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Extreme magnetic modulation of the exciton transfer rate between unequal quantum wells
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~Received 6 April 2001; revised manuscript received 31 July 2001; published 5 November 2001!

We show that a moderate in-plane magnetic field quenches the Stokes transfer of excitons between direct and
indirect ~i.e., type II! quantum wells at low temperatures. The transfer is due to the decay of an exciton in the
initial well into a free electron-hole pair in the final well. Higher fields open, within a narrow range of field, a
new dramatically enhanced resonant transfer channel for both the Stokes and the anti-Stokes transfer between
the higher-energy direct and lower-energy indirect exciton states. The rates are calculated for
GaAs/AlxGa12xAs quantum wells.
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Energy transfer of excitons in quasi-two-dimension
semiconductor quantum-wells~QWs! plays an important role
in optoelectronic devices. While intra-QW exciton trans
has been studied extensively,1 interwell transfer has receive
less attention.2–4 Proposed mechanisms for the trans
between GaAs/AlxGa12xAs double QWs include
dipole-dipole2,4 and photon-exchange4 mechanisms as wel
as carrier tunneling through GaAs clusters in the barri3

Recent data2,3 indicate that the transfer is efficient over
long range as predicted by the photon-exchange mechan
We show that a moderate in-plane magnetic field~B!
quenches theB50 Stokes rate between direct and indire
quantum wells at low temperatures. Higher fields indu
within a narrow range ofB, a new dramatically enhance
resonant rate between the higher-energy direct and low
energy indirect exciton states. TheB-induced enhancemen
over theB50 rate is a few orders of magnitude. We find th
the dipolar and photon-exchange interactions yield very
ferent B-dependent rates. Especially, the photon-excha
transfer rate is turned on and off byB very sharply compared
to that of the dipolar rate, due to its sharp cutoff for a lar
momentum exchange.

The exciton transfer under investigation occurs betw
two wells QW1 and QW2 illustrated in Fig. 1, where QW
are GaAs and barriers are AlxGa12xAs. QW1 is direct. QW2
consists of double QWs and is transformed into an indir
~i.e., type II! QW by applying a large electric fieldE, which
produces the slanted structure in Fig. 1. Spatially indir
excitons have been observed from such structures witE
.10 kV/cm.5–7 In Fig. 1 the two QWs in QW2 are narrowe
than QW1, yielding a much greater direct electron-h
(e-h) energy separation in QW2 than in QW1 and thus
negligible rate from QW1 to the direct excitons in QW2.

Transfer of an exciton with a center-of-mass~CM! wave
numberK takes place through the interactionJ(K) which
demotes the electron into the hole in QW1 while promot
a valence electron into the indirect conduction band in QW
The dominant coupling is via dipole-dipole and photo
exchange interactions. The magnitude ofJ(K) decreases
rapidly for largeK. The dipolar rate decays asd24 and is
dominant only when the transfer distanced ~in Fig. 1! is
short ~e.g., d&80 Å).4 On the other hand, the photon
exchange rate has a long range~i.e., logarithmic! dependence
and is dominant at a larged considered here.

The Hamiltonian of an electron and a hole in QW1
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separately in QW2 in Fig. 1 is given byH5HK1V(z)
1Veh , where HK is the kinetic energy,V(z) is the
single-QW ~double-QW! confinement energy for QW1
~QW2!, andVeh is the Coulomb interaction energy. Assum
ing thatBix, using a vector potentialA5(0,2Bz,0), HK is
given by8

HK5
\2

2M FKx
21S Ky2

ze2zh

l 2 D 2G1
\2

2m F2
]2

]x2 1S 1

i

]

]y

2
ahze1aezh

l 2 D 2G2S \2

2me*
]2

]ze
2 1

\2

2mzh*
]2

]zh
2D , ~1!

wherel 5A\c/eB, M5me* 1mh* is the total in-plane mass
m is the reduced mass,K is the CM wave vector,ae,h

5me,h* /M , andx,y are the relative coordinates. The electr
massme* is assumed to be isotropic. The potential energyV
is independent ofB. The wave numberKy5kcy2kvy in Eq.
~1! is displaced by (ze2zh)/l 2 owing to the fact that the
vector potential displaces the wave numberkcy (kvy) of the
electron in the conduction~valence! band by ze /l 2

(zh /l 2).8 We now employ a quasi-two-dimensional approx
mation. The quantitydeh5ze2zh is large only for the indi-
rect exciton in QW2 and is neglected for the direct exciton
QW1. This kind of indirect excitons in both real andk space
have been observed recently.5 The rest of theB-dependent
quantity,dkB[(ahze1aezh)/l 2 in Eq. ~1! changes only the
phase of the wave function for the relative motion in th
approximation and can be neglected. In the thr
dimensional limit, however, the magnetic field not only d
forms the wave function but also enhances the oscilla
strength.9

The energy dispersion curve for the CM motion in they
direction in QW2 is then displaced bydK[deh /l 2}B rela-
tive to that of QW1 as shown in Figs. 2. Here,deh is thee-h
separation in thez direction in QW2. In Fig. 2~a!, the domi-
nant Stokes transfer mechanism of an exciton from QW1
QW2 atB50 is through decay into a free indirecte-h pair in
QW2.2,4 This is explained in the following way. The CM
energy is conserved through the transfer process due to thK
conservation. The extra energy can be relaxed either thro
phonon emission or through splitting the exciton into a fr
e-h pair, thereby dissipating the energy into the kinetic e
ergy of the relativee-h motion. Thesee-h pairs form exci-
tons in a time scale (;ps) much shorter than the transf
©2001 The American Physical Society17-1
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time. The phonon-assisted rate was shown to be small.4 For
B.0, simultaneous energy and momentum conservatio
satisfied at the black dot in Fig. 2~b!, opening a fast resonan
channel. This transfer is most efficient when the resonanKy
lies within the thermal range of the initial exciton. Also, th
coupling energyJ(K) becomes very small for largeK as will
be shown later. Therefore, the resonant rate is large o
within a narrow range ofB. Note also that the transfe
through thee-h decay is possible only for the initialKy
states to the right of the black dot, yielding a negligible ra
for largeB. The resonant rate is negligible when the indire
QW2 has a higher energy than QW1 because the magni
of the resonantKy is always large.

Figures 3 illustrate the mechanism of the anti-Stok
transfer. AtB50 in Fig. 3~a!, the transfer occurs throug
second-order phonon-absorption processes in contrast
the first-order process considered here. Using an ea
theory,4 we find that the phonon-assisted processes and
two-exciton Auger process4 yield negligible rates for both
the Stokes and the anti-Stokes transfer. Moderate magn

FIG. 1. The exciton transfer occurs between a direct QW~QW1!
and an indirect QW~QW2!. Thee-h separation in QW2 is achieve
by a large DC electric field as shown. The shaded lines connec
the e-h pair designate exciton binding.

FIG. 2. Stokes transfer mechanisms~shown by the arrows!. The
energy dispersion curves for the center-of-mass motion in the tr
verse~i.e., y) direction in QW1 and QW2 are displaced relative
each other by the magnetic fieldB. ~a! The Stokes transfer occurs a
B50 through decay into a freee-h pair. ~b! For B.0, additional
fast resonant tunneling is possible from QW1 to QW2 through
resonant state denoted by the black dot. The phase space fo
decay into ane-h pair is reduced.
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fields open two channels as illustrated in Figs. 3~b! and 3~c!
by displacing the two curves relative to each other and m
ing them intersect. For the anti-Stokes transfer from a dir
to an indirect QW, theuKyu value of the intersecting point is
large as seen from Fig. 3~b!, yielding negligible coupling
J(K). This is not true for the anti-Stokes transfer from
indirect to a direct QW in Fig. 3~c!, yielding a large coupling
J(K) and thereby a large transfer rate at optimum fields.

The transfer rate of an exciton from QW1 to QW
through decay into a freee-h pair is given for the processe
illustrated in Fig. 2 by

Wa
eh5

2p

\ K J a
eh~K !2(

k
dS H \2

2M
~Ky2dK !21

\2

2m
k22DJ

2H \2

2M
Ky

22E1BJ D L
T

, ~2!

where the subscripta5dp, ph denotes the dipole-dipole
and photon-exchange interaction, respectively,d(x) is the
delta function, the symbol̂•••&T signifies the Boltzmann
average with respect to the initial stateK , D is the energy-
gap difference between QW1 and QW2, andk is the wave
vector for the relative motion of the freee-h pair in QW2.
The quantityEjB is the exciton binding energy in thej th
QW. Equation~2! yields

Wa
eh5

2Sm

p\3E
0

`

dxE
y*

`

d y e2(x21y2)J a
eh~K !2, ~3!

where S is the area of the QWs, (x,y)5jTK , jT

5A\2b/2M , b51/kBT, and y* 5jTKy* . Here Ky* 5@dK
22M (D2E1B)/\2dK#/2 is the lower limit of theKy inte-
gration. This limit indicates that thee-h decay is energeti-
cally possible only for theKy states to the right side of th
black dot in Fig. 2 where the energy of QW1 is greater th
that of QW2 at the sameK . The lower limitKy* sweeps from
Ky* 52` to Ky* 51` as B increases fromB50 to B5`
for D2E1B.0, decreasingWa

eh monotonically.
Direct resonant transfer occurs through the black-dot s

in Fig. 2~b!. Here both the initial and final states are excit

g

s-

e
the

FIG. 3. Anti-Stokes transfer mechanisms~shown by the arrows!.
The energy dispersion curves for the center-of-mass motion in
transverse~i.e., y) direction in QW1 and QW2 are displaced rel
tive to each other by the magnetic fieldB. ~a! Direct resonant en-
ergy transfer or transfer of an exciton through decay into ane-h
pair is impossible atB50. ~b! Transfer mechanisms from the dire
QW1 to the indirect QW2 forB.0. ~c! Transfer mechanisms from
the indirect QW2 to the direct QW1 forB.0
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states. The rate is given by Eq.~2! with the following
changes. The initial energy is given by the second cu
brackets in the delta function in Eq.~2! and the final energy
by the first brackets with\2/2mk2 replaced by2E2B . The
coordinatek is irrelevant and omitted. We find after th
Boltzmann average

Wa
res5

2b

\dKjT
E

0

`

d x e2(x21y* 2)J a
res~K !2, ~4!

wherex5jTKx , y* 5jTKy* , K5AKx
21Ky*

2 andKy* 5@dK
22M (D2E1B1E2B)/\2dK#/2. The quantityKy* sweeps
from Ky* 52` to Ky* 51` asB increases fromB50 to B
5` for D2E1B1E2B.0. In this case, the resonant ra
becomes extremely large within a narrow range ofB when
uKy* u lies within the thermal range aroundKy50 as will be
seen later.

Stokes transfer from an indirect to a direct QW can
treated in a similar way. In this case, QW1 and QW2
switched in Figs. 2 and the upper parabola moves to the r
as B increases. The rateWa

eh has a qualitatively similar
B dependence. In contrast, the resonant transfer
Wa

res is negligibly small in this case, becauseKy*
5@dK12M (D1E1B2E2B)/\2dK#/2 has a minimum at
Ky* 5A2M (D1E1B2E2B)/\2 and is large for allB, not only
yielding small J(K) but also requiring a large activatio
energy.

In the following, we evaluateJ a
eh(K) and J a

res(K) for
dipole-dipole and photon-exchange interactions. Specific

FIG. 4. The Stokes transfer rate from direct QW1 to indire
QW2 via photon-exchange~solid curves! and dipole-dipole~dotted
curves! interactions. The curves with peaks in the rangeB57
211 T are from the resonant transfer, while those that decay
yond B55 T are from the creation of ane-h pair. The sample
parameters are given in Table I andh is defined in the text.
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pressions for these interactions have been obtained earlie
the author, for transfer between direct QWs.4 An extension of
these results to the transition between a direct and indi
QW is straightforward. For the decay of an exciton into
e-h pair through dipolar interaction, we find in a quasi-tw
dimensional approximation:4

J dp
eh~K !5J 0

eh@cos~2fK2fD!1cosfD#Ke2Kd, ~5!

whereJ 0
eh52A2pD1D2e2^chuce&/(kaBAS), k is the bulk

dielectric constant,aB is the bulk Bohr radius in the QW
material, andd is the distance from the center of QW1 to th
position of the peak of the product of the electron and h
confinement wave functionsce andch in QW2. The quan-
tity fK in Eq. ~5! is the angle between the initial transitio
dipole momentD1 in a unit cell in QW1 andK . fD is the
angle betweenD1 and the final transition diploe momentD2
in QW2. These moments are from the heavy-hole state
to the QW confinement and are assumed to be in the
plane, following the treatments in Refs. 2 and 4. Summ
over two equal contributions fromD2i ,'D1, we find

J dp
eh~K !252J 0

eh 2K2e22Kd, ~6!

where a cross term linear inKxKy is dropped because i
cancels out from theKx integration in Eqs.~3! and~4! due to
the odd parity. Similarly we find

J dp
res~K !252J 0

res2K2e22Kd. ~7!

t

e-

FIG. 5. The anti-Stokes resonant transfer rate from indir
QW2 to direct QW1 via photon-exchange~solid and dashed curves!
and dipole-dipole~dotted curve! interactions. The dipolar rate at 1
K is much smaller than that at 20 K and is not shown. Sam
parameters are given in Table I andh is defined in the text.
TABLE I. Sample parameters for GaAs/AlxGa12xAs employed in the text.4

Electron massme* 0.067m0 Dielectric constantk 12.4
Hole massmh* 0.14m0 Dipole momentD15D2 5.5 Å
Band gapEg 1.52 eV Refractive index n 3.68
Energy mismatchD 10.0 meV Direct exciton binding energy10 E1B 8.0 meV
Electron-hole separationdeh 125.0 Å Indirect exciton binding energy5 E2B 3.0 meV
QW1-QW2 separationd 375.0 Å Exciton dampingG 0.1 meV
7-3
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The couplingJ 0
res58D1D2e2^chuce&/(kaB

2) for the reso-
nant exciton-to-exciton transfer has a slightly different fo
from J 0

eh because of the different final-state wave functio
The square of the effective photon-exchange interac

for the decay of an exciton in QW1 into a freee-h pair in
QW2 is given after summing overD2i ,'D1 and dropping a
linear term inKxKy by4

J ph
eh~K !25J rad

eh 2@ uI 0~Kd!u21uI 1~Kd!u2#, ~8!

where J rad
eh54A2Ege2D1D2 /(\ApSc naB), Eg is the gap

energy in the well, c,n the speed of light and the refract
index, and

I n~x!5E
0

`

dz
z2ncosz

@x21z2#n H 1

Ax21z2
1

1

d/jg2Ax21z22 ig
J ,

~9!

whereg5Gd/Egjg!1, jg5\c/nEg , and G is the exciton
damping. For resonant exciton-to-exciton tunneling we fi

J ph
res~K !25J rad

res2@ uI 0~Kd!u21uI 1~Kd!u2#, ~10!

where J rad
res516Ege2D1D2 /(p\c naB

2). The difference of
the latter expression fromJ rad

eh is due to different final wave
functions.4

In Fig. 4 we display the Stokes transfer rates from QW
to QW2. The rates are calculated from Eqs.~3! and ~4! for
the e-h creation mechanism (Wa

eh) and the resonant mecha
nism (Wa

res) using photon-exchange (a5ph, solid curves!
and dipole-dipole (a5dp, dotted curves! interactions. The
resonant transfer yields an extreme enhancement of the
in the rangeB57211 T compared to the rate from thee-h
creation mechanism for both the photon-exchange and d
lar interactions. The sample parameters are given in Tab
andh5u*c(z,z)dzu2.^chuce&

2(.1024– 1023) for the ver-
tical axis.4,5,10Herec(ze ,zh) is thez-component of the indi-
rect exciton wave function in the quasi-2D approximati
andce(z) „ch(z)… the free electron~hole! wave function. In
Table I,D510 meV corresponds toE55 kV/cm in Fig. 1.
Calculating the accurate binding energies is beyond
scope of this paper. Their role here is to determine the ef
tive energy mismatch Deff5D2h1(E1B2h2E2B),h15
61,h251, 0 for various transitions. Therefore, rough num
bers estimated from Refs. 5 and 10 are used forE1B and
E2B . The quantityDeff and thereforeE1B ,E2B can be deter-
mined from the data using the sharp turn-on and turn
fields to be discussed below. Also, a numerical value ofmzh

h

is not necessary in this approach. The sharpness of the p
of the solid curve nearB57.3 T andB510.3 T in Fig. 4
20131
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depends logarithmically onG. The rates decrease for increa
ing T due to the fact that a larger CM thermal energy, nam
a largerK, decreasesJ(K). The rates in Fig. 4 are reduce
by about 30%–40% whenT is increased from 10 K to 20 K
while their B-dependence remain about the same. For lar
D, theB dependences of the rates are similar but the scal
B is expanded. This is anticipated from the fact that t
crossing of the two dispersion curves occurs atKy* 5@dK
22M (D2E1B1jE2B)/\2dK#/2, where dK}B, j50 for
Wph

eh , andj51 for Wph
res. It is seen from this relationship an

Fig. 2~b! that a largeB is required for the black dot to swee
across the thermal range nearKy* 50. The enhanced rateWph

res

emerges on the right side of the tail ofWph
eh in Fig. 4 because

of the binding energyE2B of the indirect exciton in QW2.
Figure 5 displays the resonant anti-Stokes transfer

from QW2 to QW1 illustrated in Fig. 3~c!. The rate due to
e-h pair creation is negligible. The rate rises rapidly withT
due to the activation energy.

The sharp turn-on and turn-off forWph
res occur nearuKy* u

.jg
21[nEg /\c, where the photon has roughly the gap e

ergy. On the other hand, the two peaks forWdp
res occur near

uKy* u.1/d, where the dipolar interaction is most efficie
according to Eq.~7!. Becausejg.353 Å,d5375 Å, the
two peaks ofWdp

resare inside of those ofWph
res in Figs. 4 and 5.

In summary, we showed that an in-planeB quenches the
Stokes rate between direct and indirect QWs at lowT. A
higherB opens, within a narrow range ofB, a new fast reso-
nant channel for both the Stokes and anti-Stokes tran
between a higher-energy direct and a lower-energy indi
exciton state. This resonant rate is a few orders of magnit
larger than theB50 rate that arises from creation ofe-h
pairs. The abruptB-dependent turn-on and turn-off behavi
of the photon-exchange transfer can be used to identify
radiative transfer mechanism. Low-energy plane-wave st
in the indirect QW are essential for the above behav
However, the excitons may be localized in the direct QW.
this case, the energy-dispersion curve of QW1 in Figs. 2
3 is flat, yielding a qualitatively similar behavior.

The resonant transfer discussed here is similar to
B-induced interlayer conductance between two electron
ers. HereB shifts the Fermi circle of one layer relative to th
of the other ink space. A resonant tunneling current is i
duced as in Figs. 4 and 5, when the two Fermi circles in
sect each other, satisfying simultaneous energy-momen
conservation.11
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