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Exciton center-of-mass dispersion in semiconductor quantum wells
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We discuss the results of the calculation of the exciton center-of-mass dispersion in a semiconductor
guantum well. Strong nonparabolicity arises due to the coupling among the excitons related to the heavy and
light holes. We consider the effects of the coupling in the exciton dynamics by calculating the exciton average
mass and spif.S0163-18207)06224-3

[. INTRODUCTION light-hole excitons are formed. For QW widths comparable
to the exciton radius, the QW confinement dominates over
The exciton is the lowest-energy excited state of a purghe exciton binding energy and it is reasonable to work with
semiconductor crystal, built upon the excitation of an electhe concept of a quasi-two-dimensioriguasi-2D exciton.
tron from the valence band to the conduction band. The CouPue to the energy separation among the heavy- and light-
lomb interaction among the valence and conduction electrongole QW states, a parabolic dispersion for the hole states was
affects not only the band-edge electronic states, but alsimitially considered for the quasi-2D excitdfr*In this de-
states above the energy ghafhis strongly influences the scription, the in-plane hole mass reversal is responsible for
optical properties of the system: Strong excitonic peaks cathe higher binding energy for the light-hole exciton in com-
be detected on the threshold of optical absorption spectra, ggrison to the heavy-hole excitdh Altarelli* considered
well as an enhancement on the absorption of the continuurthe coupling among the heavy- and light-hole states in the
states in semiconductor crystai$The excitons show an en- in-plane hole dispersion for the QW semiconductors. He pre-
ergy dispersion which is directly related to the electron andlicted a strong nonparabolicity for the hole states, in particu-
hole dispersions and greatly influences the dynamics of thir for the ground-light-hole state which may show an in-
system excitation$:® plane dispersion with a camel-back shape, that is, a
In many of the bulk semiconductors of interest, the exci-minimum in the in-plane dispersion off the zone center.
ton binding energy is weaté meV for GaAs and the prob- These effects were introduced in the excitonic problem by
lem can be described within the effective-mass approxmaCharJrG and Bauer and AndY. The first result is an enhance-
tion (Wannier excitoh’ The effective mass theory for the ment in the exciton binding energy of the order of 10%-—
Wannier excitons in the case of degenerate electronic ban@)%. A more spectacular effect is the coupling among the
was discussed by Dresselh&us. his work, the absence of a quasi-2D excitons with different angular momenta. As a con-
well-defined exciton center-of-mas&.m,) transformation sequence of the coupling, part of the oscillator strength of the
arising from the degenerate nature of the valence bands &like excitons is transferred to the higher-angular-
clearly shown. Accounting for this fact, Altarelli and Lipari momentum excitons formed by holes from differeiptval-
calculated the exciton-c.m. dispersion for direct- andues, which become, then, optically active. Since the coupling
indirect-gap bulk semiconductors with degenerate bands. lamong these excitons is relatively weak, these effects are
their calculations, a general c.m. transformation is introducednore significant when the excitons are nearly resonant.
to achieve formal simplicity and numerical accuracy for theHigh-quality samples have shown a great number of new
solutions. The results show that the degeneracy and couplirgbsorption lines due to these effects which can be monitored
of the upper valence bands causes a nonparabolic and anigbrough the application of external fields such as an electric
tropic exciton-c.m. dispersion.fids and Gelmoritand Gel- field'®1° or a magnetic fieltf along the growth direction as
mont et al® analyzed the shape of the exciton-c.m. disperwell as stress fields applied perpendicularly to the growth
sion near thel' point. They predicted that, under certain direction?! Both effects, the enhancement of the binding en-
conditions, the minimum of the exciton-c.m. dispersion mayergy and the exchange of oscillator strengths among excitons
be off thel’ point. This is an important aspect since in this with different envelope function angular momenta, are rela-
case the exciton would relax to states which do not coupldively weak effects and require high-quality samples for their
with the electromagnetic field, delaying significantly the ex-observation. This is understandable since they are related to
citon recombination. the relative motion which is mainly affected by the lighter
In semiconductor quantum well®W'’s), the spatial con- mass, that is, the electron mass.
finement of electrons and holes causes the enhancement of The understanding of the exciton-c.m. dispersion is of
the exciton binding energy and allows it to effectively domi- fundamental importance in QW's. The photoluminescence
nate the optical properties even at room temperattite.  spectra and their temporal evolution are determined by the
The QW potential breaks the translational symmetry alongxcitonic properties and by the exciton formation and relax-
the growth axis, and several new features appear in the extion dynamic$>** The exciton formation and subsequent
citon behavior. In particular, the QW breaks the valencerelaxation fromK ,#0 to K. =0 state€*?’its coupling
band degeneracy &,=0. As a consequence, heavy- andto the electromagnetic fieldexciton-polariton28-3° exci-
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tonic indirect transitions! and the exciton spin GaAs/Ga_,Al,As QW’s. The conduction-band nonparabo-
relaxatior***in semiconductor heterostructures are some oficity is neglected since it is not an important contribution to
the problems of current interest that depend directly on theéhe exciton binding energy in these systems. The valence
exciton-c.m. dispersion. Recently, a great deal of effort hagands are described by the Luttinger Hamiltorffarthe
been devoted to the understanding of the exciton diffusioplit-off band is well separated in energy from the heavy-
and localization in the plane of the QW interfaces due toand light-hole bands for the exciton states considered here
their roughnes$!~*°In some cases, the control of the growth and it is not included in the Luttinger Hamiltonian. The ex-
of these roughnesses may be used as a tool to achieve lategilange interaction is neglected in our calculations. We also
confinement.* The exciton diffusion and eventual local- neglect the difference in the effective parameters between the
ization in the interfaces are strongly dependent on the excitwo materials and assume those of the GaAs bulk. The exci-
ton in-plane mass. The recent development of spectroscopign states are constructed by the direct product of the con-
techniques with high temporal and spatial resolution allowsjuction electron and the valence hole states. We assume that
the study of these processes. It is of fundamental importancehe kinetics along the growth directidr direction is domi-
therefore, to evaluate the exciton-c.m. dispersion features ifated by the QW confinement. We therefore apply a c.m.

order to acquire a clear picture of these processes. transformation only for the in-plane coordinates:
If we consider the in-plane exciton-c.m. dispersion, we
should expect a strong influence of the valence-band mixing, p=(Xe—Xn,Ye— Yn0) )

contrary to relative motion effects, since now the heavier
mass dominates the kinetics. Actually, in a first approach, it and
is expected that most of the features observed in the in-plane
hole dispersion would be present for the in-plane exciton 3
dispersion. These effects may, however, be smoothed out by Rem=a(Xe,Ye0) + A(Xn,Yn.0)- @
the electronic parabolic mass. This problem was discussed
for the first time in QW’s by Chuet al®® considering the
strongly strained QW'’s. They predicted that InGaAs QW'’s
under uniaxial stress may present an indirect exciton. Their . L=
model, however, does not contemplate the whole coupling Hexc=He(Ze) 1+ Hy(2n,p) +Ha(Zh,p,Re.m)
among excitons with different in-plane symmetries. This +Ve(Ze—21,p)1 3)
situation was experimentally observed by Michéerl 3! for cife S
intrinsically strained materials. Exciton-c.m. dispersion waswhere
also considered in indirect gap heterostructdfes.

In this paper we present results of the calculation of the B2 52 L2
in-plane exciton center-of-mage.m, dispersion for GaAs/ He(ze) =Eg— P"'VeY( . Z)’ (4)
AlGaAs quantum well systems in the effective-mass ap- €
proximation, taking into account valence-band mixing. Pre-
liminary reports of our model were presented beftire,

The valence states are written in th&J,) basis. The
exciton Hamiltonian is

2mg

focusing in particular on the strained materials as the one Hi(zh.5)= ¢t a- 0 -b )
studied by Michleret al3! Here we present the model and WP’ = p* 0 a. c¢ |’
discuss the general results. The mixing is reflected in a re- 0 —-b* c¢* a,

markable nonparabolicity of the exciton-c.m. dispersion. A
camel-back structure for the light-hole exciton may be ob-With
served and distinguished at least for QW’s wider than 150 A.

We also analyze the in-plane warping and the effect of an h? _ 7 2 L2
external electric field on the dispersion. Finally, we discuss e =5 (Z71%272) —2 T VaY| Zh—
. , Mg az;, 4

the exciton spin mixing in the QW, tracing the dependence
of the average spin value on the exciton-c.m. wave vector _ ﬁ_z (@+ N ) a_2+ 3_2) ®)
Kem. This gives insight into the influence of the exciton 2mg [ me " T2 152 T ay2)
mixing in the exciton spin relaxation process that is under-
gone during exciton formation and relaxationkg ,, =0. _ V3h? d [d . d

The paper is organized as follows. In Sec. Il, the model is b=- mo 73 Jzp, x| ay)’ (@)

presented. Section Il is reserved for the results and discus-

sions, focusing the general aspe@ec. Il A), the effect of V3h2 2 2 Y
an electric fieldSec. 11l B), and the exciton spifSec. 1l O. c= —( )[n(—z— —2) —2ivy; , (8
Section IV contains the summary and concluding remarks. 2Mg Ix= oy IX0y|
Ay C B 0 ]
Il. THEORETICAL APPROACH . C* A 0 B
We want to describe the exciton-c.m. dispersion in a Ha(znpRem)=Igs o A c | ©
semiconductor QW system including valence-band mixing. 0 -B* C* A, ]

The theoretical approach follows the effective-mass approxi-
mation in the Wannier exciton limitWe apply our model to  with
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1 is a unitary 4X4 matrix. Y(x) is the step function
[Y(X)=0 if x<0, Y(x)=1 otherwisg. V.=AE4Q. and
Vh=AE4(1—-Q,), whereQ. is the conduction-band offset
andAE, is the gap discontinuity at the interfacem, is the
electron effective mass in the conduction basg, y,, and

Zn,p)= 13
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He(ze)fp(ze):epfp(ze)a (19
_ 42 P L2
[Zm (y1—272) 2+VhY(Zh 4) Im(Zn)
=hhygm(zn), (16)
_ 52 P L2
[Zm (y1+2y2) 2+VhY( Z”gn(zh)
=lh,g, (zn). (17)

S is the sample area. Th&;(p,0,\;) are the in-plane rela-
tive motion wave functions. We choose them as a set of 2D

in-plane hydrogeniclike wave functions:

p
W(p,0,Ng)=Nag\_ exp{ - )\—), (18
S
. (p,0Ag) =Ny, exp — 2 +ig (19
ip 1Y ldp p)\p )\p— ]
. 2 P .
Vealp,0.ha)=Nay o €xp == %2i0], (20
d
. 3 P .
Wit(p,0,M1) =Ny p° €x _)\_i3|9- (21
f

The parametera; are chosen in geometric progression

within the range of 10-1000 A. Thd; e 's are the varia-

3 are the Luttinger parameters, and the other constants hay@nal parameters. The eigenvalues and eigenfunctions are
their usual definitions. The Hamiltonian is written with the obtained by minimizing the expectation value of the Hamil-

basis |se)®|J,J,) in the following order: |+1/2)®|3/2,
+3/2), |=1U2y®|3/2,—1/2), |£1/2)®|3/2,+1/2), |+1/2)
®|3/2,—3/2).

The off-diagonal terms of the Luttinger Hamiltonian,
which couple the heavy- and light-hole states Kqe-0, are

responsible for the coupling among the relative and c.m. mo=
tions of the heavy- and light-hole excitons. This implies that
there is no longer a simple c.m. transformation for the
coupled exciton problem. In other words, there is no prefer;

able choice fore and 8 in Eq. (2). We imposea+ =1 so
that the Jacobian of the transformation is unitafyhe eigen-
states are independent of the particular choice of the para
etersa and 8. The variational wave function is

¥ exd Ze Zh . Re.m)
S x,Cmj a Im(Z0) ¥i(p. 0.
ZnjxCnjnGn (Z0)¥i(p. 0.8
Emvjy)\jcé,j,)\jg;(zh)\l’j(pa 0,\})

exdiK..-R
>< n: c.m. C.m.]

N ,

(14

with

tonian, (¥ e dHexd Wy, as a function of the parameters
cﬁ”'xj’s. The resulting generalized eigenvalue problem is

then numerically diagonalized.

Our basis set well describes the ground state and a few
excited exciton states with great accuracy. The continuum
exciton states are present only through a set of discrete states
lying within the energy range of the continuum states. Al-
though this is a poor description of those states, this set is
flexible enough to give the proper contribution for the bound
states of their coupling with the continuum statésVe ne-

nglect the coupling by the Coulomb interaction among the

exciton states originating from different electron and hole
subbands. This coupling is important only for very narrow or
very large wells. Another situation where this coupling pro-
duces significant results is when a bound exciton from higher
subbands lies within the continuum of excitons associated
with lower subbands. In this case, the bound exciton is actu-
ally a Fano resonandé-*’ Although this situation is often
the case in real samples, these effects are weak and require
high-quality samples to be obserndWe concentrate here
in the dispersion of the bound excitons and do not analyze
the resonance problem.

For symmetric QW's it is possible to separate the Hamil-
tonian into two uncoupled blocks, each one representing one
of the parities’® The two general wave functions are
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where the arrow indicates the parity quantum number. Each lll. RESULTS AND DISCUSSIONS

wave function[Egs. (22) and (23)] corresponds to two de-

generate sets of solutions, related to the two possible choic
for the electron spin. Referring to the spin of the ground stat
of the uncoupled heavy-hole and light-hole excitoes, V! i i a a
“hhy:1s ande,—lh,:1s excitons, respectively, the wave Me~0-06Mo, 71=6.85, ,=2.1, y3=2.9, k=138, and

function of Eq.(22) describes, independently, the spin states<® 0.6. Or_lce we are dealing with the SOI'“.'t'onS of the
coupled-exciton system, there no longer exists the well-

The system we consider here is a GaAs quantum well of
Rickness L embedded in semiinfinite layers of
& 7AlgAs. The parameters used in the calculations are

522::2 (Se=13,3,=3), (24)  defined heavy- and light-hole excitons, even Katy = 0.
Nevertheless, for the sake of language simplicity, we con-
Sler;(C:O (se=1,3,=—1) (25) tinue to call them as heavy- and light-hole excitons.
or
A. Exciton center-of-mass dispersion
hh _ _ _ _ . . . ,
Sex=1 (Se=—73.3,=3), (26) In Fig. 1 we show the in-plane dispersions for the first two
" L L exciton state®;—hh,:1s ande;—lh:1s for a well width
Sexc™—1  (Se=—3,3,=—3), (27)
while Eq. (23) describes the spin states 1.535 . i , .
She= =1 (se=3.3,=-3), (28) il approimatin
h . . —-— {110)-direction
Sexc=1 (Se=3,9,=3) (29
or =
2 1530
w
Sh= 2 (Se=—3.0,=— %), (30)
S=0  (Se=—3,3,=3). (3D)
The exciton states with spiS.,.=*2 are not optically 1 595 : . . . .
active and are called dark excitons. The states with spin .00 0.01 0.02 0.03
Sexc=0,+1 are optically active. They can be created through KA

unpolarized optical excitation. Those wig,.=*+1 can be

selectively created through circularly polarized optical exci- FIG. 1. Exciton-c.m. dispersion forL=200A GaAs/
tation. The states witls.,.=0 are created by linearly polar- Gg,-Al, /As quantum well. Solid lines, axial approximation; dashed
ized (in the x or y direction optical excitation. lines, (100) direction; dash-dotted line$110) direction.
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FIG. 2. Hole subband and exciton-c.m. dispersions for the same FIG. 3. Comparison between exciton and hole subband disper-
QW as in Fig. 1. Solid lines, coupled excitons; dashed lines, unsions for several GaAs/G@gaAl, ;As QW widths. Solid lines, funda-
coupled approximation. The shaded area represents the excitonigental exciton dispersion; dashed lines, first heavy-hole subband
continuum states. dispersion(shifted to coincide with the excitoK.,,=0 energy.

of L=200 A. Dashed and dash-dotted lines are the results ithe plane of the QW. For QW widths narrower than 160 A
the (100 and (110 in-plane directions, respectively, while the e,—Ih,:1s exciton degenerates with the continuum’
the solid lines are the results in the axial approximation. The . thel o —lﬁh exciton and it becomes a resonance. with
results show that, as is the case for the hole disperstahs, L ! '

axial approximation well describes the average value of th(!.\nOSt of these effects peing smoothed out. An interesting
PP 9 case was study by Michleet al3! They considered the

in-plane dispersions and the warping in the dispersion can b /
neglected in a first approximation. From now on, we useNi-xGa&As/InP system. For samples with a Ga concentra-
only the axial approximation in our calculations. tion higher than 47%, the |n,GaAs is under tension. As

Figure 2 shows both the electron and hole subband dighe Ga concentration rises, tke—Ih;:1s state approaches
persions and the exciton-c.m. dispersions for the first statele €, —hh;:1s state until it becomes the ground exciton
for the same QW as in Fig. 1. In the left-hand side, we plotstate. In the process, the camel-back structure is transferred
the conduction- and valence-subband dispersions. The righto the ground exciton state and the system shows a poor
hand side shows the exciton-c.m. dispersion. The zero diminescence. Michleet al®* observed that the lumines-
energy is chosen at the top of the GaAs bulk valence bangence lifetime increases in two orders of magnitude, demon-
for the subband dispersion, while the exciton energy scalétrating the indirect nature of the ground exciton state in the
represents the total exciton energy. The dashed lines are t§@mples with the appropriate Ga concentration. This result
dispersions in the uncoupled valence-subband approximavas predicted by Chu and Chafignd it was confirmed in
tion, when the off-diagonal terms of the Luttinger Hamil- Our previous calculatiorfs.
tonian are set equal to zero. Only tee—hh;:1s and e, The exciton dispersion follows, in a good approximation,
—1lh,:1s exciton states are shown in this approximation.the hole subband dispersion. The parabolic dispersion of the
The solid lines display the results obtained using the fullconduction subband smooths the excitonic nonparabolic dis-

exciton Hamiltonian[Eq. (3)]. For this well width thee, ~ Persion. This is better observed in Fig. 3 where we plot the
—1Ih,:1s exciton is below thes;—hh; exciton continuum g_round hole subband and the ground exciton state disper-
and is a true bound state. Some excited exciton states afons for QW widths =50, 100, 150, and 200 A. For better
also shown. The dotted line is the threshold of the excitorfomparison, the hole dispersion is shifted in energy to coin-
continuum and the shaded area represents the exciton cotide with the exciton dispersion &t ,,=0. We clearly ob-
tinuum. serve that the exciton has, in average, a heavier mass and its
The first remarkable feature is the strong nonparabolicitynonparabolicity is slightly smoothed out in comparison to the
of the exciton-c.m. dispersion. The valence-subband mixindpole subband dispersion.
features are mainly transferred to the exciton dispersion. This In Fig. 4 we show the fundamental heavy-hole exciton
behavior for the in-plane c.m. dispersion is expected sincélispersion and some of the higher-energy states for several
the c.m. motion is dominated by the heavier mab. QW widths. In this figure, the solid lines are the coupled-
=m,+my). An important feature is the camel-back shape ofexciton dispersion and the dashed lines are the uncoupled
the e;—Ih;:1s exciton. This is a reminescence of a similar (paraboli¢ approximation. We observe that the increase of
feature in the light-hole dispersion. This may affect severathe well width enhances the nonparabolicity of the exciton
properties of the exciton. It should present poor luminesdispersion, induced by the increasing of the coupling among
cence, which could, in principle, only take place throughthe excitonic states. The c.m. wave vector value of the anti-
phonon-assisted emission. This favors its relaxation to therossing decreases as the QW width increases. LFor
ground heavy-hole exciton. Also, its heavy in-plane mass=150 A thee,—1h;:1s exciton is still in thee;—hh, con-
may favor its localization in defects as it diffuses alongtinuum. As K, increases, the initiallye;—hh,:2s state
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FIG. 5. Average exciton effective mass as a function of the

aAs QW width. The average is obtained from a parabolic fit of the

I undamental exciton dispersion, within two energy ranges: 5 meV
approximation. (solid line) and 36 meV(dashed lines The bulk valug(dotted ling

. . . and the uncoupled 2D limitdot-dashed lineare also shown.
(the second state in energykat ,,=0) acquires a dominant

e;—lh;:1s character and show_s the_ camel-back structuregijton average mass calculated in a range of energy of 36
For L =200 A thee, —Ih; :1s exciton is a true bound state, mev and corresponds to the excitons after they emitted LO
showing the same feature. A comparison with the valencepnonons once they were formed from hot electron-hole pairs.
subband dispersiofnot shown hereshows that the camel- The gashed and dot-dashed lines are the uncoupled 3D and
back profile on the exciton-c.m. dispersion appears for QWop exciton mass values. For average over 5 meV, the exci-
widths larger than those for the light-hole subband disperyon average mass is more sensitive to the dispersion nonpa-
sion. _ _ o rabolicity. For low QW's it shows a light mass, near the
The process of formation of excitons is still not clé4r?’ uncoupled in-plane exciton massyl, ,~Mg+mg/(y
Two paths are possible. The electron-hole pair is created at y,)=0.18m,. For a QW width Oﬂ_wi'&') A,eit ShOOWSla
high energies. (i) They may relax toward their quband sharp increase in the average mass and starts to saturate near
edges through phonon emission and then scatter with acoug-_ 159 A with the average mass reaching values as high as
tic phonons, forming an exciton with a finite c.m. wave vec-\; ~__g.gn- which is well above the bulk valugyl
tor. In this case, the exciton kinetic energy will be lower than C'm'+m /((;,' —27y,)=0.45n,. The increase in the ;\Tér_
the exciton binding energy. The exciton will then relax to- ageemasos is ielateé to the coo.upling with the-1h;:1s ex-

wards the bottom O.f th.e exciton (_dispersion through ac.ouStiE:iton which depends on the hole subband energy separation.
cal phonons emissioriii) The exciton may also be rapidly g exciton mass averaged over the energy range of 36 meV
formed once the electron-hole pair is created. The excitong,ovs a smoother dependence with the QW width. In this

would then have a large kinetic energy and large ¢.m. Wav@aqe the coupling between the excitons is included in the

vector. They will first rapidly relax toward the exciton bot- average already at narrow wells. The average mass reaches a
tom of band through LO-phonon emission and then throug'?naximum ofM_,~0.67m, nearL~130 A and converges
c.m. .

acoustical-phonon emission along the exciton-c.m. d'Spert'owards the bulk values for larger QW's. These results give

sion branch. The acoustical-phonon emission starts when the, e ingication of the possibility of exciton trapping while it

exciton has an energy not higher than the LO-_phonon ENeTPelaxes. For instance, there is a larger probability of the ex-
(.~36'meV). Both processes are accompanied by eXC',IOEitons being trapped in narrow QW'’s since in this case the
diffusion along the QW plane. As a consequence, the exCitoRjectron-hole wave functions have a larger probability at the
may also be trapped in alloy fluctuations or interface roughyertace and the barrier than for larger QW widths. How-
nesses. This process is strongly dependent on the excitlye, it the excitons are formed with low kinetic energy, they
mass. As we ShOV.Ved here, th!s value IS depepdept on il show a light mass, which favors their mobility and low-

€.M. wave yector since the exqto_n-c.m d|sper5|qn IS h'gh.lyers the probability of being trapped. A complete description
nonparabolic. However, some insight into the exciton mobil- ;¢ ha exciton dynamics and relaxation requires a time-

ity may be obtained through its average mass. Figureé ygnendent solution of the coupled exciton in the presence of
shows the average values for the effective mass of the funy, o scattering centers

damental exciton as a function of the well width. The aver-
age effective masses were obtained from a parabolic fit of the
excitonic dispersion curves. The results represent an average
value for states within a certain range of energy. The solid We consider now the effects of an external longitudinal
line shows the mass averaged in an energy range of 5 me¥électric field. In this case, there is no more bound states in
This value is approximately the exciton kinetic energy afterthe QW. However, the QW barrier potential allows for the
it is formed from an electron and a hole which first relaxed toexistence of quasidiscrete QW bound states, that is, strong
the bottom of the subbands. The dashed line shows the exesonances capable of withstanding large fiélds.is pos-

FIG. 4. Exciton-c.m. dispersions for several GaAs/@d, AS
QW widths. Solid lines, coupled excitons; dashed lines, uncouple

B. Electric-field effects
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. i . . FIG. 7. Average excitonic effective mass as a function of exter-
146 | | nal electric field for the same exciton as in Fig. 6. The average is
' L=150kV/cm obtained from a parabolic fit of the exciton dispersion within an
< energy range of 5 meV. Solid line, lower-energy dispersion; dashed
L 145+ 1 line, higher-energy dispersion.
w
144 | i the same value as the electric field increases. Except for one
: . . . of the branches at small electric fields, the average mass
0.00 001 002 0.03 004 0.05 decreases with the field as a consequence of the increasing in
Keu(A™) the energy separation between the heavy- and light-hole

ground subbands. The average masses converge to a value
FIG. 6. Ground exciton dispersions for a 150-A-thick slightly above the uncoupled in-plane exciton mass. The av-
GaAs/Gg-Aly ;As QW in the presence of an external electric field. erage masses give just an insight for the exciton dynamics.
The two dispersion branches are actually coupled and during

sible to achieve large Stark shifts while still observing stronggﬁgni%a:;etr;]negOi’rzgfesses the exciton can switch from one

excitonic like absorption peak8.The electric field polarizes
the electron and the hole to different directions of the QW.
However, the exciton still shows a strong binding enetgy. C. Exciton spin

The single-particle QW Stark ;hift is proportional to the car-  The coupling among the exciton states induces a strong
rier mass. The energy separation between the heavy-hole afglying in the exciton spin. It is this mixing that allows for
light-hole subbands can then be controlled through the applighe exciton spin relaxation. Figure 8 shows the average spin
cation of the electric field. This effect was used to demon-<sexc> as defined in Eqs(26) and (27) as a function of

strate the coupling among heavy- and light-hole excnonﬁzc.m. for two directions of the exciton dispersion for the

: ; i - 18,19
with different in-plane symmetrieS: same QW as in Fig. 1, for the;—hh,;:1s ande;—lh;:1s

The longitudinal electric field breaks the mirror symmetry xciton states. Here the in-olane diSpersion Warping was in-
in respect to the center of the QW. As a consequence, the : P P ping

degeneracy in the hole subband dispersions is lifted. Figure 6
shows the ground-exciton-c.m. dispersion for a QW width
L=150A and electric field$==50, 100, and 150 kV/cm. _  oOrdirect
We clearly observe the break of the degeneracy at finite val- ! f"hh"1s ..... Enoid:iﬁﬂgﬂ
ues of K., . The effect is, however, weaker for electric
fields larger than 50 kV/cm. This is a consequence of two
competing effects: Large electric fields enhance the asym- s,
metry in the QW, but also increase the energy separation o
between the ground heavy- and light-hole subbands, dimin- v B NS S,
ishing the effects of the coupling among the exciton states.

For the parameters considered here, the latter effect domi-

nates and the break of the degeneracy is more noticeable for - erh:1s

F =50 kVv/cm than forF=150 kV/cm. Note that both dis-

persions converge to the same valu&at, =0, as it should 000 001 002 003 004 005
be, since the electric field does not lift the degeneracy at the Kow (A1)

center of the zon& Figure 7 shows the average exciton

effective mass for the two branches of the dispersion as a FIG. 8. Average excitonic spin as a function Kt ,, for the
function of the electric field. The difference between the twoel—hh1:1s and el—1h1:1s excitonic states. Solid lineg100)
average masses can be larger than 50%. They converge ddection; dashed lineg110) direction.L =200 A.
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T T ~2 meV. Because of the coupling, the exciton flips its spin
as it relaxes and reaches the bottom of its dispersion. Since
excitons, electron, and holes relax their spin with different
rates, the spin relaxation is strongly dependent on the exciton
creation process. The QW width plays a fundamental role as
well, since, depending on the mechanism for the exciton cre-
ation and on the QW width, the exciton may be created in a
state already strongly mixed or not. This “initial condition”
for the exciton relaxation certainly influences the final out-
come of the entire process. For a more complete analysis of
1r 1 the exciton spin relaxation, it is necessary to include the
exchange interactidf in our calculation. Although this in-
000 0.61 : 0.62 : 0‘63 : 0.64 005 teraction is \_Neak, it is resp9n3|ble for the poupllng among

K., (A7) d|fferen.t excnqn s_tates and is fundamental in the process of

o the exciton spin flip

FIG. 9. Average spin of the ground exciton state for several QW

widths in the axial approximation. IV. CONCLUDING REMARKS

We presented here the results of the calculation of the
cluded. The others spin mixingEqgs.(24) and(25), (28) and  exciton c.m. dispersion. The excitons show similar features
(29), and (30) and (31)] show the same pattern. Although as the holes in their dispersion. In particular, we observe that
there is a mixing already a.,,=0, this is a very small the parabolic electron mass does not smooth out the camel-
effect. Most of the mixing starts at the anticrossing value ofoack shape of the dispersion. The exciton in-plane mass and
Kc.m.- This corresponds to a kinetic energy of only the_average spin are strongly de.pendent on the exciton ki-
~1.5 meV for the ground exciton state. The exciton spinr.]etIC energy as well as.the QW width. Our calculations are a
becomes completely blurred Kt, ,>0.0154 AL, Figure 9 first step in unders'gandlng the_effects_ of the valence-subband
Shows(S,.) as a function oK., for different values of the coupling in the exciton dynamlc_s. This _allows us to Calculate_
QW width in the axial approximation. As expected, the several processes, like th_e exciton spin rel_axatlon .and. exc-
strong mixing in the exciton spin occurs for lower values ofton formatlon and relaxation, including exciton mixing in a
Kem. as the QW width increases. This difference is morenonperturbanve way.
important if we consider the equivalent exciton kinetic en-
ergy (see Fig. 3 ForL=50 A the strong spin mixing starts
for an exciton kinetic energy of-20 meV while for L We gratefully acknowledge financial support from CNPq
=200 A the exciton is already strongly mixed at energies of(Brazil) and FAPESRBrazil).
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