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Extreme magnetic modulation of the exciton transfer rate between unequal quantum wells
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We show that a moderate in-plane magnetic field quenches the Stokes transfer of excitons between direct and
indirect (i.e., type I) 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/ALGa _,As quantum wells.
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Energy transfer of excitons in quasi-two-dimensionalseparately in QW2 in Fig. 1 is given bi=Hg+V(z)
semiconductor quantum-well®WSs) plays an importantrole +V,.,, where Hy¢ is the kinetic energy,V(z) is the
in optoelectronic devices. While intra-QW exciton transfersingle-QW (double-QW confinement energy for QW1
has been studied extensivélinterwell transfer has received (QW2), andV, is the Coulomb interaction energy. Assum-
less attentiod~* Proposed mechanisms for the transfering thatB||x, using a vector potentigh=(0,—Bz0), H is
between GaAs/AGa,_,As double QWs include given by
dipole-dipolé* and photon-exchanfjienechanisms as well

as carrier tunneling through GaAs clusters in the batrier. __2 K24 | Ko— 2= 2y)\? +7L_2 _5_2+ 19
Recent dat?® indicate that the transfer is efficient over a KoM | ™ yo /2 2u|  ox? i gy
long range as predicted by the photon-exchange mechanism. ) s >

We show that a moderate in-plane magnetic fi¢B) _ @nZet aeZp)\ | h_“"_Jrﬁ_‘?_ )
quenches th&=0 Stokes rate between direct and indirect /2 2mf 9z2 2m¥, 9z)’

guantum wells at low temperatures. Higher fields induce, ) . . )
within a narrow range oB, a new dramatically enhanced Where/'=yAc/eB, M=mg +mj is the total in-plane mass,
resonant rate between the higher-energy direct and lowert iS the reduced mass is the CM wave vectorae,
energy indirect exciton states. Theinduced enhancement =Mg /M, andx,y are the relative coordinates. The electron
over theB=0 rate is a few orders of magnitude. We find thatmassmg is assumed to be isotropic. The potential enevgy
the dipolar and photon-exchange interactions yield very difis independent oB. The wave numbeK,=k.,—k,, in Eq.
ferent B-dependent rates. Especially, the photon-exchangél) is displaced by £,—z,)//? owing to the fact that the
transfer rate is turned on and off Byvery sharply compared vector potential displaces the wave numkegy (k,,) of the
to that of the dipolar rate, due to its sharp cutoff for a largeelectron in the conduction(valenc¢ band by z.//?
momentum exchange. (z,17/%) B We now employ a quasi-two-dimensional approxi-
The exciton transfer under investigation occurs betweemation. The quantityd.,=z.— z, is large only for the indi-
two wells QW1 and QW2 illustrated in Fig. 1, where QWs rect exciton in QW2 and is neglected for the direct exciton in
are GaAs and barriers are 8a _,As. QW1 is direct. QW2 QW1. This kind of indirect excitons in both real aképace
consists of double QWs and is transformed into an indirechave been observed recemlfhe rest of theB-dependent
(i.e., type 1) QW by applying a large electric fiel, which  quantity, Skg=(anze+ aezn)//? in Eq. (1) changes only the
produces the slanted structure in Fig. 1. Spatially indirecphase of the wave function for the relative motion in this
excitons have been observed from such structures @ith approximation and can be neglected. In the three-
>10 kV/cm>’In Fig. 1 the two QWs in QW2 are narrower dimensional limit, however, the magnetic field not only de-
than QW1, yielding a much greater direct electron-holeforms the wave function but also enhances the oscillator
(e-h) energy separation in QW2 than in QW1 and thus astrength’
negligible rate from QW1 to the direct excitons in QW?2. The energy dispersion curve for the CM motion in the
Transfer of an exciton with a center-of-ma&M) wave  direction in QW2 is then displaced 3K =d.,//?<B rela-
numberK takes place through the interactigi{K) which tive to that of QW1 as shown in Figs. 2. Herk,, is thee-h
demotes the electron into the hole in QW1 while promotingseparation in the direction in QW2. In Fig. 2a), the domi-
a valence electron into the indirect conduction band in QW2nant Stokes transfer mechanism of an exciton from QW1 to
The dominant coupling is via dipole-dipole and photon-QW2 atB=0 is through decay into a free indiresth pair in
exchange interactions. The magnitude @K) decreases QW22* This is explained in the following way. The CM
rapidly for largeK. The dipolar rate decays ak # and is  energy is conserved through the transfer process due t the
dominant only when the transfer distande(in Fig. 1) is  conservation. The extra energy can be relaxed either through
short (e.g., d<80 A)* On the other hand, the photon- phonon emission or through splitting the exciton into a free
exchange rate has a long rar(@e., logarithmi¢ dependence e-h pair, thereby dissipating the energy into the kinetic en-
and is dominant at a largd considered here. ergy of the relativee-h motion. Thesee-h pairs form exci-
The Hamiltonian of an electron and a hole in QW1 ortons in a time scale~ps) much shorter than the transfer
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d fields open two channels as illustrated in Fig)3and 3c)
. 035 A by displacing the two curves relative to each other and mak-
80 A ing them intersect. For the anti-Stokes transfer from a direct
75 A to an indirect QW, th¢K,| value of the intersecting point is
2 A Gay A large as seen from Fig.(19, yield!ng negligible coupling
J(K). This is not true for the anti-Stokes transfer from an
L ] indirect to a direct QW in Fig. @), yielding a large coupling
N S Y J(K) and thereby a large transfer rate at optimum fields.
_ Stokes transfey ™~~~ The transfer rate of an exciton from QW1 to QW2
. . AiGarhs through decay into a free-h pair is given for the processes
L N illustrated in Fig. 2 by
GaAs | N
GaAs GaAs —— 20 %2 h2
) Weh="=( 7eNK)2>, 5([—(Ky—5K)2+—k2—A
direct exciton indirect exciton h k 2M 2/“’
Qw1 Qw2
hZ
FIG. 1. The exciton transfer occurs between a direct (@W1) - [ —Ki— ElB] ) > , 2
and an indirect QWQW2). Thee-h separation in QW2 is achieved 2M T

by a large DC electric field as shown. The shaded lines connectin . . .
tﬁ/e e-h gair designate exciton binding. \9/]vhere the subscripe=dp, ph denotes the dipole-dipole

and photon-exchange interaction, respectivélfx) is the
i i delta function, the symbq{- - -); signifies the Boltzmann
time. The phonon-assisted rate was shown to be ghirai. average with respect to the initial state A is the energy-

B>0, simultaneous energy and momentum conservation iﬁap difference between QW1 and QW2, ands the wave
satisfied at the black dot in Fig(l®, opening a fast resonant vector for the relative motion of the freeh pair in QW2.

channel. This transfer is most efficient when the resokgnt : . . . . .
: o o X The quantityE;g is the exciton binding ener n thgh
lies within the thermal range of the initial exciton. Also, the QW. (qulauatlign(% ;/ields X inding gy in the

coupling energy7(K) becomes very small for larg€ as will

be shown later. Therefore, the resonant rate is large only 2Su (=

within a narrow range ofB. Note also that the transfer V\/§h=? f

through thee-h decay is possible only for the initiak, mheJo

states to the right of the black dot, yielding a negligible rateyhere S is the area of the QWs, x(y)=&K, &

for large B. The resonant rate is negligible when the indirect — JVRZBI2M, B=1kgT, and y* = £K* . Here K¥ =[ 5K

QW2 has a higher energy than QW1 because the mag“itUdQZM(A—ElB)/hZ(SK]/Z is the lower |yimit of the|y<y inte-

of the resonank, is always large. _ gration. This limit indicates that the-h decay is energeti-
Figures 3 illustrate the mechanism of the anti-Stokegg)ly nossible only for the<, states to the right side of the

transfer. AtB=0 in Fig. Ja), the transfer occurs through pack dot in Fig. 2 where the energy of QW1 is greater than

second-order phonon-absorption processes in contrast Wimat of QW2 at the samié. The lower limitK* sweeps from
. . : . . v
the first-order process considered here. Using an earligf« _ .o K% =+ asB increases fronB=0 to B=x

theory? we find that the phonon-assisted processes and tr}%i A—E;5>0. decreasingve" monotonically
—EaiB ) o .

two-exciton Auger proce8syield negligible rates for both Direct it ¢ h h the black-dot stat
the Stokes and the anti-Stokes transfer. Moderate magnetic irect resonant transter occurs through the black-dot state
in Fig. 2(b). Here both the initial and final states are exciton

dxf dy e ¢+ 72hK)2, ©)
y*

FIG. 2. Stokes transfer mechanisfsiown by the arrows The FIG. 3. Anti-Stokes transfer mechanisiisbiown by the arrows
energy dispersion curves for the center-of-mass motion in the transrhe energy dispersion curves for the center-of-mass motion in the
verse(i.e.,y) direction in QW1 and QW2 are displaced relative to transversdi.e., y) direction in QW1 and QW?2 are displaced rela-
each other by the magnetic field (a) The Stokes transfer occurs at tive to each other by the magnetic fidkl (a) Direct resonant en-
B=0 through decay into a free-h pair. (b) For B>0, additional  ergy transfer or transfer of an exciton through decay intoedn
fast resonant tunneling is possible from QW1 to QW2 through thepair is impossible aB=0. (b) Transfer mechanisms from the direct
resonant state denoted by the black dot. The phase space for tk/V1 to the indirect QW2 foB>0. (c) Transfer mechanisms from
decay into are-h pair is reduced. the indirect QW2 to the direct QW1 fd&>0
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FIG. 4. The Stokes transfer rate from direct QW1 to indirect FIG. 5. The anti-Stokes resonant transfer rate from indirect
QW?2 via photon-exchangesolid curve$ and dipole-dipolgdotted QW2 to direct QW1 via photon-exchan¢solid and dashed curves
curves interactions. The curves with peaks in the rarge7 and dipole-dipolgdotted curvéinteractions. The dipolar rate at 10
—11 T are from the resonant transfer, while those that decay beK is much smaller than that at 20 K and is not shown. Sample
yond B=5 T are from the creation of aa-h pair. The sample parameters are given in Table | andis defined in the text.
parameters are given in Table | ampdis defined in the text.

pressions for these interactions have been obtained earlier by
states. The rate is given by E@2) with the following  the author, for transfer between direct Q¥\sn extension of
changes. The initial energy is given by the second curlithese results to the transition between a direct and indirect
brackets in the delta function in E() and the final energy QW is straightforward. For the decay of an exciton into an
by the first brackets with 2/2.k? replaced by—E,z. The  e-h pair through dipolar interaction, we find in a quasi-two-
coordinatek is irrelevant and omitted. We find after the dimensional approximatioh:
Boltzmann average

res_ 2B
« R oKE,

JgB(K):jgh[C()SQ(ﬁK_¢D)+COS¢D]Ke‘Kd, (5)

fmdxe**+w%jf%Kﬁ, 4)
° where 78"= 227D 1D ,e*( | o)/ (kag \/S), « is the bulk
wherex=¢&:K,, y*=&KJ, K=K +Kj“andKj=[6K dielectric constantag is the bulk Bohr radius in the QW
—2M(A—E g+ Eop)/%28K]/2. The quantity K;‘ sweeps Material, andl is the distance from the center of QW1 to the
from K* = — 0 to K* =+ asB increases fronB=0 toB  Position of the peak of the product of the electron and hole
—o for A—E;5+E,>0. In this case, the resonant rate Confinement wave functiong, and ¢, in QW2. The quan-
becomes extremely large within a narrow rangeBafvhen 1ty ¢« in Eq. (5) is the angle between the initial transition
|K}| lies within the thermal range arourit,=0 as will be dipole momeniD, in a unit cell in QW1 and. ¢p is the
seen later. angle betwee; and the final transition diploe momebD}
Stokes transfer from an indirect to a direct QW can bel? QW2. These moments are from the heavy-hole state due
treated in a similar way. In this case, QW1 and QW2 ard® the QW confinement and are assumed to be in the QW
switched in Figs. 2 and the upper parabola moves to the rigtR!@ne, following the treatments in Refs. 2 and 4. Summing
as B increases. The rat®Ve" has a qualitatively similar °OVEr tWo equal contributions from|, 1 D;, we find
B dependence. In contrast, the resonant transfer rate ehy 2 eh2u 2 oKd
WS is negligibly small in this case, becausk} Tap(K)*=2T5 K ", (6)
=[6K+2M(A+E;g—E,g)/#?6K]/2 has a minimum at _ _ _ _
K;‘z\/ZM(AJrElB—EZB)/ﬁZ and is large for alB, not only where a cross term linear iK,K, is dropped because it

ielding small 7(K) but also requiring a large activation cancels out from th&, integration in Eqs(3) and(4) due to
)énergyg.] S auiring d the odd parity. Similarly we find

In the following, we evaluate7¢"(K) and J"*{K) for o 532 2Kd
dipole-dipole and photon-exchange interactions. Specific ex- T e K)?=275K%e 2, @)

TABLE |. Sample parameters for GaAs/8a _,As employed in the text.

Electron massn} 0.067m, Dielectric constant 12.4

Hole massm? 0.14m, Dipole momentD,=D, 55 A
Band gapE, 1.52 eV Refractive index n 3.68
Energy mismatch\ 10.0 meV Direct exciton binding enertfyE, 5 8.0 meV
Electron-hole separatiodl,y, 125.0 A Indirect exciton binding enery§ g 3.0 meV
QW1-QW?2 separatiod 375.0 A Exciton dampind’ 0.1 meV
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The coupling J%=8D;D,e%( | )/ (xa3) for the reso- depends logarithmically ofi. The rates decrease for increas-
nant exciton-to-exciton transfer has a slightly different forming T due to the fact that a larger CM thermal energy, namely
from 7" because of the different final-state wave function. & largerK, decreases/(K). The rates in Fig. 4 are reduced
The square of the effective photon-exchange interactiofy about 30%—40% whenis increased from 10 K to 20 K,
for the decay of an exciton in QW1 into a freeh pair in ~ While their B-dependence remain about the same. For larger
QW2 is given after summing oved,||, L D; and dropping a A, theB dependences of the rates are similar but the scale of

linear term inK,K, by* B is expanded. This is anticipated from the fact that the
A Y crossing of the two dispersion curves occursK§t=[6K
on(K)?= T o(Kd) |2+ ]1 1 (Kd)[?], (8)  —2M(A—E g+ EE,5)/4125K]/2, where SK=B, £=0 for

h res ; ; ; ;
where 78"=42E 2D D, /(i JmSc nag), E, is the gap V\/S ,and¢=1 for th_. Itis seen from this relationship and
energy iF]adthe weIIE,}J c,n the speed of light angd the refractive 9" 2Ab) that a largeB is required for the black dot to vagep
index, and across the thermal range négf =0. The enhanced raw/y,
1 emerges on the right side of the tail‘mgﬂ in Fig. 4 because
+ ' of the binding energy¥,g of the indirect exciton in QW2.
X2+ 72 d/ &y X2+ 22—y Figure 5 displays the resonant anti-Stokes transfer rate
(99  from QW2 to QW1 illustrated in Fig. ®). The rate due to
e-h pair creation is negligible. The rate rises rapidly with
due to the activation energy.
The sharp turn-on and turn-off falg;* occur nearKy |
TEK)2=TEAo(KA) 2+ |1, (Kd)|Z], (10 =& =nEglhc, where the photon has roughly the gap en-
ergy. On the other hand, the two peaks Wi occur near

res__ 2 2 P
where Jrag=16E4€ D1D2/£;Tﬁcna8)' The difference of |K}|=1/d, where the dipolar interaction is most efficient
the latter expression fronf 4 is due to different final wave according to Eq(7). Becauset,~353 A<d=375 A, the

SR
funIcr:ltll(zingsﬁ we display the Stokes transfer rates from QWltW0 peaks ofig, are inside of those ANy in Figs. 4 and 5.

: In summary, we showed that an in-plaBequenches the
to QW2. The rates are calculated from E®. and (4) for Y piabe

. . Stokes rate between direct and indirect QWs at [BwA
the e-h creation mechanlsrTWZh) and the resonant mecha- higherB opens, within a narrow range 8 a new fast reso-

nism (W) using photon-exchangex(=ph, solid curve$  nant channel for both the Stokes and anti-Stokes transfer
and dipole-dipole ¢=dp, dotted curvepinteractions. The petween a higher-energy direct and a lower-energy indirect
resonant transfer yields an extreme enhancement of the rag&citon state. This resonant rate is a few orders of magnitude
in the rangeB=7—11 T compared to the rate from tikeh  |arger than theB=0 rate that arises from creation efh
creation mechanism for both the photon-exchange and dipgyajrs. The abrupB-dependent turn-on and turn-off behavior
lar interactions. The sample parameters are given in Tabledf the photon-exchange transfer can be used to identify the
andy=|[(2,2)dZ*= (| he)*(=10"*-10"°) for the ver-  radiative transfer mechanism. Low-energy plane-wave states
tical axis>*°Here /(z,,z,) is thez-component of the indi- in the indirect QW are essential for the above behavior.
rect exciton wave function in the quasi-2D approximationHowever, the excitons may be localized in the direct QW. In
and ¥(2) (¥(2)) the free electrorthole) wave function. In  this case, the energy-dispersion curve of QW1 in Figs. 2 and
Table I,A=10 meV corresponds t8=5 kV/cminFig. 1. 3 s flat, yielding a qualitatively similar behavior.

Calculating the accurate binding energies is beyond the The resonant transfer discussed here is similar to the
scope of this paper. Their role here is to determine the effecB-induced interlayer conductance between two electron lay-
tive energy mismatch Agr=A—71(E1g— 72E28),71=  ers. HereB shifts the Fermi circle of one layer relative to that
*1,7,=1, 0 for various transitions. Therefore, rough num-of the other ink space. A resonant tunneling current is in-
bers estimated from Refs. 5 and 10 are usedHgg and  duced as in Figs. 4 and 5, when the two Fermi circles inter-
E,g. The quantityA .« and thereforeE ;g ,E,g can be deter- sect each other, satisfying simultaneous energy-momentum
mined from the data using the sharp turn-on and turn-oftonservatiort!

fields to be discussed below. Also, a numerical valumh{ Sandia is a multiprogram laboratory operated by Sandia
is not necessary in this approach. The sharpness of the peaRsrporation, a Lockheed Martin Company, for the U.S. DOE
of the solid curve neaB=7.3 T andB=10.3 T in Fig. 4 under Contract No. DE-AC04-94AL85000.

ood z%'cosz 1
| =
) fo Z[x2+22]”

where y=T"d/E4é,<1, {g=hAcInEy, andT is the exciton
damping. For resonant exciton-to-exciton tunneling we find

T Takagahara, Phys. Rev. &, 6552(1985. 8SK. Lyo, Phys. Rev. B0, 4965(1994).

2A. Tomita, J. Shah, and R.S. Knox, Phys. Rev58 10 793  °H. Hasegawa and R.E. Howard, J. Phys. Chem. Sd&lis179
(1996. (1961); D. Cabibet al, Nuovo Cimentol0, 185 (1972.

3D.S. Kimet al, Phys. Rev. B4, 14 580(1996. OR.L. Greene and K.K. Bajaj, Solid State Commutb, 831

4S.K. Lyo, Phys. Rev. B52, 13 641(2000. (1983.

SA. Parlangeliet al, Phys. Rev. B52, 15 323(2000. 113.P. Einsteiret al, Phys. Rev. B44, 6511(1991); L. Zheng and

6Y.J. Chenet al, Phys. Rev. B36, 4562 (1987. A.H. MacDonald,ibid., 47, 10 619(1993; S.K. Lyo and J.A.

"C.H. Perryet al, J. Luminescencé8-49 725 (1991). Simmons, J. Phys.: Condens. Matfri.299 (1993.

201317-4



