular frequency difference (), the solution
for the space-charge field is

e mlya A+iB

=— , 25
! eey iIK C+iD @5)
where
A= (Crl'pe =Tgpp) + Qg Lo/ T + T + 2 g),
(26)

B=—TgJ =il + QUi pe/Tge + Tp, = 21 py),
(27)

C=T il sin(Upe + Tgp) + Tl gio(T'py + Tgp)
+ Q[T (Tpy+Try) = Tgi(Tpe + T 1, (28)

D =Tyl g = Trilginl g + QU gl e + (Upp + Try)
X(Cpe+Tg,)]. (29)

From the obtained total electric field E, including the
contributions from the external dc electric field E, and the
space-charge field E;, we can get the index grating in the
PRMQW:s film during the wave mixing process. Note that
the physical mechanism governing the generation of index
grating due to the space-charge field in PRMQWs film is the
quadratic electro-optic effect. In this regime, the relation be-
tween the index grating and the space-charge field is given
by
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TABLE II. The material parameters for a typical PRMQWs film (Ref. 18) used in the numerical simulations.
Ny Np S S5 M
(m™) (m™) € ny, (m™) (m?*/V?) (m?/V?) (m?/Vs)
1x10%* 1x10% 16 35 1x10° 1.5x 10710 -3.1x107' 0.04
My My AU ] Sh Te T
(m?/Vs) (m?/Vs) R (eV) (m?) (m?) (m?) (m?)
0.6 0.03 96 0.3 1x1072 %1072 1x10718 1x10718
n=ny+An=n,+ %nigE{ (30) dent beams are set at 836 nm, the corresponding material

where n,, is the background refraction index of PRMQWs
when no light is present, S=S;+iS, stands for the complex
quadratic electro-optic coefficient with S| corresponding to
the electrorefraction and S, related to the index change in-
duced by electroabsorption, and

E? = (E} +0.5E7) + Re(QE(E, expli(Kx—Qr)]),  (31)

is the square of the total electric field where high-order com-
ponents are ignored. The first term on the right-hand side of
Eq. (31) is the screening field, which will result in a homo-
geneous refractive index change n,, and the second term rep-
resents the field grating that allows for the generation of the
index grating.

It is worthy noting that the amplitude of the refractive
index grating in the PRMQWSs film is proportional to the
product of the external field E, and the space-charge field E|.
Therefore, even if the space-charge field is relatively weak, a
strong index grating can be generated when a large external
dc electric field is applied across the sample. As a result,
strong energy and phase coupling can be realized in PRM-
QWs film with a large E,. In previously reported experimen-
tal results, the energy coupling coefficient with contribution
only from the electrorefraction grating can be on the order of
1000 cm‘l,17 which is much higher than that observed in
typical ferroelectric crystals. The large energy coupling co-
efficient indicates the possibility to achieve a phase coupling
coefficient with a large amplitude, therefore, a steep disper-
sion slope of the dispersion curve of the phase coupling co-
efficient. Combining the fast response rate of PRMQWs
films, it means that one can achieve extremely slow light
with relatively broad spectral bandwidth, i.e., the delay band-
width product per unit propagation distance can be signifi-
cantly improved.

Since exact and explicit expressions for the space-charge
field and the group velocity related to the mth-order diffrac-
tion beam cannot be given in a simple analytic form, we will
study numerically the dispersion properties of the diffracted
beams during the wave mixing process in PRMQWs film in
Sec. IV.

IV. NUMERICAL SIMULATIONS AND DISCUSSIONS

In this section, we will show the dispersion properties of
the energy and the phase coupling coefficients, and the cor-
responding group velocities of the mth-order diffraction
beam during the wave mixing process in a PRMQWs film in
transverse geometry. The operating wavelength of the inci-

parameters used in the numerical simulations for a typical
PRMQWs film are list in Table II, and the sample tempera-
ture is set to be 300 K.

The effective thickness of the PRMQWs sample is in
general of the order of micrometer and it is usually much less
than the grating spacing, therefore, the diffraction of the two
coupling beams is governed by the Raman—Nath diffraction
other than the Bragg diffraction. High order diffractions will
appear together with the zeroth order. In the Raman—Nath
regime, the energy of high-order diffraction beam is gener-
ally much less than that of the zeroth order beam and it
becomes weaker as the diffraction order increases, therefore,
only the —2nd, zeroth, and 1st order cases will be represen-
tatively discussed in the following. The property of the —1st
order is not discussed here because it copropagates with the
pump beam.

Figure 2 shows the energy (a) and the phase (b) coupling
coefficients and the absolute values of the corresponding
group velocities (c) for the —2nd order (dotted curves), the
zeroth order (solid curves), and the 1st order (dashed curves)
diffraction beams, respectively, during the wave mixing pro-
cess. From Figs. 2(a) and 2(b), we can see that the magni-
tudes of the energy and the phase coupling coefficients are
on the order of 10° m™! because of the strong external elec-
tric field through the quadratic electro-optic effect. Thus, the
magnitudes of the energy and the phase coupling of the dif-
fraction beams after propagation through the sample, i.e.,
v.L and B,L, are on the order of unity provided that the
thickness of the PRMQWSs sample is of the order of 1 um.
This means that the signal beam (the zeroth order beam) can
be amplified under appropriate conditions. On the other
hand, the slope of the phase coupling coefficient dispersion
curves can be very steep even with a relatively broad disper-
sion bandwidth due to the fast response rate of the sample.
The steep slope of the phase coupling coefficient dispersion
curve allows for the generation of extremely slow light.
From dispersion curves of the phase coupling coefficient
shown in Fig. 2(b), we can derive the group velocities of the
diffraction beams according to Eq. (9). The absolute values
of the group velocity are shown in Fig. 2(c) with bold and
thin curves for the absolute value of positive and negative
group velocity, respectively. It is easy to see from Fig. 2(c)
that ultraslow light with group velocity of the order of cen-
timeter per second is achievable. The spectral bandwidth of
the slow- or fast-light window is on the order of 10° Hz,
which is much broader than the results reported in other pho-
torefractive materials.”® For the —2nd order diffraction

Author complimentary copy. Redistribution subject to AIP license or copyright, see http://jap.aip.org/jap/copyright.jsp



063101-6

Bo et al.

J. Appl. Phys. 108, 063101 (2010)

FIG. 2. The dispersion curves of ,, (a), B, (b), and v,

beam only fast light can be realized, which seems to be a
general property for all negative orders. On the other hand,
both slow and fast light can be observed in the zeroth order
and other positive orders. It is worthy noting that, for the
—2nd order diffraction beam, it seems that fast light shown
by the dotted thin curve in Fig. 2(c) corresponds to the
normal-dispersion region of the phase coupling coefficient
with respect to the angular frequency difference () [see the
dotted curve in Fig. 2(b)]. This is because the group velocity
is inversely proportional to the first-order partial differential
of the phase coupling coefficient 3, to the angular frequency
w,, of the signal beam instead of the angular frequency dif-
ference ().

Note that the peak energy coupling coefficients for the
zeroth and the —2nd order diffraction beams are greater than
the typical absorption coefficient of the PRMQWs film (in
the range of 5~9X10° m™')."” Therefore the zeroth order
diffraction beam, which is actually the signal beam and,
therefore, is of great interests, can be amplified with appro-
priate parameters. The simulated energy coupling coefficient
in Fig. 2(a) is one order of magnitude larger than the energy
coupling coefficient (~10° m™') observed in experiments in
Ref. 17. There are two major factors allowing for such ex-
tremely strong energy coupling: (1) we include contributions
from both the electrorefraction grating and the electroabsorp-
tion grating, but the energy coupling coefficient reported in
Ref. 17 only originates from the electrorefraction grating; (2)
the intensity ratio between the pump and the signal is set to

(c) with respect to () for the —2nd (dotted), the zeroth
(solid), and the 1st order (dashed) diffraction beams
during the wave mixing process in PRMQWs film. The
simulation parameters are Ey=—6 kV/cm, A=30 um,
I,=1 mW/cm? and B=300. Other parameters are
listed in Table II.

be 300 in our simulation instead of unity as in the experi-
ments in Ref. 17, which can also result in a larger energy
coupling coefficient. We confirm numerically that the energy
coupling coefficient is on the same order as that observed in
experiments when the intensity ratio is set to be unity in the
simulation.

In order to get significant coupling effect, a strong exter-
nal electric field is always applied in the plane of the PRM-
QWs film. Therefore, the drift governs the transportation of
the photocarriers during the buildup processes of the space-
charge field and the index grating. If the polarity of the ex-
ternal electric field is reversed, the drift direction of the pho-
tocarriers will also be reversed. It is known that strong
energy and phase couplings occur only when the index grat-
ing is well established and keeping in step with the move-
ment of the light interference grating during the nondegen-
erate wave mixing process. In other words, the sign of the
angular frequency difference () between the two incident
beams, which determines the moving direction of the inter-
ference pattern, must be reversed when the polarity of the
external electric field is reversed. Figure 3 shows the disper-
sion properties of the phase coupling coefficient and the cor-
responding group velocity of the —2nd, zeroth, and 1st order
diffraction beam with an external electric field E,
=6 kV/cm. Note that the polarity of the external electric
field here is opposite to that used to simulate the results
shown in Fig. 2. It is easy to see that the sign of the disper-
sion slope of the phase coupling coefficients for the positive

4
—~ 2
|

£ o
£
S}

-4

FIG. 3. The dispersion curves of 3,, (a) and the corre-
sponding v, (b) with respect to Q) for the —2nd (dot-
ted), the zeroth (solid), and the 1st (dashed) diffraction
orders with Ey=6 kV/cm. Other parameters are the
same as those of Fig. 2.

Author complimentary copy. Redistribution subject to AIP license or copyright, see http://jap.aip.org/jap/copyright.jsp



063101-7

Bo et al.

J. Appl. Phys. 108, 063101 (2010)

v | (m/s)

FIG. 4. The dispersion curves of S, (a) and the corre-
sponding v, (b) with respect to () during the wave mix-
ing process in PRMQWs sample. The dotted, solid, and
dashed curves indicate the results for /,=0.1, 1, and
10 mW/cm?, respectively. Other parameters are the
same as those of Fig. 2.

5

10

orders is also reversed, which induces a switch between the
slow and fast light windows. However, the situation for the
negative diffraction orders is quite different, the slope sign of
the phase coupling coefficient dispersion curves is kept to be
negative, indicating that only fast light is possible for the
negative diffraction orders.

The construction process of the index grating in the
PRMQW:s film during wave mixing process is influenced by
the experimental conditions such as the incident intensity of
the coupling beams, the grating spacing (the crossing angle
between the coupling beams), and the external electric field.
All these parameters will influence the magnitude and phase
of the index grating, therefore, dispersion properties of the
diffracted beams during the wave mixing process. As a typi-
cal example, we will discuss the impacts of these parameters
on the dispersion properties of the zeroth order diffraction
beam in the following.

Figure 4 is the dispersion curves of the phase coupling
coefficient (a) and those of the corresponding group velocity
(b) of the zeroth order diffraction beam with different pump
intensities. The dotted, solid, and dashed curves are the re-
sults for the pump intensities of 0.1, 1, and 10 mW/ cm?,
respectively. Here, the pump intensity is approximately equal
to the total intensity of the two coupling beams because the
intensity ratio of the pump to the signal is 300. It is easy to
see that the bandwidth of the phase coupling coefficient dis-
persion curve of the zeroth order diffraction beam becomes
broader with the increase in the pump intensity, but the peak
magnitude of the phase coupling coefficient keeps nearly to
be the same. Thus both the bandwidth of slow- or fast-light
window and the achievable minimal group velocity increase
gradually with the increment of the pump intensity, which
obeys the same rule as that in other photorefractive
materials.”"” Due to the dramatic spectral shift in the slow or

fast light window with the variation in pump intensity, as
shown in Fig. 4, the group velocity of light varies rapidly in
a complicated way for a fixed frequency shift ). A switch

Q@6

from slow light to fast light, or vice versa, is achievable by
simply tuning the pump intensity. For example, when the
pump intensity is changed from 0.1 to 1 mW/cm?, a switch
from slow light to fast light is observed for Q=5X10* s7!,
and vice versa for 0=5X10° s~! [see the dips of the dotted
and solid curves in Fig. 4(b)].

The dispersion properties of the phase coupling coeffi-
cient (a) and the corresponding group velocity (b) with dif-
ferent grating spacing are shown in Fig. 5. The dotted, solid,
dashed, and dashed-dotted curves are the results for the grat-
ing spacing to be 20 pum, 30 wm, 40 wm, and 50 wm, re-
spectively. The bandwidth of slow or fast light increases with
the increase in the grating spacing as expected. The spectral
variation in the phase coupling coefficient peaks at a certain
grating spacing, and the minimal group velocity is achieved
near this optimal grating spacing (~40 wm in our case, see
Fig. 5).

As mentioned above, the transport velocity of free elec-
trons in the PRMQW:s film is influenced by the external elec-
tric field through hot electron effect.'® If there is a strong dc
field applied across the PRMQWs film, the electrons with
high energy will migrate into the indirect band of the me-
dium where the mobility u, of the electrons is much smaller,
this reduces the response rate of the PRMQWs film even
electrons are not the dominated carriers. Thus, the achievable
minimal group velocity and the slow-light bandwidth de-
crease with the increase in the externally applied dc field E,,.
In addition, the slow- or fast-light window will be redshifted
when E,, becomes stronger. These phenomena can be clearly
seen from the dispersion curves of S, and the corresponding
Vg with E, set to be —5, —6, and —7 kV/cm in Fig. 6.

V. CONCLUSIONS

In conclusion, slow and fast light in PRMQWs film
based on the dispersive phase coupling effect during the

FIG. 5. The dispersion curves of B, (a) and the corre-
sponding v, (b) with respect to () during the wave mix-
ing process in PRMQWs sample. The dotted, solid,
dashed, and dashed-dotted curves correspond to the re-
sults for A=20 um, 30 wm, 40 wm, and 50 wm, re-
spectively. Other parameters are the same as those of
Fig. 2.
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FIG. 6. The dispersion curves of S, (a) and the corre-
sponding v, (b) with respect to Q during the wave mix-
ing process in PRMQWs sample. The dotted, solid, and
dashed curves are the results for Ej=-5 kV/cm, —6
kV/cm, and —7 kV/cm, respectively. Other parameters
are the same as those of Fig. 2.

wave mixing process are studied and discussed. The depen-
dence of the group velocity and the bandwidth of slow- and
fast-light windows on various simulation parameters such as
the incident intensity, the grating spacing, and the externally
applied dc field are presented. Due to the fast response rate
and the strong phase coupling effect originated from the qua-
dratic electro-optic effect in the PRMQWs film in the trans-
verse geometry, ultraslow light with group velocity of the
order of centimeter per second and a bandwidth of the order
of 100 kHz is achievable, which improves the delay-
bandwidth product per unit distance significantly as com-
pared to other photorefractive materials reported up to now.
The results indicate that the PRMQWSs film is a promising
candidate for manipulation of the group velocity of light in
various practical applications.
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