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Bright-to-dark exciton transition in symmetric coupled quantum wells
induced by an in-plane magnetic field
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~Received 15 November 2000; published 28 March 2001!

The energy dispersion of an exciton in a coupled quantum well is modified by an external in-plane magnetic
field. We find that the in-plane magnetic field can shift the ground state of the magnetoexciton from a zero
in-plane center-of-mass~CM! momentum to a finite CM momentum, and render the ground state of the
magnetoexciton stable against radiative recombination due to momentum conservation. At the same time, a
spatial separation of the electron and hole is realized. Thus an in-plane magnetic field can be used to tailor the
radiative properties of excitons in coupled quantum wells.
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The quasi-two-dimensional~Q2D! magnetoexciton in
semiconductor quantum-well structures has been studied
tensively over the past decades. Most of these investigat
focus on the properties of Q2D magnetoexcitons in the p
ence of a magnetic field that is applied along the grow
direction. In the absence of magnetic fields, the Q2D exc
motion can then be described in terms of uncorrelated r
tive ~RM! and center-of-mass~CM! motions. Such a picture
is no longer valid when a magnetic field is applied perp
dicular to the growth direction, which induces a coupli
between the CM and RM motion.1 Nevertheless, a partia
decoupling of the CM and RM motion is still possible. The
exists a constant of motion, the total pseudomoment
which allows a pseudoseparation of the CM motion.2 In this
case, the dependence of the Hamiltonian on the CM mo
can be reduced to a Stark term arising from the electric fi
induced by the CM motion.3 Since the total pseudomomen
tum of the exciton is conserved, the exciton Hamiltonian c
be reduced to the internal RM coordinates, which have
lindrical symmetry around the magnetic-field axis. Negle
ing the valence-band mixing effect, the heavy-hole exci
ground state has been studied using various methods, su
direct numerical integration,4 the perturbation approx
imation,5 and the variational technique.6,7 The direct and in-
direct exciton in coupled symmetric quantum-well~CQW!
structures was also investigated extensively in the past
years.8–10

The situation is more complicated for a quantum-well e
citon in an in-plane magnetic field due to the breaking of
conservation of the total pseudomomentum. Because of
increased complexity, only a very small number of stud
on this topic have been done. Fritzeet al.11 studied the case
of an in-plane magnetoexciton in a very shallow poten
that was treated as a perturbation and they observed a
teresting crossover from a 3D- to a 2D-like exciton behav
as a function of the strength of the in-plane magnetic fie
Xia and Fan12 included valence-band mixing and studied t
electronic structure in semiconductor superlattices under
plane magnetic fields. They found that the binding energy
the exciton with zero in-plane CM momentum increases w
increasing magnetic field. TheG-X mixing effect on the
magnetoexciton in an in-plane magnetic field was also ta
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into account for the case of a thin AlAs/GaAs quantu
well,13 and it was found that the exciton is spatially sep
rated, which is caused by the competition of theG-like and
X-like potential profiles. All these studies were focused
the optical properties of excitons with zero momentum.
our knowledge, no theoretical investigation exists of mag
toexcitons in coupled quantum wells in the presence of
in-plane magnetic field. Very recently, it was found expe
mentally that an in-plane magnetic field changes drastic
the photoluminescence~PL! spectra and the kinetics of inter
well excitons in GaAs/AlxGa12xAs coupled quantum
wells.14 In this system, the electrons and holes were alre
spatially separated by an external electric field and the
plane magnetic field only influences the energy dispersio

In the present work, we study the energy dispersion a
optical properties of Q2D magnetoexcitons in CQW stru
tures in the presence of an in-plane magnetic field. No p
pendicular electric field is present as in Ref. 14. We find t
the energy-dispersion curve of the magnetoexciton and
ground-state electron and hole wave functions can be tu
by such an external in-plane magnetic field. The ground s
of the magnetoexciton shifts from zero in-plane CM mome
tum to a finite in-plane momentum when the in-plane ma
netic field increases. Consequently, a transition between
momentum direct exciton and the momentum indirect ex
ton is obtained. As a result of momentum conservation,
in-plane magnetic field will render the ground state of t
magnetoexcitons stable against radiative recombination,
leads to the formation of a dark exciton. The latter effect
enhanced by the fact that at the same time a spatial sep
tion of the electron and hole is induced.

Consider a CQW consisting of AlxGa12xAs and GaAs
materials, shown schematically in the inset of Fig. 1. W
choose thez axis along the QW growth direction and thex
axis parallel to the in-plane magnetic field. The CM and R
in-plane position and momentum operators are denoted
(R,P) and (r ,p), respectively. We neglect the valence-ba
mixing effect, which is allowed due to the strong vertic
confinement, and therefore we may limit ourselves to
lowest electron and hole confinement levels.

According to the effective-mass theory, the excit
Hamiltonian in a CQW structure can be written as
©2001 The American Physical Society07-1
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where r5re2rh5(r,z) denotes the electron-hole relativ
coordinates,me (mh) is the effective mass of the electro
~hole! in units of the free-electron massm0, and e is the
dielectric constant.Ve (Vh) is the confining potential of the
electron and hole in the CQW,

Vi~zi !5H 0 ~d/21W!.uzu.d/2

Ve,h otherwise,
~2!

whered is the thickness of the middle barrier andW is the
width of the left and the right well.

In a homogeneous magnetic fieldB, the total in-plane
pseudomomentumP//5( iPi // is an exact integral of motion
@Hex,P//#50,2 where Pi //5pi //1eiA i //2ei(B3r i…// . Here
we work in the Landau gaugeA i5(0,Bzi ,0), and therefore
the total in-plane pseudomomentum becomesP//5( iPi //
5\K // , where the magnetic field points along thex axis.

For a parabolic band, the exciton wave function can
given in the center-of mass coordinates

Cex5C~re ,rh!5exp~ iK //•R!w~r,ze ,zh!, ~3!

which leads to the exciton Hamiltonian forw in the presence
of an in-plane magnetic field,
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FIG. 1. The energy spectrum of the ground-state exciton
GaAs/Al0.33Ga0.67As CQW. The inset gives the electron and ho
band structure schematically and shows the wave functions of e
tron and hole withPY50 ~solid lines! andPY5PY

min ~dashed lines!
for B515 T. The well width isW580 Å and the thickness of the
middle barrier isd540 Å.
15330
e

Capital letters in the above equation are the operators a
ciated with the CM motion, while lower letters denote th
operators associated with the RM motion.M5me1mh is the
total mass of the exciton,m5memh /M is the reduced exci-
ton mass, andme (mh)is the electron~hole! effective mass.
If the confinement along thez direction is strong enough, we
are allowed to decouple thez motion from the in-plane mo-
tion and consequently we use trial wave functions that
products of the electron and hole subband wave function
the CQW and a Gaussian function that describes the inte
RM motion of the exciton in the presence of a magne
field. w(r,ze ,zh)5 f e(ze) f h(zh)exp(2ar22bz2), wherea,b
are variational parameters that are obtained from the min
zation of the exciton energy.f e(ze) @ f h(zh)# can be obtained
from Eq. ~4! by neglecting the Coulomb interaction. W
limit our numerical calculation to the heavy magnetoexcit
in GaAs/Al0.33Ga0.67As CQW. The parameters pertaining
GaAs used in our calculations areme50.067m0 , e0512.6,
andmh50.38me . Notice that the variational technique give
an upper bound to the exciton energy. But we expect that
approximation will not influence the physics because
compare thePY50 exciton energy with the one for nonzer
momentum, for which we used the same type of variatio
wave function.

The magnetoexciton energy spectrum in t
Al0.33Ga0.66As/GaAs CQW is shown in Fig. 1 as a functio
of the CM momentumPY along they direction. With in-
creasing exciton momentumPY , the energy of the magne
toexciton increases quadratically for smallPY . The energy
dispersion changes significantly with increasing magne
field and exhibits a local minimum atPY5” 0 with increasing
in-plane magnetic field. This arises from the interplay b
tween the correlation between the CM and RM motion of
magnetoexciton, which is induced by the in-plane magne
field @Eq. ~4!#, the tunneling splitting in the CQW, and th
Coulomb interaction between the electron and the hole.
small in-plane CM momentumPY , the electron and hole
localize at the center of each well~see the full curves in the
inset of Fig. 1! and they lead to a large binding energy. T
binding energy of the exciton decreases with increasing
plane CM momentum since the in-plane magnetic field
sults in a spatial separation of the exciton in thez direction
~see the dashed curves in the inset of Fig. 1!. This interplay
shifts the ground state of the exciton fromPY50 to a state
with finite momentumPY

min>eBde-h , wherede-h is the spatial
separation between the electron and the hole. Thus the e
ton ground state in the CQW becomes optically inactive w
increasing in-plane magnetic field because of momen
conservation and the decrease in the overlap between
electron and hole. Notice that the physical mechanism of
spatial separation between the electron and the hole in
CQW is the action of the Lorentz force on the electron a
the hole, which are in the opposite direction, and this is qu
different from that caused by the electric field.9

In Fig. 2, we plot the in-plane CM momentum depe
dence of the exciton binding energy. From Eq.~4!, one sees
that the correlation between the CM and RM motion~the
fourth and fifth terms! separates spatially the electron a
hole when the in-plane CM momentumPY increases. Thus
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the exciton binding energy decreases with increasing
plane CM momentum, and saturates since the electron
hole are pushed against the opposite sides of the CQ
which results inde-h,d12W. Therefore, the ground-stat
exciton in the CQW becomes a spatially separated exc
with finite in-plane CM momentumPY

min .
Figure 3 shows the in-plane CM momentumPY

min corre-
sponding to the minimum of the magnetoexciton energy a
function of the in-plane magnetic field. There is a sudd
transition atBc from PY50 to PY5” 0 with increasing in-
plane magnetic field since the exciton energies with fin
in-plane CM momentum atBc are lower than that with zero
in-plane momentum. The minimum shifts rapidly to the st
with finite in-plane CM momentum when the in-plane ma
netic field approaches the critical magnetic fieldBc . When
the magnetic field is larger than the critical magnetic fie
Bc , the in-plane CM momentumPY

min saturates to a finite
value, which equalseBde-h . Recent experiments on sym
metric CQW~Ref. 14! showed that the PL intensity exhibit
a jump after the excitation is switched off, which was i

FIG. 2. The binding energy of the ground-state exciton
GaAs/Al0.33Ga0.67As CQW versus the in-plane CM momentum. Th
well width W580 Å and the thickness of the middle barrierd
540 Å.

FIG. 3. The position of the minimum of the in-plane CM m
mentum of the ground-state exciton in GaAs/Al0.33Ga0.67As CQW
versus the in-plane magnetic field. The well width isW580 Å .
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duced by the kinetics of the occupation in the optically act
zone. This jump disappears at high in-plane magnetic fi
('8 T) for a GaAs/Al0.33Ga0.67As CQW (W580 Å,d
540 Å) under an electric field since the in-plane magne
field shifts the exciton ground state fromPY50 to PY5” 0
and therefore changes the occupation in the optically ac
zone and the exciton kinetics.15 In our calculation, we find
that the transition takes place atBc'10 T for the same struc
ture in the absence of an external electric field. The latter w
decrease this critical field.

In Figs. 4~a! and 4~b!, we show the phase diagram of th
Q2D magnetoexciton for different barrier heights, i.e., diffe
ent alloy composition and different quantum-well widths, r
spectively. The critical magnetic fieldBc decreases with in-
creasing barrier thicknessd and well width W. Spatially
separated and momentum indirect excitons exist above e
curve, and the excitons experience a transition from the s
tially separated and momentum indirect state to the spa
and momentum direct exciton with decreasing parametersBc
andd or W. Notice that the critical magnetic fieldBc is very
high for small barrier thickness but it decreases rapidly w
increasingd, and for the same barrier thicknessd, the critical
magnetic fieldBc increases with decreasing compositionx
@Fig. 4~a!# and well widthW @Fig. 4~b!#. This behavior can
be explained as follows. The minimum of the Q2D magn

FIG. 4. The phase diagram of Q2D magnetoexcitons for diff
ent compositionx of the barrier~a! and different well widthW ~b!.
7-3
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BRIEF REPORTS PHYSICAL REVIEW B 63 153307
toexciton spectrum@see Fig. 1~d!# is approximately equal to
Emin5e2B2de-h

2 /2M . The critical magnetic fieldBc is obtained
from the competition of the exciton energies between z
in-plane CM momentum and finite in-plane CM momentu
The spatial separationde-h can be enhanced by increasing t
barrier thicknessd or the barrier height~i.e., the composition
x) or the well width for the same magnetic field, and the
fore the critical magnetic fieldBc decreases for a fixed valu
of the minimumEmin5e2B2de-h

2 /2M .
In conclusion, we investigated Q2D magnetoexcitons

CQW under an in-plane magnetic field and found a transit
15330
o
.

-

n
n

from the optical active exciton state to a dark exciton st
with increasing in-plane magnetic field. In-plane magne
fields can modify the exciton dispersion as a function of
in-plane CM momentum by the coupling between the C
and RM motions and shift the ground state of the mag
toexciton from zero in-plane momentum to a state with fin
in-plane momentum. Then the ground state of the mag
toexciton will be a dark exciton with a long lifetime.

This work was supported by the Flemish Science Fo
dation ~FWO-Vl!, IUAP-IV, BOF-UA, and the Flemish-
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