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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 vasla wholewithout being ionized. We discuss the possible
experimental applications of this effe¢50163-18209)03547-X

The response of semiconductor excitons and hydrogenisidered in Ref. 3, where it was shown that in the absence of
atoms to strong magnetic and electric fields has been than in-plane electric field3 increases the confinemeoitthe
focus of much attention in condensed matter, atomic, andiscreteQW exciton. We attribute the above transition to the
molecular physics. When the field-induced forces becoméunneling of the confined excitces a wholeout of the quan-
comparable to the internal Coulomb interactions, the retum well, without ionization of the e-h Coulomb bound state
sponse of such electron-hole-f) systems becomes nonper- We show that this effect is induced by the interplay between
turbative and provides valuable insight into many-body andhe in-plane electric field potential, the two-body interaction
confinement effects. An external magnetic field confines théetween the CM and RM degrees of freedom, and the QW
e-h motion (Landau quantizationand, in addition, induces a potential. As a result, the discrete confined exciton state be-
momentum-dependent interaction between the center-ofomes resonant with the continuum of dark bulk exciton
mass (CM) and relative motion(RM) e-h degrees of states, to which it is coupled by the shallow QW potential.
freedom'~* In bulk semiconductors, the effect of an electric ~ We start with the exciton Hamiltonian. We choose the
field is to ionize the RM Coulomb bound state and thus toaXxis along the QW growth direction and thexis parallel to
broaden the band-edge absorption specttBranz-Keldysh the in-plane electric field. The magnetic field is always
effect.* In quantum wells(QW's), the confining potential chosen perpendicular to the electric field, pointing either
inhibits such an ionization for electric fields perpendicular toalong thez axis (B,) or along they axis (Bj). We work in
the QW plane, which results in an exciton redshgftantum the Landau gauge and denote #y,P) and (=r,—ry,p)
confined Stark effeaf The latter effect has become the basisthe CM and RM position and momentum operators, respec-
of self-electrooptic-effect switching devicBsror efficient tively. A unitary transformation of the Hamiltonian, defined
device operation, it is important to identify physical systemsby the operatoltd =exq —ie(r X B) - R/2%c], allows a partial
where an electric field causes large changes in the absorpti@eparation of the CM and RM degrees of freedom:
spectrum(large contrast ratjo In addition, in order to avoid
a carrier buildup within the QW region that would result in
exciton broadening, it is important that the optically excited
e-h pairs rapidly escape from the QW. In shallow QW'’s with
depth comparable to the bulk exciton binding energy, it wagvhereM =mg+mj is the total exciton massp, andm;, are
shown that the combination of strong room-temperature exthe electron and hole mass&g, andV,, are the electron and
citons and very short carrier escape tifimsproves the de- hole QW potentials, respectively, and the Hamiltonkégis
vice switching speefl.Such considerations spurred recent
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H=Ho+Ve| Z+ (72| + V),
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efforts to study the special properties of shallow QW exci- Pz

tons in the crossover between 3D- and 2D-like behavior. Ho=2y1 T Hrut Hint. @
This confinement regime can be realized both in l1{Réfs.

9-12 and 3and in II-VI (Ref. 13 semiconductor QW's. Here, the Hamiltoniaftd gy describes a RM quasiparticle in

In this paper, we study the change in the magnetoexcitothe presence of one-body potentials due to the Coulomb in-
absorption line shape induced by a weak electric fiejohr-  teraction and the electric and magnetic fields,
allel to the plane of an extremely shallow QW and perpen-

dicular to the magnetic field. In particular, we compare the p?> €2 e? , € my—mg
exciton absorption for magnetic fields parall&) or per- Hem=5, o+ (BXr)*+ 5— B-L

: ; r 2 2uC mg+m
pendicular B,) to the QW plane. We show that, with the B € 8Buc p e
same in-plane electric field, the discrete QW exciton peak +eE-r, 3

undergoes a dramatic transformation if we turn Bjpand
gives way to aontinuum resonanceith diminished absorp- whereu=msm, /M is the reduce@-h mass.e the dielectric
tion strength. This is in sharp contrast to the situation con€onstant, and. the angular momentum operator. The term
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describes awo-bodyinteraction between the CM and RM
degrees of freedom. Since we are concerned with extremely
shallow QW'’s, we assume the bulk exciton band structure
and consider a single valence band with=0.15m,, mg
being the free electron mass, and a conduction band with
massm,= 0.067,. Below we only consider zero in-plane
components of the CM momentum since we are dealing with
optically active excitons.

In the absence of the QW, the CM and RM degrees of
freedom are separable and the two-body exciton problem can 00,2 o5 o0 o 0.8
be reduced to two one-body problems. As a result, in this Energy (Rydbergs)
case the exciton wave function can be expressed as a product
of a CM and a RM quasiparticle contribution. One might
therefore expect weak CM-RM correlations in extremely (b)
shallow QW’s(with a depth smaller than the Coulomb bind-
ing energy, in which case a factorizethdiabati¢ exciton
wave functiod'® would provide a good approximation.
However, such an adiabatic approximation fails in the ab-
sence of translational invariance due to a strong CM-RM
correlation induced b¥d;,;. This is due to the existendéor
Hi#0) of small-energy excitations between the different
exciton ground states dfigy,+ H;,; corresponding to differ-
ent CM momentum values. In particular, in the absence of
translational invarianceR; is no longer a constant of mo-

— E=2.9kV/cm
---- E=0
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tion, so that the CM motion can excite the above low-energy 0.2 0.3 °-énerg (0'-;’ dbergs")ﬁ 07 08
RM degrees of freedom, which in turn affects strongly the v
CM motion. ForE=0, the ground state isdiscreteexciton FIG. 1. Change in the QW-confined magnetoexciton absorption

bound state, and the CM-RM correlations can be describethe shape induced by an in-plane electric field®£2.9 kv/cm
by using the general variational wave function of Ref. 3.for (a) perpendicular magnetic fielB, =10 T, and(b) in-plane
However, as we demonstrate below, in the presence of amagnetic field Bj=10 T. The value of the Rydberg i&g
in-plane electric fieldE+# 0, the QW-confined exciton is no =4 meV.

longer the ground state of the system.

We proceed by expanding the two-body exciton wave ) (PPl my,
function ®(Z,r) in the basis of eigenstates of the bulk Veff(PZ’PZ):J dzePz=PIM(¢p |Ve| Z+ M 2
HamiltonianH, for different values ofP5:

Me
+Vy| Z- VZ)I%Q @

P(Z,1)= 2, W(Py)e" gy (1), (5)

) ) is an effective nonlocal QW potential that depends on both
wheregp,(r) is the ground state dfi for a given value of e RM wave functions and the CM momentum. To calculate
Pz. The exciton wave function, E@5), takes into account ¢(P;,) and V.4, we diagonalized the RM HamiltoniaH,,
the excitations between the low-lying RM ground states offor different values ofP, using a real-space Gaussian basis
Ho corresponding to different values Bf, . Such an excita- sef and including basis elements with all the prefactors al-
tion of the RM by the CM motion is neglected in the adia- lowed by the reduced symmetry f&r=0. Even though with
batic approximation. FOE=0, the above wave function B, or for E=0 Eq. (6) does have a discrete QW exciton
compares very well with the variational wave funcfian ground state, with finit8 and Ewe found many exciton
extremely shallow QW's. This implies that the mixing of eigenstates very closely spaced in energy, which suggests a
excited RM states for a giveR; is weak when the exciton transition in the energy spectrum.
binding energy exceeds the QW depth. With the above exciton wave functish(Z,r), we calcu-

Using the wave function, Eq5), the Schrdinger equa-  lated the absorption spectrum using Fermi’s golden rule. Our
tion with the HamiltoniarH in Eq. (1) leads to the following  results in the frequency range of the confined exciton are
equation for the CM-momentum wave functidn(P): presented in Fig. (B) for a magnetic field perpendicular to

the QW plane B,), and in Fig. 1b) for a magnetic field
_ _ / , parallel to the QW planeR)). Both magnetic field orienta-
[o(P2)—e]¥(P2)= =2 Ver(Pz,PHW(P), (6 tions are perpendicular to 'llhe in-plane electric field. We con-
sidered a QW with widthL=100 A and depthsV,
where ¢ is the exciton energys(P5) is the ground state =1.2 meV andV,=0.8 meV, which correspond to the
energy of the Hamiltoniai for a given value ofP,, and  typical Al content valuesx=0.2% in extremely shallow

’
PZ
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GaAs/AlLGa, _,As QW’'s? Despite the fact that the QW
depths are much smaller than the bulk exciton binding en-
ergy,Eg~4 meV, we find a sharp contrast for the two dif- 2.0
ferent magnetic field orientations between the changes of the
exciton line shape induced by theamein-plane electric
field. With Bj=0, we obtain a small Stark redshift of the
exciton peak[see Fig. 1a)]. With finite B however, the
same weak in-plane electric field induces a large exciton
broadening and decrease in absorption strerigéde Fig.
1(b)]. It is important to note here that the above effeatds

due to the ionization of the RM exciton state. In fact, since
bothB andB, are perpendicular to the electric fiefdoint- 00
ing along thex axis), the samediamagnetic potential, which

is quadraticin x, inhibits the RM ionization by opposing the
electric field potentialwhich islinear in x). In other words,
the in-plane electric field reduces the Coulomb binding en-
ergy without ionizing the magnetoexciton, unlike in tBe
=0 case.

To interpret the above transition in the electroabsorption
spectrum, let us compare the exciton Hamiltonians for the
two different magnetic field orientations. Obviously, the dif-
ferences inHgy, cannot explain our effect, which is caused
by the interplay between the in-plane electric field potential,
the two-body interactiorH;,;, and the QW potential. For
B|=0, Hi only depends on the in-plane components of the
CM momentum, which vanish in the dipole approximation 00903 00 10 20 3.0
for optically active excitons. Therefore, in this casé, Pz (m/a,)
does not affect the absorption spectrum. On the other hand

with finite By, one _haSHint_: —eBxxPz/cM. In a QW, P, the inverse Bohr radiuag) for Bj=10 T andE=0 (solid curve,
becomes a dynamical variable due to the breakdown of the 16 kv/cm (dashed curve 1.74 kv/cm (long-dashed curye2.32
translational invariance. The two-body Hamiltonidy, may  ky/em (dotted-dashed curyeand 2.9 kV/cm(dotted curvi (b)

then be thought of as fiuctuatingelectric field potential. By ~ mMomentum probability densitj¥ (P,)|? of several low-lying QW
changing the magnetic field orientation, we therefore tunexciton states foBj=10 T andE=2.9 kv/cm.

the strength oH;,, which affects the exciton CM motion
via the renormalization of (P;) andV.; [see Eq(6)]. For  Fig. 2(a) is the Coulomb-inducedegeneracypetween high
E=0, this would increase the exciton confinem&ielow  momentum exciton eigenstates and those corresponding to
we demonstrate that an in-plane electric field leads to quit®, close to the dispersion minimum. Such a degeneracy is
the opposite effect bghanging the low-energy spectrush  absentfor E=0, in which caseB simply increases the ef-
the HamiltonianH withoutionizing the RM Coulomb bound fective mass.
state. Let us now turn to the effective QW potentisll;. As

Let us first consider the dispersion relatio(Pz) of the  can be seen from Eq6), V. mixes the low-energy ground
CM degree of freedom. With the magnetic field perpendicu-states of the RM Hamiltoniati g+ Hin:, corresponding to
lar to the QW plane, the CM-RM interactidt;,; vanishes the different values oP,. Such an excitation of the RM,
and the momentum dependencee{P,) is quadratic. This absent within the adiabatic approximation, drastically
is no longer the case whdioth B andE are finite. This can  changes the low-energy spectrum of the Hamiltontdn
be seen in Fig. @), which shows the dispersion relation for whenboth B; andE are finite. Indeed, we find that the dis-
the in-plane magnetic fiel@, and different values of the crete confined exciton ground state gives way to many exci-
external electric fieldE. Such momentum dependence is con-ton eigenstates with very closely spaced energies. With in-
sistent with the analytic asymptotic expressions derived ircreasing basis size, this set of eigenstates becomes
Ref. 1 for high magnetic fields and can be understood asontinuous. The momentum probability densities for some of
follows. The total effective electric field &(P;)=E  these optically active states are shown in Figp) 2As can be
—B|Pz/cM acting on the RM depends on the CM momen-seen, the CM state is a superposition of two states, one
tum, which is no longer a constant of motion in QW’s. For whose wave function has a finite momentum distribution
values ofP; corresponding to largé(P5), such an electric centered at small positiie;, and another with a wave func-
field leads to largee-h separations and thus dominates overtion sharply peaked at large,. The first peak in¥(P)
the Coulomb interaction and, fdE+#0, leads to a linear comes from the discrete QW-confined exciton state, whose
dependence of(P;) on the CM momenturm.On the other  energy lies below the local minimum ef(P;), while the
hand, for CM momenta such th&{P) is small, the Cou- second sharp peak comes from its coupling to the continuum
lomb interaction leads to lacal minimumin the CM disper-  of the bulk exciton states with high CM momenta, whose
sion relation. The most important feature of the spectrum oenergies are brought into resonance by the electric fedd

t.0

Energy (Rydbergs)

0.012

0.008 |

Probability Density

0.004 |

' FIG. 2. (a) CM dispersion relatior (P7) versusP; (in units of
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Fig. 2@)]. The above states are resonantly coupledigg,  shifts the minimum ofe(P;) to nonzero CM momentum
meaning that the confined exciton can tunnel into the convalues leads to a very strong decrease in the exciton absorp-
tinuum of dark bulk excitons. Such an effect manifests itselftion strength. _ _
in the transformation of the discrete QW exciton into a con-_In conclusion, we showed that, if we change the magnetic

tinuum resonancgsee Fig. 1b)]. On the other hand, foB field orientaltionhfrlc;m perpendicular"to paralll<e_l to }he pla}ne qf
=0 or for E=0, there is no degeneracy, and we obtain af"’.ln extremely shallow quantum well, a weak in-plane electric
sharp QW-confined exciton pedkee Fig. 13)]. ield transforms the discrete confined exciton state into a
Let us now discuss some possible applications of our recontinuum resonance. This transition is due to the resonant
;  SOme p bp tunneling of the confined exciton as a whole out of the QW
sults. First, a magnetic field of a few teslas allows one to

X . - . region, without ionization of the RM bound state, and is
strongly modify the exciton absorption by using very Weakcaused by an interplay among the in-plane electric field po-
electric fields. For example, as shown in Fi¢)l an electric y play 9 P P

. : tential, the two-body interaction between the CM and RM
~ 0, !
gilcoiltc?:] osrt]rlgrilE th3 Skl}/c/r?n; lser?:rs tgoﬁ;rigtﬁaotlsjcirse E(lnlseesilrnalgrl]ci,a fodegrees of freedom, and the QW potential. This effect can be
. gin. > \arp ) S . Sbserved with electroabsorption experiments in extremely
the efficient operation of switching devic&&Unlike in typi-

cal electroabsorption experiment&®® this is achieved by shallow GaAs/AiGa _xAs QW's.

using a weak in-plane electric field that does not ionize the

RM exciton state. This suppresses the undesirable Franz- This work was supported by the NSF CAREER Grant No.
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