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When CdSelCdS corelshell quantum dots (QDs) are dispersed onto a two-dimensional (2D) textured Ag 
grating, their lumincsccnt behavior is dramatically modified. Excited ODs can resonantly cxcite surface plas- 
mon polaritons (SPPs) propagating along the modulated metallic surface. The measurements of PL spectra and 
time-resolved PL spectra clearly indicate the interaction between QDs and 2D SPPs. The electromagnetic 
interaction between QDs and the 2D corrugated metal surface makes the luminescence be enhanced, polarized, 
and well directed. 
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In recent years, semiconductor quantum dots (QDs) have 
attracted a lot of intcrest due to their optical proper tie^.',^ 
Their spontaneous-emission behaviors depend not only on 
their own intrinsic properties (such as size, shape, composi- 
tion, and surface morphology),3 but also on the nature of 
thelr surrounding environment, more specifically on the pho- 
tonic mode density at their 10cation."~ Previous experiments 
have found that the radiative lifetime of QDs near a smooth 
semiconductor (or metal) surface exhibits a damped oscilla- 
tory dependence on the separation between the QDs and the 
s ~ r f a c e . ~  If the QDs are very close to the surface, the energy 
of the excited QDs will be nonradiatively transferred to the 
seiniconductorlmetal, and their luminescence will be 
strongly quenched. However, it was recently reported that 
the lun~incscencc of QDs on a "lough" gold film is dramati- 
cally enhanced via electromagnetic interactions with the sur- 
face plasmon polaritons (SPPS).~ The experiment with dye 
molecules on a one-dimensional (ID) metallic grating also 
demonstrated thc modified optical radiatiom7 SPPs arc non- 
radiative transverse magnetic (TM) modes that propagate 
along a metal surface. If the inetal surface is periodically 
modulated on the scale of the light wavelength, there is an 
cnergy gap in the mode dispersion.' A two-dimensional (2D) 
modulation of the metal surface can generate a "full photonic 
band gap,"%hich is similar in origin to the photonic band 
gap that occurs in photonic crystals.1° If a light emitter is 
placcd insidc an optical mcdium with a photonic band gap, 
its luminescent behavior can be significantly arfected due to 
the modification of the photonic mode density at its 
location." Here, we report our experimental investigations 
on the electromagnetic interaction between single QDs and 
SPPs generated on a 2D textured metal surface. The radiative 
behaviors of CdSeICdS corelshell QDs an: dramatically 
modified due to their efficient coupling with the SPPs. These 
studics can inlpact not only on our fundamental understand- 
ing of the interactions between SPPs and nanoscale semicon- 
ductor light emitters, but also on potential applications in 
optoelectronic  device^.'^,'^ 

The 2D textured metal structure was fabricated by evapo- 
rating a 200-nm-thick silver film onto a 2D grating, which 
was obtained by a holographic tcchnique on the surface of a 
330-nm-thick azobenzene containing polymer film that had 
been deposited onto a glass substrate.I4 The inscribed grating 

has a sinusoidal profile with the grating spacing varying be- 
tween 300-400 nm in both dimensions. Figure 1 is the typi- 
cal scanning electron micrograph (SEM) of the 2D textured 
Ag surface. The structured metallic surface consists of hex- 
agonally arranged "dots," whose height is -30 nm. The left 
inset shows the schematic of the surface, in which the direc- 
tion 1,4 is defined. Three samples, with grating spacing of 300, 
320, and 400 nm (which are labeled hereafter as samples A ,  
B, and C, respectively), were chosen for the current study. 
The QDs used in the study were colloidal CdSelCdS core1 
shell QDs with a -4 nm CdSe core diameter and a three- 
monolayer CdS shell, whose photoluminescence (PL) peak is 
at -610 nm, as shown in the right inset of Fig. 1. The QDs' 
initial quantum yield is -0.5. Single QDs were dispersed 
onto thc metallic substrate by spin coating from a very dilute 
solution of the QDs in tolunce. The average distance between 
adjacent QDs was estimated to be more than 10 pm,  which 
prevents any direct interaction between the adjacent QDs.I5 
The angularly dependent reflectivity of the metallic structure 
does not exhibit any observable change after depositing the 
QDs on its surface, indicating the low density of QDs on the 
sample surface. For comparison in optical measurements, a 
reference sample was alsb prepared by depositing QDs with 
the same concentration onto a smooth silica substrate. 

The PL decay curves were recorded by cmploying a time- 
correlated photon-counting system with a pulse laser beam 
(wavelength of 400 nm, - 1 ps duration, and 16.4 MHz rep- 
etition rate) as the excitation source. PL spectra were re- 
corded by a liquid-nitrogen-cooled charge coupled device 
(CCD) which was mounted behind a monochromator and the 
samples were excited by the 514.5 nm line of an Ar' laser. 
The PL measurement system used in the study is the standard 
far-field microscopy technique in a backscattcring configur- 
ation.l6 All measurements were carried out at room tempera- 
ture. Luminescence collected by the PL microscopic system 
is estimated to be from - 1  0 QDs. Due to the spectral diffu- 
sion and PL blinking behavior of colloidal QDs," the ob- 
tained PL s~ectral  s h a ~ e  would not be stable if the CCD 
exposure gating time is too short. For the reference sample 
(i.e., on the smooth silica), the PL spectra were not stable for 
a CCD integration time of less than 1.0 sec. On the other 
hand, in the case of QDs on the 2D metallic surface, the PL 
spectra became stable for a CCD integration time of about 
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We generalize the concept of dark-state polariton in multilevel electromagnetically induced transparency 
systems. We show that the quantum states of light for the pulses can bc mapped onto more than one collective 
atomic polarization states of the multilevel atomic system, which can act as a quantum state copier or divider. 
Such dark-state polaritons potentially have applications in quantum information proccssing. 
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Optical memories using classical techniques of spin and 
photon echoes are quite powerful as far as the high capacity 
of data storage is concerned [l-61. However, direct applica- 
tions of these techniques for quantum memories are very 
much limited as the number of photons required is larger 
than number of atoms in the system. Quantum memories are 
essential in quantum information processing, which involves 
physically transporting or communicating quantum states be- 
tween different nodes of a quantum network [7]. It has been 
well recognized [8] and now experimentally demonstrated 
[9] that photons can be used as ideal camers of quantum 
information and ensembles of atoms can act as long lived 
storage and processing units. The basic requirement for a 
reliable quantum memory system is its capability of storing 
and releasing quantum states on demand at the level of indi- 
vidual qubits, which puts stringent conditions on coherent 
transfer of infornlation anlong photons and atoms. 

Among many methods for coherently controlling the 
photon-atom interactions, the techniques based on electro- 
magnetically induced transparency (EIT) [lo] have been 
shown to be very promising in quantum state manipulations 
[ l l ]  and enhanced nonlinearity applications [12]. EIT sys- 
tems can be transparent for the probe light beam at certain 
frequencies due to quantum interference and provide a large 
variation in linear dispersion within the transparency window 
[13]. The sharp change in linear dispersion can lead to sub- 
stantial group-velocity reduction of light [I41 to preserve 
quantum states of the slowed down light pulses, thus allow- 
ing the atomic medium to act as a temporary storage or buff- 
ering device for the quantum states of light. Physically, the 
photon storage in an EIT system is due to the fonnation of so 
called dark-state polariton (DSP), which is a mixture of elec- 
tromagnetic signal field and the collective polarization of the 
atomic system, controlled by the strong coupling beam. It is 
the mixing angle of the signal field and the collective atomic 
polarization, which determines the group velocity of the sig- 
nal pulse propagating in the atomic medium. By adiabatic 
following of DSP it is possible to reduce the group velocity 
of light pulses and to convert the photon states into the meta- 
stable atomic-polarization state. The stored light field in the 

ling the coupling beam. The concept of DSP was first intro- 
duced in Raman adiabatic passage by Mazets and Matisov 
[15] and then formulated for the three-level EIT system by 
Fleischhauer and Lukin [16]. Recent experiments have dem- 
onstrated photon storage using the EIT system consisting of 
three-level atoms in A configuration due to dynamic group- 
velocity reduction via adiabatic following in DSP [9]. 

In this work we extend the concept of a simple DSP to a 
generalized dark-state polariton (GDSP) for a multilevel 
atomic system having more than one dark state. One such 
example- is the inverted-Y configuration involving four 
atomic levels that can easily be realized in rubidium atoms 
[17]. As one will see in the following paragraphs that such a 
system can preserve quantum states of light in two different 
collective atomic polarization states of the same atomic me- 
dium and thus provide channelization or bihrcation of pho- 
ton memory. The two different collective atomic polarization 
channels contributing to GDSP can be used to retrieve back 
the light pulses on demand at different times or at the same 
time. In a way this system acts as a copier or divider of the 
quantum memory. 

A schematic diagram of the closed four-level atomic sys- 
tem in inverted-Y configuration is depicted in Fig. 1. Levels 
la), Ih), and (c)  are in a three-level A-type configuration and 
levels Ib), la), and Id) f o m ~  a three-level ladder-type configu- 
ration. The transition from )b)  to (a )  (with frequency wOb) 
interacts with a signal field of amplitude i(z,t) [defined be- 
low in Eq. (4)] and frequency v. A coupling field of fre- 
quency v,, (considered to be classical) drives the transition 
I c )  to la) (frequency w,,) with Rabi frequency O,(z,t), while 
a pumping field of frequency vnd, which is also considered to 
be classical, drives the transition la) to Id) (frequency wad) 
with Rabi frequency Od(z,t) If there is no coupling (pump- 

collective atomic polarization can be recovered by manipu- 
lating the mixing angle of the DSP components by control- 
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FIG. 1. Schematic diagram of a four-level atomic system in 
invcrtcd-Y configuration. Herc, E ,  61,, and db define signal, cou- 
pling, and pumping fields, respectively. 
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We show that the unique absorption and dispersion properties of the electromagnetically induced transparency 
can be used effectively to relax the conditions for observing the cavity ringdown effect (CRE), which can be 
useful in applications of CRE in ultrasensitive detection of chemical species. A more straightforward and 
simple method is used to model the interesting CRE. O 2004 Optical Society of America 
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When an optical cavity is excited by a monochromatic 
wave and the cavity length is scanned faster than the 
cavity round-trip time, the cavity output field profile 
shows an amplitude oscillation in its normal decay 
curve, leading to a phenomenon known as the cavity 
ringdown effect (CRE).'v2 Such oscillation is found to 
originate from the interference between the original 
input laser field and the intracavity circulating field, 
and the oscillation frequency can be controlled by the 
cavity scan speed.'s2 Many interesting applications of 
CRE have been found, including measuring ultraslow 
velocities of cavity mirrors,' measuring ultrasensitive 
direct a b ~ o r ~ t i o n , ~ . ~  studying the chemical kinetics and 
absorption bands of  molecule^,^-^ and measuring the 
concentration of minor species in 

Although the CRE is useful in practical applications, 
it suffers from serious limitations because of the strin- 
gent requirements for high cavity finesse, long cavity 
length, and fast cavity scan speed. For observation of 
the CRE, the cavity scan rate needs to be faster than 
the photon round-trip time inside the optical cavity, 
which typically demands that the cavity finesse be at 
least lo5 for a cavity scan rate of 1 pm/s. In this 
Letter we propose to use an intracavity medium with 
electromagnetically induced t r a n ~ ~ a r e n c ~ ' ~ - ' ~  to relax 
the strong conditions mentioned above and, therefore, 
enhance the CRE, which will promote potential appli- 
cations that use this phenomenon. An EIT medium 
can have a sharp dispersion change near its EIT reso- 
nance,13 which can slow down the speed of photons in- 
side the optical cavity.14-l6 Typically an intracavity 
medium with sharp dispersion will be accompanied by 
significant absorption, which damps the ringdown os- 
cillation.' However. an EIT medium is ideal in this 

~ ~, 

regard, since it  has a large dispersion change without 
any absorption at exact EIT resonance. 

In previous works describing the CRE, the electric 
field inside the resonator at any instant was obtained 
by summing up all the wave components that under- 
went multiple  reflection^.'^^ Here we present a more 
straightforward method of modeling the intracavity 
electric field. In what follows we use a,  (Ia,I2 is the 
average photon flow, expressed in number of photons 
per second) to denote the intracavity field. Consider 
a ring cavity consisting of four mirrors, as shown in 
Fig. 1. MI and M3 are input and output mirrors with 

intensity reflectance R.  Mz and M4 are perfect re- 
flectors. Mz is mounted on a piezoelectric transducer 
for cavity length scanning. The change of intracavity 
probe field a ,  during a round-trip time duration TO is 
due to the driving field a,'", to the cavity decay y,,,, 
and to the round-trip phase shift a,,,: 

For an empty cavity the total round-trip phase shift is 
proportional to the geometrical length of the cavity and 
can be expressed as a,,, = 2.rr(do + ucavt)/Ap, where 
do is the initial cavity length, u,,, is the cavity scan 
speed, and A, is the wavelength of the input field. Af- 
ter substitution of a,,, into Eq. (11, it be solved analyti- 
cally to give 

Ycav - iat 

where do is ignored (the cavity is in resonance with 
the field initially), a = 2.rrucav/Ap, and erf is the er- 
ror function. Under certain conditions (which will be 

PZT 
M2 M 1 

Pd" 

Fig. 1. Four-minor optical ring cavity with an intracavity 
atomic medium. The three-level A-type system is shown 
in the oval at the top. PZT, piezoelectric transducer. 

0146-9592/04/182133-03$15,0010 O 2004 Optical Society of America 



Eur. Phys. J. D 29, 95-103 (2004) 
D01: 10.1140/epjd/e2004-00018-2 THE EUROPEAN 

PHYSICAL JOURNAL D 

On the bichromatic excitatio~i of a two-level atom 
with squeezed light 
Amitabh Joshia, Reeta Vyas, Surendra Singh, and Min Xiao 

Department of Physics, University of Arkansas, Fayetteville AR 72701, USA 

Received 3 September 2003 / Received in final form 11 November 2003 
Published online 17 February 2004 - @ EDP Sciences, Societb Italiana di Fisica, Springer-Verlag 2004 

Abstract. Analytical results for the dynamical evolution of a single two-level atom coupled to an ordi- 
nary heat bath and bichromatically excited with two finite bandwidth squeezed fields are presented by 
solving the Heisenberg equations of motion. Photon statistics of the system in terms of the second-order 
intensity-intensity correlation function are also discussed. Transient fluorescent intensity as well as inten- 
sity correlation function exhibit oscillatory phenomenon even in the weak field limit. The latter also shows 
enhanced delayed bunching effect. All these effects are sensitive to the bandwidth of squeezed light. 

PACS. 42.50.Ct Quantum description of interaction of light and matter; related experiments - 
42.50.D~ Nonclassical states of the electromagnetic field, including entangled photon states; quantum state 
engineering and measurements 

1 Introduction 

Studies related to the dynamical evolution, the photon 
statistics, spectral and radiative properties of one and 
many two-level atoms embedded in a broadband squeezed 
bath have been the topics of keen interest in quantum 
optics. Gardiner [I] studied the interaction of a two-level 
atom with a broadband squeezed bath and predicted un- 
equal polarization quadrature-decay rates. Carmichael, 
Lane and Walls [2] were able to discover a significant 
phenomenon of sub-natural linewidth in the fluorescence 
spectrum of a driven two-level atom, in the presence 
of squeezed light. Atomic absorption spectrum was dis- 
cussed by Ritsch and Zoller [3] in the presence of colored 
squeezed vacuum. Since then many interesting results in 
atom-squeezed field interaction have been reported which 
include both two and three-level atoms interacting with 
broad bandwidth or narrow bandwidth squeezed baths (4, 
51. In a recent study the interaction of a two-level atom 
with the squeezed vacuum of bandwidth smaller than the 
natural atomic linewidth was considered and the hole 
burning and the three-peaked structure in spectra of flu- 
orescence and transmitted field were predicted [6]. These 
results essentially show that squeezed fields having pair- 
wise correlations and anisotropic noise distribution can 
give rise to interesting phenomena including novel fea- 
tures in spectral properties of atoms, formation of pure 
states and photon statistics. A more realistic model of fi- 
nite bandwidth squeezed light interacting with a single 
two-level atom has been studied by Vyas and Singh [7] 
and Lyublinskaya and Vyas [8] where the source of the 

squeezed light employed was a degenerated parametric 
oscillator (DPO) operating below threshold and a homo- 
dyned DPO [9]. In another work, a two-level atom inside 
an optical parametric oscillator has been considered and 
hole and dips in the fluorescence and transmitted light 
has been observed [lo]. The interest in other sources of 
squeezed light as well as its applications in a wide variety 
of areas has continued unabated [ll-131. 

The interaction of a single two-level atom with bichro- 
matic driving field has also been studied extensively both 
theoretically and experimentally [14]. These studies were 
motivated by the observations that the bichromatic nature 
of the driving field can lead to a number of novel features 
which are different from the monochromatic case. For ex- 
ample, the fluorescence intensity exhibits resonances at 
subharmonics of the Rabi frequency and different spec- 
tral characteristics when compared with the usual Mollow 
triplet. Recently, some new calculations for resonance fluo- 
rescence and absorption spectra of a two-level atom driven 
by bichromatic field have been reported [15]. Also, re- 
~ o r t e d  are the effects of broadband saueezed reservoir on 
the second order intensity correlation function and squeez- 
ing in the resonance fluorescence for a bichromatically 
driven two-level atom [16]. Coherent population trapping 
and Sisyphus cooling under bichromatic illumination have 
also been studied. [17]. In another recent work the electro- 
magnetically induced transparency (which normally oc- 
curs in three-level atoms) has been demonstrated in a two- 
level atom excited by a bichromatic field (one strong and 
one weak field) and possibility of squeezed-light generation 
has also been discussed [18]. 

In this work, we study the interaction of a single twc- 
level atom with a bichromatic electromagnetic field that is a e-mail: ajoshiauark . edu 
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Using (331)B GaAs teinplates with nanoscale fluctuations, we havc fabricated InGaAs/GaAs 
quantum wires (QWRs) with a density of -2.0x lo6 cm-' and the degree of polarization as high 
as -28%. In the samples with weak lateral confinement, we observed thermal dclocalization of 
carriers from the one-dimensional QWR states to the two-dimensional quantum-well states with 
increasing temperature, which is almost absent in QWR samples with strong lateral confinement. 
0 2004 A~nerican Institute of Phj)sics. [DOI: 10.1063/1.163772 I ]  

Low-dimensional quantum wells (QWs), quantum wires 
(QWRs), and quantum dots (QDs), are important quantum 
systems for both the study of fundamental physics and the 
potential applications in optoelectronic devices. Among these 
nanostructures, the one-dimensional (ID) QWRs are the 
smallest dimensional structures that can be used for efficient 
transport of electrons, and also as polarization-sensitive 
nanoscale photodetectors that may be useful in various 
fields.' Compared with the well-fabricated and -studied two- 
dimensional (2D) QWs and zero-dimensional (OD) QDs, the 
1D QWRs have only become the focus of intensive investi- 
gations recently. This is partly due to the reason that fabri- 
cation of ID QWRs has always been a challenge for crystal 
growth technology since a higher structural ordering is re- 
quired, and also the underlying mechanisms for anisotropic 
growth along one direction are still not completely 
understood.' 

In the past decade, many methods have been adopted to 
fabricate semiconductor QWRs, in which self-organized 
growth is one of the most promising approaches since it can 
effectively avoid the processing damage and contamination 
that might be introduced by some other fabrication pro- 
cesses, such as ultrafine lithography and chemical etching. 
Specifically, molecular beam epitaxy (MBE) growth of self- 
organized InGaAs/GaAs QWRs on high-index GaAs sub- 
strates has been shown to be an easy process to fabricate 
QWR structures with high lateral density, high uniformity, 
and high optical Basically, in the conventional 
process of growing narrow InGaAs/GaAs QWS?' the use of 
a high-index substrate would result in a flat, lower interface 
and a corrugated upper interface, which may act as lateral 
potentials for the carriers, hence, the formation of 1D QWRs. 
The realization of ordered QWR structures can be attributed 
to the surface reconstruction or atomic rearrangement ob- 
served on high-index surfaces with a high density of multi- 
atomic steps or mi~rofacets.~ 

In our previous work,' we observed that GaAs (331)A 
and (331)B surfaces are both faceted on a nanometer scale, 
containing (110) and (111) facets, and it was further pro- 

')~lectronic mail: mxiao@uark.cdu 

posed that the resulting highly anisotropic ridge-like surfaces 
could be used in the fabrication of high-quality and high- 
density QWR structures. Here, we report the MBE growth of 
InGaAs/GaAs QWRs on high-index (331)B GaAs templates 
with nanoscale fluctuations. Photoluminescence (PL) from 
these QWR structures at 8 K shows the degree of polariza- 
tion to be as high as -28%, which indicates good 1D carrier 
confinement. The density of these QWRs is estimated to be 
- 2.OX 10"m- ' , which meets the requiremcnt of high op- 
tical gain for laser applications.3,5 In the samples with weak 
lateral confinement, we observed thermal delocalization of 
carriers from the one-dimensional QWR states to the two- 
dimensional quantum-well states with increasing tempera- 
ture, which is almost absent in the QWR samples with strong 
lateral confinement. 

The sanlples used in our experiment were grown uslng a 
solid source MBE system (Riber 32) under an As beam 
equivalent pressure of 1 x lo-' Torr. The surface evolution 
during MBE growth was characterized by in sitzr reflection 
high-energy electron diffraction (RHEED) and scanning tun- 
neling microscopy (STM). A GaAs buffer layer, with a thick- 
ness of 500 nrn, was first grown on the n-type GaAs (33 l)B 
substrate at a temperature of 610 "C. As shown in the bottom 
of Fig. 1, the resulting surface morphology, with straight 
ridge-like corrugation bounded by the (1 11) and (1 10) facets, 
was quenched to 540°C as a template for the subsequent 
InGaAs overgrowth. The surface corrugation has an average 
lateral periodicity of -5.0 nm with a vertical amplitude of 
-1.0 nm. A detailed description of preparing such (331)B 
GaAs templates with nanoscale fluctuations can be found in 
Ref. 7. During the InGaAs overgrowth at 540 "C, aton~ically 
flat surfaces were developed for all the samples with differ- 
ent deposition thickness (>1.0 nm), as monitored from the 
RHEED patterns and STM images. Finally, a 20 nm GaAs 
cap layer was grown at 540 "C for each sample to maintain 
the smooth InGaAs surface configuration. The QWR struc- 
tures are thus fornled at thick parts in the InGaAs/GaAs QW 
with a col~ugated bottom InGaAs-on-GaAs interface and a 
smooth top GaAs-on-InGaAs interface, which is schemati- 
cally shown in Fig. 1. The structure of as-grown QWRs can 
be viewed as a totally "inverted" countevart compared with 
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We report results of time-resolved terahertz (THz) pulse spectroscopy experiments on laterally 
ordered chains of self-assembled InGaAs quantum dots photoexcited with 400 nrn, 100 fs laser 
pulses. A large anisotropy in the transient photoconductive response is observed depending on the 
polarization of the THz probe pulse with respect to the orientation of the dot chains. Fast (3.5-5 ps) 
and efficient carrier capture into the dots and one-dimensional wetting layers underneath the dot 
chains is observed below 90 K. At higher temperatures, thermionic emission into the 
two-dimensional wetting layers and barriers becomes significant and the anisotropy in the 
photoconductive signal is reduced. 0 2004 American butitute of Physics. 
[DOI: 10.1063/1.1807959] 

Carrier capture in self-assembled quantum dots (QDs) 
has been an extremely active area of research in recent years, 
in part due to the potential applications for tunable, efficient 
QD laser structures1 and photodetectors.2 Often, carriers are 
injected into the barrier or wetting layers (WLs) and must be 
captured by the QDs before they can radiatively recombine. 
These capture mechanisms are therefore intimately linked to 
the operating parameters of QD lasers and other QD photo- 
nic devices. 

Recently, a high degree of linear ordering of QDs was 
achieved in an Ino,3GG%,HAs/GaAs superlattice by control- 
ling strain in the Stranski-Krastanow growth process.3v4 Re- 
searchers were able to fabricate aligned dot chains with an 
average length of 0.9 pm, as shown in Fig. ](a), with dot 
densities of - 1.8X 10" cm-' per layer. This structure leads 
to very different potential profiles parallel (11) and perpen- 
dicular (I) to the dot chains. This letter demonstrates that 
polarized, subpicosecond, far-infrared light pulses can be 
used to probe anisotropic camer transport resulting from this 
ordering. 

The sample was grown on a semi-insulating (SI) 
GaAs [OOl] substrate with a 150 nm GaAs buffer layer de- 
posited by molecular beam epitaxy at 580°C. A 15-layer 
stnicture of I ~ ~ , ~ ~ G ~ , ~ ~ A S / G ~ A S  was then grown at 540 'c, 
each layer containing densely packed chains of QDs with an 
average diameter and height of 45 nm and 5 nm, respec- 
tively. The transmission electron microscopy (TEM) plan- 
view image of Fig. I(a) shows the dot chains running in the - 
[ I  101 direction. TEM images also reveal the existence of a 
one-dimensional (ID) WL with an estimated height of 
1.5-2 nm directly underneath each dot chain, all sitting on 
top of a -0.7 nin thick two-dimensional (2D) WL. A sche- 
matic of this structure is shown in Fig. I(b), and further 

We use time-resolved terahertz spectroscopy (TRTS) to 
probe the ultrafast carrier dynamics in this QD structure as a 
function of temperature, excitation density, and direction ei- 
ther parallel or perpendicular to the dot chains. TRTS has 
been used previously to investigate transient photoconductiv- 
ity (PC) and carrier dynamics with subpicosecond time reso- 
lution in a varie of samples including bulk and thin film 
semiconductors,~' insulators~ organic crystals~ and semi- 
conductor nanostructures such as InP nanoparticle mays, 
self-assembled InAsIGaAs quantum dots,"' and 
GaAs/ AIGaAs multiple quantum wells.'' Specifically, the 
terahertz (THz) pulse used in this technique is sensitive to 
the product of free carrier density and carrier mobility. Once 
carriers become captured by traps or localized QD states, 
they are no longer mobile and therefore do not contribute to 
attenuation of the THz pulse transmitted through the sample. 
TRTS is therefore an ideal probe of carrier capture dynamics 
in QD systems, colnplementing traditional techniques such 
as photoluminescence rise time measurements. 

While the details of the experimental setup have becn 
described elsewhere,6'l3 the basic technique is as follows. 
The output from a -0.7 mJIpulse, 800 nrn, 1 kHz, amplified 

details on growth and characterization of this sample can be 
found in Ref. 3. FIG. 1. (a) TEM image of QD sample surface morphology. THz polarization 

parallel (11) and perpendicular (I) to the dot chains is indicated. @) Schc- 
matic diagram of the sample (not to scale) showing arrangement of QDs on 
1D WLs. 
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Controlling dynamic instability of three-level atoms inside an optical ring cavity 
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Dynamic instability in the transmission field of an optical ring cavity containing three-lcvcl 11-type rubidium 
atoms is studied in detail both experimentally and theoretically. The onset and periodicity of such dynamic 
oscillations in thc cavity field can bc controlled by thc expcrilncntal parameters, such as intensity and frc- 
quency detuning of the coupling field andlor cavity field. Such nonlinear dynamic behavior is caused by 
competition bctwcen optical saturation of the cavity field and optical population pumping by thc coupling ficld 
in the three-level atomic system. 

DOI: 10.1103/PhysRevA.70.033807 PACS number(s): 42.65.Pc, 42.65.Sf, 42.50.G~ 

Dynamic instability was observed and carefully studied in 
the upper branch of the optical bistability (OB) curve in a 
system with two-level sodium atoms inside an optical cavity 
111. This dynamic effect was attributed to the mechanism 
known as Ikeda instability [ 2 ] ,  which appears in analyzing 
the stability of the steady states in OB curves, assuming a 
medium response time much faster than the cavity round trip 
time. In this limit and under certain parametric conditions, a 
sequence of period doubling bihrcation leading to a region 
of apparently aperiodic dynamic oscillation was observed. 
Multimode instabilities as well as oscillatory instabilities 
leading to optical turbulence in the OB from a two-level 
atomic system were also reported [ 3 ] .  The off-resonant-mode 
instability in mixed absorptive-dispersive optical bistability 
was studied and it was shown that a portion of the lower 
transmission branch could also be unstable in addition to the 
upper-branch instability found in the system with pure ab- 
so~ptive bistability [ 4 ] .  The observation of instability due to 
the onset of the cavity side mode was reported in a bistable 
optical system with a homogeneously broadened two-level 
medium [ 5 ] .  Other kinds of self-oscillation and instability 
were also observed using different two-level atomic systems 
inside an optical resonator [ 6 ] .  All the above mentioned the- 
oretical modelings and experimental observations were car- 
ried out in two-level atomic systems. A different kind of 
dynamic instability was observed in the transmission field of 
an optical cavity consisting of  a cold cloud of cesium atoms 
[7 ] .  In this system the degenerate Zeeman sublevels of the 
6Sl12 F=4  and 6P312 F 1 =  5  states interact with two cavity 
fields pumped by one input circularly polarized laser beam. 
The instability was considered to be caused by competition 
between optical pumping to the state 6SlI2 F=4 ,  mp=4 from 
all other Zeeinan sublevels and optical saturation of the tran- 
sition from the state 6Sl12 F=4 ,  mF=4 to the state 6P3I2 F' 

was made between the observed phenomenon and a simpli- 
ficd theoretical model [ 7 ] .  The complexities in that system 
are mainly caused by the degenerate Zeeman sublevels in- 
volved and the trapping and the repumping laser beams for 
creating the cold atomic cloud. The major limitation of that 
experiment was the use of only one cavity input (circularly 
polarized) beam to provide both linearly polarized optical 
pumping and probing (or saturation) beams, which prevented 
the two competing physical processes from being indepen- 
dently adjusted to systematically study the dynamic instabil- 
ity. 

Recently, we have experimentally observed similar dy- 
namic instability in a system consisting of three-level atoms 
inside an optical cavity, as shown in Fig. 1, and demonstrated 
dependence of such dynamic behaviors on the intensity of 

= 5 ,  mF,=5.  The observed oscillatory behavior in the cavity 
output field was modeled as a quasi-two-level system inter- FIG. 1. Sketch of a three-level A - N ~  atomic system and the 

acting with one cavity field and only qualitative comparison optical ring cavity. M,, Mz, and hf3 are mirrors; PZT is a piezo- 
electric transducer; A,= wc- w2,, and AD= wD- w2, arc thc coupling . . 
and probe frequency detunings, respectively; PC is the coupling 
laser beam; PF,PO~U' arc the input and output probe lascr beams, 

*Corresponding author. Electronic address: mxiao@uark.edu respectively. 
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Suppression of radiative decay of CdTe quantum dots 
in a photonic crystal with a pseudogap 
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Abstract. Observation-angle dependence of the spontaneous emission life- 
time of CdTe quantum dots (QDs) embedded in a pseudogap photonic crystal 
(PC) film has been demonstrated. Comparison of two PC films with different 
photonic band-gaps (PBGs) differentiates the PBG effect from the electronic 
and/or chemical interactions between CdTe QDs and the host medium. This 
lifetime modification of QDs by a PC with pseudogap can be very useful in 
applications for optoelectronic devices such as QD lasers and QD switches. 

Photonic crystals (PCs) are one-, two- or three-dimensional artificially engi- 
neered periodic structures [I-91, in which the refractive index varies on the length 
scale of optical wavelength. Analogous to the wave-like propagation of electrons 
in a crystalline structure, the propagation of light in a PC is diffracted for a certain 
range of wavelengths, leading to the formation of a photonic band-gap (PBG). The 
propagation of photons with energies within the PBG is not allowed throughout the 
PC. Much attention has been paid to the optical properties of the PCs in recent years 
owing to their potential applications in optoelectronic devices. PCs can efficiently 
modify the spontaneous emission (SpE) of light emitters embedded in them. 
For example, because of the PBG effect, SpE of emitters inside PCs can be amplified 
[3,4], which is necessary for the realization of lasing without a threshold [lo]. 
During the past few years, many kinds of light emitters, such as fluorescent dye 
molecules [4,5], semiconductors [3,6,7], ions [8] and metals [9], have been filled 
into PCs to study the altered optical properties. However, few reports [ l l]  have 
focused on the modified optical properties of semiconductor quantum dots (QDs) 
embedded inside the PCs. Semiconductor colloidal QDs are intermediate in size 
between single molecules and bulk solid-state materials and are of great interest for 
both fundamental research and technical applications owing to their relatively 
reproducible and controllable synthetic chemistry. It has been shown that the 
SpE of colloidal QDs in a PC can be strongly modified [12]. Furthermore, the 
controllable size (less than IOnm), strong size-dependent optical emission and 
narrow photoluminescence (PL) width of colloidal QDs make them ideal candidates 
to prove the interactions between the SpE of light emitters and the PBG effect of 
PCs. It has long been proposed that the colloidal QDs can be used as active laser 
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Modulation transfer in an electromagnetically induced transparency system 
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Near the condition of electromagnetically induced transparency in a three-level system, the absorption 
experienccd by the weak probe laser beam interacting with one transition is very sensitive to the frequency 
detuning of the strong-coupling laser beam coupled to another transition. When the frequency detuning of the 
coupling laser is modulated at different frequencies, the resulting change in probe absorption as a function of 
that modulation frequency can be described by a transfer function. The effects on the transfer function from 
various experimental parameters are calculated numerically. Experimental measurements arc shown to be in 
good agreement with the predicted behavior. 

DOI: 10.1103/PhysRevA.70.053830 PACS numberts): 42.50.Gy, 42.50.Hz, 42.50.Nn 

I. INTRODUCTION 

Systems capable of exhibiting electromagnetically in- 
duced transparency (EIT) [I ,2] have enjoyed recent popular- 
ity for slowing light [3,4], quantum information processing 
[5], photon storage [6,7], all-optical switching [8-101, and 
all-optical buffering. Since EIT is basically formed by a 
strong-coupling laser beam together with a probe laser beam 
(for three-level EIT systems), both linear (absorption and 
dispersion) [2,11] and nonlinear (Kerr nonlinearity) [I21 op- 
tical properties of the probe beam can be effectively con- 
trolled by the coupling beam. In the steady state, the absorp- 
tion reduction of the probe beam at EIT resonance can be 
considered to be a narrow-bandwidth frequency filter [13]. In 
the case of slowing down the group velocity of light pulses, 
very rapid dispersion change is required to achieve large 
group velocity reduction [3,4,11], which demands a very nar- 
row EIT spike. However, such a narrow EIT window re- 
stricts the frequency bandwidth of the interacting pulses and, 
therefore, is only useful for slowing relatively long pulses 
(microsecond pulses in Refs. [3,4,14]). Similar conditions 
also apply to storing of optical pulses in such EIT media 
[6,7]. These competing trade-off conditions, i.e., needing 
sharp dispersion for slowing down group velocity of pulses 
versus requiring large bandwidth to accon~modate short 
pulses, are ultimately important in using EIT media for all- 
optical buffering in practical optical communication systems. 

Another interesting application of EIT media is in all- 
optical switching. Various methods have been proposed, and 
some have been experimentally demonstrated by using the 
enhanced nonlinearity in EIT media. All-optical switching 
between two steady states of the probe field with three-level 
atoms inside an optical cavity was experimentally demon- 
strated both inside [8] and outside [9] the optical bistability 
region. Such all-optical switching was achieved by making 
use of the greatly enhanced Kerr nonlinearity due to self- 
phase modulation near the EIT resonance [12]. Optical 
switching due to cross-phase modulation in four-level atomic 
systems was also proposed [15] and experimentally demon- 

 inai ail address: mxiao@uark.edu 

strated in atomic vapors [10,14]. A study of optical switching 
using EIT in a vapor cell by modulating the Rabi frequency 
of the coupling beam found that the resulting amplitude of 
the switching signal decreases significantly as the modula- 
tion frequency increases [16]. Recently, an experiment using 
stimulated Raman adiabatic passage to make fast optical 
switching was reported [17], which showed that the atomic 
absorptidn changes quickly (depending on the effective Rabi 
frequencies of the coupling and switching beams) when the 
switching pulse is on. Studies of transient EIT effects have 
also indicated that the coupling Rabi frequency is the limit- 
ing factor for rapidly changing absorption as a three-level 
atomic system approaches its steady state [18,19]. 

For practical applications of using EIT effects in all- 
optical conlmunication, such as all-optical buffering, optical 
storage, and all-optical switching, as well as enhancing non- 
linearity with slowed light pulses, onc needs to address the 
important questions of both speed and bandwidth of the sys- 
tems. For some specific applications, a fine balance betwcen 
these two competing requirements (narrow EIT window for 
increasing dispersion to slow down the pulse speed versus 
broad bandwidth for short pulses as well as to achieve fast 
inodulation speed) must be accomplished by carefully choos- 
ing the parameters of the system. Tn this paper, we present a 
systematic study of the dynamic responses of the probe laser 
bean1 to the frequency nlodulation of the coupling beam in 
the three-level EIT system, which basically gives the transfer 
function of the EIT medium as a function of the nlodulation 
frequency. By performing such detailed studies, both theo- 
retically and experimentally, we are able to identify the lim- 
iting factors for the responding bandwidth and switching 
speed of such EIT systems, which can have significant im- 
plications in the applications of EIT media in many aspects 
of optical communications. By identifying the major limiting 
factors for the fast switching and modulation transfer in a 
simple EIT system, we can design or engineer optimal EIT 
systems (or media) for desired applications. 

In Sec. 11, a general theoretical model is used to study the 
effects of various parameters on the modulation transfer from 
the coupling beam to the probe beam. Both cases with and 
without the Doppler effect are considered and discussed. Ex- 
perimental measurements of the transfer function of the 
three-level EIT medium in rubidium vapor are presented in 
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The nonlinear transient effects, similar to self-induced transparency and adiabatic following, are studied for a 
moving two-level atom that is entering into an ideal microwave cavity in a coherent superposition of its states. 
The atom undergoes a one-photon transition in the cavity, sustaining a spatial field distribution for a single- 
mode coherent (or thermal or Fock state) field. For some particular choice of parameters of atomic coherence, 
removal of an appreciable amount of field energy from the cavity could be observed. 0 2004 Optical Society of 
America 
OCIS codes: 270.1670, 270.5580. 

1. INTRODUCTION 
The Jaynes-Cummings model (JCM) describing the inter- 
action of a two-level atom with a single quantized electro- 
magnetic field mode in an ideal cavity has been general- 
ized and extended in several interesting directions for 
many years.'-7 A very important and significant gener- 
alization of JCM is to include the atomic motion in it. By 
doing so, the effects of field structure of the cavity mode 
sustained in the cavity can be This model 
is a most elementary one for studying the interaction of a 
single two-level atom with an electromagnetic pulse. 
When mode structure is taken into account, some inter- 
esting nonlinear transient effects, which are similar to 
self-induced transparency and adiabatic following, can be 
observed in the atomic inversion." Here we examine 
these transient effects, arising from the mode structure 
for a moving two-level atom that is injected in a coherent 
superposition of its states and undergoes a one-photon 
transition in a single-mode coherent (or thermal or Fock 
state) field. The motivation behind this study is from the 
recent cavity quantum electrodynamics (QED) experi- 
ments that use an atomic beam passing along the axis of 
a cylindrical cavity so that one can study the interactions 
of an atom with different cavity-field modes. In Ref. 8, 
these effects have been examined without the atomic co- 
herence. As we will see in the following, some particular 
phases of the atomic coherence can make the outgoing 
atomic beam (from the cavity) be with a positive atomic 
inversion, leading to removal of field energy stored in the 
cavity. In a previous work, the interaction of a two-level 
atom (which is in a coherent superposition of its states) 
with an arbitrary field in an ideal cavity was considered 
in the framework of standard JCM (without any atomic 
motion included) under the "trapping-state" condition of 
the interaction tirne.".l3 The cavity field evolved to a 
pure state that had been termed as a tangentkotangent 
state of the electromagnetic field.13914 Also in the recent 
past, many interesting experiments were carried out re- 

lated to the atomic coherence,15r16 which motivated us to 
look into the effects of atomic coherence in a true cavity 
QED situation. 

We will neglect the cavity damping in our discussion of 
the model, which is a reasonable assumption in the mi- 
crowave regime, where cavities of very high quality factor 
(Q - 4 x 10") have been achieved.17 The typical inter- 
action times for the Rydberg atoms (used in microwave 
cavity experiments having very large dipole moments) are 
of the order of s, and this is three orders of magni- 
tude shorter than the lifetime of photons in a typical 
high-Q microwave cavity, which is -1/100 s. Thus the 
assumption of negligible cavity damping when the atom 
enters such cavity is reasonable. Also, the radiative life- 
times of the Rydberg atoms are large enough, specifically 
when the circular Rydberg states are employed in the 
study (about tens of a millisecond), that we can also ne- 
glect the radiative damping in our model. The stability 
of interaction times in the experiments related to the ob- 
servation of trapping-state dynamics of the microrna~er'~ 
is uncertain within 2-396 because of the effective method 
employed in the velocity-selection process of the atoms. 
The transverse velocity spread (with respect to the cavity 
axis) is very small so that most atoms are moving only 
along the cavity axis. In the experiment of Ref. 17, an 
uncertainty of interaction time of 2 ps over the average 
interaction time of 80 ps was reported, and this uncer- 
tainty is not mainly due to velocity spread. Note that the 
stability of interaction times and minimum transverse ve- 
locity spread are essential in observing trapping states of 
electromagnetic fields in the micromaser, and hence our 
predictions could be tested in similar kinds of experi- 
ments. 

The paper is organized as follows. The model under 
consideration is discussed in Section 2. The analytical 
solutions of the model under exact resonance condition 
and in far-off resonance conditions are presented in Sec- 
tion 3. We give numerical solutions under different field 

Q 2004 Optical Society of America 
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Abstract 

The dynamical evolution of a moving three-level atom in A-configuration interacting with two quantized modes (or 
one quantized mode and a classical field) in coherent states inside an ideal cavity is studied using density matrix 
equations. The spatial field mode structures of the cavity are taken into account in this study. We also discuss analytic 
results under certain parametric conditions pertaining to nonlinear transient effects similar to self-induced transparency, 
adiabatic following, etc. The possibility of realizing an optical switching in such system is also described. 
O 2004 Elsevier B.V. All rights reserved. 

PACS: 42.50.Ct; 32.80.Qk; 42.50.Pq 

Keywords: Cavity QED 

1. Introduction 

The Jaynes-Cummings model (JCM) [l]  de- 
scribing interaction between a two-level atom and 
a single quantized mode of electromagnetic field in 
an ideal cavity has been a center of attraction in 
quantum optics during last few decades as many of 
its predictions could be experimentally realized. 
Discussions related to several interesting general- 
izations of this model are now available in the 

literature [2] and the model is still promising in 
many applications such as motion of ions in trap, 
and in the design of hardwares (such as logic 
switches) for realizing quantum computation, etc. 
A very significant and noteworthy generalization 
of JCM is to include the effect of atomic motion so 
that the spatial mode structure of the cavity field 
could be incorporated into this model [3]. In the 
standard JCM, the interaction between a constant 
electric field and a stationary two-level atom is 
considered. However, when the spatial structu~e of 
the cavity field mode is taken into account, the 
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Abstract 

All-pass filters are useful devices that allow phase correction or equalization of signal without introducing any 
amplitude distortion. We present a new design scheme in which a grating is introduced in the interaction region of the 
two adjacent microrings in a cascaded multiring structure. The analysis accounts for the counter-directional coupling 
between the two waveguides. Theoretical analysis shows that this side-coupling can effectively double the filter or- 
der thus either give better performance with the same filter order or decrease the filter dimensions with the same 
performance. 
O 2003 Elsevier B.V. All rights reserved. 

PACS: 42.79.Gn; 42.82.Et 

Keywords: All-pass filters; Delay lines; Dispersion; Coupled mode theory 

1. Introduction 

Lossless all-pass filters (APFs) are linear sys- 
tems which have a constant amplitude response 
over all frequencies and a phase response that 
varies with frequency. Thus, APFs are, generally 
speaking, used as phase equalizers or dispersion 
compensators in optical communication systems. 
Ideally, the frequency response of an APF can 
be written as H(o)  = IH(o)( exp[jv(w)], where 

H(w) =constant and q(o)  can be made arbitrarily 
close to any desired phase response. For optical 
communication systems, the group delay (first 
derivative of the phase response) and higher-order 
dispersions (second and higher derivatives) are of 
great importance to system performance, and an 
optical device that allows the correction of any 
order dispersion is very attractive for practical 
applications. Besides, by using more than one 
stage to form high-order filters, one can get even 
greater design flexibility and better system perfor- 
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Simple method for frequency locking of an 
extended-cavity diode laser 

Wenge Yang, Amitabh Joshi, Hai Wang, and Min Xiao 

We have developed an extended-cavity tunable diode laser system that has a small linewidth and a large 
output power (more than 90% of the free-running power) whose operating frequency can be conveniently 
locked to a transition line of Rb atoms. Based on flat-mirror feedback and frequency self-locking and 
with weak feedback, we have achieved a continuous frequency detuning range greater than 900 MHz and 
a short-time linewidth stability of better than 0.4%. By using a two-step locking procedure we not only 
can lock the laser frequency but also can detune the frequency to any desired value. The locking is quite 
sturdy and rugged. 0 2004 Optical Society of America 
OCZS code: 140.2020. 

1. Introduction 

Semiconductor diode lasers are becoming increas- 
ingly more versatile tools in atomic physics and spec- 
troscopy research owing to their reliability in giving 
high power and broad wavelength coverage while 
they steadily decrease in c0st.l The light from diode 
lasers is very bright relative to the sizes of these 
lasers and of other laser sources. One can easily get 
several watts or hundreds of milliwatts of power from 
a laser diode operating under continuous wave con- 
ditions. In many cases a narrow linewidth and 
smooth wavelength tunability are desirable character- 
istics of an ideal spectroscopic source. Whereas di- 
odes are compact and inexpensive devices, sometimes 
they do not readily exhibit these required attributes for 
high-resolution spectroscopy. The free-running di- 
odes have some undesirable properties because of their 
short semiconductor cavities; e.g., their frequencies are 
highly sensitive to changes in temperature and in- 
jection current, and they have poor tunability. 
Thus it becomes necessary to improve the perfor- 
mance of diode lasers before they can be used in any 
atomic spectroscopy experiment to produce reliable 
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and significant data. Frequency stabilization 
methods have been developed based on various 
technologies such as optical f e e d b a ~ k , ~ . ~  external 
cavities,4,5 injection locking,6?7 and electronic feed- 
back.8.9 Hybrid systems that use more than one of 
the methods mentioned above are also possible.10 
Some other methods use spatial mode interfer- 
encell and the Zeeman effe~t.l~~1"0wever, the 
most commonly used method to achieve substantial 
linewidth reduction and frequency stabilization is 
to operate the laser in a long external cavity that 
can provide frequency-selective optical feedback.1 
The number of photons in the cavity of a typical 
diode laser (100-mW output power; 0.1-mm cavity 
length operating at  near infrared wavelengths) is of 
the order of lo5, whereas for a typical gas laser this 
number is of the order of lo7. Because of the low 
number of photons inside the cavity, diode lasers 
are more susceptible to the feedback mechanism 
than are normal lasers. A particularly simple de- 
sign uses the feedback from a diffraction grating 
mounted in the Littrow configuration.14 Difficul- 
ties in such design are related to grating alignment 
and the need to adjust the distance between the 
collimating lens and the laser within a few mi- 
crometers. Also, diodes must be antireflection 
coated on the output facet, a highly expensive pro- 
cedure, to ensure stable operation in the presence of 
the strong feedback from the grating.14 

In this paper we present a method for constructing 
an extended-cavity diode laser that uses a flat mirror 
rather than a diffraction grating to provide the opti- 
cal feedback. The advantage of this method lies in 
its simplicity of design and in the narrow linewidth of 
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Abstract. We discuss the vacuum Rabi splitting (VRS) from multilevel atoms under electromagnetically 
induced transparency condition within the framework of linear absorption-dispersion theory. Sharp res- 
onance features superimposed on usually occurring VRS doublet to three-peaked structure spectra are 
obtained here which can be engineered to have absorptive, dispersive, or dip like profiles according to 
the choice of system parameters such as radiative damping constants, atomic detunings and driving field 
strengths etc. 

PACS. 42.50.Pq Cavity quantum electrodynamics; micromasers - 42.50.Ar Photon statistics and coherence 
theory 

1 Introduction 

Vacuum Rabi splitting (VRS) is considered as one of the 
important landmarks to achieve non-perturbative regime 
of cavity quantum-electrodynamics (QED) [I]. VRS has 
been studied from microwave regime to  optical regime 
and from multi-atomic system to  a single atom system. 
Experiments of cavity QED in non-perturbative or strong 
coupling regime for single atom were reported in the mi- 
crowave domain using Rydberg atoms [2-71. In one of 
the pioneering work of cavity QED, Haroche et al. [2] 
experimentally demonstrated self-induced Rabi oscilla- 
tions in a collection of N Rydberg atoms inside a rese  
nant millimeter-wave cavity. In this experiment the atoms 
exchanged energy back and forth a t  a rate 2paof i lh  
(where p: dipole matrix element of atomic transition, 
EO: electric field per photon) in the microwave cavity. 
With the strong coupling regime it is understood that 
the atom-field coupling constant (go) is much larger than 
the radiative decay rate of atom (7,) as well as the rate 
of cavity damping of field (y,,,). For single atom this 
implies go >> y,, y,,, and for N atoms it means that 
g o f i  >> y,,y,,,. With the developments in cavity QED 
experiments, the strong coupling regime was obtained in 
optical domain also. In the optical domain, observations 
of the VRS for N >> 1 atoms were reported in the exper- 
iments by Raizen et al. [8] and Zhu et al. 191. The num- 
ber of atoms were brought down to  the level of one atom 
on the average in cesium atomic beam experiment [lo] 
for observing VRS in the optical domain. In another ex- 

periment, using rubidium Rydberg atoms in a supercon- 
ducting niobium microwave cavity, VRS corresponding to 
N = 3 atoms had been observed 161. The physical ori- 
gin of VRS can well be explained using the dressed state 
picture [ l l ] .  The name 'vacuum Rabi splitting' suggests 
a phenomenon associated with quantum mechanics but 
it has been explained using the classical theory of linear 
absorption-dispersion [9]. In other words, the VRS is just 
a normal-mode splitting of coupled harmonic oscillator in 
which one of the oscillator is single mode field of the cavity 
and another oscillator is atomic dipole. Very recently, the 
related effect of Rabi oscillations has got a profound im- 
portance in the semiconductor systems of quantum wells, 
quantum dots, and micro-cavities etc. 112-141. 

Discovery of the phenomenon of electromagnetically 
induced transparency (EIT) in the last decade has given 
a great deal of impact in the areas of quantum and non- 
linear optics by providing control for the speed of light 
in terms of group velocity modification, lasing without 
inversion, potential t o  fabricate efficient electreoptic de- 
vices etc. 1151. The EIT is exhibited as a result of quan- 
tum interference and the induced atomic coherence in 
multilevel atomic system is responsible for the modifica- 
tion of linear absorption and dispersion of the atomic- 
medium [16,17]. The EIT systems also exhibit enhanced 
non-linear processes, e.g., harmonic generation [18], four- 
wave mixing [19], two-photon absorption (201, all-optical 
switching 1211, optical multistability 1221, slow light [23], . . 
and e ~ e c t r ~ m ~ ~ n e t i c a l l ~  induced focusing 1241. 

Here we report the VRS spectrum within the frame 
work of classical model of linear absorption-dispersion for a e-mail: ajoshimuark . edu 
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We have experinlentally observed a "backward" (clockwise rotating) hysteresis cycle in the system of an 
optical ring cavity containing thrcc-lcvel (A-type configuration) rubidium atoms. Thc shape and dircction of 
the observed hysteresis cycles can be easily controlled with experimental parameters. Such an interesting 
phcnome~~on is caused by thc grcatly modified absorption, dispersion, and nonlinear optical properties of thc 
three-level atomic medium, due to the induced atomic coherence. 

DOT: 10.1 103/PhysRevA.70.041802 PACS number(s): 42.65.Pc, 42.50.Gy, 42.65.Sf 

The phenomenon of hysteresis is ubiquitous in magnetic, 
optical, electronic, mcchanical, chemical, and biological sci- 
ences. A hysteresis cycle typically goes counterclockwise 
(noted as "forward") as experimentally demonstrated in 
Inany systems, such as ferroic materials [I], superconductors 
[2], spin glasses [3], semiconductors [4], polymers [S], po- 
rous media [6], granular systems [7], organic radicals [8], 
nanosystems [9], elastoplastic systems, and shape memory 
alloys [lo]. The mechanisms for having such forward hyster- 
esis cycles are different for different systems. For example, 
in ferroinagnetic materials, the moving out of domain walls 
separating regions of antiparallel spins needs the increase of 
magnetic field, so the hysteresis (magnetization as a function 
of applied magnetic field) thus observed is a function of the 
work required to displace the domain walls, which ensures 
forward hysteresis cycles in such systems. In the system of 
two-level atoms contained in an optical resonator, the 
bistable curves in the input-output intensities are either due 
to the saturated absorption [absorptive optical bistability 
(OB)] or dispersion (dispersive OB) [4,1 I]. The appearance 
of the absorptive OB arises from the saturated absorption of 
the medium and the feedback effect due to the optical cavity, 
while the dependence of refractive index nonlinearly on the 
input intensity of the field is responsible for the dispersive 
OB. Simple arguments show that such OB curves should 
have forward hysteresis cycles, as observed previously 
[4,111. 

Here, we report our experimental demonstration of a 
backward (clockwise) hysteresis cycle in a system of three- 
level (A-type) atoms, as shown in Fig. I(a), inside an optical 
cavity. Using experimental parameters, such as coupling field 
frequency detuning, optical cavity detuning, and atomic 
number density, the shape and transition from a forward to 
backward hysteresis cycle can be well controlled. The con- 
trollability is provided by the unique abilities to manipulate 
the absorption, dispersion, and nonlinearity in such three- 
level atomic systems displaying electromagnetically induced 
transparency (EIT) owing to induced atomic coherence and 
quantum interference [12,13] anlong the atoinic states, as 
well as the use of the optical cavity to provide the feedback 
mechanism [4,11]. Our study may act as a catalyst in search 
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of such interesting behaviors in other systems exhibiting hys- 
teresis (as listed in Refs. [I-lo]), where appropriate physical 
mechanisms may be uncovered. 

In optical science the hysteresis cycle is normally associ- 
ated with optical bistable systems. Optical bistablities were 
studied in the late sixties [14]. The absorptive OB was pre- 
dicted [IS] in 1969 but any OB was experimentally observed 
in 1976 in sodium vapor [16]. Since then OBs are exten- 
sively studied in two-level atomic systems both theoretically 
and experimentally [4,11,17]. The underlying physical 
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FIG. 1 .  (a) Diagram of the three-level atomic system. (b) The 
experimental arrangement used for studying optical bistability and 
optical multistability in ' ' ~b  atomic vapor: MI-M3 are mirrors of 
optical ring cavity; PZT is the piezoelectric transducer; LDI and 
LD2 arc coupling and probe lasers, respectively; PBI -PB5, polar- 
izing cubic beam splitters; BS, beam splitter; EOM, electro-optic 
modulator; Xl2, half-wave plates; FR, Faraday rotator; Dl, detcc- 
tor; APD, avalanche photodiode detector; LS, locking signal from 
reference Fabry-Pcrot cavity; and SAS is a saturation atomic spcc- 
troscopy set up. 

02004 The American Physical Society 



Available online at www.sciencedirect.com 

.cICWcC 

Physics Letters A 325 (2004) 3&36 

PHYSICS LETTERS A 

Effect of spoiltaneously generated coherence on the dynamics 
of multi-level atomic systems 

Amitabh Joshi *, Wenge Yang, Min Xiao 

Deparfmenl ofPhysics. Universicv ofArkansas, Fayeffeville, AR 72701, USA 

Received 11 December 2003; received in revised form I I March 2004; accepted 17 March 2004 

Communicated by P.R. Holland 

Abstract 

The effect of spontaneously generated coherence on dynamical evolution of a multi-level atomic system consisting of three 
upper levels and a lower level is studied. For degenerate upper levels the population trapping in these levels increases in the 
steady state. 
0 2004 Elsevier B.V. All rights reserved. 

Keywords: Quantum interference; Spontaneously generated coherence 

The phenomena of atomic coherence and quantum 
interference in many quantum optical systems have 
been discussed extensively during the past decade. 
These phenomena are instrumental in giving rise 
to some interesting observations in quantum optics 
such as lasing without inversion [I.], electromagnet- 
ically induced transparency [2], refractive index en- 
hancement [3], absorption cancellation, population 
inversion without emission, modification of sponta- 
neous emission process [4-61, and threshold reduc- 
tion in optical bistability [7] etc., just to name a 
few. 

When two excited levels decay spontaneously, they 
can strongly affect each other and give rise to in- 
terference, which modifies the spontaneous emission 

* Corresponding author. 
E-,nail address: ajoshi@uark.edu (A. Joshi). 

process. The effect of spontaneous-emission-induced 
interference on the population dynamics was studied 
in a A-type three-level atomic system by Javanainen 
[5]. On the other hand, the effect of such quantum 
interference on the V-type three-level atomic system 
was investigated by Zhu et al. [6], in the studies ofpop- 
ulation dynamics and spontaneous emission spectrum. 
They predicted that the population in the upper levels 
does not decay exponentially due to such interference. 
Also, this kind of interference can give rise to spectral 
narrowing and dark line in the spectrum. In this Let- 
ter we consider a four-level atomic system, as shown 
in Fig. 1, such that three upper levels are coupled by 
the same vacuum modes. We study the population dy- 
namics in this system affected by the spontaneously 
generated coherence (SGC) among the decaying tran- 
sitions. We also generalize our result to the cases with 
more than three upper levels under the condition that 
all the upper levels are degenerate. 

0375-96011s - see front matter O 2004 Elsevier R.V. All rights reserved. 
doi:lO. 1016lj.physleta.2004.03.035 
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Dynamic instability in the transmission field of an optical ring cavity containing three-lcvcl A-type rubidium 
atoms is studied in detail both experimentally and theoretically. The onset and periodicity of such dynamic 
oscillatio~ls in thc cavity field can bc controlled by thc expcrimcntal paramctcrs, such as intcnsity and fre- 
quency detuning of the coupling field andlor cavity field. Such nonlinear dynamic behavior is caused by 
compctition bctween optical saturation of thc cavity field and optical population pumping by thc coupling ficld 
in the three-level atomic system. 
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I. INTRODUCTION 

Dynamic instability was observed and carefully studied in 
the upper branch of the optical bistability (OB) curve in a 
system with two-level sodium atoms inside an optical cavity 
[I]. This dynamic effect was attributed to the mechanism 
known as Ikeda instability [2], which appears in analyzing 
the stability of the steady states in OB curves, assuming a 
medium response time much faster than the cavity round trip 
time. In this limit and under certain parametric conditions, a 
sequence of period doubling bifurcation leading to a region 
of apparently aperiodic dynamic oscillation was observed. 
Multimode instabilities as well as oscillatory instabilities 
leading to optical turbulence in the OB from a two-level 
atomic system were also reported [3]. The off-resonant-mode 
instability in mixed absorptive-dispersive optical bistability 
was studied and it was shown that a portion of the lower 
transmission branch could also be unstable in addition to the 
upper-branch instability found in the system with pure ab- 
sorptive bistability [4]. The observation of instability due to 
the onset of the cavity side mode was reported in a bistable 
optical system with a homogeneously broadened two-level 
medium [5]. Other kinds of self-oscillation and instability 
were also observed using different two-level atomic systems 
inside an optical resonator [6]. All the above mentioned the- 
oretical modelings and experimental observations were car- 
ried out in two-level atomic systems. A different kind of 
dynamic instability was observed in the transmission field of 
an optical cavity consisting of a cold cloud of cesium atoms 
[7]. In this system the degenerate Zeeman sublevels of the 
6SlI2 F = 4  and 6Pw2 F f = 5  states interact with two cavity 
fields pumped by one input circularly polarized laser beam. 
The instability was considered to be caused by competition 
between optical pumping to the state 6Sl12 F = 4 ,  mF=4 from 
all other Zeeinan sublevels and optical saturation of the tran- 
sition from the state 6Sl12 F=4,  mF=4 to the state 6P3/? F' 
=5, m ~ 1 = 5 .  The observed oscillatory behavior in the cavity 
output field was modeled as a quasi-two-level system inter- 
acting with one cavity field and only qualitative comparison 

*Corresponding author. Electronic address: mxiao@uark.edu 

was made between the observed phenomenon and a simpli- 
fied theoretical inodel [7]. The complexities in that system 
are mainly caused by the degenerate Zeeman sublevels in- 
volved and the trapping and the repumping laser beams for 
creating the cold atomic cloud. The major limitation of that 
experiment was the use of only one cavity input (circularly 
polarized) beam to provide both linearly polarized optical 
pumping and probing (or saturation) beams, which prevented 
the two competing physical processes from being indepen- 
dently adjusted to systematically study the dynamic instabil- 
ity. 

Recently, we have experimentally observed similar dy- 
namic instability in a system consisting of three-level atoms 
inside an optical cavity, as shown in Fig. 1, and demonstrated 
dependence of such dynamic behaviors on the intensity of 

FIG. 1. Skctch of a thrcc-level A-type atomic systcm and the 
optical ring cavity. MI, M2, and M3 are mirrors; PZT is a piezo- 
electric transducer; Ac= w ~ - w ~ ~ ,  and Ap=wp- w~~ are the coupling 
and probe frequency detunings, respectively; PC is the coupling 
laser beam; P:,?' are the input and output probe lascr bcams, 
respectively. 

1050-2947/2004/70(3)/033807(10)/$22.50 70 033807-1 02004 The American Physical Society 



Available online at www.sciencedirect.com 

Chemical Physics Letters 389 (2004) 247-250 

CHEMICAL 
PHYSICS 
LETTERS 

Optical limiting and enhanced optical nonlinearity 
in boron-doped carbon nanotubes 

Jianfeng Xu al*, Min Xiao a, R. Czerw b, David L. Carroll 

" Department of Physics, University of Arkansas, 226 Physics Building, Fayetteville, AR 72701, USA 
The Center for Nanotechnology and Department of Physics. Wake Forest University, Winston-Salem, NC 27109, USA 

Received 2 March 2004; in final form 23 March 2004 
Available online 10 April 2004 

Abstract 

The optical limiting characteristics of pure and boron-doped multi-walled carbon nanotubes (MWNTs) are studied and com- 
pared at wavelengths of 532 and 1064 nm. Fluence-dependent transmission and Z-scan measurements using 8 ns pulses show that 
the boron-doped MWNT suspensions exhibit a stronger optical nonlinearity with fluence than pure carbon nanotube suspensions in 
both the visible and near-infrared wavelength ranges. The nonlinear response for both materials is dependent on reaggregation 
within the suspension under study. 
O 2004 Elsevier B.V. All rights reserved. 

Optical limiting has been an active field of research 
for the last decade due to growing needs in eye protec- 
tion from intense laser exposure, as well as for protective 
applications in optical sensors [I]. While carbon na- 
notubes are known primarily for their extraordinary 
electronic and mechanical properties [2,3], researchers 
have observed strong and broad-band optical limiting in 
single-walled and multi-walled nanotube suspensions 
[4,5], as well as in solid nanocomposites [6,7]. There are 
some important review articles which have made a full 
coverage on the nonlinear optical properties of (doped) 
carbon nanotubes [8,9]. Such nonlinear optical trans- 
mission in carbon nanotubes has been shown to be 
strongly dependent on the host media, width and 
wavelength of light pulses. A general fluence limiting 
model gaining wide acceptance is as follows. The in- 
coming pulse is quite long at several nanoseconds so the 
leading edge of the pulse beginning to heat the nanotube 
rapidly. At the lowest fluences thermal transfer to the 
solvent leads to the creation of 'mirco-bubbles.' How- 
ever, as the fluence begins to rise, desorption of oxygen, 
amorphous carbon and other species attached to the 
nanotube surface begins to dominate thermal energy 

'Corresponding author. Fax: +1-479-575-4580. 
E-mail address: phyxujf@hotmail.com ( J .  Xu). 

transfer. Finally, at the highest fluences, ablation of the 
nanotube itself begins to take place forming the so- 
called 'micro-plasma' [lo, l l]. Scattering becomes non- 
linear since the higher light intensity creates more 
'bubbles' (used in the general context), which cause the 
transmission to go down. We note that view this will 
have specific consequences, namely pulse width depen- 
dence of the limiting phenomena and pulse repetition 
rate dependences of the limiting phenomena, both of 
which are observed. While a simple version of this 
mechanism has been used to explain optical limiting in 
carbon black suspensions (the fluence regimes are not as 
well defined as in the nanotube case because the material 
ablates more easily), the effect is thought to be enhanced 
in carbon nanotubes because of their large aspect ratios 
that allow them to behave as effective antennae. 

Nonlinear transmission characteristics have also been 
observed in nanotubes embedded in solids (nanocom- 
posites) or soluble samples [6,7] and the effects are 
similar to or even stronger than suspension samples. 
Nonlinear absorption was proposed to explain the 
strong optical limiting effects in such system, though the 
effects of heat transfer to the matrix were not broadly 
addressed in that work [6]. 

An instructive approach to understanding the various 
fluence dependent mechanisms involved in optical 

0009-26141$ - see front matter O 2004 Elsevier B.V. All rights reserved 
doi:10.10161j.cplett.2004.03,111 



Optical bistability in a three-level 
semiconductor quantum-well system 
Department of Physics, University of Arkansas, Fayetteville, AR 72701, USA 

Received: 31 December 2003/Revised version: 15 March 2004 
Published online: 12 May 2004 O Springer-Verlag 2004 

ABSTRACT Optical bistable behavior in a unidirectional ring 
cavity (or a Fabry-PCrot cavity) containing a semiconductor 
quantum well, described as a three-level ladder-type system 
with similar transition energies, has been studied. The system 
interacts with a strong driving field which is in two-photon res- 
onance with the intersubband transition and thus simultaneously 
drives all three levels into phase-locked quantum coherence. 
The threshold for switching to upper branch of the bistable 
curve is found to be reduced due to the presence of quantum 
interference. Such system can be used for making efficient and 
fast all-optical switching devices. 

1 Introduction 

There is a great deal of interest in the phenom- 
ena of optical bistability (OB) and optical switching ( 0 s )  
in view of their potential applications for optoelectronic de- 
vices [I-31. This warrants exploring nonlinear interactions 
of lasers with different kinds of systems such as atomic va- 
pors [I ,  31 and semiconductor stkctures that include quan- 
tum wells (QWs) [4-91, so that one can develop practi- 
cal optoelectronic devices which can have fast switching 
times and at the same time, be compact in size. ~esea rch  
efforts to study OB and OS with structured semiconduc- 
tors started since long. These materials contain excitons and 
biexcitons having similarities with the model of a two-level 
atomic system. Such two-level atomic models can be used to 
describe excitonic nonlinear properties when excitons have 
sharp absorption peaks distinguishable from the continuum 
states [5,8]. The interest to study OB and OS in QWs or re- 
lated condensed-matter systems is due to the giant optical 
nonlinearity ( l X ( ' ) )  > 10-bsu) of excitonic origin [5], short 
relaxation times, low switching energies, and short switching 
times between OB branches [8]. 

The OB has been extensively studied in thick semicon- 
ductor Fabry-PCrot (FP) resonators [4,5,7-91 and its origin 
is attributed to large dispersion in the semiconductor mate- 
rials. The refractive index of the semiconductor in the FP 

€4 Fax: +1-4791575-4580. E-mail: ajoshi @uark.edu 

resonator varies with field intensity and shifts the energy of 
the optical mode sustained in the resonator, and hence pro- 
vides a positive feedback. The photons are weakly coupled 
to the excitons and the proper frequency detuning of the 
field relative to the transition frequency of the medium is 
responsible for observing OB. Another mechanism for OB 
in semiconductor FP resonator is attributed to bleaching of 
the exciton Rabi splitting in the strongly coupled microcav- 
ity [ lo]  which originates from cavity polaritons or mixed 
exciton-photon states. Intersubband OB induced by resonant 
tunneling in an asymmetric double QW has been studied the- 
oretically by Stockman et al. [7] using density matrix for- 
malism and hysteresis curves were obtained for both the 
charge transfer probability as well as the optical absorp- 
tion as a function of light intensity. In another theoretical 
work of Batista et al. [7], strongly driven far infrared tran- 
sitions in n-doped GaAs/AlGaAs QWs are studied and it 
has been shown that the intersubband transition can undergo 
Hopf bifurcation and period doubling bifurcation under ap- 
propriate parametric conditions. Attempts were made to es- 
tablish analogies between certain important phenomena of 
atomic three-level systems and their semiconductor counter- 
parts [ l  1 -1 31. Some of these i~nportant phenomena of inter- 
est in semiconductor QWs are electromagnetically induced 
transparency (EIT) [ l  11, enhanced nonlinear processes, lasing 
without inversion (LWI) [12], and optical Stark effect [13]. 
Note that observing coherent phenomena in these systems is 
restricted because of the large dephasing rates in semicon- 
ductors (- lops-'). Important advantages of using QWs are 
that their transition energies, dipole moments and symme- 
tries can be engineered as desired and the dipole moments 
of intersubband transitions are large. Some Fano interference 
schemes have been used to demonstrate the viability of quan- 
tum interference and EIT in QW systems. EIT was recently 
demonstrated in a it-doped InGaAs QW (with an AlInAs bar- 
rier) which can be described as a three-level ladder-type sys- 
tem 11 11 as shown in Fig. la. A strong driving field, which is 
in two-photon resonance with the system and simultaneously 
drives all three states into coherence, results in a 'locking' of 
quantum phases. This system gives rise to an enhanced trans- 
parency feature in the absorption spectrum. The details of the 
experiment and simulation of EIT for such system in semi- 
conductor QW are available in [ l  11 and the aim of our current 
study is to look for OB in such system under the similar para- 
metric conditions. Our motivation is to show, with a fairly 
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We report our systematic studies of the environmental effects on the photoluminescence (PL) from colloidal 
CdSe nanocrystals (NCs) embedded in polymer thin films. The highly luminescent bare-core CdSe NCs were 
significantly more robust than the codshel l  CdSdZnS NCs against photoannealing under inert environments, 
while the corelshell NCs are more resistant to photooxidation. For the case of bare-core NCs, we show the 
importance of the initial photoactivation as the proper treatment for subsequent studies, a step that is basically 
irrelevant in the case of cordshell NCs. By measuring the PL wavelength shift, PL line width, and PL intensity, 
we investigated the dynamic changes of the emission properties of these NCs under different environments, 
including argon, oxygen, air, water vapor, and wet oxygen, and under different excitation conductions to 
reveal the photoinduced nature of the interactions between the nanocrystal surface and the environment. 
Mechanisms related to photoactivation, photooxidation, and PL enhancement are briefly discussed. 

I. Introduction These investigations include studying the effect of water 

Colloidal semiconductor nanocrystals (NCs) have attracted 
a lot of interest recently in the fields of physics, chemistry. 
biology, and engineering. The ability to control the optical 
properties of these NCs (through their size and shape) has made 
this field of material science very interesting for fundamental 
understanding and technological applications. Most importantly, 
such engineered NCs with controlled optical properties will 
impact applications that employ the emission properties of these 
NCs such as biological labeling.' optical and optoelectronic 
devices (such as optical switches, solar cells, LEDs, and 
lasers),2-L0 and gas sensing.ll Incorporating these NC structures 
in such devices and applications requires the understanding of 
their PL behaviors under different environmental and photo- 
excitation conditions. 

The surface of colloidal semiconductor NCs and the immedi- 
ate surroundings (environment) are very important in determin- 
ing their PL proper tie^.'^-^^ Previous investigations performed 
on NC systems dispersed in solutions have shown evidence for 
the important roles of reagent adsorption on the surface of the 
colloidal NCs and on their emission properties in the photo- 
electron-transfer pr~cesses. '~- '~ Many applications require the 
NCs to be dispersed on thin films. Investigations of the effects 
of the adsorption of different gaseous analytes (on the surface 
of the colloidal NCs) on the emission properties of colloidal 
NCs in polymer thin films are also of great importance and 
have attracted some interest recently. 19-13 

These reports provide a good deal of scientific insight into 
the effect of different gaseous environments on the PL properties 
of different systems of CdSe NCs dispersed onto thin films. 

molecules and other gases on the  from CdSe NC mono- 
layers,19 studying the influence of the surrounding atmosphere 
on the PL and blinking behavior and the effect of photooxidation 
and photobleaching of CdSe and CdSe/ZnS NCs embedded in 
polymer thin and the study of the photooxidation of 
monolayers of CdSe NCs by time-resolved PL spectro~copy.~~ 
However, these studies did not provide decisive conclusions 
on some of the important issues. For example, it is not clear 
whether the highly luminescent CdSe bare-core NCs are good 
candidates for fabricating LEDs, lasers, and other optoelectronic 
devices, in comparison to the commonly used CdSeICdS and 
CdSelZnS corelshell NCs.8+12,13*24,25 Also, we recently reported 
that CdSe bare-core NCs embedded in polymer thin films 
showed significant photoactivation, brighter and sharper PL 
upon above-band gap photoradiation.ll In this report, we will 
show that omitting photoactivation could be the actual reason 
behind the apparent discrepancies in the literature dealing with 
environmental effects of the PL of semiconductor N C s . l l ~ l ~ - ~ ~  

In general, the dynamic properties of the PL signals have 
not been thoroughly and systematically investigated previously, 
and such detailed studies are necessary for research in colloidal 
NCs, at least for the purposes of comparison between different 
NC systems and for potential applications. 

In this work, we report our systematic studies of the PL 
properties, such as wavelength shift, PL line width, and PL 
intensity, from colloidal CdSe NCs embedded in acoustic and 
electronic highly insulating polymer thin films. We use two 
kinds of NCs, i.e., bare-core CdSe NCs and CdSe/ZnS core/ 
shell NCs, and study their PL properties under different 
atmospheric environments, such as vacuum, air, Ar, 0 2 ,  and 
H20, i d  under different photoirradiation conditions. We first 

* Corresponding authors. Email: mxiao@uark.edu, xpeng@uark.edu. characterize the photoac~vation which is to ' Department of Physics, University of Arkansas. * kpartment of chemistry and ~ i ~ h ~ i ~ ~ ~ ~ ,  university of ~ ~ k ~ ~ ~ ~ .  precede the PL-based investigations for these colloidal bare NCs. 
Nanomaterials and Nanofabrication Laboratories (NN-Labs). We demonstrate the photostability of the NCs under inert 
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The piezoelectric (PZ) effcct is demonstrated for the elongated three-dimensional (In,Ga)As islands grown 
on a GaAs (100) substrate. The photoluminescence (PL) spectrum is studied as a function of excitation 
intensity. With increasing excitation intensity, a blue shift and a linewidth rcduction of the PL pcak from thc 
(In,Ga)As islands are observed. The observed phenomena are attributed to the screening of the internal strain- 
induced PZ ficld in the (In,Ga)As islands. 
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Since Smith first predicted a large piezoelectric (PZ) ef- 
fect in strained 111-V or 11-VI semiconductor 
heterostructures,' investigations have focused on the study of 
the PZ effect in semicond~ctors.~-~ One reason for this in- 
terest is that the strain-induced PZ field can modify the band 
structure of semiconductors, and therefore, offers another de- 
sign parameter for fabricating novel optical and electronic 
devices. For pseudomorphic heterolayers, the PZ polariza- 
tion is determined by the symmetry of the lattice of the sub- 
strate and the orientation of the ~urface .~  For example, for 
zincblende 111-V semiconductor materials, the PZ polariza- 
tion is along the growth direction for pseudomorphic layers 
grown on the (1 l I)-oriented ~ubst ra te , '~~ while it vanishes for 
those grown on the (100)-oriented ~ubstrate.~ For other non- 
(100) substrate orientations, the PZ polarization and PZ field 
usually can have both vertical (growth direction) and lateral 
(perpendicular to growth direction) components.2 This is 
probably the reason why the overwhelming majority of pre- 
vious investigations of the PZ effect in semiconductors were 
performed on structures grown on the (11 1)-oriented 
surface4-' and on high index substrates in How- 
ever, there have been some recent efforts in realizing the PZ 
effect on the (100)-oriented substrate for applications. For 
example, one approach to generate the PZ effect on the 
(100)-oriented substrate is to pattern the as-grown structure 
along the [ o f i ]  direction8 while another is to apply surface 
acoustic waves." In this paper, we discuss a different ap- 
proach based on the fabrication of three-dimensional (3D) 
structures, such as, quantum dots and quantum wires. 

Quanh~m dot and wire structures have raised considerable 
interests because of their unique characteristics for optoelec- 
tronic and electronic device applications. Self-organized 3D 
islands based on the Stranski-Krastanov (SK) growth mode 
has proved to be a successful approach to fabricate quantum 
dot and wire structures. The shape of these SK islands can be 
controlled by changing the growth conditions12 making it 
possible to directly engineer quantum dot and quantum wire 
structures. For example, long and uniform (In,Ga)As/GaAs 
quantum wires based on elongated islands have been fabri- 
cated using a su erlattice (SL) growth scheme plus an an- 
nealing Recently, the PZ effect has been observed 
in self-organized quantum dots grown on different high in- 
dex s u r f a c e ~ . ~ ~ l ~  However, these same studies also demon- 
strate that self-organized quantum dot structures grown on 
the GaAs (100) substrate do not show the PZ In 

this work, we demonstrate that the PZ effect is in fact ob- 
served in elongated 3D (In,Ga)As islands grown on a GaAs 
(100) substrate. The evidence for this observation is based on 
characterization of a sample with elongated islands by exci- 
tation intensity dependent photoluminescence (PL) spectros- 
copy. Specifically, a blue shift and a linewidth reduction of 
the PL peak from the (In,Ga)As islands are observed to take 
place with increasing optical excitation intensity. We at- 
tribute both the shift and the linewidth reduction to the 
screening of the internal PZ field in the elongated islands. As 
a comparison, a similar but more symmetrical shaped quan- 
hlm dot structure was investigated in the same way and a 
band filling effect rather than the PZ effect was observed. 

A typical sample was grown on a semi-insulating GaAs 
(100) substrate by molecular beam epitaxy (MBE). After the 
sample was introduced into the MBE growth chamber, the 
native oxide was desorped at 580°C followed by overheating 
the substrate to 600°C. After keeping the substrate at 600°C 
in As4 atmosphere for 10 min, the sample was cooled down 
to 580°C and a 150-nm-thick GaAs buffer layer was depos- 
ited. The substrate was then cooled down to 540°C and a 
15-period (In,Ga)As/GaAs superlattice was grown. Each 
time, immediately after the deposition of the (In,Ga)As layer, 
three monolayers of GaAs was grown witl~out interruption to 
suppress In segregation and 20.3-nm GaAs was then added 
with growth interruption of 10 sec. Finally, a top (In,Ga)As 
layer was grown in order to characterize the surface mor- 
phology. The wholc growth process was monitored by in sitzi 
reflection high-energy electron diffraction (RHEED). The 
RHEED pattern became spotty after the growth of (In,Ga)As 
layer indicating the appearance of 3D islands. The structural 
characterization was performed ex situ by x-ray diffraction 
(XRD) and atomic force microscopy (AFM). 

Figure 1 (a) shows the 0 -2  -9 scan of a double crystal XRD 
around the GaAs (400) rcflection measured with an open 
detector. Eight satellites appear within the measurement 
range indicating the good structural quality of the sample. 
The SL period of the sample was determined to be 23.7 nm 
from the spacing between the satellites. Figure I(b) shows 
the simulation by the XRD dynamic theory assuming a co- 
herent growth of the (In,Ga)As on GaAs. Good agreement 
between the experimental and the simulated curves is ob- 
served. The obtained thicknesses of (In,Ga)As and GaAs lay- 
ers are 2.5 and 21.2 nm, respectively, and the In composition 
0.28, which is in agreement with the values from RHEED 
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The angular dependence of the spontaneous emission of CdTe quantum dots (QDs) inside a photonic crystal 
with a pseudogap is reported. The sensitive dependences of the radiative lifetime and the photoluminescence 
spectrum of CdTe QDs on the observation angle demonstrate the effect of the photonic bandgap on the spon- 
taneous emission of the QDs. O 2003 Optical Society of America 

OCIS codes: 160.6000, 300.6500, 130.3130. 

Photonic crystals (PCs) are periodic structures that 
strongly modify the dispersion relation of light. 
There has been great interest in controlling the atomic 
and molecular spontaneous emission (SpE) rate with 
three-dimensional (3D) PCS.'-~ Previous experiments 
found significant modifications of the photolumines- 
cence (PL) spectra of atoms and molecules in 3D PCS,~ 
but the influence of the photonic bandgap (PBG) on the 
SpE lifetime is still in question. An early experiment 
with dye molecules in dilute colloidal crystals showed a 
variation of the SpE lifetime of 1.75 times.4 However, 
it was argued that this remarkable variation was 
caused mainly by electronic and chemical interactions 
between dye molecules and the medium, instead of a 
pure PBG e f f e ~ t . ~  Another experiment with colloidal 
crystals doped with dye molecules found that the PBG 
effect on the SpE lifetime was very small (-2%).6 A 
PC with a pseudogap exhibits an angularly dependent 
optical spectrum, so one can resolve this controversy 
by measuring the angle dependence of the SpE lifetime 
of light emitters in the PC. 

Colloidal 11-VI quantum dots (QDs) exhibit some 
unique optical and electrical properties. The SpE of 
a QD depends not only on the dot's properties (i.e., 
size, shape, and surface structure, etc.) but also on the 
nature of its surrounding environment, more specifi- 
cally, on the photonic mode density at  its 10cation.~ 
Compared with those of dyes, the PL peaks of QDs can 
be controlled by choice of the dot size to match the PBG, 
and the PL width of QDs is narrower, which makes 
QDs ideal as probe light emitters in PCs. The modi- 
fication of the PL spectrum of CdS QDs in a PC was 
recently reported.' In this Letter we report the modi- 
fication of the SpE lifetime of CdTe QDs in a PC film 
with a pseudogap. The PC thin film used in our ex- 
periment is a fcc crystal of air spheres in silica, which 
was grown along the [ I l l ]  direction on a silica plate, 
as described in detail in Ref. 9. Although there are 
some defects and cracks, the macroporous film has 
long-range ordering in an area of 5 mm x 5 mm, which 
makes it possible to measure the SpE lifetime of light 
emitters in the film with angular dependence. The 

observed angular dependence of the SpE lifetime con- 
firms the PBG effect on the SpE lifetime. 

With the pseudo stop gap of our PC film around 
530 nm, the diameter of the chosen colloidal CdTe 
dots is -3 nm, so that their PL peak (-525 nm) is 
located within the gap. The size distribution of the 
dots is -5%, and the PL quantum yield is -30%. To 
incorporate the CdTe dots into the PC, we immersed 
the air-sphere crystal film in a toluene solution of dots 
for 1 h to promote the adsorption of CdTe dots at the 
Si02-air interfaces of the voids. The concentration of 
the solution was low mol/l) to make stacking 
of dots more unlikely. Then the sample was rinsed 
repeatedly in toluene to remove the dots adsorbed near 
the external film surface, and it was dried and sealed 
in a transparent container with ambient Ar for optical 
measurements. With a pulsed laser beam (wave- 
length of 400 nm, -1-ps duration, 0.05 pJ per pulse, 
and 16.4-MHz repetition rate) as the excitation source, 
PL spectra were recorded by a liquid-nitrogen-cooled 
CCD mounted behind the monochromator. The ra- 
diative lifetime was measured by a time-correlated 
photon-counting system with a time resolution down 
to 400 ps. All measurements were carried out at  
room temperature. 

Figure 1 shows the transmission spectrum of the PC 
film at  normal incidence and the PL spectrum of CdTe 
QDs in solution. The PC film exhibits a clear stop 
band with the center position at 530 nm. The FWHM 
of the stop band is -60 nm. The narrow FWHM 
(-10% of the center frequency of the bandgap) reveals 
that the macroporous silica film is of high crystalline 

Because of the finite thickness (-5 pm) 
of the PC film, the stop band is not complete. The low 
transmission of the passband is caused mainly by the 
absorption of silica, the reflections of the film and the 
substrate surfaces, the scattering of the macroporous 
surface, etc. After incorporation with CdTe QDs, the 
transmission spectrum of the PC film does not exhibit 
variation, indicating that the density of CdTe dots 
is very low in the voids of the PC film. The PL of 
the CdTe QDs peaks around 525 nm, with a FWHM 

O 2003 Optical Society of America 



APPLIED PHYSICS LETTERS VOLUME 83, NUMBER 9 1 SEPTEMBER 2003 

Hidden resonant excitation of photoluminescence in bilayer arrays 
of InAsIGaAs quantum dots 

Yu. I. Mazur, Z. M. Wang, G. J. Salamo, and Min xiaoa) 
Department of Physics, Universiw of Arkansas, Fayetteville, Arkansas 72701 

G. G. Tarasov, Z. Ya. Zhuchenko, and W. T. Masselink 
Institui jiir Physik, Hutnboldt-Universitat zu Berlin, Invalidenstrasse 110, 10115 Berlin, Germany 

H. Kissel 
Ferdinand-Bratm-lnsiitut f i r  Hochstfrequertztechnik, Albert-Einstein-Strasse 11, 0-12489 Berlin, Germany 

(Received 7 April 2003; accepted 2 July 2003) 

Photoluminescence (PL) of self-organized quantum dots (QDs) in bilayer InAs/GaAs structures is 
studied with a fixed sced layer and spacer, but variable sccond-layer coverage. Carcful line shape 
analysis reveals modulation in the high-energy tail of the seed-layer PL spectrum. The 
oscillation-like bcliavior is reproducible with variations in both the temperature and optical 
excitation energy. These oscillations are attributed to carrier relaxation through inelastic phonon 
scattering from the wetting layer to the QD excited states. 0 2003 American Institute of Physics. 
[DOI: 10.1063/1.1606109] 

Carrier relaxation, including tunneling through potential 
barriers, represents one of the most fundamental processes 
described by quantum kinetics. Recently, tunneling between 
layers of semiconductor quantum dots (QDs) has attracted 
attention in view of the development of the growth capability 
to realize vertically aligned or stacked QD It 
is also of interest because a good understanding of the dif- 
ferent excitation and decay channels of excited states in 
multilayer QD structures will have important consequences 
for their potential application as emitter or detector arrays. 

For stacked QD structures, the coupling strength be- 
tween QD layers is controlled by systematic variation of the 
barrier thickness between layers and/or control over the dot 
size or composition from one layer to the next. For example, 
if the barrier is thick enough, the electronic levels in the 
layers of dots will have carrier recombination in each layer 
separately. However, if the barrier is reduced the carrier 
wave function in each dot in one layer can spread beyond the 
barrier into an adjacent dot in another layer, and as such 
coupling is established between the levels of QDs in bilayer 
structures. In this case carriers can be photogenerated in a 
given well and tunneling to an adjacent vertically aligned dot 
can occur if the tunneling time is less than the recombination 
time. In similar manner, by varying the QD size or coinpo- 
sition, the energy separation between the two tunneling QD 
layers can be used to control the tunneling probability. 

While due attention has been directed toward the cou- 
pling between closely stacked QD layers,5-..9 the role of the 
corresponding wetting layer (WL) in such vertically aligned 
structures has been rclatively less explored. In order to dis- 
tinguish different contributions to the relaxation of photoex- 
cited carriers we consider a structure composed of two layers 
of weakly coupled InAs/GaAs QDs. This geometry allows us 
to discriminate between the coupling QDs in adjacent layers 
and the coupling between QDs in the seed layer and the WL 
associated with QDs of the adjacent or second layer. 

"~lectronic mail: nutiao@mail.uark.edu 

The samples were grown using a solid-source molecular 
beam epitaxy chamber coupled to an ultrahigh vacuum scan- 
ning tunneling microscope (STM). The structures consist of 
two InAs layers. Each sample was grown on a GaAs (001) 
substrate, followed by a 0.5 p m  GaAs buffer layer and 10 
min annealing at 580 OC to provide a nearly defect-free 
atomically flat surface. The seed QD layer is then grown by 
depositing 1.8 monolayer (ML) of InAs at a growth rate of 
0.1 ML/s, As4 partial pressure of 8 X Torr, and substrate 
temperature of 500 OC. This is followed by 50 ML GaAs 
deposited on top of the seed QD layer. The second QD layer 
was then added. The InAs deposition coverage in the second 
layer was varied from 1.8 to 2.7 ML for different samples 
used in our measurements. Each sample for optical study 
was finally capped with a 150 ML GaAs layer. The samples 
were structurally characterized by plane-view STM and 
cross-sectional transn~ission elecbon microscopy (XTEM). 
The photolu~ninescence (PL) was studied in temperature 
range of 10-300 K using the 514.5 nm line of an ~ r '  laser 
for GaAs excitation, a Ti-sapphire laser for WL excitation, 
as well as a HeNe laser for intermediate energy excitation 
range, thus spanning excitation densities from 0.1 to 20 
w/cm2. 

Figure l(a) shows a typical XTEM image of the sample 
with 1.8 and 2.4 ML depositions for the seed layer and the 
second layer, respectively. Statistical analyses of XTEM im- 
ages show the resulting sample to be a weakly vertically 
correlated (-50% for 50 ML GaAs spacer thickness) double- 
layer QD structure, designed with a significantly different 
average QD size in the seed layer compared to that in the 
second layer. The QDs in the second layer are nearly twice 
the size of those in the seed layer due to additional deposi- 
tion, as well as to the influence of the strain field from the 
seed layer.3310 The STM statistical analysis [Fig. l(b)] indi- 
cates a QD size distribution of 4k1.5 nm for the height, 
20k3 nm for the width, and a dot density of about 4.5 
X 10" in the seed layer. The dot density in the second 
layer is variable over the range of 2.5-4 X 10" ~ m - ~ , "  de- 
pending on the InAs coverage. 

0003-695112003/63(9)11866/31$20.00 1866 O 2003 American Institute of Physics 
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We report an experimental demonstration of highly efficient single-pass second-harmonic generation from 859 
nm to 429.5 nm with picosecond pulses in a thick KNb03 crystal. Both the conversion-efficiency and 
quantum-noise properties of the generated blue pulses are measured at various pump intensities under a 
strong focusing condition. We find that the variation of the conversion efficiency of the picosecond second- 
harmonic generation is an oscillatory function of the input pump intensity (with a maximum efficiency of 
56.5%) and is sensitive to the position of the input beam focus in the crystal. The quantum noise on the blue 
beam can be reduced below the shot-noise limit by 20% at low input power. O 2003 Optical Society ofAmerica 

OCIS codes: 190.2620. 270.6570. 

1. INTRODUCTION 
Second-harmonic generation (SHG) is an attractive opti- 
cal frequency conversion process to generate coherent 
light a t  shorter wavelengths.' Very high conversion effi- 
ciency has been reported under extremely high pump 

i.e., an efficiency of 92% from 1064 nm to 
532 nm in bulk nonlinear crystals with a typical pump in- 
tensity of a few ~ ~ l c r n ~ . ~  Recently, single-pass 
traveling-wave (TW) SHG with cw mode-locked pulses 
has attracted attention because of low average input 
power with high peak intensity, and conversion efficiency 
higher than 60% has been obtained both in bulk nonlin- 
ear crystals5-* (NLCs) and in quasi-phase-matched non- 
linear w a v e g ~ i d e s . ~ ~ ' ~  Highly efficient TW SHG at a low 
average input power is an interesting nonlinear optical 
system that not only conveniently provides a coherent 
light source at  short wavelengths, but also allows genera- 
tion and observation of amplitude-squeezed light that has 
less-intensity noise than the standard shot-noise 
In fact, 6.7% (0.3-dB) amplitude squeezing in SHG was 
observed with a conversion efficiency of 15% in the TW 
SHG experiment with a type I1 phase-matched bulk KTP 
crystal.'' In an experiment with a LiNb03 waveg~ide ,~  
16.8% (0.8-dB) squeezing in the transmitted fundamental 
field and 7.7% (0.35 dB) squeezing in the generated har- 
monic light were observed with a conversion efficiency ap- 
proaching 60%. In the TW SHG with a thick potassium 
niobate (KNb03) crystal pumped by femtosecond pulses, 
a slope efficiency of 300% n ~ - '  for harmonic conversion 
was achieved5 and a 20% (1.0-dB) squeezing in the gener- 
ated harmonic light was observed with a conversion effi- 
ciency of 60% at  -90 mW average input 

In this paper, we study highly efficient single-pass SHG 

in a thick, noncritically phase-matched KNb03 crystal 
pumped by picosecond pulses and measure the quantum- 
noise properties of the generated blue pulses. We show 
that the TW SHG process in KNb03 with picosecond 
pulses is quite different from that with femtosecond 
pulses. Much less peak intensity is necessary to obtain 
the high conversion efficiency for picosecond pulses under 
the strong focusing condition. We found that the varia- 
tion of the conversion efficiency of the picosecond SHG is 
an oscillatory function of the input pump intensity (with a 
maximum efficiency of 56.5%) and is sensitive to the po- 
sition of the input beam focus in the crystal. The quan- 
tum noise on the blue beam can be reduced below the 
shot-noise limit by 20% a t  low input power. 

2. BACKGROUND 
m b O 3  is an attractive nonlinear crystal that has a large 
nonlinear coefficient and noncritical phase matching (no 
spatial walk-off) under appropriate conditions for low- 
power optical applications.'3-15 However, this crystal 
also has a large group-velocity mismatch ( a  = 1.2 pslmm 
for the wavelength conversion from 860 nm to 430 nm) 
and a narrow phase-matching bandwidth of Av 
= 0.88laL (-0.2 nm for a crystal length of L = 10 mm)? 
which generally limit it from short-pulse, wideband appli- 
cations. In the previous TW SHG experiments with fem- 
tosecond the input spectral width (-10 nm for a 
Gaussian pulse with duration time t ,  = 120fs) is much 
broader than the phase-matching bandwidth. Thus the 
temporal walk-off length IT = t ,  la (-100 pm), over 
which a fundamental pulse and a harmonic pulse miss 
temporal overlap from each other completely, is much 
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Optical switching has been achieved between two steady states of optical bistability generated in a 
system with three-level atoms inside an optical cavity. The optical power switching is controlled by 
adding short positive (switching up) or negative (switching down) pulses to the input intensity. The 
coupling laser beam in the three-level atomic system is used to control the threshold value and the 
width of the hysteresis cycle, which can adjust and optimize the optical switching process. 0 2003 
American Zizstitute qf Plzysics. [DOI: 10.1063/1.1600833] 

Optical bistability in atomic systems has been exten- 
sively studied both theoretically and experimentally since the 
early 1980s.' The quantitative comparisons between the de- 
tailed experimental results and theoretical calculations with 
various experimental parameters provided good understand- 
ing of the underlying physical mechanisms for optical bista- 
bility in two-level atomic Such bistable behavior 
between the input and output intensities of an optical reso- 
nator with two-level atoms is the result of nonlinearity of the 
intracavity atomic mcdium, such as saturation and Kerr non- 
linear effects, and feedback of the optical intracavity field 
from the cavity mirrors.' Driving the interest in such bistable 
behavior was the possibility of using it for applications in 
optical switching, optical transistors, and optical storage el- 
ements, which are essential for optical colnputing and com- 
munications. Optical bistability has also been observed in 
semiconductor and other materials.374 Optical switching in 
optically bistable multiple-quantum-well semiconductors and 
other systems has been demonstrated?' which made use of 
the bistable transmission behavior of thin film structures. 

In recent years, optical bistability in systems with three- 
level atoms inside optical cavities has been theoretically 
studied6 and experi~nentally dem~nstrated.~.~ The major ad- 
vantages of using three-level, instead of two-level, atoms as 
the nonlinear medium inside an optical cavity can be three- 
fold. The first one is to make use of the atomic coherence 
induced in the three-level atomic systems, which can greatly 
modify the absorption, dispersion, and nonlinearity of the 
 stern,^^'^ thereby reducing thc cavity input threshold powcr 
for optical bi~tability.~ The second advantage is the control- 
lability added by the coupling laser beam for such three-level 
atomic systems, as shown in the bubble of Fig. 1. By chang- 
ing the intensity or the frequency detuning of the coupling 
beam, one can control the threshold value and the hysteresis 
cycle width of the bistable curve." The last one is the sim- 
pler experimental setup with a three-level atomic system 
compared to a two-level atomic system. Due to severe Dop- 
pler effect, atomic beams or cold atomic samples were 
needed to observe optical bistability in two-level atomic sys- 
tems inside an optical ~ a v i t y . ~  However, by using the two- 
photon Doppler-frce configuration in the three-level atomic 
system? e.g., the two laser beams copropagate in the A-type 

a'~lectronic mail: n~xiao@mail.uark.edu 

three-level atomic medium, the first-order Doppler effect is 
eliminated. Therefore, one call easily observe optical bista- 
bility in an atomic vapor cell7," without the need for a com- 
plicated vacuum system for atonlic beams. 

These advantages provide us with a unique opportunity 
to make optical switching between the two steady states of 
the bistable curve by adding positive and negative pulses to 
the cavity input intensity. In this letter, we describe such 
experimental demonstration carried out in a rubidium atomic 
vapor cell inside an optical ring cavity. Although optical 
switching was previously demonstrated in the three-level 
atomic system,I2 the actual switching action happened out- 
side the bistable region, and the switching was controlled by 
the coupling laser beam, instead of by the cavity input beam, 
as will be shown here. The physical mechanisms for these 
two types of optical switching are very different. 

The atomic medium used for the experiment is ' ' ~ b  in 
the three-level A-type configuration, as shown in the bubble 
of Fig. 1. Level ( 1 ) (F= 1, 5 ' ~ ' ~ ~ )  and level (2 )  (F' 

FIG. 1. Thc expcrirnental setup, M1 -M3 are mirrors of optical ring cavity; 
LD1 and LD2 are coupling and probe lasers, respectively; PB1-PI35 are 
polarizing cubic beam splittcrs: W2, half-wavc plates; FR, Faraday rotators: 
Dl, detector; APD, avalanclle photodiode detcctor; SAS represents the satu- 
ration atomic absorption setup. Inside thc bubble is thc thrce-levcl A-type 

atomic system in the D, lines of " ~ b .  
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Abstract 

Optical bistability is studied for a three-level atomic system in A-configuration contained in an optical ring cavity and the 
effects of spontaneously generated coherence in the presence of two arbitrary coherent fields are investigated. Condition for 
observing optical multistable behavior in this system has also been specified. 
O 2003 Elsevier B.V. All rights reserved. 
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In recent years some new types of coherence pro- 
duced due to decays of closely lying states have been 
discussed [I-51. One of the main phenomena associ- 
ated with these coherences is the modification of the 
line shapes of the spectral lines. In A-type three-level 
atomic system the spontaneously generated coherence 
(SGC) due to interaction with the vacuum bath of the 
radiation field has been discussed by Javanainen [4]. 
The important finding in the study of Ref. [4] is the 
disappearance of the dark state due to SGC. The SGC 
is very sensitive to the alignment of dipole moments of 
two transitions with respect to each other. The effects 
of SGC on electromagnetically induced transparency 
(EIT) [6] and coherent population trapping [7] phe- 
nomena were also examined [g]. Suppression of spon- 
taneous emission [2] and subnatural linewidths [3] due 
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to SGC were predicted in the three-level atomic sys- 
tems. 

Optical bistability (OB) was extensively studied 
initially in the two-level system comprising of alkali 
atomic beams inside an optical resonator where a sin- 
gle mode beam circulating [9,10]. The experimental 
demonstration of OB in this system gave a great thrust 
to many potential applications such as optical tran- 
sistors, memory elements, and all optical switches. 
This led to further investigation of OB in three-level 
atomic system inside an optical cavity both theoret- 
ically [11,12] as well as experimentally [13]. Multi- 
stable (multiple hysteresis) behaviors has also been 
observed in Fabry-Perot cavities filled with atoms 
having several degenerate or nearly degenerate sub- 
levels in the ground state and driven by linearly polar- 
ized light [14]. Most of these experiments used mag- 
netic fields and high pressure buffer gases, and relied 
on Zeeman coherence as an efficient mechanism for 
the observed behavior. More specifically, optical trista- 
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Photo-oxidation-enhanced coupling in densely packed CdSe 
quantum-dot films 
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Photo-oxidation of densely packed monolayer of CdSe quantum dots (QDs) was studied by 
time-resolved photoluminescence (PL) spectroscopy. Electrons yielded in QDs by the strong 
laser-pulse irradiation can assist the oxidation of CdSe QDs. Such rapid photo-oxidation does not 
introduce more nonradiative defects, instead, it enhances the coupling between QDs through surface 
modification and the PL intensity can be significantly improved. 0 2003 American Institute qf 
Physics. [DOI: 10.1063/1.1590735] 

In recent years, colloidal quantum dots (QDs) have gen- 
erated much interest for both fundamental research and tech- 
nical applications due to their relatively reproducible and 
controllable synthetic chemistry and strong size-dependent 
optical p r ~ ~ e r t i e s . ' ~ ~  An important feature of these QDs is the 
relatively large surface-to-volume ratio.3 The complex 

of the colloidal semiconductor nanocrystals usu- 
ally are chemically and optically unstab~e.~ In ambient envi- 
ronment, water n~olecules adsorbed on CdSe QDs lead to 
native oxidation of their  surface^.^ The slow oxidation pro- 
cess yields some nonradiative defects and decreases the fluo- 
rescent properties.7 Another important process closely related 
to the surface of QDs is the aging due to photoirradiation.7,8 
To resolve the origin of the photo-oxidation process of col- 
loidal QDs is a challenging task and will have big impacts on 
the stability of QD devices as well as on describing the sur- 
face structures of these colloidal nanostructures. 

Colloidal QDs dispersed in solid films present more op- 
portunities for potential device applications than those in 
solvents.%en QDs are densely packed in solid films, the 
coupling of electronic excitations between proximal QDs 
could play an important role in the electronic and optical 
properties.92'0 In this letter, we report our experimental study 
of photo-oxidation of densely packed monolayer of CdSe 
QDs by time-resolved photoluminescence (PL) spectroscopy. 
We found that strong laser-pulse irradiation can induce rapid 
surface photo-oxidation, which does not increase more non- 
radiative defects, instead, it can enhance the coupling be- 
tween QDs and significantly increase the PL intensity. These 
results indicate that the optical properties and the stability of 
colloidal QDs can be improved by proper photoirradiation, 
which are useful for optoelectronic device applications. 

The method of synthesizing the high quantum-yield 
(QY) colloidal CdSe QDs used in this work was described in 
detail in Ref. 11. The CdSe QDs used here have an average 
diameter of 4.5 nm with a size distribution of about 5% and 
a QY of about 85%. CdSe QDs' monolayer films were de- 
posited onto fused silica substrates by a similar method de- 
scribed in Refs. 9 and 10. The inset of Fig. 1 shows the 
transmission electron microscopy (TEM) image of a typical 
part of a sample film. CdSe QDs can self-assemble into a 
densely packed array due to their nondispersive size distri- 

bution. The samples were placed inside a vacuum chamber 
with optical windows for optical measurements. The irradia- 
tion laser pulses, obtained by frequency doubling a mode- 
locked Ti-Sapphire picosecond laser, were at X=420 nm 
with a 16.4 MHz repetition rate and 6.3 pJ per pulse. The 
laser intensity on the sample is -0.5 kw/cm2. PL and time- 
resolved PL were obtained by a liquid-nitrogen-cooled 
charge coupled device camera and a time-correlated photon- 
counting system, respectively. All measurements were car- 
ried out at room temperature. 

The irradiation of the 420 nm laser pulses has no obvi- 
ous effect on the QDs when the sample is placed in vacuum. 
However, if the sample film is placed in the ambient air 
environment, the photoirradiation induces a blueshift in PL 
peak position and a significant change in PL intensity. The 
PL spectra are strongly affected by the irradiation time of the 
samples in air. Figure 1 shows the evolution of PL spectrum 
of the 4.5 nm QD film for different irradiation time. Figure 2 
shows the peak shift and PL intensity of the PL spectrum 

1.9 2.'0 2.1 2.2 2.3 
Energy (eV) 

FIG. I .  Evolution of PL spectrum of 4.5 nni CdSc QDs (with 85% QY) 
under yhotoil~adiation. Curves (a), (b), and (c) are PL spectra with photoir- 
radiation times of 0, 2, and 60 s, respcctivcly. The gray line (d) is the best 
Guassian fit of curve (c), which indicates that PL spechum deviates from the 
symmetric shape. The right insct is for the PL (solid linc) and absorption 
spectra (dashed line) of the initial QDs and the left inset is the typical TEM 
image of the san~ple. 
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Abstract 

We consider a four-level atomic system in inverted-Y configuration and study the phenomenon of electromagnetically induced 
transparency (EIT) in this system under various parametric conditions in order to demonstrate controllability of the EIT and its 
dispersion properties. 
0 2003 Elsevier B.V. All rights reserved. 
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1. Introduction 

In recent past a great deal of attention has been paid 
to observe and understand the phenomenon of electro- 
magnetically induced transparency (EIT) and related 
effects in multi-level atomic systems [l-31 interacting 
with two or more electromagnetic fields. The closely 
related phenomenon with EIT is coherent population 
trapping (CPT) [I]. In an usual CPT situation the two 
electromagnetic fields interacting with the atom are 
of almost equal strength and the quantum interference 
(QI) arises from these two fields. On the other hand, in 
usual EIT situation, one of the fields is much stronger 
than the other so that the QI is mostly governed by 
the stronger field. In the terminology of EIT [l-31, the 
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weaker field is calledprobe field and the stronger field 
is called the coupling field. The EIT systems are po- 
tentially useful in applications such as electro-optical 
devices, sharp dispersion to control speed of light, 
nonlinear optics, and lasing without inversion. The in- 
duced atomic coherence in multi-level atomic systems 
cannot only modify the linear absorption and disper- 
sion properties, but also enhance the nonlinear optical 
processes such as four-wave mixing [4,5], harmonic 
generation [6,7], and two-photon absorption [8] and 
all optical switching [9]. The QI can also modify the 
refractive index properties of a medium. It is due to the 
Kramers-Kronig relation, any change in absorption of 
medium will be accompanied by change in the disper- 
sion of the medium and that leads to phenomena like 
electromagnetically induced focusing [lo] and slow 
light [ll] .  By making use of atomic coherence, the 
nonlinear optical properties of an atomic medium can 
be modified and controlled. Recently, enhanced third- 
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Effect of quantum interference on optical bistability in the three-level V-type atomic system 
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The phenorncnon of optical bistability is studicd for thc threc-level atomic systcm in V-configuration con- 
fined in a unidirectional optical ring cavity, and the effects of quantum interference and coupling field are 
invcstigatcd. Thc possibility of obtaining optical rnultistability in thc systcm by controlling quantum intcrfer- 
ence and coupling field strength is also discussed. 
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The phcnomenon of quantum interference is central to 
many new effects recently discovered in quantum optics. 
Harris et al. [l] considered the V-type three-level atom and 
demonstrated that the absorption rate can become zero due to 
the destructive interference and thus it is possible to have 
light field an~plification without population inversion [2]. It 
was also shown that the quantum interference can lead to 
line narrowing, black dark line, and removal of spectral 
emission of driving field frequency in the emission spectrum 
[3]. It can also produce ultranarrow spectral lines in the fluo- 
rescence spectra of a ttuee-level atom [4]. Fluorescence 
quenching has been experimentally observed in the sodium 
dimers [5]. Many other related phcnomena with quantum 
interference, e.g., the electromagnetically induced transpar- 
ency (EIT), refractive index enhancement, modification of 
spectral features of three-level systems featuring dark reso- 
nances, etc., were also studied in recent years [6].  

Optical bistability (OB) has been extensively studied both 
experimentally and theoretically in the recent past [7]. Most 
of the experimental studies in OB have been devoted to two- 
level alkali atoms confined in an optical resonator [7,8]. The 
theoretical models of OB have considered the interaction of a 
collection of two-level atoms with a single-mode field [7,8]. 
The perpetual interests in OB and associated phenomena 
stem from the fact that these phenomena could have wide 
range of applications such as in optical transistors, memory 
elements, and all optical switches. Also bistable behaviors 
were studied theoretically [9,10] and observed experimen- 
tally [ l l ]  in three-level atomic systems inside optical cavities 
in recent years. 

In the literature, thc possible realization of optical niulti- 
stability (OM) has also been mentioned, which involves in- 
teraction of a nonlinear medium with two different optical 
fields. In particular, Kitano [12] reported optical tristability 
in a three-level A-configuration interacting with two differ- 
ent modes of cavity under the limiting condition of large 
atomic detuning and no saturation. This work was general- 
ized by Savage et al. [13] to include saturation in the disper- 
sion limit, and they predicted that the asymmetric state be- 
comes unstable and gives rise to self-oscillations and a 
different kind of optical turbulence. Later on Arecchi et al. 
[I41 included the effect of ground-state coherence and re- 

*Ernail address: ajoshi@uark.edu 

ported not only the tristability but also higher-order bistabil- 
ity. Recently, a theoretical calculation for OB has been car- 
ried out for three-level atoms confined in an optical cavity, 
and the effect of coherence generated in the system by a 
control field is studied and possibility of generating multista- 
bility is also discussed [9]. 

Here, in this work we discuss the role of quantum inter- 
ference in the phenomenon of OB in a three-level V-type 
atomic system confined in an optical resonator. The atomic 
system consists of two excited sublevels of same parity and a 
single ground level of different parity. The effect of quantum 
interference in spontaneous emission from the upper two lev- 
els is included in this investigation of OB. Such a model with 
quantum interference from spontaneous emission shows 
great enhancement of the population inversion in one of the 
optical transitions and can lead to substantial radiation am- 
plification and existence of vacuum-induced quasitrapped 
states [15]. However, the previous theoretical works studying 
OB in three-level atomic systems did not include quantum 
interference in the decay channels in their models. 

The model of the three-level atom considered here is de- 
picted in Fig. 1. It is a closed V-type configuration with one 
single ground-state 11) and two closcly lying upper states 12) 
and (3) .  The transition between I 1 ) and 12) (with resonant 
frequency wlz) is mediated by the probe laser field E p  (fre- 
quency o , ) ,  while the transition 11) to 13) (with resonant 
frequency o l 3 )  is driven by another laser field Ec (frequency 
0 2 )  called coupling field in tliis work. The atomic dynamics 
of the system can be described by the Liouville equation for 
the density operator and the density matrix cquations [15] 
with all decay terms included under rotating-wave approxi- 
niation are 

FIG. 1. Schematic diagram of a three-level V-type atom. 
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Novel Linear and Nonlinear Optical Properties 
of Electromagnetically Induced 

Transparency Systems 
Min Xiao 

Invited Paper 

Abstract-We describe some interesting linear and nonlinear 
optical properties of three-level electromagnetically induced trans- 
parency @IT) systems, such as absorption reduction, sharp disper- 
sion change, and enhanced Kerr nonlinearity. These novel optical 
propertie;are very useful in enhancing efficient nonlinear optical 
processes, which can find applications in optoelectronic devices. 
w e  present some experiments done in our group in the past few 
years with three-level atomic systems, especially more recent ex- 
periments with EIT medium inside an optical cavity. 

Index Terms-All-optical switching, atomic coherence, Kerr 
nonlinearity, nonlinear optics, slow light. 

E LECTROMAGNETICALLY induced transparency (EIT) 
and its applications in multilevel atomic systems have been 

active research fields for the past decade [I], [2]. Since the first 
experimental realizations of EIT phenomena in strontium [3] 
and lead [4] hot atomic vapors with high-power pulsed lasers, 
significant advances were made in demonstrating the reduc- 
tion of absorption and enhancement of dispersion near the EIT 
resonance. One such advance was to use low-power contin- 
uous-wave (CW) diode lasers as both the coupling and probe 
lasers. By making use of the two-photon Doppler-free config- 
urations for the coupling and the probe beams in three-level 
atomic systems, significant absorption reduction was demon- 
strated in both three-level ladder-type [5] and A-type [6] inho- 
mogeneously broadened atomic systems inside an atomic vapor 
cell at room temperature. Simple theoretical calculations were 
carried out for such ideal EIT systems and detailed quantitative 
comparisons were made with the experimentally measured re- 
sults [5], [6]. The use of Doppler-free configuration allowed the 
direct observation of quantum interference effect in such EIT 
system with a very weak coupling intensity [7], which would 
have been buried by the Autler-Townes or ac-Stark effect under 
strong coupling intensity. Dispersion enhancement at the EIT 
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resonance was then demonstrated in the three-level EIT system 
and a reduction in the group velocity of light by a factor of thir- 
teen was inferred from the sharp dispersion slope [8], which had 
been pushed down to 90 d s  in atomic vapor with buffer gas by a 
better selection of atomic sublevels and use of diode lasers with 
locked frequency and narrower linewidths [9], [lo]. Another 
advancement in demonstrating EIT was the use of cold atoms 
as the EIT medium [ l l ] .  With cold atoms, the Doppler effect 
was eliminated and the group velocity reduced to a mere 17 d s  
[12]. With such cold atomic system, which has a longer coher- 
ence time, storage of photons via atomic coherence effect in col- 
lective atomic medium was experimentally demonstrated [13]. 
Such manipulations of linear absorption and dispersion proper- 
ties in the coherent EIT media have profound implications in 
making ideal optical materials, especially in solid media [14]. 

With reduced absorption at atomic resonance, EIT media 
can also be used to enhance nonlinear optical processes near 
resonance, such as harmonic frequency generation [15], [16], 
nondegenerate four-wave mixing [17]-[19], and optical bista- 
bility and dynamic instability [20]. By making use of the greatly 
enhanced nonlinearity in multilevel atomic media, absorptive 
optical switching in a four-level N-type atomic system [21] 
and controllable all-optical switching in a three-level A-type 
atomic system inside an optical cavity [22] were experimentally 
demonstrated recently. Making more efficient nonlinear optical 
processes will have potential applications in optoelectronic and 
photonic devices. 

In this paper, we describe a few experimental studies done in 
our group in three-level atomic systems in the past few years. 
Section I1 shows the linear absorption and dispersion properties 
in three-level inhomogeneously broadened atomic systems 
with weak CW diode lasers in the two-photon Doppler-free 
configurations. We also describe the linewidth narrowing of an 
optical cavity due to such highly dispersive intracavity medium. 
Section I11 is devoted to the nonlinear optical properties in 
such EIT systems including enhancement of nondegenerate 
four-wave mixing in three-level A-type and four-level double 
A-type systems, measurements of enhanced Kerr nonlinear 
index of refraction, and optical bistability and dynamic insta- 
bility with EIT medium inside an optical cavity. In Section IV, 
we present an experimental demonstration of an efficient 
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Optical multistability in an optical ring cavity filled with a collection of three-level A-type rubidium 
atoms has been experimentally demonstrated. The observed multistability is very sensitive to the 
induced atomic coherence in the system and can evolve from a normal bistable behavior with the change 
of the coupling field as well as the atomic number density. The underlying mechanism for the formation 
of such multistability is also discussed. 
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Atomic optical bistability (AOB) in two-level atomic 
systems has been extensively studied both experimentally 
and theoretically in the past 20 years [l-51. Such optical 
bistable behavior arises from the nonlinear interaction 
between a collection of two-level atoms and the field 
mode inside an optical cavity. Because of the Doppler 
effect, atomic beams were used for observing such AOB 
in these two-level atomic systems [2,3,5]. Many interest- 
ing phenomena in these AOB systems such as dynamic 
instabilities, squeezed states, cavity QED, and higher- 
order quantum correlation were all experimentally ob- 
served [6]. Also, bistable behaviors were predicted [7] 
and observed [8] in three-level atomic systems in recent 
years. Qpically, those observed AOB phenomena were 
divided into two distinct categories, i.e., absorptive and 
dispersive bistability which have quite different charac- 
teristics [I-51. 

Optical multistability (OM) was predicted and ob- 
served in systems involving interactions between non- 
linear media and two different optical cavity field modes 
[9-121. In particular, Kitano et  a l  [9] calculated optical 
tristability in a three-level A configuration under the 
limiting condition of large atomic detuning with no 
saturation, which was experimentally observed by 
Cecchi et a l  [lo]. This work was generalized by Savage 
et  a l  to include saturation in the dispersive limit [ll]. 
Later, Arecchi et a l  included the effect of ground-state 
coherence and reported not only tristability but also 
higher-order bistability [12]. The tristability generated 
here [12] involved a two-photon process via the coopera- 
tion of a bistability generation process. Several groups 
reported the observations of multistablelmultiple hyste- 
resis behaviors in a Fabry-Perot cavity filled with atoms 
having several degenerate or nearly degenerate sublevels 
in the ground state and driven by linearly polarized light 
[13-151. In the transmitted light polarization switching 
occurs and three different states of polarization can 
dominate, giving rise to a transition from tristability to 
symmetry breaking bifurcation attributed to a change in 
cavity length or atomic density in the experiment of 
Giacobino [13]. The intricate multistable behavior, as 
observed by Nalik et  a l  [14], was a combined effect of 

Zeeman pumping and electronic excitation. Most of these 
experiments used magnetic fields and buffer gases, and 
relied on the Zeeman coherence as an efficient mechanism 
for the observed AOBIOM. 

In this Letter, we report the experimental observation 
of a new kind of OM in a three-level A-type atomic 
system in a Rb vapor cell inside an optical ring cavity 
under different conditions. A simple physical model is 
given for understanding the appearance of such OM in 
this interesting system of electromagnetically induced 
transparency (EIT) [16,17] inside an optical cavity, in 
which AOB and dynamic instability were observed 
previously [8]. By varying the frequency detuning of 
the coupling laser beam or the atomic number density, 
transition from normal optical bistable behavior to the 
multistable one is achieved and controlled. Our ability 
of observing such OM stems from the enhanced Kerr 
nonlinearity due to atomic coherence in such a com- 
posite system [18] and the controllability of the coupling 
laser beam. Another advantage of our experimental 
setup is the use of an atomic vapor cell inside the optical 
cavity instead of atomic beams or a cold atomic sample, 
so we can increase the atomic density to a high value, 
which is essential for observing such OM. Because of the 
two-photon Doppler-free configuration used in our ex- 
periment, i.e., copropagation of the cavity field and the 
coupling field for the EIT transition, the first-order 
Doppler effect is eliminated [17]. With controllability of 
the-intensity and frequency detunings of the coupling and 
cavity fields, as well as the atomic density, we can ma- 
nipulate the absorption, dispersion, and nonlinear optical 
properties of the atomic medium inside the optical cavity, 
which provides us a unique opportunity for studying the 
OM in this system. 

The three-level A-type atomic system and the experi- 
mental setup used in the experiment are similar as in 
Ref. [8]. The lower two levels of the atomic system 
designated as 11) and (3) correspond to the F = 1 and 
F = 2 states of 5SIl2 in 8 7 ~ b ,  respectively, and the upper 
level (2) corresponds to the F' = 2 state of 5 P l I 2 .  The 
probe laser (frequency w,)  is tuned near the transition 
frequency of 11) to 12), and the coupling laser (frequency 
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Efficient photoluminescence (PL) up-conversion has been observed in colloidal CdTe quantum dots with an 
enerby gain of as high as 360 mcV. Cornparcd with the normal PL, thc peak encrby of this up-converted PL 
(UCPL) shows a redshift of about 80 meV, and the corresponding radiative lifetime becomes nearly twice as 
long. This UCPL is attributed to the carrier recombination involving surface states mainly through a thennal 
excitation process. 
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Photoluminescence (PL) up-conversion, the observation 
of lunlinesccnce with energies higher than those of the exci- 
tation photons, has been widely observed in the bulk' and 
hetcrostructure~~-~ of semiconductors, quantum wells: po- 
rous silicoq7 self-assembled quantum dots (QDS),~ and col- 
loidal Q D S . ~ " ~  It was proposed that the existence of interme- 
diate states with energies resonant with or lower than those 
of the excitation photons is a prerequisite for these up- 
converted photoluminescence (UCPL) processes. Carriers 
must bc excited to these inteimediate states by the first exci- 
tation photon and further to the higher energy states through 
various underlying ~nechanisins such as Auger e~ci ta t ion ,~  
two-step two-photon absorption (TS TPA),'-',~,~ or the ther- 
mal Most of these intermediate states are 
"observable," 2-7 i.e., in addition to the UCPL emission, one 
can also see the normal PL emission from these states with 
energies lower than those of the excitation photons. How- 
ever, in some cases of self-assembled and colloidal QDs, 
these intermediate states can hardly be observed since carri- 
ers cannot efficiently populate them by the above-band-gap 
excitation of normal P L . ~  In a way, UCPL can provide a 
unique method for detecting the existence of these "defect" 
states in semiconductor quantum nanostructures and investi- 
gating their properties, which are usually different from 
those of the band-gap states. 

Semiconductor colloidal QDs are characterized by a large 
surface-to-volume ratio due to their small particle sizes, as 
well as the surface complexity originating from the passiva- 
tion ligands used to neutralize the surface dangling bonds. 
Surface states have long been invoked to be responsible for 
some con~plex phenomena that could not be explained by 
using the concept of band-gap states only. For example, the 
almost universal occurrence of a biexponential distribution in 
the radiative lifetime strongly implies the existence of sur- 
face states in colloidal QDS.",'~ In this sense, time-resolved 
measurements can provide one, but only indirect, way to 
probc the surface states in colloidal QDs, and consequently 
the existence of them is still contr~versial. '~ However, if one 
can observe a UCPL signal from colloidal QDs, this problem 
will be easily resolved since the demand of intermediate 
states can only be fulfilled by the existence of surface states. 
Recent1 UCPL signals were observed in colloidal I~P: 
CdSe?' and CdTe (Ref. 10) QDs, which have provided a 

strong proof of the existence of surface states in colloidal 
QDs and opened up a new opportunity for the systematic 
study of these surface states. 

Here, we report on our optical studies of efficient UCPL 
in colloidal CdTe QDs with an energy gain of as high as 360 
meV. Compared with the normal PL, the UCPL signal shows 
a redshifi of about 80 meV in its peak energy, while the 
excitation spectroscopy of the UCPL (UCPLE) measurement 
at this peak energy showed a broad excitation band with 
energies below those of the band gap. Time-resolved mea- 
surements were utilized to study the time-resolved dynamics 
of this UCPL, whose radiative lifetime now becomes nearly 
twice as long as that of the nonnal PL. Finally this UCPL is 
attributed to the recombination of carriers from the band-gap 
states and surface states mainly through a thennal excitation 
process. 

The CdTe QD samples were ~ ~ n t h e s i z e d ' ~  in a non- 
coordinating solvent 1-octadecene (ODE) with controllablc 
sizes. A mixture of CdO, tetradecylphosphonic, and 
technological-grade ODE was heatcd to 300 "C to get a clear 
solution. A solution of tellurium dissolved in tributylphos- 
phine and ODE was quickly injected into this hot solution, 
and then the reaction mixture was allowed to cool to 240 "C 
for the growth of CdTe QDs. The unconverted cadmium and 
tellurium precursors and ODE were carefully separated out 
before the optical measurements. Typically, the size distribu- 
tion was between 5% and 8% dete&inedby using the trans- 
mission electron microscopy. Here we selected the sample 
with the diameter of 4.3 nm, which has a normal PL peak 
around 660 nm, for our optical measurements. The solution 
containing the QDs in chlorofom~ (CHC13) solvent was 
sealed in an ultraviolet-visible (UV-Vis) cuvette initially un- 
der nitrogen gas environment to prevent photo-oxidation for 
the PL, absorption, UCPL, UCPLE, and time-resolved mea- 
surements at room temperature. The absorption spectrum, as 
shown in the inset of Fig. 1, gives the optical densities at 
different wavelengths, from which we estimate the QD den- 
sity in this sample to be - 2.7X lo-%-'. A Ti:sapphire 
pulsed laser (- 1-ps duration, 0.05 CJ per pulse, and a 16.4- 
MHz repetition rate) with the photon energy varying from 
1.442 eV (860 nin) to 1.699 eV (730 nm) was used as the 
excitation source for the UCPL measurement. while its 
second-harmonic light beam (at 365 nm) was used for the 
normal PL measurement. The UCPLE spectrum was ob- 
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InGaAstGaAs three-dimensionally-ordered array of quantum dots 
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We report on the first fabrication of (In,Ga)As/GaAs quantum dots with both vertical and lateral 
ordering forming a three-dimensional array. An investigation of the photoluminescence spectra from 
the ordered array of quantum dots, as a function of both temperature and optical excitation intensity, 
reveals both a lateral and vertical transfer of excitation. O 2003 American Institute of Physics. 
[DOI: 10.1063/1.1596712] 

Recently, electronic and optoelectronic devices based on 
quantum wires and quantum dots (QDs) have been the sub- 
ject of interest due to their potential applications as lasers, 
detectors, or photonic crystals.' As a result, there has been an 
extensive effort to manipulate and control the position, size, 
shape, and density of QDS.'"' 

In this letter, we report on the fabrication of a vertically 
and laterally ordered (In,Ga)As/GaAs QD stack forming a 
three-dimensional QD array. The fabrication is achieved by 
utilizing multilayer vertical stacking grown at elevated 
temperature.6-" An investigation of the photoluminescence 
(PL) spectra from thesc ordered arrays of QDs, as a function 
of both temperature and optical excitation intensity, reveals 
both a lateral and a vertical transfer of excitation. 

The samples used in the experiments were grown on 
semi-insulating GaAs [00:1.] substrates, with a miscut angle 
smaller than O.OSO, using solid source molecular beam epi- 
taxy. AAer the native oxide was desorbed, a 150-nm-thick 
GaAs buffer layer was grown at 580°C. The substrate was 
then cooled down to 540 OC for the growth of the niultilayer 
dot structure. After a 2-nm-thick Ino,36Gao,64As layer was 
grown, three monolayers of GaAs were deposited without 
growth intemption to suppress In segregation. Then, after an 
8 s interruption, 16 nm of GaAs was grown. The period of 
the superlattice was 15. 

The samples were investigated using plane-view and 
cross-sectional transmission electron microscopy (XTEM) in 
order to examinc vcrtical and lateral ordering was performed 
using a JEOL JEM2000FX microscope opcrated at 200 kV. 
PL studies werc performed in a variable-temperature helium 
cryostat (4-300 K), under the excitation of the 514.5 nin line 
of a continuous-wave argon-ion laser. The PL signal was 
analyzed using a 0.5 m single-grating spectrometer, and de- 
tected using a photomultiplier tube. 

Figures 1 (a) and 1 (b) show dark-field plan-view TEM 
and dark-field XTEM images of a typical multilayered QD 
sample, respectively. The XTEM image [Fig. 1 (b)] shows an 
almost perfect vertical island correlation, and the plan-view 
TEM image [Fig. l(a)] indicates that within each layer, the 
QDs were slightly elongated along [ f i0 ]  direction and 
densely packed in long lateral chains (- 1-2 p m  in length). 
The effective 2D wetting layer (2DWL) thickness (about 0.7 

"'Electronic mail: nwiao@uark.edu 

nm) is the same for all layers. The average diameter of the 
QDs is about 45 nni while the average height is about 5 nm. 
The average distance between QDs within a chain is about 
20 nm. The separation between a QD in one chain and the 
nearest QD in a neighboring lateral chain is about 70-80 nm. 
The QDs in each chain appear to sit on a common InGaAs 
base with an estimated height of about 1.5-2 nm. The verti- 
cal correlation of the QDs is due to the vertical strain field 
between the buried and the subsequent QDs, while the lateral 
ordering of the QDsis related to the strain-field-modulated 
surface along the [I101 direction and the enhanced adatom 
migration length at the elevated growth temperature. 

According to the XTEM, the tunnel barrier thickness 
between the vertically aligned QDs (defined as the average 
distance between the island tip in one layer and the island 
base in the second InGaAs layer) is about 10 nm and is 
approximately two tiines smaller than the barrier thickness 
between neighbor dots within a lateral chain. Based on cal- 
culations using the Wentzel-Kramers-Brillouin approxima- 
tion and treating the dots as thin quantum w e l ~ s , ' ~ . ' ~  the elec- 
tron tunneling time is estimated to be 7,-0.8 ns for square 
barriers of about 10 nm wide. In comparison, the typical 
radiative recombination time 7, for InGaAs quantum dots is 
about 0.5-2 n ~ . ~ " '  So, at low temperature, is comparable 

FIG. 1. (a) Dark-field plane-view TEM image of the sample obtained with 
g=200. (b) [CO] XTEM image of the sample. 
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Controlling optical bistability in a three-level atomic system 
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We have experimentally studied the optical bistable behavior in an optical ring cavity fillcd with a collection 
of three-level A-type rubidium atoms, interacting with two collinearly propagating laser beams. The bistability 
so obscrved is vcry se~lsitivc to the induced atomic cohercncc in this elcctro~nagnetically induced transparcncy 
systenl or consequently to the altered nonlinearity in the system and, thus, can easily be controlled by changing 
the intcnsity and thc frequency detuning of the coupling field. 

DOI: 10.1 103/PhysRevA.67.041801 PACS number(s): 42.65.P~ 

In the recent past, a great deal of attention has been paid 
to observing and understanding the phenomenon of optical 
bistability (OB) in two-level atoms confined in an optical 
cavity, due to its potential applications in all-optical 
switches, memories, and optical transistors [I]. The satura- 
tion of atomic transition and intensity-dependent refractive 
indcx of the media are attributed to two different physical 
mechanisms for absorptive OB and dispersive OB, respec- 
tively [I-31. The bistable states of the optical cavity output 
appear only for a definite range of input intensities [4] and 
the intensity of the upper branch of the bistablc curve shows 
an instability behavior for some parametric conditions [5]. 
The cold atomic cloud of cesium atoms is yet another system 
which shows OB as well as instability in which the Zeeman 
sublevels in the 6SIl2, F = 4  to 6S312, F= 5 transition of 
cesium atoms interact with a circularly polarized laser beam 
in an optical cavity. However, there are limitations to this 
experiment because of the lack of control due to only one 
laser beam being employed for both optical pumping and 
saturation, and the optical cavity was not locked in observing 
OB and instability [6]. 

Recently, electromagnetically induced transparency (EIT) 
and related effects in multilevel atomic systems have at- 
tracted great attention [7-91. The induced atomic coherence 
in multilevel atomic systems can not only modify the linear 
absorption and dispersion properties, but can also enhance 
the nonlinear optical processes such as four-wave mixing 
[ I  0,111, ham~onic generation [12,13], and two-photon ab- 
sorption [14]. More recently, the enhanced third-order Kerr- 
nonlinear index of refraction (n2,  in the expression of n 
=no+  n 2 I ~ l 2 )  was measured ncar the ElT condition, as well 
as near the more general coherent population trapping (CPT) 
conditions in three-level A-type rubidium atoms inside an 
optical cavity [15]. It is interesting to note that at the exact 
EIT 01. CPT condition, i.e., when both the coupling and probe 
frequency detunings are zeros, n2 is zero. However, if one of 
the frequency detunings is even slightly tuned to be nonzero, 
the value of n2 is greatly enhanced as compared to the situ- 
ation when there is no coupling beam present (as in a two- 
level situation). Detailed studies of the variations of n2 with 

*Ernail address: mxiao@uark.edu 

intensities and frequency dctunings of both coupling and 
probe beams were reported earlier [ I  51, which motivated us 
to further explore the bistable characters in this EIT system 
with the help of the enhanced nonlinearity due to atomic 
coherence. 

The present work is built upon our preliminary observa- 
tion (which mainly studied the instability behavior) [16] and 
is a further experimental investigation of the OB as functions 
of various parameters in the composite system consisting of 
three-level A-type Rb atoms and an optical ring cavity. The 
aim of this work is to experimentally demonstrate the con- 
trollability of OB behaviors in this system by varying the 
intensity and the frequency detuning of the coupling laser 
beam. These additional experimental controls provided by 
the coupling laser beam do not exist in the previous systems 
using two-level atoms for OB [I-51 or in the systenl with 
multi-Zeeman-levels but using only one laser beam [6]. An- 
other advantage of our experimental setup is its simplicity 
with atoms in a vapor cell (no atomic beam or cooled atomic 
sample under vacuum is needed) in two-photon Doppler-free 
configuration to overcome the first-order Doppler effect [9]. 
The enhanced nonlinearity here due to atomic coherence can 
relate to the effect reported in an earlier experiment with 
sodium vapor filled in a Fabry-Perot cavity [17], where the 
two different frequencies for the atoms in a particular group 
of velocity distribution is provided by counterpropagating 
beams. Controlling OB can have practical applications in 
all-optical switches, memories, transistors, and logic circuits, 
which have no need for optical-electronic-optical conversion 
of signal information. Due to the enhanced Kerr nonlinearity 
in the three-level atomic systenl owing to atomic coherence, 
the switching thresholds of such devices can reduce down 
considerably, and hence controlling becomes easier and more 
efficient, which is also essential in order to process optical 
signals faster and reliably at very low intensity levels of 
light. Some interesting theoretical results for OB have been 
reported for three-level atoms confined in an optical cavity 
under various conditions [18]. 

The experiment was carried out in a three-level A-type 
system of ' ' ~ b  atoms using the D l  lines of 52~ ,12 - t52  P , , ~  
transitions as depicted in the bubble of Fig. 1. The probe 
laser beam (i.e., the cavity field with frequency up) is tuned 
to the atomic transition ( 1 )  (F= 1 , 52~ , , 2 )  to 12) ( F r = 2 ,  
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ABSTRACT 

We report our experimental studies of surface-related emission in highly luminescent CdSe quantum dots (QDs) with controlled quantum yield 
and photooxidation by time-resolved photoluminescence measurements. This kind of surface-related emission, with a radiative lifetime of tens 
of nanoseconds, implies the involvement of surface states in the carrier recombination process of such highly luminescent CdSe QDs. 

Colloidal semiconductor quantum dots (QDs) are a class of 
nanocrystals intermediate between single molecules and bulk 
solid-state materials and are of great interest for both 
fundamental research and technical  application^.',^ One of 
the best-studied semiconductor quantum systems is the CdSe 
quantum nanostructure. Its 3D quantum confinement of both 
electrons and holes leads to strongly size- and shape- 
dependent optical and electronic proper tie^,^-^ which make 
them ideal candidates for tunable emitters in such applica- 
tions as biological imaging6 and single-photon  source^.^ One 
important concern in these applications is the radiative 
lifetime, which, for example, detennines the average time 
interval between two consecutivc emitting photons from the 
single-photon source and, consequently, the speed of opto- 
electronic devices. Compared with the typical --1-ns radiative 
lifetime in bulk materials, the radiative lifetime of CdSe QDs 
usually ranges from several to tens of  nanosecond^.^-^" One 
interesting feature of the photol~lminescence (PL) decay of 
colloidal QDs is the almost universal occurrence of a 
biexponential time distribution in the radiative lifetime. 
Typically, a shorter lifetime is on the time scale of several 
nanoseconds, and a longer one is tens of nanoseconds. The 
shorter lifetime can be attributed to the intrinsic recombina- 
tion of initially populated core s t a t ~ s , ~ ~ ~ ~ ~ ~ ~ ' ~  but the possible 
origin of the longer lifetime is still in question. 

One distinct feature of colloidal QDs is the large surface- 
to-volume ratio due to the decreasing particle size, and it 
has long been believed that the surfaces of colloidal QDs 
play important roles in carrier relaxation and recon~bination 
p r ~ c e s s e s . ~ ~ " ~ ~ ~  For example, a femtosecond broad-band 
transient absorption technique was used to show that electron 
relaxation was controlled by surface passivation, compared 

to surface-independent hole relaxati~n.~ One direct way to 
understand the role of the surface in the PL decay dynamics 
fully is to change the surfaces of QDs systematically while 
monitoring the corresponding PL decay. Recently, we 
successfully realized the control of quantum yield (QY) froin 
a few percent to as high as 86% in colloidal CdSe QDs via 
surface reconstr~ction.'~ This controllable high QY of QDs 
using the new synthesis procedurel"rovided us with a rare 
opportunity to study the correlation between the surface 
quality and the PL decay dynamics systematically. 

In this letter, we investigate the biexponential distribution 
of the radiative lifetime in colloidal CdSe QDs with changing 
surface quality realized either by controlling the QY in 
synthesis or by introducing photooxidation with laser ir- 
radiation. The amplitude ratio of the longer (15-25 ns) to 
the shorter (2-5 ns) lifetime components in the PL decay- 
time distribution increases with increasing QY, as measured 
in vacuum. We also observed a decreasing amplitude ratio 
of the longer to shorter lifetime components when monitoring 
the PL decay in the process of photooxidation. Using 
previously established models of photoo~idation,~~ it can be 
concluded that thc recombination of electrons and holes on 
the surface gives rise to this surface-related emission with 
longer lifetime, which likewise implies the involvement of 
surface states. 

The method of synthesizing CdSe QDs with controlled 
high QY was described in detail elsewhere.14 It was found 
that under a largely biased initial SefCd ratio of precursors 
in solution the PL QY of CdSe QDs during their growth 
increases to a certain maximum value and then decreases, 
as shown in the inset of Figure 1. A series of samples with 
increasing diameters from 3.5 to 5.0 nm and different QYs 
('30%) were taken from the solution during the 

* Con.esponding author. E-mail: ~nxiao@uark.edu. 
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ABSTRACT 

The photoluminescence (PL) of high-quality CdSe nanocrystals (NCs) incorporated into polymer thin films was found to respond reversibly 
and rapidly to environmental changes upon photoradiation above their absorption onset 'The PL of the NCs may be dramatically enhanced 
or diminished depending on the properties of the gases. Photostimulation was found to be necessary for the response, which likely makes 
the original dense-ligands monolayer on the surface of the NCs permeable to gases by the activation of the vibration modes of the NC lattice 
through photon-phonon coupling. 

Bulk and thin-film semiconductors are plausible materials 
for gas-sensing technologies.' In general, sensing methods 
based on bulk crystals rely on the interactions between their 
surface atoms and the environment. This principle implies 
that nanocrystals (NCs)*s3 and other nanostructt~res~ should 
be ideal candidates for sensing purposes because of their 
extremely large surface-atom ratio. However, unlike those 
nanostructures grown by gas-phase techniques? high-quality 
colloidal semiconductor NCs have barely been explored as 
gas-sensing materials. This is so because high-quality col- 
loidal semiconductor NCs are generally coated by a dense 
monolayer of organic ligands that acts as a substantial barrier 
for the diffusion of gas molecules between the environment 
and the surface of the NCs. 

We report here that photoexcitation of the electronic 
energy states of semiconductor NCs can make the ligands 
inonolayer readily permeable to gas molecules. Under 
photoirradiation, the PL properties of the NCs responded to 
the environment in a reversible, rapid, and species-specific 
fashion. Such responses can be readily detected with several 
tens of NCs incorporated into the polymer thin films. This 
photostimulated response is likely due to the photon-phonon 
coupling of the optical absorption and emission processes 
occurring in the NCs6 The results demonstrated in this letter 
open the door to a new type of sensitive and simple 
nanosensors that are compatible for integration. 

Colloidal senliconductor NCs are nanometer-sized frag- 
ments of the corresponding bulk crystals synthesized in 
s~ lu t ion .*~~  When a photon is absorbed by a semiconductor 
NC, an exciton (an electron-hole pair) is generated. If the 

physical dimensions of the NC are smaller than the intrinsic 
size of the exciton generated inside the particle, then the 
photogenerated electron and hole will have a great chance 
to recombine and emit another photon with relatively low 
energy. For an efficient emission event, there should be no 
deep traps for the photogenerated electron and hole. The 
possible traps in those highly crystalline semiconductor NCs 
are generally from the surface atoms that are missing at least 
one chemical bond. For this reason, the surface atoms must 
be optimally constructed/reconstructed and passivated with 
some surface ligands. Consequently, any change in the 
surface environment of NCs may significantly affect their 
PL properties, which could potentially be exploited for the 
development of gas-sensing technologies. 

Recently, a reliable and simple method was introduced to 
achieve optimal surface reconstruction for colloidal CdSe 
NCs? Those NCs isolated at the "PL bright pointv7 in the 
growth course can possess as high as an 85% PL quantum 
yield with a narrow emission profile (Figure la). Further- 
more, the emission properties of those NCs are unusually 
stable in solution. As with other types of colloidal NCs, the 
emission properties of these bright CdSe NCs are very 
sensitive to the nature of the s~uface ligands. In solution, 
the PL quantum yield of the CdSe NCs can be irreversibly 
altered from 85% with the original amine ligands to nearly 
0% if the surface ligands are changed to thiols. 

All measurements were performed with several tens to 
several hundreds of NCs (Figure lb) with a narrow size 
distribution synthesized by the method reported previously7 
using a standard single inolecular spectroscopy setup reported 
previo~sly.~ Thin-film samples were prepared by spin casting 

* Conesponding autl~or. E-mail: ~nxiao@uark.edu. 
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Dependence of enhanced Kerr nonlinearity on coupling power 
in a three-level atomic system 
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We study the enhanced Kerr-nonlinear coefficient in a three-level A-type atomic system for various coupling- 
beam powers. The Kerr-nonlinear coefficient behaves very differently in the strong and the weak coupling 
power regions and changes sign when the coupling or probe frequency detuning changes sign. Comparisons 
of Kerr-nonlinear coefficients as functions of probe frequency detuning, coupling power, and coupling frequency 
detuning are presented. O 2002 Optical Society of America 
OCZS codes: 190.3270, 030.1670, 160.4330, 120.5050. 

Nonlinear optical processes can be greatly enhanced by 
atomic coherence in three-level atomic systems. In the 
past few years several experimental demonstrations 
of enhanced nonlinear optical processes in multilevel 
atomic systems were reported.'-' These experiments 
prompted recent theoretical studies of nonlinear optics 
at the single-photon level in three-level or four-level 

More recently, the enhanced Kerr-non- 
linear coefficient (n2) of a three-level atomic system 
was directly measured by use of an optical ring 
cavity under conditions of electromagnetically induced 
transparency (EIT); i.e., the coupling intensity is much 
larger than the probe intensity.' These measure- 
ments provide a good understanding of the enhanced 
Kerr nonlinearity near EIT resonance and the pos- 
sibility of optimizing nonlinear optical processes. 
However, enhancing the nonlinear optical processes 
is a property that is not unique to conditions of EIT 
alone. It also occurs near more-general coherent 
population trapping conditions for an arbitrary ratio 
of coupling power to probe power in three-level atomic 
systems. 

In this Letter we present our experimental measure- 
ments of enhanced nz under general conditions of co- 
herent population trapping when the coupling beam's 
power is varied from nearly equal to the probe power 
to much larger than the probe power. At the exact 
condition of coherent population trapping, i.e., when 
both the coupling frequency and the probe frequency 
detunings are zero, nz is zero. However, when one 
of the frequency detunings is tuned slightly off reso- 
nance, nz can be enhanced as much as 2 orders of mag- 
nitude compared with the value of nz when there is no 
coupling beam and can also change sign depending on 
the frequency detunings of the coupling and the probe 
beams. nz behaves quite differently in the strong- and 
the weak-coupling-beam limits. 

Our experimental setup is the same as the one used 
for measuring nz under EIT conditions.' A rubidium 
vapor cell (5 cm in length and heated to 67 "C) with 
Brewster windows wrapped in a magnetic-shielding 
metal sheet is placed in an optical ring cavity (with 
a three-mirror configuration) with a length of 37 cm. 
The probe beam enters the ring cavity through one mir- 
ror (concave, with R = 10 cm and a transmissivity of 
3%) and circulates inside the cavity. It exits the cav- 

ity through an output coupler with 1% transmission. 
The coupling beam is introduced through a polariza- 
tion beam splitter cube inside the optical cavity with 
an orthogonal polarization to the probe beam. The 
coupling beam is misaligned from the probe beam at  
an angle of -2", so it  does not circulate inside the ring 
cavity. The radii of the coupling and the probe beams 
at the center of the atomic cell are estimated to be 700 
and 80 pm, respectively. The empty-cavity finesse is 
-100 but degrades to -50 after insertion of the atomic 
cell (with atoms far from resonance) and the polariza- 
tion beam splitter cube. 

We consider the three-level A-type atomic system 
in 87Rb Dl lines. The coupling beam with frequency 
w, is coupled to near the 5S1/z, F = 2-5Pl/z, F' = 2 
transition of frequency W23, and the probe beam 
with frequency u p  is tuned near the transition from 
5SlJ2, F = 1 to 5Pllz, F' = 2 (frequency, wlz). The 
coupling and probe frequency detunings are defined 
as A, = wp - wzl and A, = w, - w23, respectively, 
and their values are set by use of saturation absorp- 
tion spectroscopy. The essential scheme that saves 
us from experiencing large Doppler broadening at 
such temperatures in an atomic cell is the use of a 
two-photon Doppler-free config~ration~~.~'  setup by 
propagation of the coupling and probe beams in the 
same direction. The technique of using an optical 
cavity to measure a Kerr-nonlinear coefficient has 
advantages over other (such as Z-scan) methods 
for atomic systems, because it can work with low 
laser intensity and long atomic cells. The well- 
defined cavity mode also prevents spatial changes 
in the probe beam owing to the nonlinearity in our 
experiment. 

With o, and up locked to certain values, we scan the 
length of the optical ring cavity across resonance by 
applying a ramp voltage to a piezoelectric transducer 
mounted upon the third cavity mirror (high reflec- 
tor). When the coupling beam is blocked, the cavity 
transmission profile is basically symmetric, as shown 
in Fig. l(a), with Ap = +40 MHz and an intracavity 
peak power of 6 pW (corresponding to an intracavity 
peak Rabi frequency of a, = 27r x 11 MHz). When 
the coupling beam is turned on with a power of 
1.1 mW (corresponding to an average Rabi frequency 
of a, = 2 7 ~  X 17 MHz inside atomic cell) and A, = 0, 
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Abstract 

We report here the first observation of photoluminescence from single CdSe quantum confined nanorods (quantum 
rods). Luminescence imaging spectra of individual rods were obtained for two samples, with average aspect ratio of 2 
and 4, respectively. Typical room-temperature luminescence spectral line widths of the rods in both samples are less 
than 60meV, which are about the same as that of high-quality CdSe/CdS core/shell single quantum dots. Single 
quantum rods also exhibit luminescence intermittence as observed in single-dot systems. 0 2002 Elsevier Science B.V. 
All rights reserved. 

PACS: 78.66.Hf; 78.55.Et; 78.66.Jg; 61.46.tW 
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Colloidal semiconductor nanocrystals have re- 
ceived much attention in recent years [14].  Their 
size-dependent optical properties with band edge 
tunable through visible wavelength range make 
them of particular interests for fundamental 
studies as well as potential applications. Single 
quantum-dot spectroscopy has been used to 
eliminate the effects of inhomogeneous broadening 
and ensemble averaging in a number of nano-sized 
semiconductor systems [5-71 and has revealed 
many new physical phenomena in single CdSe 
based nanocrystals, such as ultra-narrow line- 
shapes, luminescence intermittence, shifting of 
emission spectra, and a highly polarizable emitting 
state in the presence of strong local electric fields 
[8]. The strong polarized emissions have been 

*Corresponding author. Fax: + 1-501-575-4580. 
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observed in single CdSe [9] and CdS [lo] nano- 
crystals. 

It has been recently demonstrated that the shape 
of CdSe nanocrystals can be manipulated by 
controlling the growth kinetics [ll]. The resulting 
particles can be from a nearly spherical morphol- 
ogy to a rod-like one. The rods can grow up to 
200nm long with an aspect ratio of up to 50 [12]. 
Studies of CdSe quantum dots suggested that 
electronic structures and optical properties of band 
edge have strong dependence not only on the size 
but also on the shape of nanocrystals 1131. The 
measurements on CdSe ensemble quantum rods 
have shown that Stokes shift is noticeably larger 
than that of the corresponding quantum dots, and 
being even larger with the increase of rod lengths 
[l I ] .  Also the polarization of the emission of these 
rods exhibits significant difference in comparison 
with the CdSe dots [l I]. Studies of these rod- and 
wire-like structures can provide a testing ground 

0022-23 13/02/$ - see front matter 0 2002 Elsevier Science B.V. All rights reserved. 
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Controlling light by light with three-level atoms inside an 
optical cavity 
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We present our experimental demonstration of controlling the cavity output intensity of one laser beam with 
the intensity of another laser beam in a composite system consisting of a collection of three-level A-type 
rubidium atoms and an optical ring cavity. When the intensity of the controlling beam is modulated with 
a square waveform, the cavity output power switches on and off (with a distinction ratio better than 203) 
between two steady-state values. This all-optical switching effect is the result of combined absorption and 
enhanced Kerr nonlinearity near resonance in such three-level atomic systems because of atomic coherence and 
can find applications in optical communication and optical computation. Q 2002 Optical Society of America 

OCIS codes: 190.1450, 190.3270, 230.1150, 030.1670, 160.4330. 

Controlling light with light is essential in all-optical 
communication and optical computing. Optical bista- 
bility in systems containing saturable two-level atoms 
inside an optical cavity was considered to be an ideal 
mechanism for achieving controllable optical switch- 
ing.' The optical switching of the cavity output field 
between the two steady states in the bistable region 
can be controlled by the input field intensity pattern. 
However, such optical switching action is not easy to 
achieve, although other effects such as optical bistabil- 
ity,',' i n ~ t a b i l i t ~ , ~  and quantum statistical properties4z5 
in such composite systems (involving two-level atoms 
and an optical cavity) were all studied many years ago. 
The important issue is what should be used to control 
the ON-OFF states of the cavity output power. In the 
traditional optical bistability systems the only control- 
lable optical beam is the input field, which is part of 
the bistable curve in the input-output plot. In this 
case the cavity field intensity is controlled not by an- 
other laser beam but by its own input field. 

The situation is different when the two-level atomic 
medium is redaced with a three-level electromagnet- 
ically induceci transparency  stern,^-^ in whichu the 
controlling (coupling) beam can be used to control the 
switching (probe) beam. In this Letter we present 
our experimental demonstration of a true all-optical 
switch in a system containing three-level atoms inside 
an optical ring cavity. Although optical bistability 
exists in such a s y ~ t e m , ~ ~ ' ~  the switching does not 
occur between the two steady states of a single 
bistable curve; instead, it occurs between two distinct 
steady-state curves corresponding to setups with and 
without the controlling beam. The difference in the 
two steady-state curves is caused by the combined 
effects of absorption change and enhancement of Kerr 
nonlinearity that results from atomic coherence near 
resonance." This is different from the absorptive 
photon switching demonstrated earlier in a four-level 
atomic system.12 

The three-level A-type rubidium atomic system 
is the same as used in Ref. 10, where F = 1 (state 
11)) and F = 2 (state 13)) states of 5Sv2 are the two 
lower states and F' = 2 (state 12)) of 5PIlz serves as 

the upper state. The controlling laser beam (with 
frequency w,) couples states 13) and (2), whereas the 
switching beam (with frequency w,) interacts with 
states 11) and 12). The controlling frequency detuning 
is defined as A, = w, - wz3, and the switching fre- 
quency detuning from the atomic transition is defined 
as A, = w, - o12, where w23 and wl2  are atomic 
transition frequencies from states 12) and 13) and from 
states 11) and 12), respectively. The experimental 
setup is shown in Fig. 1 with an atomic vapor cell 
containing such three-level atoms placed inside a 
three-mirror optical ring cavity. Both the controlling 
(LDl), and the switching (LD2) lasers are single-mode 
diode lasers that are current and temperature stabi- 
lized. The frequencies of these two diode lasers are 
further stabilized by use of optical feedback through 
servo-loop-controlled mirrors. Parts (-10%) of the 
switching and the controlling beams are split by 
polarizing beam splitters PB4 and PB2 to a saturation 
absorption spectroscopy (SAS) setup to monitor the 
frequency detunings of the two lasers. The optical 
ring cavity is composed of three mirrors. The flat 
mirror M2 and the concave mirror M1 (R = 10 cm) 
have -1% and -3% transmission, respectively. The 
third cavity mirror [concave with (R = 10 cm)] is 

PZT 

Fig. 1. Experimental setup: FRs, Faraday rotators; 
APD, avalanche photodiode; BS, beam splitter; D l ,  diode 
laser 1; PB1, PB4, polarizing beam splitters. Other 
abbreviations defined in text. 
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dots in the presence of a semiconductor interface 
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The spontaneous-emission lifetime of CdSe/CdS core-shell quantum dots was studied as  a function of the 
distance between the dots and a polished Si surface. The experimental results reveal a significant modi- 
fication of the spontaneous-emission rate of the quantum dots by the Si surface. O 2002 Optical Society of 
America 

OCIS codes: 160.6000, 300.6470, 300.6500. 

The spontaneous-emission characteristics of a particle 
depend not only on the properties of the particle itself 
but also on the nature of its surrounding environment, 
more specifically, on the photonic mode density a t  its 

Spontaneous emission from rare-earth 
ions, dye molecules, atoms, and semiconductor struc- 
tures can all be influenced in microcavities or near 
mirror  surface^.^-^ For example, Drexhage found that 
the spontaneous-emission lifetime ( T ~ , )  of Eu3+ ions 
near a silver mirror has a damped oscillatory de- 
pendence on the separation between the ions and 
the Chance et aL5 (CPS) proposed a classic 
dipole model to explain Drexhage's data and found 
good agreement. Experiments with InGaAlAs/GaAs 
quantum dots confined in planar microcavities demon- 
strated some control of the spontaneous-emission 
rates of these quantum dots.7 Control of spontaneous 
emission from semiconductor structures may be useful 
in future applications of optoelectronic devices. 

Colloidal 11-VI semiconductor nanocrystals have 
been well studied because of their relatively repro- 
ducible and controllable synthetic chemistry and 
their strong size-dependent optical properties.'-" 
However, little is known about their photophysi- 
cal properties near the surface of a semiconductor, 
especially near silicon (Si), despite their important 
applications to a number of diverse fields such as 
biological chips1' and solar energy conversion." In 
this Letter we examine the spontaneous-emission 
lifetime of CdSe/CdS core-shell nanocrystals as a 
function of their distances from a polished Si surface. 
CdSe/CdS dots were selected because of their good 
surface passivation. Our experimental data indicate 
a significant modification of the spontaneous-emission 
rate of the quantum dots by the Si surface. 

The fabrication of colloidal CdSe/CdS dots was de- 
scribed in detail in Ref. 8. CdS shells with as many as 
three monolayers of thickness were grown upon CdSe 
cores with diameters of -4.0 nm. Figure 1 shows the 
typical photoluminscence (PL) spectrum of dots in a 
toluene solution. Samples for our 7% measurements 
were prepared by spin coating of a dilute solution of 
nanodots in toluene with 1% poly(methy1 methacry- 
late) (PMMA) onto SiOz films thermally grown upon 
Si wafers. The average distance between quantum 
dots within the PMMA film was -50 nm. The Si 

wafers were P type, -30a cm-' and (100) oriented. 
The thickness of the thermal SiOz films (dsio,) was 
varied in a range of approximately 20-400 nm. The 
PMMA films containing CdSe/CdS dots were -20 nm 
thick and, thus, the average separation ( d )  between the 
dots and the Si surface can be considered to be d = 
dsioz + 10 nm. The inset of Fig. 1 shows a schematic 
diagram of the sample structure. 

PL decav measurements were taken at room tem- 
perature by use of a time-correlated photon-counting 
system. The excitation pulses, obtained by frequency 
doubling of a mode-locked Ticsapphire picosecond laser, 
were at  A = 400 nm, with a 16.4-MHz repetition rate 
and 6.3 pJ of energy per pulse. Figure 2 shows typi- 
cal PL decays of CdSe/CdS dots upon a Si02/Si sub- 
strate [Fig. 2(b)] and directly upon a silica substrate 
[Fig. 2(a)]. These PL decay curves can be fitted well 
by a single exponential function in the first 30-11s time 
delav. It can be seen that there are some minor devia- 
tions from a single exponential for the long time de- 
lay, which are due to another time-decay component 
with a larger time constant. Experiments with time 

,....-... CdSelCdS dots 

500 550 600 650 
Wavelength (nm) 

Fig. 1. Photoluminescence spectrum of the quantum dots 
in a toluene solution. Inset, schematic diagram of the 
sample structure. 
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Photoluminescence (PL) properties of self-organized quantum dots (QDs) in a vertically aligned 
double-layer InAsIGaAs QD structure are studied as a function of temperature from 10 to 290 K. 
The QDs in a sample with a 1.8 ML TnAs seed layer and a second 2.4 ML InAs layer are found to 
self-organize in pairs of unequal sized QDs with clearly discernible ground-states transition energy. 
The unusual temperature behavior of the PL for such asymmetrical QD pairs provides clear evidence 
for carricr transfer from smaller to larger QDs by means of a nonresonant multiphonon-assisted 
tunneling process in the case of interlayer transfer and through carrier thermal emission and 
recapture within onc layer. Q 2002 Anzerican Institute of Physics. [DOl: 10.106311.15 10 1571 

The effect of temperature on both energy relaxation and 
carrier transfer mechanisms in semiconductor quantum dots 
(QDs) has been a subject of extensive In 
general, it is reported that, as expected, the QD photolumi- 
nescence (PL) intensity decreases with increasing tempera- 
ture due to carrier escape from the dot.3 However, these in- 
vestigations also report, rather unexpectingly, a redshift of 
the PL peak position and a decreasing PL linewidth with 
increasing temperature.1.4-6 This unusual and interesting be- 
havior has been explained by enhanced carrier relaxation be- 
tween QDs due to several reasons including carrier thermi- 
onic emi~sion,~  carrier transport through the wetting layer 
( ~ ~ ) , % n d  tunneling mechanisms.' The effect of tempera- 
ture can get even more interesting when the QD array exhib- 
its a size distribution that shows more than one maximum, 
c.g., a bi- or ~nultimodal QD size distribution either within 
onc layer7-lo or across n~ultiple layers.",12 Despite such in- 
teresting possibilities and significant potential applications a 
complete picture of the energy and carrier transfer in such 
multilnodal systems is still not 

In this letter we present a detailed study of the carrier 
transfer between two InAs QD families with different size 
distribution but separated from each other by a thin layer of 
GaAs. The particular QD system undcr investigation is a 
vertically aligned double-layer InAslGaAs QD structure with 
different sized QDs in the first layer compared to the second 
layer. 

Our samples were fabricated using a solid-source mo- 
lecular beam epitaxy chamber coupled to an ultrahigh 
vacuum scanning tunneling microscope (STM). The growth 
structure consists of two InAs layers containing QDs, which 
was repeated eight times, in a GaAs matrix. All samples were 
grown on GaAs (100) substrates, followed by a 0.5 pm 
GaAs buffer layer and 10 min annealing at 580 "C to provide 
a nearly defect free atomically flat surface. The first QD 
layer was then added by depositing 1.8 ML of TnAs with a 

"~lectron~c mail: nluiao@maiI.uark.edu 

growth rate of 0.1 MLls, an As4 partial pressure of 8 
x Torr, and a substrate temperature of 500 "C. This was 
followed with 16 nm of GaAs depositcd on top of the first 
QD layer while the growth temperature was changed from 
500 to 520°C. The second QD layer was then added by 
depositing 2.4 ML of InAs. The resulting samples are verti- 
cally correlated double-layer QD structures with different 
QD sizes in each ~ a ~ e r . ' ~ . ' ~  The substrate temperature was 
then reduced from 520 to 500°C during a 40 nm GaAs 
growth, which was used to separate the pair of QD layers 
from seven additional pairs.'5 As seen by STM, the dot den- 
sity in the bottom layer of the pair is about 4.5 
X 10" cm-2 while the density in the second layer is about 
2.5x 10" ~ m - ~ .  Meanwhile, the top islands are nearly 
double the size of the bottom islands due to the additional 
deposition and higher growth temperature. 

The PL was excited by the 514.5 nm line of a continuous 
wave Ar+ laser. We applied excitation densities in the range 
0.01-20 ~ l c m ' .  The samples were mounted in a close-cycle 
cryostat, which allows measurements in the temperature 
range from 10 to 300 K. The PL signal was detected with a 
LN2 cooled Ge photodiode using phase-sensitive detection. 

Figure 1 shows the low-temperature PL spectrum from 
the 8 x  double-layer sample A. Also shown in the same fig- 
ure are the PL spectra of two reference samples B and C 
containing multiplc layers of only one of the two lnAs QD 
double-layers, i.e., either sample B (2.4 ML) or sample C 
(1.8 ML). For samples B and C, the main PL pcak can be 
fitted by a single Gaussian, indicating that the observed dot 
formation has only one dominant size. Sample B shows a 
single PL peak at an energy of 1.16 eV with the full width at 
half maximum (FWHM) of 50 meV while for sample C, the 
PL peak is at 1.27 eV with FWHM -120 meV. These data 
are in agreement with expected values for the given growth 
conditions.' 

The PL spectrum from the double-layer stacked InAsI 
GaAs QDs (sample A) shows a pronounced double-peak 
structure. This can be attributed to the total contribution in 
PL signal from QD ensembles of both layers. Indeed, a line 

0003-6951/2002/81(13)12469/3/$19.00 2469 O 2002 American Institute of Physics 
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Abstract. The Kerr nonlinear index of refraction for rubidium atoms is 
measured by using an optical ring cavity with and without electromagnetically 
induced transparency (EIT). Significant enhancement and inhibition of the 
Kerr nonlinear index is observed near resonance with EIT. The nonlinear 
index of refraction is measured as functions of probe and coupling frequency 
detunings, respectively, with and without the presence of EIT. A simple 
theoretical calculation including Doppler broadening is presented and is 
found to be in good qualitative agreement with the experimentally measured 
results. 

1. Introduction 
Multi-level atomic systems with electromagnetically induced transparency 

(EIT) [I-41 have been shown to enhance nonlinear optical processes such as 
frequency conversion [S-81 and four-wave mixing [9-111. Enhanced third-order 
Kerr-type nonlinearity X ( 3 )  generated in multi-level atomic systems due to atomic 
coherence together with reduced absorption is responsible for such efficient 
nonlinear optical processes. Such enhanced Kerr nonlinearity also has various 
useful applications such as in cross-phase modulation for optical shutters [13] and 
self-phase modulation for generation of optical solitons [14]. In  recent years, E I T  
and enhancement of linear and nonlinear susceptibilities with reduced absorption 
in multi-level atomic systems have attracted much interest [I-231. Large nonlinear 
susceptibilities at low light powers are desirable for realization of photon blockades 
and single-photon nonlinear devices [13, 20-221. T o  understand and optimize 
these nonlinear optical processes, one needs to have precise knowledge of the Kerr 
nonlinear coefficient n 2  as functions of other parameters such as pumping power 
and frequency detuning. Although many papers have been published on enhancing 
nonlinear optical processes, no direct experimental measurements of X ( 3 )  or 722 

have been reported, so far, in such multi-level atomic systems with atomic 
coherence conditions satisfied. 

This paper presents experimental results in measuring the nonlinear Kerr 
index of refraction for three-level rubidium atoms inside an optical ring cavity with 
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Coherent Microwave Generation in 
a Nonlinear Photonic Crystal 

Yan-qing Lu, Min Xiao,  and Gregory J. Salamo 

Abstract-We propose a new approach for generating coherent 
microwaves in a nonlinear photonic crystal through optical rectifi- 
cation. In a photonic crystal, the reciprocal vector and dispersion 
of the group velocity can be used to both compensate for the ve- 
locity mismatch between the generated microwave and the pump 
light. We show that coherent microwave radiation from kilohertz 
to terahertz can be generated through this approach by designing 
a suitable structure. 

Index Termsxoherent microwave, nonlinear photonic crystal, 
optical rectification, quasi-phase-matching. 

0 VER the last few decades, a great deal of attention has 
been given to materials with artificial periodic structures 

[ 11, i.e., superlattices. Among them are photonic crystals and 
quasi-phase-matched (QPM) materials. In a photonic crystal, 
the dielectric constant is varied periodically resulting in a dis- 
persion relation that exhibits a band structure [2]. As a result, 
the propagation of light with a frequency in the band gap is sup- 
pressed. Some novel laser geometries [3], [4] and waveguide 
devices [5] have being constructed by making use of this fie- 
quency selectivity. Recent work on nonlinear photonic crys- 
tals has focused on the third-order nonlinearity [6]-[8]. While 
second-order nonlinear optical frequency conversion has not 
been well studied in such a structure [9], QPM materials--es- 
pecially their most famous representative, periodically poled 
LiNb03 (PPLNFhave been carefully investigated [lo], [ l l ] .  
In PPLN or its analogs, the second-order nonlinear optical co- 
efficient is periodically modulated, while its dielectric constant 
is uniform, leading to compensation of the phase mismatch be- 
tween the input and the generated beams [l l l .  Due to the sim- 
ilarities in structure and some of the physical principles gov- 
erning photonic crystals and QPM materials, a QPM material 
could be viewed as a special case of a nonlinear photonic crystal 
[121. 

Among second-order nonlinear optical effects, optical recti- 
fication has been known for decades [13], but it has not been 
as widely studied as other nonlinear effects, such as second 
harmonic generation (SHG), difference-frequency generation 
(DFG), or optical parametric oscillation. However, recent 
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reports show that optical rectification can be used to generate 
ultra-short electrical pulses with a high repetition rate [14], and 
terahertz radiation [15], [16]. 

In this paper, the optical rectification effect in a nonlinear 
photonic crystal is investigated. It is shown that coherent mi- 
crowaves can be efficiently generated in a nonlinear photonic 
crystal through optical rectification. In addition, an intrinsic 
relationship between a nonlinear photonic crystal and a QPM 
material is established by considering optical rectification. The 
structural parameters of several coherent microwave sources 
are also calculated. 

11. THEORETICAL ANALYSIS 

Although there is progress in generating coherent mi- 
crowaves [17], [18], pursuing a highly efficient and simple 
coherent microwave source with good spatial and spectral 
characteristics is still a large challenge. Here, we consider 
optical rectification of a modulated light beam as a source 
of coherent microwaves. For a modulated light beam propa- 
gating through a nonlinear crystal, a modulated electric field 
is generated through optical rectification [14], so that every 
point where the pump light passes is a source of microwaves, 
where the frequency of the microwaves is determined by the 
repetition rate of the pump light. The generated microwaves 
will interfere with each other in any arbitrary direction, and the 
final microwave intensity along a specific direction depends 
on the relative phase difference between the microwaves. 
Obviously, if the light pulse's velocity is equal to the velocity 
of the microwave, all generated microwaves will interfere 
with each other constructively in the forward direction, and 
efficient coherent microwaves will be generated. Here, we 
should point out that it is the group velocity not the phase 
velocity of the pump light that should match the microwave's 
phase velocity, because it is the light pulses, and not the 
continuous wave (CW) light, that excites microwaves. Velocity 
matching is the prerequisite condition for coherent microwave 
generation through optical rectification. Unfortunately, for 
most materials, the optical refractive index is different from 
that of a microwave frequencies. The constructive interference 
condition thus cannot, in general, be fulfilled, making effective 
microwave generation difficult. 

Two methods can be used to solve the velocity-matching 
problem: control of the group velocity of the pump light or 
control of the phase velocity of the microwaves. In this paper, 
we demonstrate that these two approaches can both be realized 
in a nonlinear photonic crystal. 
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Abstract. Atomic media inside an optical cavity can significantly alter the 
spectral response of the cavity. Both theoretical and experimental examinations 
are made of the cavity transmission with a highly dispersive intracavity multi- 
level atomic medium. It is found, owing to the reduced absorption and steep 
dispersion change accompanying electromagnetically induced transparency in 
such a multi-level atomic medium, that the cavity linewidth can be made much 
narrower than the empty cavity linewidth. Cavity linewidth narrowing is 
measured as a function of both the coupling beam power and the atomic 
density. These experimental results are in good agreement with the theoretical 
predictions. 

1. Introduction 
The  interactions between electromagnetic fields and atomic media can be 

greatly enhanced inside an optical cavity owing to the extended cavity lifetime of 
photons. For this reason, optical cavities are often used to enhance nonlinear 
optical effects as well as to achieve ultra-sensitive spectroscopic measurements. 
The  transmission properties of an optical cavity containing an atomic medium are 
highly dependent on the atomic absorption and dispersion. In  recent years, it has 
been demonstrated that one can modify the absorptive and dispersive properties of 
a weak probe field near an atomic transition frequency in multi-level atomic 
systems by applying a strong coupling field at another atomic transition [I-61. This 
effect, known as electromagnetically induced transparency (EIT),  is due to atomic 
coherence and quantum interference induced by probe and coupling fields 
together in three-level atomic systems, and is the underlying mechanism for such 
phenomena as the slowing down of the group velocity of light to a few metres per 
second [S-91, lasing without inversion [lo], enhanced index of refraction [ I l l ,  
optically written waveguides in atomic vapour [12], and photon storage [13]. 

When multi-level atomic media are put into an optical cavity, the atomic 
flourescence spectrum and cavity transmission are shown to be modified owing to 
atomic coherence and quantum interference [14]. The  greatly reduced absorption 
and sharp, linear dispersion change in such systems have led researchers to predict 
novel cavity transmission effects such as optical bistability [IS], squeezing [16], 
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Electronic structure transformation from a quantum-dot to a quantum-wire 
system: Photoluminescence decay and polarization of colloidal CdSe 
quantum rods 
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Radiative lifetime, polarization, and the global Stokes shift of colloidal CdSe quantum rods with 
aspect ratios froin 1.9 to 3.8 are measured at rooin temperature. The radiative lifetime and the global 
Stokes shift show nonmonotonous dependence on the aspect ratio of the nanorods, and strong linear 
polarization in emission sharply appears as the aspect ratio crosses a turning point. The features of 
radiative lifetime and polarization versus aspect ratio in these nanorods indicate a transformation of 
the electronic structure from a zero-dimensional quantum-dot system to a one-dimensional 
quantum-wire system. 0 2002 American Institute of Physics. [DOI: 10.1063/1.1529086] 

Nanometer-size semiconductor dots, rods, tubes, and 
wires exhibit electronic and optical properties that sensitively 
depend on both their sizes and shapes, and are both funda- 
mentally and technologically interesting.'-' One of the best- 
studied senliconductor nanocrystallites is a colloidal CdSe 
quantum nanostructure.' Its relatively reproducible and con- 
trollablc synthetic chemistry and strong size-dependent opti- 
cal properties have made it the subject of many detailed 
spectroscopic studies and allowed detailed comparisons be- 
tween experiments and theories. Recently, it has been dem- 
onstrated that the shape of the colloidal CdSe nanocrystals 
can be manipulated from a nearly spherical morphology to a 
rodlike one by controlling the growth kinetics5 The quantum 
rod is an intermediate f o m ~  between the zero-dimensional 
(OD) quantum dot and the one-dimensional (ID) quantum 
wire, and can be used to explorc how the electronic struc- 
tures evolve from a OD quantum system to a 1D quantum 
 stern.^'^'^ For example, an cmnpirical pseudopotential calcu- 
lation predicts that when a ~ d ~ e  dot with a diameter of 3.8 
nm is elongated, a crossover of the two highest occupied 
electronic states occurs at an aspect ratio of 1.36.~ Single- 
~nolecule spectroscopy measurenlents on CdSe rods con- 
firmed a sharp transition from a nonpolarized to a linearly 
polarized emission at an aspect ratio of about 2, which is 
believed to be a consequence of such level 

Time-resolved spectroscopy is a powerful technique to 
probe energy relaxation and recombination dynamics in 
CdSe nanostructure~.',~ In this letter, we report our experi- 
mental study of the shape dependence of the time-resolved 
photoluminescence (PL) spectroscopy of CdSe nanorods. 
The measured radiative lifetime first decreases and then in- 
creases as the aspect ratio of the nanorods increases. The 
noninonotonous change of the radiative lifetime indicates the 
occurrence of a transformation of the electronic structure of 
the nanorods with the increase of the aspect ratio. Manipu- 
lating the radiative lifetime of colloidal nanostructures may 

The colloidal CdSe quantum rods were synthesized by 
the injection of precursor inoleculcs into a hot surfactant, 
which was described in detail e~sewhere.""~ Shape control 
of the nanorods was achieved by the inanipulation of the 
growth kinetics to make the growth rate along the long axis 
at least 2 orders of magnitude faster than that along the short 
axis. Figure 1 shows the transmission electron microscopy 
(TEM) images of two of the used nanorod samples. The size 
distribution, as determined by measuring the TEM images of 
more than 500 particles for each sample, is lcss than 5% in 
diameter and less than 8% in length for each sample. The 
nanorods for our experiment have the aspect ratios from 1.9 
to 3.8, with a similar short-axis dimension of around 4.5 nm. 
Absorption spectra were taken from these nanorods in tolu- 
ene solution. The samples for PL and radiative lifetime mea- 
surements were prepared by spin coating a clean fused silica 
coverslip with a dilute solution of nanorods in toluene fol- 

- have potential applications in biophotonic sensors." 30nm 

FIG. 1. TEM images of two CdSe rod samplcs with aspcct ratios of 2.5 (up) 
and 3.3 (down), respectively. 
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Controlling the cavity field with enhanced Kerr nonlinearity in three-level atoms 
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We expc~imentally demonstrate cavity field control by another laser beam with three-level A-type atoms 
inside an optical ring cavity. By adjusting the frequency detuning of the controlling beam (coupled to one of 
the atomic trai~sitions), the intensity of the cavity field intcracting with another atomic transition is switched on 
and off. Such all-optical switching between two steady states is caused by the enhanced Ken nonlinearity due 
to atomic coherence in such systcm. 

DOl: 10.1 103/PhysRcvA.65.05 1802 PACS number(s): 42.50.G~. 42.65.-k, 32.80.Qk 

The essential element in all-optical conimunication and 
optical computation is to achieve effective and fast all- 
optical switching. Multilevel electromagnetically induced- 
transparency (EIT) systems are ideal for such applications, 
since the linear and nonlinear optical properties of the probe 
beam can be dramatically changed by another (controlling) 
laser beam due to atomic coherence [I-111. When such an 
EIT medium is placed inside an optical cavity, many other 
interesting effects, such as cavity linewidth narrowing [12], 
optical bistability [13,14], and dynamic instability [13], ap- 
pear. The Kerr-nonlinear index of refraction of a three-level 
A-typc atomic system can be greatly enhanced near reso- 
nance (by two orders of magnitude in some frequency detun- 
ing regions) and can change sign with small changes (tens of 
megahertz) in the frequency detunings of the controlling 
beam or cavity (probe) field [IS]. Such enhancement in Kerr 
nonlinearity is caused by the atomic coherence induced in 
this EIT medium. 

With the knowledge of these dramatic changes of the 
Kerr-nonlinear index of refraction near resonance, we dem- 
onstrate that the cavity-field intensity can be controlled by 
the frequency detuning of the controlling field at a relatively 
low optical power. with a small frequency change of the 
controlling beam (24 MHz), the cavity-field intensity 
switches with a switching ratio better than 30: 1 and a switch- 
ing time of few microseconds. Such all-optical switching is 
fundamentally interesting and can have applications in all- 
optical communication, optical logic gates, and optical infor- 
mation processing. 

The experiment is performed in a composite system con- 
sisting of a collection of three-level A-type rubidium atoms, 
as shown in Fig. 1, in an atomic vapor cell and an optical 

quency detuning of the switching beam from its atomic tran- 
sition is defined as A,= 6.1, - 0 1 2 .  As we have previously 
demonstrated, the Kerr-nonlinear index of refraction n2 
changes dra~natically both in magnitude and in sign near 
resonance [15]. These changes can be used to control the 
steady-state behaviors of the system. By changing the fre- 
quency detuning of the controlling beam, we can control the 
nonlinearity of the system and, therefore, make the output 
intensity of the cavity field to be at different steady states. 
Such action constitutes a controllable all-optical switching in 
this composite atom-cavity system. 

A simplified sketch of the experimental setup is shown in 
Fig. 2 with an atomic vapor cell containing three-level atoms 
placed inside a three-mirror optical ring cavity. Both the con- 
trolling (LD1) and the switching (LD2) lasers are single- 
mode diode lasers that are current and temperature stabilized. 
The frequencies of these two diode lasers are further stabi- 
lized by using optical feedback through servo-loop- 
controlled mirrors. Parts (about 10%) of the switching and 
controlling beams are split by polarizing beam splitters PB2 
and PB4 to a saturation absorption spectroscopy setup for 
monitoring the frequency detunings of the two lasers from 
their respective resonances with atomic transitions. The flat 
mirror M2 and the concave mirror M1 (R = 10 cm) have 
about 1% and 3% intensity transmissions, respectively. The 
third cavity mirror (concave with R = 10 cin) is mounted on a 
piezoelectric transducer (PZT) with reflectivity larger than 
99.5%. The finesse of the empty cavity is about 100 with a 
free spectral range of 822 MHz (cavity length is 37 cm). A 
third laser (reference beam) is used to lock the frequency of 
the optical cavity to a Fabry-Perot cavity, which can be tuned 
easily by a PZT mounted on one of the mirrors. The ru- 

ring cavity. F C l  (state 11)) and F = 2  (state (3)) states of 
SSli2 are the two lower states and F 1 = 2  state (state 12)) of 
5Pli2 serves as the upper state. The controlling (coupling) 
laser beam (with frequency w,) couples states 13) and 12) 
while the switching (probe) beam (with frequency 0,) inter- 
acts with states 11) and 12). The frequency detuning of the 
controlling beam is defined as A,=@,- 023, where 0 2 3  is 
the atomic frequency of the 13) to 12) transition, and the fre- 

*Present addrcss: Institute of Opto-Electronics, Shanxi Univcrsity, 
Shanxi, Tiiyuin, China. FIG. 1. Sketch of a three-level A-type atomic system. 
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Lattice contraction in free-standing CdSe nanocrystals 
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Colloidal CdSe nanocrystals (NCs) with high photolun~inescent quantum yield are fabricated by a 
method adopting a large initial Se:Cd ratio of the precursors in the solution. X-ray diffraction and 
Raman measurements confirm that there exists lattice contraction in the free-standing wuitzite CdSe 
NCs. The lattice contraction indicates the occurrence of surface optimization/reconstruction during 
the growth, which results in the high quantum yield of the obtained CdSe NCs. O 2002 American 
hutitute of Physics. [DOI: 10.1063/1.1507613] 

Colloidal 11-VI semiconductor nanocrystals (NCs) are 
of increasing interest because of their applications as opto- 
electronic, photochemical, and nonlinear optical materials.' 
An important feature of these NCs is the very large surface- 
to-volume ratio. For example, CdSe nanocrystals have 10%- 
50% of their total atoms exposed on the surfaces.' Therefore, 
various passivation ligands have to be used during synthesiz- 
ing the colloidal NCs to neutralize the surface dangling 
bonds and to sterically prevent the nanocrystals from touch- 
ing each other and permanently fusing together.3 The surface 
of the resulting NCs might then be considered as an en- 
semble of dangling and tem~inated bonds and various point 
defects4 As a result, the con~plex surfaces of the obtained 
colloidal semiconductor NCs play an important role in the 
photoluminescence (PL) quantum yield (QY) and the stabil- 
ity of the emission. An organometallic approach using dini- 
ethylcadmium as the cadmiunl precursor has been well de- 
veloped during the past ten years to fabricate CdSe N C S . ~  
Traditionally, the initial Se:Cd ratio of the precursors in the 
solution is set close to unity. The best PL QY reported for the 
as-grown NCs is around 20% in the wavelength range be- 
tween 520 and 600 nm, and the PL QY can be boosted to 
50% with some inorganiclorganic surface passivations.6 Re- 
cently, an alternative route wit11 safe and inexpensive cad- 
mium precursors has been introduced, which adopts a large 
initial Se:Cd ratio of the precursors (in the range of 5-10).~,' 
The resulting CdSe NCs have high PL QY values (as high as 
80% in the orange-red range) and long stability period upon 
aging at least for several months. Previous work 
that the high PL efficiency is not only from surface passiva- 
tion by ligands, but also from surface optimization1 
reconstruction during growth.8 In the letter, we further ex- 
plore and experimentally confirm such surface optimization/ 
reconstruction by taking Raman and x-ray diffraction (XRD) 
measurements of these newly synthesized NCs. 

The fabrication of the colloidal CdSe NCs was described 
with detail in previous publications:7~8 Thc initial Se:Cd ratio 
was selected to be 10 to  fabricate these CdSe NCs used in 
this letter. A series of samples was taken from the solution 
during growth and washed to remove excess surfactants. The 
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size of the NCs, which was controlled by the growth time, 
ranged between 2.5-6 ~ m .  Transmission electron micros- 
copy (TEM) images indicated that these obtained NC dots 
are spherical. The PL, absorption, and PL excitation (PLE) 
measurements were taken for these NCs in toluene solution, 
but the Raman and XRD measurements were done with these 
NCs on silicon wafers. The PL QY values were obtained by 
comparing the integrated PL intensities of the NCs to thc 
well-characterized dye (R6G). Figure 1 shows the depen- 
dence of PL QY on the size of the NCs. With the increase of 
the size of the NCs (R), i.e., the growth time, the PL QY 
increases to a maxin~um value at R around 4 nm and then 
decreases. The point was defined as the PL bright point in the 
previous ar t ic~e .~  The typical PL, absorption, and PLE spcc- 
tra are also shown in Fig. 1 (inset). The narrow PL spectral 
band and the fine features shown in both the absorption and 
PLE spectra indicatc that the obtained CdSe NCs have a 
narrow size distribution. The size distribution, as detem~ined 
by measuring TEM images of more than 500 particles for 
each sample, was about 5%- 10%. Hexadecylamine (HDA) 
was used as the surface ligand for the NCs used in the ex- 

I photon energy (eV) I 
01 I I I I 

3 4 5 6 
nanocrystal's size (nm) 

FIG. I .  The dependence of PL QY on the size of the CdSe nanocrystals. 
Three samples used for XRD and Raman measurements are labeled as S1, 
S2, and S3. The inset shows the typical PL (dashed), absorption (solid), and 
PLE (dotted) spectra. 
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Polarization spectroscopy of single CdSe quantum rods 
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Excitation and emission spectra of CdSe single quantum rods with aspect ratios of 2 and 4 were investigated 
by far-field microscopic technique. Typical spectral linewidths of the rods are less than 60 mcV at room 
temperature. Both excitation and emission of the single rods exhibit strong polarization dependence, indicating 
that dipole moment exists along the long axis of the rods, e.g., the unique axis c of the wurtzite stmcturc. 
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Colloidal CdSe quantum dots have received much atten- 
tion in recent years.'-4 Their relatively reproducible and con- 
trollable synthetic chemistry and their strong size-dependent 
optical properties with band edge tunable through the visible 
wavelength range make them of particular interest for funda- 
mental studies as well as potential applications. The spec- 
troscopy of single quantum dots has revealed many interest- 
ing physical phenomena such as ultranarrow line shapes, 
luminescence intermittence, shifting of emission spectra, and 
a highly polarizable emitting state in the presence of strong 
local electric fields5 

Wurtzite CdSe nanocrystal is intrinsically an anisotropic 
material. Measurements of the dielectric dispersion of CdSe 
nanocrystals have shown the existence of large dipole mo- 
inents along the unique c axis of the wurtzite s t r~c ture .~  
Quantum-confined Stark effect measurements in single CdSe 
dots also implied the presence of a permanent dipole.' More 
direct measurements using electrostatic force microscopy 
(EFM) detennined that the static dielectric constant of single 
CdSe nanocrystals is uniform, although the charge per nano- 
crystal is non~niform.~ Due to the prolate shape and wurtzite 
crystal structure, calculations have predicted two potential 
dipole orientations for the CdSe nanocrysta~s.~ One is ori- 
ented parallel to the wurtzite c axis, and the other is in the 
plane perpendicular to the c axis. Polarized emission of 
quantum dots suggested that degenerated dipoles are only 
formed in the plane.'0 Recent theoretical treatments have 
found very large dipole moments along the c axis, which 
strongly depend on the exact structure of the nanocrystals 
and may vary significantly with small structural changes." 
However, polarized absorption was also obscrved in single 
CdS nanocrystals, which is unexpected since CdS nano- 
crystals have a tetrahetral structure." All these previous re- 
sults indicate the importance of polarization studies for un- 
derstanding the basic electronic and optical properties of 
nanocrystals. Consequently, studies of polarization properties 
will explore another dimension for device applications of 
colloidal nanocrystals. 

Recently, it has been demonstrated that the shape of CdSc 
nanocrystals can be manipulated by controlling the growth 
kinetics.l3,l4 The resulting nanoparticles can be from a nearly 
spherical morphology to a rodlike one. The successful 
growth of these rod- and wire-like structures provides a test- 

ing ground for studying the shape-dependent electronic and 
optical properties of nanocrystals and the quantum confine- 
ment effects in one-dimensional (lD) and quasi-1D regimes. 
CdSe quantum rods have well-defined shape: their long axis 
is preferably grown along tlie unique c This unique 
feature is helpful to determine nanocrystal orientation and 
make them particularly interesting for studying dipole f o n a -  
tion and polarization effects. Polarization-dependent eniis- 
sions have been observed in an ensemble multirod system, in 
which a certain degree of alignment of being parallel along 
their long axis of the rods is obtained by stretching PVB 
polymer embedded with the rods. A stronger polarized eniis- 
sion was observed along the long axis of the rods.', This was 
tentatively assigned to the level crossover of the two highest 
occupied electronic states due to the elongation of tlie nano- 
crystals along their c axis. A recent empirical pseudopotential 
calculation has shown that, due to energy level crossover, 
elongated dots will emit linearly polarized light instead of 
plane-polarized light as the aspect ratio of the elongated dots 
(or rods) becomes larger than 2.15 

In this paper, we rcport our experimental studies of the 
polarization dependence of both emission and excitation (or 
absorption) photoluminescence (PL) spectra of single quan- 
h ~ m  rods with aspect ratios of 2 and 4. Such studies can 
eliminate uncertainties in ensemble niultirod measuremcnts 
and be used to make comparisons with theoretical predic- 
tions. Measurements of the excitation polarization depen- 
dence in single quantum rods are particularly significant 
since they are fundamentally different from measurements 
done with single quantum dots.'' 

Colloidal CdSe quantum rods were prepared using a 
method as described by Peng and peng.I4 Briefly, trio- 
ctylphosphine oxide (TOPO) and a strong Cd ligand, cither 
hexylphosphonic acid (HPA) or tetradecylphosphonic acid 
(TDPA), were heated to 320-360 "C. Various stock solutions 
of Cd (CH,), and Se in TBP were prepared and rapidly in- 
jected into the hot solution of HPA or TDPA in TOPO. These 
colloidal rods were exanlined by transmission electron mi- 
croscopy (TEM) to determine their sizes and to analyze the 
size and shape distributions. Figure 1 shows the TEM pic- 
tures of two quantum rod samples. The first rod sample, 
shown in Fig. l(a), has a length of about 8 nm with an 
average aspect ratio of about 2. The second sample, shown in 
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Bistability and instability of three-level atoms inside an optical cavity 

Hai Wang,* D. J. Goorskey, and Min xiaot 
Department of Physics, Universily of Arkansas, Fnyetteville, Arkansas 72701 

(Receivcd 16 July 2001; published I I December 2001) 

Optical bistability and dynamic instability are expcri~ncntally obscrvcd and studicd in a systcm consisting of 
three-level A-type rubidium atoms in an optical ling cavity. The bistable behavior and self-pulsing frequency 
arc cxperimcntally manipulatcd by changing thc controlling and cavity ficld paramctcrs (power and frequency). 
These nonlinear effects are influenced by the enhanced Kerr nonlinearity due to atomic coherence in such a 
systcm. 
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When two-level atoms couple with an optical cavity, 
many interesting effects occur. For example, bistable states 
appear in the cavity output intensity for a certain range of 
input intensities [ l ]  and the output field can become unstable 
in the upper branch of the bistable curve under certain con- 
ditions [2 ] .  Bistability and instability were also observed in 
cold clouds of cesium atoms inside an optical cavity, wherc 
degenerate Zeeman sublevels participate in the dynamic pro- 
cesses [3] .  In that experiment, onc circularly polarized laser 
beam was injected into the optical cavity, which interacts 
with all the Zeeman sublevels of the 6SI;*  F = 4  and 6P312 
F =  5 states in ccsium atoms. The dynamic instability was 
attributed to the competition between optical pumping to 
state 6S1!2 F = 4 ,  m F = 4  from all other Zeeman sublevels 
and nonlinearities due to saturation of the optical transition 
(from 6S1!2 F = 4 ,  m F = 4  to 6P2;3 F = 5 ,  m F = 5 ) .  However, 
since both optical pumping and saturation inside the optical 
cavity were generated by the same input laser beam, the two 
competing dynamic processes could not be separately con- 
trolled. Also, the trapping beams and the repumping beam in 
that experiment for creating the cold atomic clouds bring 
more co~nplications and limitations to the understanding of 
thcse bistable and dynamic instability behaviors. 

In recent years, electromagnetically induced transparency 
and related effects in three-level atomic systems have been 
studied extensively [4-61. Many experimental demonstra- 
tions of enhancing nonlinear optical processes (such as four- 
wave mixing, harmonic generations, and two-photon absorp- 
tion) were reported in the literature [7-111. Recently, we 
have studied cavity linewidth narrowing due to the sharp 
dispersion change in three-level A-type rubidium atoms in- 
side an optical ring cavity [12] and directly measured the 
Kerr-nonlinear coefficient near resonance [13] .  In this paper, 
we report our recent experiniental observations of optical 
bistability and dynamic instability with three-level rubidium 
atoms inside an optical ring cavity. Due to the exact knowl- 
edge of the Kerr-nonlinear coefficient at different controlling 
(or coupling) and cavity (or probe) field parameters, such as 
optical powers and frequency detunings [13], we can control 

*Permanent address: Institute of Optoelectronics, Shanxi Univer- 
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and manipulate the bistable and unstable behaviors in such a 
system by simply tuning these experimental parameters. 

Our basic experimental setup is shown in Fig. 1 .  The op- 
tical ring cavity is about 37 cm long and is conlposed of 
three mirrors. The flat mirror M1 and the concave mirror 
M2 (R= 10 cm) have about a I and 3  % transmissivity, 
respectively, while the third mirror is concave ( R =  10 cm) 
with a reflectivity larger than 99.5% and is mounted on a 
piezoelectric transducer (PZT). The empty cavity finesse was 
measured to be about 100 with a free spectral range of 822 
MHz. The rubidium vapor cell is 5 cm long with Brewster 
windows and is wrapped in p metal for magnetic shielding 
and heat tape for atomic density control. The experiment was 
conducted at a vapor cell temperature of about 7 0 ° C .  One 
laser beam enters the cavity through mirror M2 and circu- 
lates inside the cavity. Another beain, i.e., the controlling 
field, is introduced through the polarizing beam splitter 
(PBS) with an orthogonal polarization to the first (cavity 
field) beam. The controlling beam is misaligned fiom the 
cavity field beam by a 2" angle and does not circulate inside 
the ring cavity. The radii of the controlling and cavity field 
beams at the center of the Rb vapor cell are estimated to be 
700 and 80 pm, respectively. With insertion losses of the 
PBS and reflection losses from the vapor cell windows, we 
find the cavity finesse to be degraded to about 50 at a fre- 
quency far from atomic resonance. 

Both lasers are extended cavity diode lasers. The control- 
ling field is tuned to the 5 S F =  2  +-+ 5 P F =  2 transition, 
while the cavity field is tuned to the 5SlI2 F  = 1 - 5  P l 1 2  F  
= 2  transition in K 7 ~ b ,  as in Ref. [12]. Both lasers are fre- 
quency locked to Fabry-Perot cavities. Their frequency de- 

Rb cell 

wt Coupling 

I C '  
APD 

FIG. 1 .  Experimental setup. MI and M2 are mirrors; PZT is a 
mirror mounted on a piezoelectric transducer; APD is an avalanchc 
photodiode detector. 
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We propose a high-frequency traveling-wave integrated electro-optic modulator based on a 
periodically poled LiNb03. The traveling velocity of the optical wave and the electrical wave 
velocity in the waveguide can be quasimatched due to the periodic structure. Using this design, a 
modulation frequency of several hundred GHz can be realized. Wide-bandwidth modulation is also 
achievable by employing an aperiodic domain grating. 0 2001 Anzerican Institute of Physics. 
[DOI: 10.106311 . I  3504261 

As an outstanding nonlinear optical material, periodi- 
cally poled LiNbO, (PPLN) is attracting more and more 
attention.'-' In PPLN, the spontaneous polarization is peri- 
odically reversed, resulting in nonlinear optical properties. 
For example, the quasi-phase-matching (QPM) technique 
can be used instead of birefringence phase matching for non- 
linear frequency conversions.'-5 The physical mechanism of 
QPM is that the nonlinear optical coefficient periodically 
changes its sign due to the periodic domains. As a result, the 
excited parametric wave will have a  phase shift when pass- 
ing through the domain boundary. If each domain thickness 
is equal to the coherence length, the excited parametric wave 
from each domain will interfere constructively. In addition to 
frequency conversion, LiNb03 (LN) is also widely used in 
pizeoelectric and electro-optic (EO) processes. The piezo- 
electric and EO coefficients also change their signs periodi- 
cally in a PPLN and yield interesting effects6-' 

A popular application of the EO effects of LN is the 
integrated EO modulator (EOM) that has important applica- 
tions in signal processing and optical communications.'0-'2 
Driven by the demands of high-speed devices, the modula- 
tion frequency of EOM has been increasing. However, high- 
speed modulation is limited due to the velocity mismatch 
between the electrical wave and the optical ~ a v e . ' ~ ~ "  To 
increase the modulation speed, several effective methods 
have been proposed.'2-'4 Since PPLN has enhanced EO 
properties,' and PPLN wafers are now commercially avail- 
able, the application of PPLN for high frequency EOM is a 
very attractive option. 

Before studying EOM in PPLN, let us look back to the 
ordinary traveling wave modulator. Since the Mach-Zehnder 
modulator is based on phase modulation. We can study the 
phase modulating properties first. For simplicity, we assume 
the electrode to be impedance matched to the drive cable and 
termination. The n~icrowave loss is also ignored. 

We consider a single fi-equency (w,J  drive electrical 
signal, which propagates in the waveguide along the x direc- 
tion with the velocity v,=c/n,. c is the light velocity in 
vacuum and nm is the refractive index of the waveguide at 
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the drive frequency. The voltage of the drive signal in the 
waveguide then could be written as: 

where km is the wave vector of the electrical wave; L is the 
total interaction length. The optical wave that enters the in- 
teraction zone (x=O) at t = to ,  meets the drive voltage 
u(x,  to). When t= to+  At, the optical wave has traveled a 
distance x with the velocity of uo=clno ,  which takes the 
time At=xluo,  where no is the refractive index for the op- 
tical wave. Thus, the applied voltage that the optical wave 
actually sees is 

where a= 1 - v, /uo . For an ordinary medium, due to the 
velocity difference between the optical wave and the electri- 
cal wave, the voltage changes along the waveguide. We can 
easily build this physical image with the help of the Fig. 1. 

From Fig. 1, the wavefront of the optical wave meets a 
different drive voltage at a different point. The changing pe- 
riod A of the actual voltage is the distance for the optical 
wave to catch up with the electrical wave with 25-r phase 
difference, where A is given by: 

FIG. 1. Velocity mismatch between input optical wave and drive electrical 
signal. 
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