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Optical trapping and manipulation of neutral particles has led to a variety of experiments from

stretching DNA-molecules to trapping and cooling of neutral atoms. An exciting recent outgrowth of

the technique is an experimental implementation of atom Bose-Einstein condensation. In this Letter, we

propose and demonstrate laser-induced trapping for a new system—a gas of excitons in quantum well

structures. We report on the trapping of a highly degenerate Bose gas of excitons in laser-induced traps.

DOI: 10.1103/PhysRevLett.96.227402 PACS numbers: 78.67.De, 05.30.Jp, 73.63.Hs

Lasers enable a precise and noninvasive application of

force while also providing high speed control of the trap-

ping field. This allows in situ trapping and control for a rich

variety of small neutral particles. Since their origin three

decades ago, laser based traps have been key devices in the

advancement of atomic physics and biophysics; for re-

views see Refs. [1–4].

In biology, the applications of optical dipole traps, also

known as optical tweezers, enable direct in vivo manipu-

lation of viruses, cells, and even individual organelles

within the cells. The use of optical tweezers has also

enabled probing of the mechanical properties of DNA

and the forces applied by various molecular motors found

in cells [4,5].

In atomic physics, the use of the Doppler cooling tech-

nique [6] by sets of counter propagating lasers is employed

to form an ‘‘optical molasses’’ containing atoms viscously

confined at microkelvin temperatures. The introduction of

optical tweezers to this molasses enabled the first 3D stable

trap for atoms by capturing them from the surrounding

molasses. Following this initial trapping of atoms, much

work was devoted to the creation of larger volume

magneto-optical traps (MOTs) to enhance the achievable

densities of trapped atoms [1–4]. It was specifically these

MOTs that led to the first realizations of Bose-Einstein

condensation (BEC) in atoms [7–9]. Since this initial

realization of BEC, interest has returned again to optical

traps, which can be used to study magnetic effects on BEC,

such as Feshbach resonances, without the complexity

added by disrupting the magnetic field used in MOTs [1–

4]. The possibility of patterning and controlling the poten-

tial profile by laser excitation is also effectively employed

in studies of atom BEC in optical lattices [10].

In this Letter, we propose and demonstrate laser-induced

trapping for a new system—a gas of excitons in coupled

quantum wells (CQWs). Since the quantum degeneracy

temperature scales inversely with the mass, quantum ex-

citon gases can be achieved at temperatures of about 1 K

[11], several orders of magnitude higher than quantum

atom gases [12,13]. Indeed, the transition from a classi-

cal to quantum gas occurs when bosons are cooled to the

point where the thermal de Broglie wavelength �dB �
�����������������������������

2�@2=�mkBT�
p

is comparable to the interparticle separa-

tion (for instance, BEC takes place when n�3
dB � 2:612 in

3D systems) and the transition temperature for excitons in

GaAs=�Al;Ga�As QWs reaches a value of TdB �
2�@2n2D=�mgkB� � 3 K for the exciton density per spin

state n2D=g � 1010 cm�2 (the exciton spin degeneracy

g � 4 and the exciton mass m � 0:22m0 for GaAs=
�Al;Ga�As QWs [14], where m0 is the free electron

mass). Because of their long lifetime and high cooling

rate, indirect excitons in a CQW [Fig. 1(a)] form a system

where a cold and dense exciton gas can be created, with

temperatures well below 1 K and densities above

1010 cm�2 [14]. Therefore, we chose indirect excitons

for development of a method to trap cold excitons with

FIG. 1 (color online). Images of laser-induced trapping of

excitons. (a) Energy band diagram of the CQW structure; eis

electron;h, hole. (b) Image of the PL signal in E-x coordinates.

(c), (d), (e) Experimental x-y plots of the PL intensity from

indirect excitons created by 532 nm cw laser excitation in a

30 �m diameter ring on the CQW sample. For (c), (d), (e) the

excitation powers are Pex � 10, 35, 100 �W and for

(b) Pex � 75 �W. Sample temperature Tb � 1:4 K.
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laser light. This technique opens a pathway towards high

speed control of quantum gases of bosons in semiconduc-

tors—quantum exciton gases.

The possibility of exciton confinement and manipulation

in potential traps attracted considerable interest in earlier

studies. Pioneered by the electron-hole liquid confinement

in the strain-induced traps [15], exciton confinement has

been implemented in various traps: strain-induced traps

[16,17], traps created by laser-induced local interdiffusion

[18], magnetic traps [19], and electrostatic traps [20–22].

The principle underlying the new method of laser-

induced exciton trapping is described below. The CQW

geometry [14] is engineered so that the interaction between

excitons is repulsive: Indirect excitons, formed from elec-

trons and holes that are confined to different QWs by a

potential barrier, behave as dipoles oriented perpendicular

to the plane, and an increasing exciton density causes an

increase of the interaction energy [23–25]. The repulsive

character of the interaction is evidenced in experiment as a

positive and monotonic line shift with increasing density

[14]. Because of the repulsive interaction, a ring-shaped

laser spot should form a potential trap with the energy

minimum at the ring center. Similarly to all optical traps,

an important advantage of the laser-induced exciton trap-

ping is the possibility of controlling the trap in situ by

varying the laser intensity in space and time. Moreover, the

excitons at the trap center are cold since they are far from

the hot laser excitation ring. The long lifetimes of the

indirect excitons allow them to travel to the trap center,

due to their drift and diffusion, before optical recombina-

tion. This leads to accumulation of a cold and dense

exciton gas at the trap center. The implementation of this

idea is described below.

In our experiments, the spatial x-y photoluminescence

(PL) pattern is acquired by a nitrogen-cooled CCD camera

after spectral selection by an interference filter chosen to

match the indirect exciton energy exclusively. As a result,

we are able to remove the low-energy bulk emission that

otherwise dominates the spectrum under the laser excita-

tion area. This allows the direct visualization of the indirect

exciton PL emission intensity profile in spatial coordinates

[see Figs. 1(c)–1(e)]. In addition, in Fig. 1(b) we plot the

exciton PL in the energy-coordinate plane as measured

when a slit along the diameter of the ring is dispersed by

a spectrometer without spectral selection by an interfer-

ence filter. Our investigations determined that a laser ex-

citation ring with a diameter of 30 �m and a ring thickness

following a Gaussian profile of FWHM � 2� ’ 7 �m
provided the optimal conditions for our CQW sample.

The ring-shaped cw laser excitation was performed by a

Nd:YVO4 laser at 532 nm, or a HeNe laser at 633 nm, or a

Ti:Sapphire laser tuned to the direct exciton resonance of

788 nm. Spatial and spectral features were essentially

similar for all excitation wavelengths investigated. In the

experiments with excitation above the (Al,Ga)As barrier

(� � 532 or 633 nm), photoexcited unbalanced charges

and the external ring are created, while in the experiments

at nearly resonant excitation (� � 788 nm), no photoex-

cited unbalanced charges or external ring are created [14].

Comparison of these two experiments has shown that the

charge imbalance and external ring make no noticeable

effect on the exciton trapping. All experimental data pre-

sented here are from a set of 532 nm excitation ring data

taken with excitation powers Pex in the range 1–1000 �W
and with gate voltage Vg � 1:4 V. The CQW structure

investigated is grown by molecular beam epitaxy and con-

tains two 8 nm GaAs QWs separated by a 4 nm

Al0:33Ga0:67As barrier (details on the CQW structures can

be found in Ref. [14]). The indirect excitons in the CQW

structure are formed from electrons and holes confined to

different QWs [Fig. 1(a)]. Because of the separation be-

tween the electron and hole layers in the CQW structure,

the intrinsic radiative lifetimes of the optically active in-

direct excitons exceed that of regular direct excitons by

orders of magnitudes, and are 42 ns at Vg � 1:4 V [14].

As can be seen in Figs. 1(c)–1(e) and 2(a), for low

excitation powers the PL profile follows the laser excita-

tion ring; however, with increasing excitation power a

spatial PL peak emerges at the center of the laser excitation

ring, indicating the accumulation of a cold and dense

exciton gas. The exciton degeneracy at the trap center

NE�0 � exp�TdB=T� � 1 [26] can be estimated from the

exciton density and temperature. The exciton density

n2D � "b�E=�4�e
2d� is measured directly by the exciton

energy shift �E, where d � 12 nm is the separation be-

tween the electron and hole layers for our samples and "b is
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FIG. 2 (color online). Spatial profiles of the PL intensity and

energy for the excitons in the laser-induced trap. (a) Measured

PL intensity, (b) calculated PL intensity, (c) measured energy

position of the PL line, and (d) calculated exciton concentration

against radius rk for four optical excitation powers Pex. The

vertical axes of (c) and (d) cover the same range due to the

relation �E � 4�e2n2Dd="b, where d � 12 nm for our sample.

The ring-shaped profile of the laser excitation is shown by the

thin dotted lines in (a) and (b). Sample temperature Tb � 1:4 K.
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the background dielectric constant [23–25] (n2D �
1010 cm�2 for �E ’ 1:6 meV). The exciton temperature

at the trap center is essentially equal to the lattice tempera-

ture due to absence of heating sources at the trap center.

The estimate shows that for the excitation Pex � 1000 �W
and temperature Tb � 1:4 K (see the experimental data in

Fig. 2) the exciton degeneracy at the trap center is NE�0 ’
8. The theoretical modeling presented below confirms this

estimate.

Note that the exciton trapping by laser light is based on a

different physical principle compared to the atom trapping

by laser light. However, the two techniques lead to con-

ceptually similar optical trapping of quantum gases—of

excitons or atoms, respectively.

A parabolic energy trap is apparent in the interior of the

excitation ring [Figs. 1(b) and 2(c)]. The decrease in the

indirect exciton PL at the location of the excitation ring

[Fig. 2(a)] is because the high-energy photogenerated ex-

citons heat the exciton gas; this heating reduces the fraction

of optically active excitons, which have low energies, E �

E� � E2
g"b=�2mc2� where Eg is the energy gap and c is the

speed of light [27]. As they drift and diffuse away from the

excitation area, the excitons thermalize to the lattice tem-

perature Tb and become optically active, leading to the

moderately enhanced PL intensity directly external to the

excitation ring. The strong enhancement of the PL at the

excitation ring center, Fig. 2(a), is due to (1) the excitons’

thermalization to the lattice temperature and (2) the accu-

mulation of large numbers of excitons driven by dipole

repulsion away from the higher density region towards the

ring center.

A particular feature of the trap is that it is formed by the

indirect excitons themselves: The trap potential is given in

the mean-field approximation by Utrap � �E � u0n2D �

4�e2n2Dd="b, where u0 is a positive scattering amplitude.

Note that the trap confining potential is determined by the

radial exciton density distribution and is essentially inde-

pendent of other characteristics of indirect excitons such as

their temperature, etc.

In order to model accumulation and thermalization of

the particles in the laser-induced trap, we solve numeri-

cally three coupled nonlinear equations which describe the

transport [25], relaxation and PL dynamics [26] of indirect

excitons, respectively:

@n2D
@t

�r�D�2D�
x rn2D���2D�

x n2Dr�u0n2D�UQW�	

�
n2D
�opt

��; (1)

@

@t
T �

�
@T

@t

�

n2D

� Spump � Sopt � Sd; where

�
@T

@t

�

n2D

� �
2�

�sc

�
T2

TdB

�

�1� e�TdB=T�
Z 1

1
d""

������������
"

"� 1

r
jFz�a

�����������������

"�"� 1
p

��j2

�e"E0=kBTb � 1�



e"E0=kBTb � e"E0=kBT

�e"E0=kBT � e�TdB=T � 1�
; (2)

1

�opt
�

1

2�R

�
E�

kBTdB

�Z 1

0

1� z2

��eE�=kBT�=�1� e�TdB=T�	e�z2E�=kBT � 1
dz: (3)

In the quantum diffusion Eq. (1), D�2D�
x , ��2D�

x , and � are

the diffusion coefficient, mobility, and generation rate of

indirect excitons, respectively, UQW � Urand�rk� is a ran-

dom potential due to the QW thickness and alloy fluctua-

tions. The generalized Einstein relationship [25],

��2D�
x �D�2D�

x ��eTdB=T�1�=�kBTdB�	, yields the classical

limit ��2D�
x � D�2D�

x =�kBT� for T � TdB and strongly en-

hances the nonlinearity of the diffusion equation (1) for

T & TdB. In Eq. (2) for effective temperature T of indirect

excitons, the first term on the right hand side describes the

LA-phonon assisted thermalization of the particles, with

�sc � ��2
@
4��=�D2

dpm
3vs� the characteristic scattering

time, E0�2mv2
s , vs the longitudinal sound velocity, � the

crystal density, and Ddp the deformation potential of

exciton–LA-phonon interaction. The form-factor

Fz�a
�����������������

"�"� 1
p

�� refers to a QW confinement potential,

where a � �dQWmvs�=@, dQW is the QW thickness, and

" � E=E0. The terms Spump, Sopt, and Sd on the right hand

side of Eq. (2) describe heating of indirect excitons by the

laser field, recombination heating or cooling of the par-

ticles, and heating of excitons due to conversion of the

mean-field energy into the internal one, respectively [28].

The optical lifetime �opt of indirect excitons is given by

Eq. (3) with �R the intrinsic radiative lifetime of the

particles.

The quantum-statistical corrections, which considerably

enhance the nonlinear effects, are explicitly included in

Eqs. (1)–(3) through TdB / @
2. The values of the diffusion

coefficient D�2D�
x and the amplitude of the disorder poten-

tial Urand in the CQW structure were evaluated in the

earlier study [28] of the inner PL ring from indirect ex-

citons generated by a point-focused laser beam. The nu-

merical calculations with Eqs. (1)–(3) excellently match

the experimental results [Figs. 2(b) and 2(d)].

The increase of the exciton gas temperature due to

heating by photogenerated excitons at the excitation ring

is evident in Fig. 3(a). A minor heating due to the exciton

potential energy gradient [Sd term in Eq. (2)] can also be

seen outside the excitation ring. The exciton transport

towards the trap center due to drift and diffusion is illus-

trated in Fig. 3(c). Finally, the theoretical calculations

confirm that in our experiments, which deal with the cryo-

stat temperature Tb � 1:4 K, high nonclassical occupation

numbers, NE�0 ’ 8, build up at the trap center [Fig. 3(b)].
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In summary, in this Letter we propose and demonstrate a

method to trap cold exciton gases with laser light. The

laser-induced exciton trapping makes it possible to control

the trap in situ by varying the laser intensity in space and

time. The excitons at the trap center are cold since they are

far from the hot laser excitation ring. We report on the

trapping of a cold gas of excitons in a laser-induced trap

and on the formation of a highly degenerate Bose gas of

excitons in the trap.
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FIG. 3 (color online). The calculated parameters of excitons in

the laser-induced traps. (a) The radial dependence of the exciton

temperature T for optical excitation power of 1000 �W (solid

black line) and the lattice temperature Tb � 1:4 K [dotted line

(blue online)]. (b) The occupation number NE�0 for our samples

against radius rk for the same four optical excitation powers as in

Fig. 2. (c) Vector plot showing the calculated exciton velocities v
for excitation power of 250 �W. The length of the outermost

vectors is 1:3
 106 cm=s. The dotted line (red online) shows the

maximum calculated exciton concentration and the solid line

(red online) shows the maximum of incident laser power used in

calculation.
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