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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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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-mas@€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-dimensionalQ2D) magnetoexciton in into account for the case of a thin AlAs/GaAs quantum
semiconductor quantum-well structures has been studied ewvell,® and it was found that the exciton is spatially sepa-
tensively over the past decades. Most of these investigationated, which is caused by the competition of fhdike and
focus on the properties of Q2D magnetoexcitons in the presX-like potential profiles. All these studies were focused on
ence of a magnetic field that is applied along the growththe optical properties of excitons with zero momentum. To
direction. In the absence of magnetic fields, the Q2D excitorour knowledge, no theoretical investigation exists of magne-
motion can then be described in terms of uncorrelated relaoexcitons in coupled quantum wells in the presence of an
tive (RM) and center-of-mas&CM) motions. Such a picture in-plane magnetic field. Very recently, it was found experi-
is no longer valid when a magnetic field is applied perpenmentally that an in-plane magnetic field changes drastically
dicular to the growth direction, which induces a couplingthe photoluminescend®L) spectra and the kinetics of inter-
between the CM and RM motionNevertheless, a partial well excitons in GaAs/AlGa_,As coupled quantum
decoupling of the CM and RM motion is still possible. There wells* In this system, the electrons and holes were already
exists a constant of motion, the total pseudomomentumspatially separated by an external electric field and the in-
which allows a pseudoseparation of the CM mofidn.this  plane magnetic field only influences the energy dispersion.
case, the dependence of the Hamiltonian on the CM motion In the present work, we study the energy dispersion and
can be reduced to a Stark term arising from the electric fieldptical properties of Q2D magnetoexcitons in CQW struc-
induced by the CM motiof.Since the total pseudomomen- tures in the presence of an in-plane magnetic field. No per-
tum of the exciton is conserved, the exciton Hamiltonian carpendicular electric field is present as in Ref. 14. We find that
be reduced to the internal RM coordinates, which have cythe energy-dispersion curve of the magnetoexciton and the
lindrical symmetry around the magnetic-field axis. Neglect-ground-state electron and hole wave functions can be tuned
ing the valence-band mixing effect, the heavy-hole excitorby such an external in-plane magnetic field. The ground state
ground state has been studied using various methods, suchafsthe magnetoexciton shifts from zero in-plane CM momen-
direct numerical integratiof, the perturbation approx- tum to a finite in-plane momentum when the in-plane mag-
imation?® and the variational techniqi€. The direct and in- netic field increases. Consequently, a transition between the
direct exciton in coupled symmetric quantum-wéBQW)  momentum direct exciton and the momentum indirect exci-
structures was also investigated extensively in the past fewon is obtained. As a result of momentum conservation, the
years® 10 in-plane magnetic field will render the ground state of the

The situation is more complicated for a quantum-well ex-magnetoexcitons stable against radiative recombination, and
citon in an in-plane magnetic field due to the breaking of thdeads to the formation of a dark exciton. The latter effect is
conservation of the total pseudomomentum. Because of thenhanced by the fact that at the same time a spatial separa-
increased complexity, only a very small number of studiegion of the electron and hole is induced.
on this topic have been done. Friteeal! studied the case Consider a CQW consisting of ABa_,As and GaAs
of an in-plane magnetoexciton in a very shallow potentialmaterials, shown schematically in the inset of Fig. 1. We
that was treated as a perturbation and they observed an ighoose the axis along the QW growth direction and tke
teresting crossover from a 3D- to a 2D-like exciton behavioraxis parallel to the in-plane magnetic field. The CM and RM
as a function of the strength of the in-plane magnetic fieldin-plane position and momentum operators are denoted by
Xia and Fai? included valence-band mixing and studied the(R,P) and (,p), respectively. We neglect the valence-band
electronic structure in semiconductor superlattices under inmixing effect, which is allowed due to the strong vertical
plane magnetic fields. They found that the binding energy otonfinement, and therefore we may limit ourselves to the
the exciton with zero in-plane CM momentum increases withowest electron and hole confinement levels.
increasing magnetic field. ThE-X mixing effect on the According to the effective-mass theory, the exciton
magnetoexciton in an in-plane magnetic field was also takemamiltonian in a CQW structure can be written as
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1.5 - T g T : T Capital letters in the above equation are the operators asso-
[ ciated with the CM motion, while lower letters denote the
< 10 i operators associated with the RM motidh=m,+ m,, is the
GE) 05 L o total mass of the excitory=m.m,,/M is the reduced exci-
- I i ton mass, andn, (m,)is the electronhole) effective mass.
@ 0.0 e If the confinement along thedirection is strong enough, we
3 : are allowed to decouple ttemotion from the in-plane mo-
"'",-\ 051 tion and consequently we use trial wave functions that are
o 10 | gooT products of the electron and hole subband wave functions in
R B=5T the CQW and a Gaussian function that describes the internal
I I A B=10T RM motion of the exciton in the presence of a magnetic
........... B=15T S field. ¢(p,ze 2n) = fe(ze) fr(zn)exp(— ap?~ ), wherea, 8
-2.0 L ' — are variational parameters that are obtained from the minimi-
0 1 2 3 4 zation of the exciton energy.(z.) [ f1(z,)] can be obtained
Pv (eBd) from Eq. (4) by neglecting the Coulomb interaction. We

limit our numerical calculation to the heavy magnetoexciton

FIG. 1. The energy spectrum of the ground-state exciton inin GaAs/A s CQW. The parameters pertaining to
GaAs/Al ;Ga s AS CQW. The inset gives the electron and hole GaAs useg'?nge(?aﬁfalculations am2=0.067m0 peo:12.69

band structure schematically and shows the wave functions of elec- _ . - . .
tron and hole wittPy=0 (solid lines andPy = P™" (dashed lines andm,=0.38m,. Notice that the variational technique gives

for B=15 T. The well width isW=80 A and the thickness of the 21 UPPET b(_)und tp the e>_(citon energy. But we expect that this
middle barrier isd=40 A approximation will not influence the physics because we

compare the®y=0 exciton energy with the one for nonzero

1 o2 momentum, for which we used the same type of variational
Hex= 5 —[Pet A(re) |2+ —[ph—eA(ry) >~ - wave function. _ |
2mg 2my, elr| The magnetoexciton energy spectrum in the
Al s/GaAs CQW is shown in Fig. 1 as a function
FVe(ze) + Vi(22), W S 3 X

of the CM momentumPy along they direction. With in-
wherer=r,—r,=(p,z) denotes the electron-hole relative creasing exciton momentui,, the energy of the magne-
coordinatesm, (my,) is the effective mass of the electron toexciton increases quadratically for smBl. The energy
(hole) in units of the free-electron mass,, and e is the  dispersion changes significantly with increasing magnetic
dielectric constantV, (V}) is the confining potential of the field and exhibits a local minimum &y # 0 with increasing
electron and hole in the CQW, in-plane magnetic field. This arises from the interplay be-
tween the correlation between the CM and RM motion of the
magnetoexciton, which is induced by the in-plane magnetic
@ field [EqQ. (4)], the tunneling splitting in the CQW, and the
Coulomb interaction between the electron and the hole. For
whered is the thickness of the middle barrier akidis the small in_p|ane CM momentunPY, the electron and hole
width of the left and the right well. localize at the center of each wedlee the full curves in the
In a homogeneous magnetic fielsl the total in-plane jnset of Fig. 2 and they lead to a large binding energy. The
pseudomomenturfl;, = =;I1;, is an exact integral of motion  pinding energy of the exciton decreases with increasing in-
[Hex I1,]=07 where I, = p;;,+ €A, —€(BXr),. Here  plane CM momentum since the in-plane magnetic field re-
we work in the Landau gaugh;=(0,Bz,0), and therefore sults in a spatial separation of the exciton in theirection
the total in-plane pseudomomentum beconigs=Z;Il;;,  (see the dashed curves in the inset of Fig.This interplay
=1%K,;, where the magnetic field points along thexis. shifts the ground state of the exciton fraPy=0 to a state
For a parabolic band, the exciton wave function can b&yith finite momentunPy"=eBd,,, whered,., is the spatial
given in the center-of mass coordinates separation between the electron and the hole. Thus the exci-
_ _ . ton ground state in the CQW becomes optically inactive with
Vo=V (re,rn)=exiiKy R)¢(p.ze.20), © increasing in-plane magnetic field because of momentum
which leads to the exciton Hamiltonian ferin the presence conservation and the decrease in the overlap between the
of an in-plane magnetic field, electron and hole. Notice that the physical mechanism of the
spatial separation between the electron and the hole in the

0 (d2+W)>|z|>d/2

Vi(z)= .
(2) Ven otherwise,

H— i+ p——eB e %P CQW is the action of the Lorentz force on the electron and
2M - 2u me my/Y MY the hole, which are in the opposite direction, and this is quite
5 o 5 pz different from that ICau?]ed by }he electric fi€ld. .

h ze In Fig. 2, we plot the in-plane CM momentum depen-

+eBz /Zme+ VPY_eBZ‘) /2mh+ 2m, dence of the exciton binding energy. From E4), one sees

) 5 that the correlation between the CM and RM motighe

N Pzh Vo(20)+ Vi (20) & @ fourth and fifth termp separates spatially the electron and

2my, et IRy hole when the in-plane CM momentuRy, increases. Thus
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FIG. 2. The binding energy of the ground-state exciton in
GaAs/Aly 3 Ga sAs CQW versus the in-plane CM momentum. The 20 - - - y
well width W=80 A and the thickness of the middle barrigr

—40 A x=0.33
15 i -

_ . o o Dark exciton W=100A
the exciton binding energy decreases with increasing in- |  N. @ _____ W=150A
plane CM momentum, and saturates since the electron ande—~ | B
hole are pushed against the opposite sides of the CQW, < S~
which results indg.,<d+2W. Therefore, the ground-state ©
exciton in the CQW becomes a spatially separated exciton 5L

with finite in-plane CM momentun®™. .
Figure 3 shows the in-plane CM momentw§" corre-

-~
-

sponding to the minimum of the magnetoexciton energy as a 010 2'0 3'0 4'0 5'0 50
function of the in-plane magnetic field. There is a sudden o
transition atB. from Py=0 to Py#0 with increasing in- (b) d (A)

plane magnetic field since the exciton energies with finite

in-plane CM momentum &8 are lower than that with zero FIG. 4. The phase diagram of Q2D magnetoexcitons for differ-
in-plane momentum. The minimum shifts rapidly to the stateent compositiorx of the barrier(a) and different well widthw (b).
with finite in-plane CM momentum when the in-plane mag-

netic field approaches the critical magnetic fi@lg. When  duced by the kinetics of the occupation in the optically active
the magnetic field is larger than the critical magnetic fieldzone. This jump disappears at high in-plane magnetic field
B¢, the in-plane CM momenturPy" saturates to a finite (~8 T) for a GaAs/Ab:GasAs CQW (W=80 A d
value, which equal®Bd.;,. Recent experiments on sym- =40 A) under an electric field since the in-plane magnetic
metric CQW(Ref. 14 showed that the PL intensity exhibits field shifts the exciton ground state frof,=0 to Py#0
a jump after the excitation is switched off, which was in- and therefore changes the occupation in the optically active
zone and the exciton kinetié¢s.In our calculation, we find
4 that the transition takes placeB¢~10 T for the same struc-
ture in the absence of an external electric field. The latter will
. decrease this critical field.
<l d=40A In Figs. 4a) and 4b), we show the phase diagram of the
- Q2D magnetoexciton for different barrier heights, i.e., differ-
JECSTEREE plrmmr ent alloy composition and different quantum-well widths, re-
spectively. The critical magnetic fieB, decreases with in-
creasing barrier thicknesd and well width W. Spatially
separated and momentum indirect excitons exist above each
curve, and the excitons experience a transition from the spa-
tially separated and momentum indirect state to the spatial
T N N and momentum direct exciton with decreasing paramégrs
0 5 10 15 20 25 andd or W. Notice that the critical magnetic fieB. is very
P high for small barrier thickness but it decreases rapidly with
Magnetic field (T) increasingd, and for the same barrier thicknegighe critical
FIG. 3. The position of the minimum of the in-plane CM mo- magnetic fieldB increases with decreasing composition
mentum of the ground-state exciton in GaA%’.&a).G‘IAS CcQwW [Fig. 4(8.)] and well widthw [Fig. 4(b)] This behavior can
versus the in-plane magnetic field. The well widthis=80 A . be explained as follows. The minimum of the Q2D magne-

P,"" (eBd)
N
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toexciton spectrunpsee Fig. 1d)] is approximately equal to from the optical active exciton state to a dark exciton state
Emin=€"B%d2,/2M. The critical magnetic field, is obtained ~ Wwith increasing in-plane magnetic field. In-plane magnetic

from the competition of the exciton energies between zerdields can modify the exciton dispersion as a function of the
in-plane CM momentum and finite in-plane CM momentum.in-plane CM momentum by the coupling between the CM

The spatial separatiai, ;, can be enhanced by increasing the@'d RM motions and shift the ground state of the magne-
barrier thicknessl or the barrier heighti.e., the composition toexciton from zero in-plane momentum to a state with finite

x) or the well width for the same magnetic field, and there-IN-Plané momentum. Then the ground state of the magne-
fore the critical magnetic fiel8. decreases for a fixed value toexciton will be a dark exciton with a long lifetime.

of the minimumE,,=€’B%d2,/2M. This work was supported by the Flemish Science Foun-
In conclusion, we investigated Q2D magnetoexcitons indation (FWO-VI), IUAP-IV, BOF-UA, and the Flemish-
CQW under an in-plane magnetic field and found a transitiorChina bilateral science and technological cooperation.
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