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Magnetoexciton escape from shallow quantum wells induced by in-plane electric fields
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We study the change in the magnetoexciton absorption induced by an electric field parallel to the plane of
a shallow quantum well. We demonstrate that, for in-plane magnetic field orientation, the discrete confined
exciton peak undergoes a transition into a continuum resonance. In contrast, for perpendicular magnetic fields,
the exciton peak exhibits the usual Stark redshift. We show that such a transition originates from a resonant
coupling between the discrete confined exciton state and the continuum of dark bulk exciton states. As a result,
the confined exciton tunnels out of the quantum wellas a wholewithout being ionized. We discuss the possible
experimental applications of this effect.@S0163-1829~99!03547-X#
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The response of semiconductor excitons and hydrog
atoms to strong magnetic and electric fields has been
focus of much attention in condensed matter, atomic,
molecular physics. When the field-induced forces beco
comparable to the internal Coulomb interactions, the
sponse of such electron-hole (e-h) systems becomes nonpe
turbative and provides valuable insight into many-body a
confinement effects. An external magnetic field confines
e-h motion ~Landau quantization! and, in addition, induces a
momentum-dependent interaction between the cente
mass ~CM! and relative motion~RM! e-h degrees of
freedom.1–3 In bulk semiconductors, the effect of an electr
field is to ionize the RM Coulomb bound state and thus
broaden the band-edge absorption spectrum~Franz-Keldysh
effect!.4 In quantum wells~QW’s!, the confining potential
inhibits such an ionization for electric fields perpendicular
the QW plane, which results in an exciton redshift~quantum
confined Stark effect!.5 The latter effect has become the ba
of self-electrooptic-effect switching devices.6 For efficient
device operation, it is important to identify physical syste
where an electric field causes large changes in the absor
spectrum~large contrast ratio!. In addition, in order to avoid
a carrier buildup within the QW region that would result
exciton broadening, it is important that the optically excit
e-h pairs rapidly escape from the QW. In shallow QW’s wi
depth comparable to the bulk exciton binding energy, it w
shown that the combination of strong room-temperature
citons and very short carrier escape times7 improves the de-
vice switching speed.8 Such considerations spurred rece
efforts to study the special properties of shallow QW ex
tons in the crossover between 3D- and 2D-like behav
This confinement regime can be realized both in III-V~Refs.
9–12 and 3! and in II-VI ~Ref. 13! semiconductor QW’s.

In this paper, we study the change in the magnetoexc
absorption line shape induced by a weak electric fieldE par-
allel to the plane of an extremely shallow QW and perpe
dicular to the magnetic field. In particular, we compare
exciton absorption for magnetic fields parallel (Bi) or per-
pendicular (B') to the QW plane. We show that, with th
same in-plane electric field, the discrete QW exciton pe
undergoes a dramatic transformation if we turn onBi and
gives way to acontinuum resonancewith diminished absorp-
tion strength. This is in sharp contrast to the situation c
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sidered in Ref. 3, where it was shown that in the absenc
an in-plane electric field,Bi increases the confinementof the
discreteQW exciton. We attribute the above transition to t
tunneling of the confined excitonas a wholeout of the quan-
tum well,without ionization of the e-h Coulomb bound sta.
We show that this effect is induced by the interplay betwe
the in-plane electric field potential, the two-body interacti
between the CM and RM degrees of freedom, and the Q
potential. As a result, the discrete confined exciton state
comes resonant with the continuum of dark bulk excit
states, to which it is coupled by the shallow QW potentia

We start with the exciton Hamiltonian. We choose thez
axis along the QW growth direction and thex axis parallel to
the in-plane electric fieldE. The magnetic field is always
chosen perpendicular to the electric field, pointing eith
along thez axis (B') or along they axis (Bi). We work in
the Landau gauge and denote by (R,P) and (r5re2rh ,p)
the CM and RM position and momentum operators, resp
tively. A unitary transformation of the Hamiltonian, define
by the operatorU5exp@2ie(r3B)•R/2\c#, allows a partial
separation of the CM and RM degrees of freedom:1

H5H01VeS Z1
mh

M
zD1VhS Z2

me

M
zD , ~1!

whereM5me1mh is the total exciton mass,me andmh are
the electron and hole masses,Ve andVh are the electron and
hole QW potentials, respectively, and the HamiltonianH0 is

H05
PZ

2

2M
1HRM1H int . ~2!

Here, the HamiltonianHRM describes a RM quasiparticle i
the presence of one-body potentials due to the Coulomb
teraction and the electric and magnetic fields,

HRM5
p2

2m
2

e2

er
1

e2

8mc2
~B3r !21

e

2mc

mh2me

me1mh
B•L

1eE•r , ~3!

wherem5memh /M is the reducede-h mass,e the dielectric
constant, andL the angular momentum operator. The term
16 027 ©1999 The American Physical Society
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H int5
e

cM
~P3B!•r ~4!

describes atwo-body interaction between the CM and RM
degrees of freedom. Since we are concerned with extrem
shallow QW’s, we assume the bulk exciton band struct
and consider a single valence band withmh50.15m0 , m0
being the free electron mass, and a conduction band
massme50.067m0. Below we only consider zero in-plan
components of the CM momentum since we are dealing w
optically active excitons.

In the absence of the QW, the CM and RM degrees
freedom are separable and the two-body exciton problem
be reduced to two one-body problems. As a result, in
case the exciton wave function can be expressed as a pro
of a CM and a RM quasiparticle contribution. One mig
therefore expect weak CM-RM correlations in extreme
shallow QW’s~with a depth smaller than the Coulomb bin
ing energy!, in which case a factorized~adiabatic! exciton
wave function3,13 would provide a good approximation
However, such an adiabatic approximation fails in the
sence of translational invariance due to a strong CM-R
correlation induced byH int . This is due to the existence~for
H intÞ0! of small-energy excitations between the differe
exciton ground states ofHRM1H int corresponding to differ-
ent CM momentum values. In particular, in the absence
translational invariance,PZ is no longer a constant of mo
tion, so that the CM motion can excite the above low-ene
RM degrees of freedom, which in turn affects strongly t
CM motion. ForE50, the ground state is adiscreteexciton
bound state, and the CM-RM correlations can be descri
by using the general variational wave function of Ref.
However, as we demonstrate below, in the presence o
in-plane electric field,EÞ0, the QW-confined exciton is no
longer the ground state of the system.

We proceed by expanding the two-body exciton wa
function F(Z,r ) in the basis of eigenstates of the bu
HamiltonianH0 for different values ofPZ :

F~Z,r !5(
PZ

C~PZ!eiPZZ/\fPZ
~r !, ~5!

wherefPZ
(r ) is the ground state ofH0 for a given value of

PZ . The exciton wave function, Eq.~5!, takes into accoun
the excitations between the low-lying RM ground states
H0 corresponding to different values ofPZ . Such an excita-
tion of the RM by the CM motion is neglected in the adi
batic approximation. ForE50, the above wave function
compares very well with the variational wave function3 in
extremely shallow QW’s. This implies that the mixing o
excited RM states for a givenPZ is weak when the exciton
binding energy exceeds the QW depth.

Using the wave function, Eq.~5!, the Schro¨dinger equa-
tion with the HamiltonianH in Eq. ~1! leads to the following
equation for the CM-momentum wave functionC(PZ):

@«~PZ!2«#C~PZ!52(
PZ8

Veff~PZ ,PZ8 !C~PZ8 !, ~6!

where « is the exciton energy,«(PZ) is the ground state
energy of the HamiltonianH0 for a given value ofPZ , and
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Veff~PZ ,PZ8 !5E dZei (PZ82PZ)Z/\^fPZ
uVeS Z1

mh

M
zD

1VhS Z2
me

M
zD ufP

Z8
& ~7!

is an effective nonlocal QW potential that depends on b
the RM wave functions and the CM momentum. To calcul
«(PZ) and Veff , we diagonalized the RM HamiltonianH0
for different values ofPZ using a real-space Gaussian ba
set3 and including basis elements with all the prefactors
lowed by the reduced symmetry forEÞ0. Even though with
B' or for E50 Eq. ~6! does have a discrete QW excito
ground state, with finiteBi and E we found many exciton
eigenstates very closely spaced in energy, which sugge
transition in the energy spectrum.

With the above exciton wave functionF(Z,r ), we calcu-
lated the absorption spectrum using Fermi’s golden rule. O
results in the frequency range of the confined exciton
presented in Fig. 1~a! for a magnetic field perpendicular t
the QW plane (B'), and in Fig. 1~b! for a magnetic field
parallel to the QW plane (Bi). Both magnetic field orienta-
tions are perpendicular to the in-plane electric field. We c
sidered a QW with widthL5100 Å and depthsVe
51.2 meV andVh50.8 meV, which correspond to th
typical Al content valuesx.0.2% in extremely shallow

FIG. 1. Change in the QW-confined magnetoexciton absorp
line shape induced by an in-plane electric field ofE52.9 kV/cm
for ~a! perpendicular magnetic fieldB'510 T, and~b! in-plane
magnetic field Bi510 T. The value of the Rydberg isEB

54 meV.
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GaAs/AlxGa12xAs QW’s.3 Despite the fact that the QW
depths are much smaller than the bulk exciton binding
ergy,EB;4 meV, we find a sharp contrast for the two d
ferent magnetic field orientations between the changes o
exciton line shape induced by thesame in-plane electric
field. With Bi50, we obtain a small Stark redshift of th
exciton peak@see Fig. 1~a!#. With finite Bi however, the
same weak in-plane electric field induces a large exc
broadening and decrease in absorption strength@see Fig.
1~b!#. It is important to note here that the above effect isnot
due to the ionization of the RM exciton state. In fact, sin
bothBi andB' are perpendicular to the electric field~point-
ing along thex axis!, thesamediamagnetic potential, which
is quadraticin x, inhibits the RM ionization by opposing th
electric field potential~which is linear in x). In other words,
the in-plane electric field reduces the Coulomb binding
ergy without ionizing the magnetoexciton, unlike in theB
50 case.

To interpret the above transition in the electroabsorpt
spectrum, let us compare the exciton Hamiltonians for
two different magnetic field orientations. Obviously, the d
ferences inHRM cannot explain our effect, which is cause
by the interplay between the in-plane electric field potent
the two-body interactionH int , and the QW potential. Fo
Bi50, H int only depends on the in-plane components of
CM momentum, which vanish in the dipole approximati
for optically active excitons. Therefore, in this case,H int
does not affect the absorption spectrum. On the other h
with finite Bi , one hasH int52eBixPZ /cM. In a QW, PZ
becomes a dynamical variable due to the breakdown of
translational invariance. The two-body HamiltonianH int may
then be thought of as afluctuatingelectric field potential. By
changing the magnetic field orientation, we therefore tu
the strength ofH int , which affects the exciton CM motion
via the renormalization of«(PZ) andVeff @see Eq.~6!#. For
E50, this would increase the exciton confinement.3 Below
we demonstrate that an in-plane electric field leads to q
the opposite effect bychanging the low-energy spectrumof
the HamiltonianH without ionizing the RM Coulomb bound
state.

Let us first consider the dispersion relation«(PZ) of the
CM degree of freedom. With the magnetic field perpendi
lar to the QW plane, the CM-RM interactionH int vanishes
and the momentum dependence of«(PZ) is quadratic. This
is no longer the case whenboth Bi andE are finite. This can
be seen in Fig. 2~a!, which shows the dispersion relation fo
the in-plane magnetic fieldBi and different values of the
external electric fieldE. Such momentum dependence is co
sistent with the analytic asymptotic expressions derived
Ref. 1 for high magnetic fields and can be understood
follows. The total effective electric field E(PZ)5E
2BiPZ /cM acting on the RM depends on the CM mome
tum, which is no longer a constant of motion in QW’s. F
values ofPZ corresponding to largeE(PZ), such an electric
field leads to largee-h separations and thus dominates ov
the Coulomb interaction and, forEÞ0, leads to a linear
dependence of«(PZ) on the CM momentum.1 On the other
hand, for CM momenta such thatE(PZ) is small, the Cou-
lomb interaction leads to alocal minimumin the CM disper-
sion relation. The most important feature of the spectrum
-
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Fig. 2~a! is the Coulomb-induceddegeneracybetween high
momentum exciton eigenstates and those correspondin
PZ close to the dispersion minimum. Such a degenerac
absentfor E50, in which caseBi simply increases the ef
fective mass.3

Let us now turn to the effective QW potentialVeff . As
can be seen from Eq.~6!, Veff mixes the low-energy ground
states of the RM Hamiltonian,HRM1H int , corresponding to
the different values ofPZ . Such an excitation of the RM
absent within the adiabatic approximation, drastica
changes the low-energy spectrum of the HamiltonianH
whenboth Bi andE are finite. Indeed, we find that the dis
crete confined exciton ground state gives way to many e
ton eigenstates with very closely spaced energies. With
creasing basis size, this set of eigenstates beco
continuous. The momentum probability densities for some
these optically active states are shown in Fig. 2~b!. As can be
seen, the CM state is a superposition of two states,
whose wave function has a finite momentum distributi
centered at small positivePZ , and another with a wave func
tion sharply peaked at largePZ . The first peak inC(PZ)
comes from the discrete QW-confined exciton state, wh
energy lies below the local minimum of«(PZ), while the
second sharp peak comes from its coupling to the continu
of the bulk exciton states with high CM momenta, who
energies are brought into resonance by the electric field@see

FIG. 2. ~a! CM dispersion relation«(PZ) versusPZ ~in units of
the inverse Bohr radiusaB) for Bi510 T andE50 ~solid curve!,
1.16 kV/cm~dashed curve!, 1.74 kV/cm~long-dashed curve!, 2.32
kV/cm ~dotted-dashed curve!, and 2.9 kV/cm~dotted curve!. ~b!
Momentum probability densityuC(PZ)u2 of several low-lying QW
exciton states forBi510 T andE52.9 kV/cm.
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Fig. 2~a!#. The above states are resonantly coupled viaVeff ,
meaning that the confined exciton can tunnel into the c
tinuum of dark bulk excitons. Such an effect manifests its
in the transformation of the discrete QW exciton into a co
tinuum resonance@see Fig. 1~b!#. On the other hand, forBi
50 or for E50, there is no degeneracy, and we obtain
sharp QW-confined exciton peak@see Fig. 1~a!#.

Let us now discuss some possible applications of our
sults. First, a magnetic field of a few teslas allows one
strongly modify the exciton absorption by using very we
electric fields. For example, as shown in Fig. 1~b!, an electric
field of only E;3 kV/cm leads to a;80% decrease in the
exciton strength. Such a sharp contrast ratio is desirable
the efficient operation of switching devices.8,6 Unlike in typi-
cal electroabsorption experiments,8,6,5 this is achieved by
using a weak in-plane electric field that does not ionize
RM exciton state. This suppresses the undesirable Fr
Keldysh broadening that limits the contrast ratio. In our ca
the confined excitonas a wholetunnels out of the QW and
into the degenerate dark bulklike exciton states with h
CM momentum. This as well as the fact that the electric fi
E
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shifts the minimum of«(PZ) to nonzero CM momentum
values leads to a very strong decrease in the exciton abs
tion strength.

In conclusion, we showed that, if we change the magn
field orientation from perpendicular to parallel to the plane
an extremely shallow quantum well, a weak in-plane elec
field transforms the discrete confined exciton state into
continuum resonance. This transition is due to the reson
tunneling of the confined exciton as a whole out of the Q
region, without ionization of the RM bound state, and
caused by an interplay among the in-plane electric field
tential, the two-body interaction between the CM and R
degrees of freedom, and the QW potential. This effect can
observed with electroabsorption experiments in extrem
shallow GaAs/AlxGa12xAs QW’s.
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