
Optical Traps for Dark Excitons

Monique Combescot,1 Michael G. Moore,2 and Carlo Piermarocchi2
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We propose a mechanism for optical trapping of dark excitons by linearly polarized unabsorbed

standing waves, with a potential depth of the order of a few meV. Since this trapping, based on carrier

exchanges with virtual excitons coupled to unabsorbed photons, equally acts on bright and dark states,

Bose-Einstein condensation of excitons—which occurs in dark states—must appear as dark spots in a

cloud of bright excitons, at the trap potential minima, when the temperature decreases.
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The observation of Bose-Einstein condensation (BEC)
of excitons [1,2] is one of the grand challenges of semi-
conductor physics. This search started long ago, excitons
seeming at first much better candidates than atoms to
observe this remarkable quantum effect: their mass is
much smaller than the atomic mass so that they must
condense at a much higher temperature. Nevertheless,
exciton BEC has not been observed yet, while atomic
BEC [3,4] is routinely obtained despite critical tempera-
tures as low as 100 nK. This achievement relies on two
technics: laser cooling and optical trapping. Several meth-
ods have been proposed to trap excitons based on local
strain field [5], metallic gates [6], repulsive potential by
photoexcited excitons or polaritons [7–9], and acoustic
waves [10,11]. Notably absent is the primary mechanism
used for atoms based on the optical Stark effect. It has been
recently proposed to trap electrons [12,13] and electron-
hole plasma [14,15]. We here show how it can be adapted
to bound excitons: the laser-based mechanism we propose,
which uses the composite boson nature of the excitons, has
the surprising remarkable feature to equally trap bright
excitons and dark excitons in spite of the fact that dark
excitons are not directly coupled to light.

This feature could be a key to evidence Bose-Einstein
condensation of excitons. Indeed, excitons condense into a
dark state [16], since bright excitons suffer additional
repulsive valence-conduction Coulomb processes [17],
which bring their energy above dark excitons. Although
known long ago, this aspect of exciton BEC, which makes
its direct observation through optical experiments impos-
sible, has apparently been ignored, probably because ex-
citons are created by photon absorption in bright states.
Yet, carrier exchanges can transform two opposite-spin
bright excitons into two dark excitons [18,19]. While
standard optical experiments cannot directly evidence a
dark exciton condensate, an indirect way to optically ob-
serve it could be through the temperature dependence of
the bright state fraction in an unpolarized exciton gas. This,
however, requires traps acting on both bright and dark
excitons. Above critical temperature, recombination of

bright excitons will make the trapping regions appear as
bright spots. By lowering the temperature, excitons will
undergo Bose-Einstein condensation into dark state at the
trap center where the energy is the lowest. So, the center of
bright spots must turn dark as the temperature decreases.
We have recently proposed two mechanisms to trap free

electrons in semiconductors using spatially varying laser
intensity. Mechanism (i) uses semivirtual trion made of a
real electron and a virtual exciton coupled to an unab-
sorbed standing wave [12]. Since electrons in a trionic
molecule are in a singlet state, the spins of the real and
virtual electrons are then opposite. Mechanism (ii) relies
on carrier exchange between the real electron and the
electron of a virtual exciton [13], thus acting only for
parallel spins. We here reconsider these ideas to construct
an optical trap acting on both dark and bright excitons.
This fundamentally eliminates the equivalent of mecha-
nism (i) with coupling to semivirtual biexcitonic molecule
[20], because the trap will only act on bright excitons. By
contrast, mechanism (ii) based on carrier exchanges can
trap dark excitons as efficiently as bright excitons, pro-
vided that the light is linearly polarized.
Physical idea.—We propose a spatial modulation of

the exciton center-of-mass distribution, based on carrier
exchanges with (�Q) virtual excitons coupled to a
standing wave made of unabsorbed (�Q) photons. As
carrier exchange conserves momentum, an exciton with
center-of-mass momentumK transforms (see Fig. 1) into a
superposition of K, Kþ2Q, and K�2Q states, thus
leading to a sinusoidal modulation of its spatial
distribution.
Photons with momentumQ and circular polarization�þ

are coupled to virtual excitons j�;Q; Si ¼ By
�;Q;Sj0i with

same center-of-mass momentum Q, same total spin S ¼
þ1, but arbitrary relative motion index �. The exciton Rabi

coupling to photon depends on � as �� ¼ �LD=2h�jr ¼
0iwhere� is the free pair coupling, L the sample size, and
D the space dimension. 2D excitons with total spin S ¼
þ1 are made of s ¼ �1=2 electrons andm ¼ þ3=2 heavy
holes. In bulk, they can also be made of s ¼ þ1=2
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electrons and m ¼ þ1=2 light holes. However, since the
photon coupling to light holes is weaker than to heavy
holes, we will ignore them here.

Four scenarios are possible for a K exciton with spin
S ¼ ð�1;�2Þ in the presence of a �þ standing wave: (i) If
S ¼ 1, the bright exciton K can exchange its two carriers
with the S ¼ 1 virtual excitons coupled to the �þ standing
wave (�Q). These exchanges generate two components
K� 2Q to its center-of-mass wave function. (ii) If
S ¼ �1, carrier exchanges with S ¼ 1 virtual excitons
are impossible. (iii) If S ¼ 2, the dark exciton K, made
of s ¼ þ1=2 electrons and m ¼ 3=2 holes, can only
exchange its hole with the S ¼ 1 virtual excitons [see
Fig. 1(a)]. (iv) If S ¼ �2, the dark exciton K can only
exchange its electron [see Fig. 1(b)].

If we now consider standing wave with linear polariza-
tion, S ¼ �2 dark excitons can exchange their hole
through the �� component of the light, and their electron
through the �� component. S ¼ �1 bright excitons can
exchange their two carriers through the same �� compo-
nent. So, in the end, a standing wave with linear polariza-
tion induces the same amount of exchanges with any of the
S ¼ ð�1;�2Þ excitons, trapping them with the same
efficiency.

Calculation of the trapping probability.—The semicon-
ductor coupling to a linealy polarized standing wave [21]
made of (�Q) photons with frequency !P, reads in the
rotating frame as W ¼ UþUy, with

Uy ¼ 1ffiffiffi
2

p X
�¼�1

X
�¼��

Uy
�Q;� (1)

where Uy
�Q;� ¼ P

���B
y
�;�Q;�.

In this frame, we do have ðHSC � EX
�;KÞj�;K; Si ¼ 0

with EX
�;K ¼ Egap �!P þ �� þ K2=2ðme þmhÞ. The

time evolution of a ground state exciton �0, projected on
the single pair subspace, reads

j�0;K; Sit ¼
X

�0;K0;S0¼ð�1;�2Þ
j�0;K0; S0i

� h�0;K0; S0je�iðHSCþW�EX
�0 ;K

Þtj�0;K; Si: (2)

To evaluate this matrix element, we use the integral repre-
sentation of the exponential and expand 1=ðz�HSC �WÞ
in terms of W. The zero order term gives ��0K0S0;�0KS; the

first order term cancels, while the second order term reads
for K � �Q as

h�0;K0; S0jUGtðEX
�0;K0 � EX

�0;K
; HSC � EX

�0;K
ÞUyj�0;K; Si;

(3)

where GtðE0; EÞ ¼ ½FtðE0Þ � FtðEÞ�=ðE0 � EÞ, with
FtðEÞ ¼ ðe�iEt � 1Þ=E being the standard function for
second order optical processes [22].
For Et and E0t both small, GtðE0; EÞ tends to �t2=2,

while for E0t � 1 � Et, it reduces to it=E. Since Uy
creates a virtual exciton with momentum �Q, while U
destroys a �0Q exciton, momentum conservation imposes
K0 þ �0Q ¼ Kþ �Q; so jK�K0j is at most equal to
2Q, making EX

�0K0 ’ EX
�0K

for �0 ¼ �0. By contrast, HSC in

Eq. (3) acts on two pairs; soHSC � EX
�0K

gives contribution

of the order of the photon detuning, not small for unab-
sorbed photons. Thus, experimental conditions correspond
to the second time regime, so that

j�0;K; Sit ’ j�0;K; Si þ it
X

S0;�0;�
��0;�j�0;K

þ ð�� �0ÞQ; S0i; (4)

where the prefactor is given by

��0;� ¼ 1

2

X
�;�0

h�0;Kþ ð�� �0ÞQ; S0jU�0Q;�0

� 1

HSC � EX
�0;K

Uy
�Q;�j�0;K; Si: (5)

To evaluate ��0;� we note that HSC acting on

By
�;�Q;�j�0;K; Si gives EX

�;�Q þ EX
�0;K

to the lowest order

in Coulomb scattering divided by the detuning. We then
write the scalar products of exciton states in terms of Pauli
scatterings for carrier exchanges, according to Ref. [23].
Figure 1 shows that, if we restrict to heavy-hole excitons,
carrier exchange imposes � ¼ �0 and S ¼ S0. Moreover,
for S ¼ �1 bright states, electron or hole exchanges occur
for � ¼ S only, while for S ¼ �2 dark states, hole ex-
change is possible for � ¼ S=2 and electron exchange for
� ¼ �S=2. As a result, the total number of exchanges
induced on bright or dark excitons by linearly polarized
photons is indeed the same.
For nondiagonal process, �0 ¼ ��, momentum 2Q is

transferred between the light field and the exciton as a result
of exchange. The nondiagonal coefficients are given by

���;� ¼ ��S;S0
X
�

��

2EX
�;�Q

��QðKÞ; (6)

Q(a)

K = K + -( )Q K

Q

SS = S

/ 2

3 / 2

Q(b)

K = K + -( )Q K

Q

SS S

3 / 2

/ 2

FIG. 1 (color online). Pauli scattering for (a) hole and (b)
electron exchange between a real exciton (K, S) and a virtual
exciton coupled to an unabsorbed photon. Momentum can be
transferred from photon to exciton while polarization stays
unchanged. For heavy-hole exciton with total spin S, hole
(respectively, electron) exchange requires photons with polar-
ization � ¼ S=jSj (respectively, � ¼ �2Sþ 3S=jSj).
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where

��QðKÞ ¼X
�0
��

�0

�
�h

�0;��Q �;�Q

�0;Kþ 2�Q �0;K

 !
þðh$ eÞ

�
:

(7)

This includes the hole exchange of Fig. 1(a) through �h,
and the electron exchange of Fig. 1(b) through �e. Next, we
write the orbital Pauli scattering amplitudes �h;eðnm j

iÞ in
terms of the in and out wave functions (see Ref. [23]), and

we sum over �0 through closure relation using ��
�0 ¼

��LD=2hr ¼ 0j�0i. Since Q is very small on the exciton
scale, ��QðKÞ ’ �0ðKÞ. For laser tuned close to the heavy-
hole exciton resonance, we can keep only the � ¼ �0 state;
so, �0ðKÞ reduces to ��½	ð
hKÞ þ 	ð
eKÞ� where 
h ¼
1� 
e ¼ mh=ðmh þmeÞ and

	ðKÞ ¼ X
p

jh�0jpij2hpþKj�0i: (8)

To make a connection with atomic optical traps, let us
now derive the effective potential ~V associated with this
Pauli blocking mechanism. Adding an external potential to
HSC leads to

e
�iðHSCþ ~V�EX

�0 ;K
Þt ’ 1þ FtðHSC � EX

�0;K
Þ ~V; (9)

which reproduces the time evolution given by Eq. (4)
provided ~V ¼ P

S¼�1;�2
~VS with ~VS given by

~VS ¼
��0

2EX
�0;0

X
�¼�1;K

�0ðKÞj�0;K

þ �Q; Sih�0;K� �Q; Sj: (10)

This effective potential is nonlocal, being given in coor-
dinate representation by

~V S ¼
Z

dRdR0 ~VðR0;RÞj�0;R
0; SihS;R; �0j; (11)

where

~VðR0;RÞ ¼ j�j2
EX
�0;0

KðR0 �RÞ cosðQ � ðR0 þRÞÞ: (12)

The kernel KðRÞ, which comes from carrier exchanges,
splits as K
h

ðRÞ þ K
e
ðRÞ with

K
ðRÞ¼X
K;p

hRjKih
Kþpj�0ih�0jr¼ 0ijhpj�0ij2; (13)

which has a finite spatial extent on the order of the exciton
Bohr radius.

Discussion.—To provide a quantitative estimate of the
trapping potential, let us neglect the nonlocality of the
potential and replace KðRÞ by ��ðRÞ with � obtained by

matching the R integral of KðRÞ. This gives � ¼
2	ð0ÞLD=2h�0jr ¼ 0i, which is equal to 7 in 3D and 32=7
in 2D. The effective diagonal potential is then

~VðRÞ ¼ U0 cosð2Q �RÞ; (14)

with U0 ¼ �j�j2=EX
�00

.

The half-depth jU0j of the trapping potential is shown in
Fig. 2 as a function of laser power. The electric field E0 is
related to the laser power P through the intensity I ¼
ncE2

0=8� ¼ P=�ðl=2Þ2, where c is the speed of light, l
the laser spot diameter taken equal to 100 m, and n the
refractive index taken equal to 3.5. The square of the Rabi
energy reads j�j2 ¼ d20E

2
0=4 ¼ d20ð8�=ncÞP=�l2, where

for GaAs, the d0 dipole is 	6:2 e �A from Ref. [24]. Note
that in order to remain within the validity of the theory, we
must avoid saturating the exciton transition, which requires
� ¼ �j�j2=ðEX

�00
Þ2 < 1: the lines in the plot end at this

limit.
We see that for a few meV detunings, potentials as deep

as a few meV can be obtained for laser powers within the
validity of the theory.
Several effects could compete with the optical trapping

proposed here. In 2D, high-quality quantum wells with
rather large width of the order of 20 nm are required to
minimize the disorder potential due to monolayer fluctua-
tions at the interfaces [25]. Effects due to laser heating and
photon cooling were already studied in Ref. [12] in the case
of electron trapping. They depend on the photon recoil
energy associated with the trapped particles. For samples
held at 300 mK, phonon cooling dominates, while photon
absorption and reemission, occurring with a probability
that scales with �, does not produce appreciable heating.
Exciton trapping is favorable with respect to electron trap-
ping because its recoil energy is smaller. In contrast to
extended systems, exciton scatterings by acoustic phonons
in a trap do not conserve the total crystal momentum; so

0.0 0.2 0.4 0.6 0.8
0

1

2

3

4

P mW

U
0

m
eV

FIG. 2 (color online). Trapping potential half-depth U0 in 3D
as a function of the laser power, for a 100 m laser spot and
detunings of 1 meV (solid line), 2 meV (dashed line), 3 meV
(long dashed line), and 4 meV (dot-dashed line). Lines end in
correspondence to the validity of the theory. Materials parame-
ters for the calculations are from Ref. [24]. The values of U0 for
2D systems can be obtained by rescaling the vertical axis by
32=49, which is the ratio of the coefficients � in two and three
dimensions.
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cooling by phonon emission at low energy is more effec-
tive. Another effect is carrier ionization. Because of phase
matching conditions, its rate, estimated from the Fermi
golden rule, remains very small, the absorption coefficient
for this process being 5 orders of magnitude smaller than
for interband absorption [12,26]. Similarly, we have
checked that two-photon absorption, estimated using rates
calculated for quantum wells [27], does not appreciably
affect the trapping scheme. Note that the few high-energy
pairs created by two-photon or exciton ionization will
quickly relax by optical phonon emission as excitons to
the bottom of the band. However, due to their low creation
rate, the exciton temperature in the trap will not be sub-
stantially affected.

In contrast to atoms, the exciton effective potential is
repulsive (U0 > 0) for red detuning and attractive for blue
detuning. This comes from the change in energy of the
semiconductor ‘‘vacuum’’ induced by light. As for atoms,
the semiconductor vacuum lowers its energy for red detun-
ings, and increases it for blue detunings. However, if ex-
citons are present, Pauli blocking tends to block the
creation of virtual excitons. Therefore, for red detuning,
the total energy shift of the vacuum is increased by the
presence of excitons, which are therefore weak-field seek-
ing. The opposite occurs for blue detuning, excitons being
then strong-field seeking. Consequently, attractive traps,
with negative U0, require lasers tuned in the transparency
region between the ground and first excited exciton states.
Actually, in this spectral region, a residual absorption
exists due to second order processes involving phonons.
These processes create carriers at a rate of the order of 1
exciton every few ns (see supplemental materials in
Ref. [12]), adding a few excitons in the traps. So, this
slow rate should not considerably raise the temperature
of the trapped excitons nor substantially affect the overall
efficiency of the trapping mechanism. Alternatively, one
could use a red-detuned Laguerre-Gaussian beam focused
onto a 2D quantumwell to create a single ring-of-light trap,
with excitons confined to the dark center spot of the beam.
We emphasize that the periodicity of the optical lattices
can be controlled using different excitation geometries. For
instance, a QW can be excited by sending two counter-
propagating beams from the lateral sides, along the QW
plane, or the two beams can come from the top of the
sample at an angle �� with respect to the growth axis: the
obtained lattice constant is then much bigger.

Conclusion.—We propose an optical trapping mecha-
nism, based on carrier exchanges with virtual excitons
coupled to a linearly polarized unabsorbed standing
wave. This mechanism, which equally acts on bright and
dark excitons—in spite of the fact that dark excitons are
not directly coupled to light—is able to produce both
attractive and repulsive potentials, depending on the pho-
ton detuning. Trapping depths of the order of a few meV
can be obtained.
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