
ld

PHYSICAL REVIEW B 15 SEPTEMBER 2000-IVOLUME 62, NUMBER 11
Fine structure of excitons in a quantum well in the presence of a nonhomogeneous magnetic fie
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The trapping of excitons in a semiconductor quantum well due to a circular symmetric nonhomogeneous
magnetic field is studied. The effect of the spin state of the exciton on its trapping energy is analyzed, and the
importance of the interaction of the orbital and spin Zeeman effect as compared to the diamagnetic term in the
exciton Hamiltonian is emphasized. Magnetic-field profiles are considered, which can experimentally be cre-
ated through the deposition of ferromagnetic disks on top of a semiconductor heterostructure. This setup gives
rise to a magnetic dipole type of profile in thexy plane of the exciton motion. We find that the spin direction
of the exciton influences its localization by changing the confinement region in the effective potential. The
exciton confinement increases with magnetic-field intensity, and this is more pronounced when the excitong
factor is different from zero. The numerical calculations are performed for GaAs/AlxGa12xAs quantum wells
and we show that it open up a new realistic path for experiments designed to probe exciton trapping in
semiconductors.
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I. INTRODUCTION

The trapping and guiding of atoms has been the subjec
a number of experimental and theoretical works during
last few years.1,2 Among the various methods that have be
applied to the trapping of atoms, the magnetic one has b
clearly recognized as the most powerful.3,4 The possibility of
exciton trapping in semiconductors has been actively p
sued for many years.5,6 Recently, nonhomogeneous stre
was used in order to create an energy minimum for the tr
ping of excitons in GaAs quantum wells.7 Several works
have argued that the utilization of homogeneous magn
fields during the trapping of excitons in semiconducto
quantum wells will enhance Bose-Einstein effects in a ga
excitons.8 In particular, Ref. 9 reported a strong increase
the exciton confinement properties above a critical thresh
of uniform magnetic field. An alternative approach to loc
ize excitons is by using nonhomogeneous magnetic fields
a preceding paper,10 we discussed the exciton lateral confin
ment in a GaAs two-dimensional electron gas~2DEG! in the
presence of nonhomogeneous magnetic fields. We sho
that excitons can be trapped in magnetic-field inhomoge
ities, with a confinement degree that depends strongly
their angular momentum. Experimentally, nonhomogene
magnetic fields were used to control the confinement of
citons in quantum wells, where spatially resolved photolum
nescence~PL! and PL-excitation spectroscopy was utilize
to measure the field gradient effect in the exciton late
motion.11

With the continuing improvements in the experimen
realization of spatially nonhomogeneous magnetic fie
several magnetic structures, which can be used for the t
ping of particles, have been proposed,12 such as: magnetic
quantum dots produced by a scanning tunneling microsc
lithographic technique,13 magnetic superlattices create
PRB 620163-1829/2000/62~11!/7316~9!/$15.00
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through the patterning of ferromagnetic materials integra
with semiconductors,14 type-II superconducting materials de
posited on conventional heterostructures,15 and nonplanar
2DEG systems grown by molecular-beam epitaxy.16 In par-
ticular, a magnetic dipole type of profile, which experime
tally can be created by ferromagnetic materials deposited
top of semiconductor heterostructures, has attracted a g
deal of interest.10,17 This system is essentially different from
the others since the local nonhomogeneous magnetic
has zero average magnetic-field strength. Furthermore,
magnetized disks can create much stronger magnetic-
inhomogeneities than the superconducting one.

In our previous paper,10 we neglected the spin of the elec
tron and the heavy hole and considered only their orb
motion. We showed that this could already induce a we
confinement of the excitons for special configurations of
nonhomogeneous magnetic-field profile. In the trapping
atoms, their spin/total angular momentum is the key quan
that leads to their confinement in a nonhomogeneous m
netic field. Therefore, we expect that in the case of excito
the inclusion of the spin of the particles will lead to an i
creased confinement.

In this paper, we report on a detailed analysis of the tr
ping of excitons in a GaAs/AlxGa12xAs quantum well in a
nonhomogeneous magnetic field, taking into account spin
fects. A magnetized disk deposited on top of a quantum w
with a homogeneous magnetic field applied parallel to
growth directionz, i.e., perpendicular to the magnetic dis
generates the nonhomogeneous magnetic-field profile use
the present calculations. This system gives rise to a magn
dipole type of profile in thexy plane of the exciton
motion.10,17,18 The effects of the well confinement and th
importance of the orbital and spin Zeeman splitting, and
diamagnetic contributions to the exciton trapping energy a
the wave function are analyzed.
7316 ©2000 The American Physical Society
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The paper is organized as follows. In Sec. II the theo
ical procedure used to obtain the exciton Hamiltonian in
quantum well in nonhomogeneous magnetic fields is giv
The circular magnetic trap used in this paper is also p
sented in Sec. II. The calculation method to obtain the e
ton trapping energy, the exciton effective mass and its ef
tive confinement potential are discussed in Sec. III. O
numerical results for GaAs/AlxGa12xAs quantum wells are
presented and discussed in Sec. IV. These theoretical re
strongly suggest that it is possible to realize experiment
exciton trapping using nonhomogeneous magnetic fie
Our results are summarized in Sec. V.

II. THEORETICAL MODEL

A. Exciton Hamiltonian

The exciton Hamiltonian describing the electron a
heavy-hole motion in a quantum well in nonhomogeneo
magnetic fields can be written as follows:

H5H2D~re ,rh!1W~r ,ze,h!1H'~ze,h!1Hmz~re ,rh!,
~1!

where

H2D~re ,rh!5
\2

2me,i* H 2 i¹e
2D1

e

\c
A~re!J 2

1
\2

2mh,i*
H 2 i¹h

2D2
e

\c
A~rh!J 2

2
ge2

«r
,

~2a!

W~r ,ze,h!5
ge2

«r
2

e2

«Ar 21~ze2zh!2
, ~2b!

H'~ze,h!52
\2

2me,'*

]2

]ze
2

1Ve~ze!2
\2

2mh,'*

]2

]zh
2

1Vh~zh!,

~2c!

Hmz~re ,rh!5mB (
i 5x,y,z

ge,iSe,iBi~re!

22mB (
i 5x,y,z

~kiJh,i1qiJh,i
3 !Bi~rh!

2
2

3 (
i 5x,y,z

ciSe,iJh,i . ~2d!

The in-plane Hamiltonian@H2D(re ,rh)# describes the
electron and hole motion in thexy plane in a nonhomoge
neous magnetic field, which is represented by the vector
tentialA(r ). We will make use of a variational approach19 to
assume that the difference between the 2D and 3D Coul
interactions @W(r ,ze,h)# can be made very small by th
choice of an optimum value forg,20 which is a variational
parameter that is calculated from the average ofW(r ,ze,h)
over the exciton wave function. The perpendicular contrib
tion @H'(ze,h)# describes the exciton confinement in t
quantum well, i.e., in thez direction, which is not affected by
t-
a
n.
-
i-
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r
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s

o-
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the magnetic field. The exciton spin interaction with t
magnetic field is described by the spin Hamiltoni
@Hmz(r )#. The terms in the latter correspond to the electr
and heavy-hole Zeeman spin interaction, and to the spin-
coupling energy, respectively.21

In Eq. ~2!, me,'* , mh,'* (me,i* , mh,i* ) are the perpendicula
~in-plane! electron and heavy-hole effective masses,Se,i and
Jh,i (ge,i and ki ,qi) are related to the electron and heav
hole spin ~Luttinger-Zeeman splitting constants!, respec-
tively, mz5Se,i1Jh,i561,62, is the total spin angular mo
mentum,mB5e\/2me,i* c is the Bohr magneton, andci is the
spin-spin coupling constant related to the zero-field spin
teraction. We will assume an isotropic dispersion for ele
trons and holes. Notice thatre , rh are 2D coordinates and
give thexy plane position of the electron and hole, respe
tively.

To simplify the in-plane @H2D(re ,rh)# and spin
@Hmz(re ,rh)# Hamiltonian, we introduce the exciton relativ
and center-of mass coordinates,r5re2rh , and R5(me* re

1mh* rh)/M , respectively, withM5(me* 1mh* ) the exciton
mass. Following Ref. 10, we apply the adiabatic approac22

in which we assume that the exciton relative motion is fas
compared to the center-of-mass motion. Following the
proach of Freireet al.,10 theH2D(re ,rh) Hamiltonian can be
separated in a center-of-mass and a relative Hamiltonian,
H2D(re ,rh)5HCM(R)1Hg

r (r ,R,¹R), with HCM(R)
52(\2/2M )¹R

2 , and

Hg
r ~r ,R,¹R!52

\2

2m
¹ r

22
ge2

«r
1W11W2 , ~3!

where W15(e/2mc)jB(R)•L1( ie\/2Mc)@B(R)3¹R
2¹R3B(R)#•r and W25(e2/8mc2)B(R)2r 2 are terms re-
lated with the first and the second power in the magne
field strength, respectively.10 In the above Hamiltonian,m
5me* mh* /M is the exciton reduced mass,j5(mh* 2me* )/M ,
andL5r3(2 i\¹ r) is the exciton angular momentum ass
ciated to the relative motion.

In the adiabatic approximation, the magnetic field in t
spin Hamiltonian@seeHmz(re ,rh) in Eq. ~2d!# can be ex-
panded to zero order in the relative coordinates, i
B(re,h)5B(R). With this assumption, the exciton spi
Hamiltonian can be written as:

Hmz~R!5mB(
i 51

3 Fge,iSe,i2
1

3
gh,iJh,i GBi~R!

2
2

3 (
i 51

3

ciSe,iJh,i , ~4!

where we introduced the following definitions for the excito
heavy-holeg factor gh,x53qx , gh,y523qy , andgh,z56kz
113.5qz .21

Following the adiabatic approach, the total exciton wa
function can be written as Cmz(R,r ,ze,h)
5F(r )c(R)F(ze,h)L mz(R), whereF(r ) @c(R)# is the ex-
citon wave function associated to the relative~center-of-
mass! motion, andL mz(R), F(ze,h) is the exciton wave
function corresponding to the spin and to the confinemen
the quantum well, respectively. Please notice that in the c
of the exciton motion in a homogeneous magnetic field,
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spin interaction with the magnetic field can be solved se
rately from the center-of-mass and relative motion coor
nates. Therefore, we assume here that there is no cou
between the wave function related to the exciton spin con
bution and those of the exciton center-of-mass and rela
motion. Finally, we obtain the following Schro¨dinger equa-
tions:

$HCM~R!1Er~g,R,¹R!1Emz~R!1E'2E%c~R!50,
~5a!

$Hg
r ~r ,R,¹R!2Er~g,R,¹R!%F~r !50, ~5b!

$Hmz~R!2Emz~R!%L mz~R!50, ~5c!

$H'~ze,h!2E'%F~ze,h!50. ~5d!

The variational parameter (g) is chosen in such a way t
minimize the expectation value ofW(r ,ze,h). The optimum
condition is found when

nE85^F~r !F~ze,h!uW~r ,ze,h!uF~r !F~ze,h!&50. ~6!

The above equation determinesgmin , which is inserted into
the exciton relative motion energyEr(g,R,¹R).

B. The nonhomogeneous magnetic field

Here, we are interested in the possibility of exciton tra
ping by using a confinement potential that is created b
circular nonhomogeneous magnetic field. Experimenta
these magnetic-field profiles can, e.g., be created by
deposition of nanostructured ferromagnetic disks~or super-
conducting disks! on top of a semiconductor heterostructu
with a homogeneous magnetic field applied perpendicula
the xy plane. This produces a nonhomogeneous perpend
lar magnetic field in the plane.17,18 In this paper, we conside
a magnetized disk on top of a GaAs/AlxGa12xAs quantum
well, which creates a magnetic dipole type of profile.
sketch of the experimental setup is shown in Fig. 1~a!. This
nonhomogeneous magnetic-field profile is forh!a given by
the following equation:10

Bz~R!5Ba12B0
D a~a1R!

RA~a1R!21d2

3H 2E~p2!1S 12
p2

2 DK~p2!J
1B0

D a~a22R21d2!

R2AaR
p3

3H 2
]

]p2
E~p2!2

1

2
K~p2!

1S 12
p2

2 D ]

]p2
K~p2!J , ~7!

wherep52AaR/A(a1R)21d2, B0
D5hM/a is the strength

of the magnetization of the disk,Ba is the uniform applied
field, h is the disk thickness,a is the disk radius,d is the
-
i-
ng
i-
e

-
a
,
e

to
u-

distance of the magnetic disk to the middle of the quant
well, M is the magnetization~in units of m0M/4p, where
m0 is the permeability of free space!, R is the radial coordi-
nate in thexy plane, andK(x) @E(x)# is the elliptic integral
of first ~second! type. The magnetic-field profileBz(R) is
shown in Fig. 1~b!, for a52 mm, d50.2 mm, B0

D50.05 T,
and for different values of the external applied magnetic fi
Ba50, 20.25 T, and 0.35 T. Notice that for this magneti
field profile, the average magnetic-field strength is ze
which give us the additional possibility to apply a bac
ground fieldBa to shift this magnetic-field profile up an
down. We will show that this results into two different e
fective confinement profiles for the exciton.

III. EFFECTIVE MASS AND CONFINEMENT POTENTIAL

In order to estimate the exciton confinement, we defin
the trapping energyET as the energy difference between
excitonic state in the homogeneous applied fieldBa and the
corresponding state in the nonhomogeneous magnetic fi

ET5Er~g,Ba!1Emz~Ba!1E'2E. ~8!

Thus, the important terms~effective potentials! which deter-
mine ET in Eq. ~5a! are only those appearing in Eqs.~5b!–
~5d! which areB(R) dependent. Therefore, the Hamiltonia
corresponding to the exciton confinement in the quant
well does not have to be solved in order to obtain the tr
ping energy. Indeed the corresponding result will cancel
in the ET calculation. All the well confinement related con
tribution to the exciton trapping is then determined throu
the g parameter@see Eqs.~5b! and ~6!#. It is worthwhile to

FIG. 1. ~a! Experimental setup to create a magnetic dipole ty
of profile in thexy plane of the exciton motion in a quantum we
Herea ~h! is the disk radius~thickness!, d is the distance of the disk
to the middle of the quantum well,M the magnetization,Ba is an
uniform applied field, andB0

D is the strength of the disk magnet
zation.~b! The magnetic dipole type of profile as a function of th
radial coordinateR for different values of the background magnet
field.
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point out that if we are interested in calculating the excit
binding energy, all these terms@Eqs. ~5b!–~5d!# have to be
included.

Following Ref. 10, the exciton relative motion@see Eq.
~5b!# can be solved by perturbation techniques, where all
B(R)-dependent terms are treated as perturbations. The
responding eigenvalues are

Er~g,R,¹R!5
e\

2mc
jmrBz~R!1

e2

8mc2
bmr

nr g22Bz~R!2

1
e2m

2M2c2
amr

nr g24¹R@Bz~R!2¹R#, ~9!

with the following wave function:

F0
nr ,mr~r !5Anr ,mrS 2gr

aB* ~nr21/2!
D umr u

3expS imrw2
gr

aB* ~nr21/2!
D

3Lnr1umr u21
2umr u S 2gr

aB* ~nr21/2!
D , ~10!

wherenr , mr are quantum numbers of the exciton relati
motion,aB* 5«\2/me2 is the effective Bohr radius,Anr ,mr

is
e
or-

the normalization constant,Ln
(a)(x) is the generalized La-

guerre polynomial, andamr

nr and bmr

nr ~in units of aB*
4 and

aB*
2, respectively! are constants related to the relative qua

tum numbersnr ,mr .10 In writing the above energy for the
relative motion@Eq. ~9!# we have neglected the field inde
pendent term2g2Ry* /(nr21/2)2 ~whereRy* 5me4/2«2\2 is
the effective Rydberg!, which does not give any contributio
to the exciton trapping energy. In solving the exciton relat
motion we assumed that the magnetic-field intensity is s
that we are in the weak-field regime, i.e.,\vc* ,2Ry* where
vc* 5eB/mc is the cyclotron-resonance frequency. For Ga
this impliesB,5 T.

For the sake of simplicity, instead of solving Eq.~6! to
obtaing, we used the results of Ste´bé and Moradi23 and of
Andreani and Pasquarello24 to determine the zero-magnetic
field binding energy of excitons in GaAs/Al0.3Ga0.7As quan-
tum wells.25 We found that the gamma parameter on
slightly influences the trapping energy and this as a coe
cient in two smaller terms~diamagnetic and mass correctio!
in the exciton relative motion energy@see Eq.~9!#. For a
complete description of the dependence of theg parameter
with the quantum well width and also with an applied hom
geneous magnetic field~which is negligible in the weak-field
regime! we refer to Ref. 19.

The eigenenergy of the spin Hamiltonian for a magne
field parallel to the z direction~for d!a the in-plane mag-
netic field can be neglected! is straightforwardly calculated
from Eq. ~5c!:
n

on in Eq.
Emz~R!56
1

2
AmB

2@~21!mz11ge,z1gh,z#
2Bz~R!21@cx2~21!mz11cy#

2. ~11!

In the above energy, we neglected theB(R)-independent term, i.e., thee-h exchange energy in the z direction
(21)mz11cz/2,21 which does not contribute to the calculus ofET . The spin-wave function is a linear combinatio
@ uL mz(R)&5(u1&6u2&)/A2] of the exciton spin statesmz :

uL mz~R!&5
uumzu&1~Q6A11Q2!u2umzu&

A2~11Q26QA11Q2!
, ~12!

whereQ5mB@(21)mz11ge,z1gh,z#Bz(R)/@cx2(21)mz11cy#.
We can now use all the results of the exciton relative motion, spin interaction, and well confinement@Eqs.~9!, ~11!, and~6!,

respectively# to solve the exciton center-of-mass equation@see Eq.~5a!#. Now, the eigenenergiesEr(g,R,¹R) andEmz(R) act
like an effective potential and an effective mass in the center-of-mass equation of motion:

H 2
\2

2M
¹RH 12

e2m

\2Mc2
amr

nr g24Bz~R!2J ¹R1
e2

8mc2
bmr

nr g22Bz~R!21
e\

2mc
jBz~R!mr

6
1

2
AmB

2@~21!mz11ge,z1gh,z#
2Bz~R!21@cx2~21!mz11cy#

22EJ c~R!50. ~13!

Our magnetic field is parallel to the z direction and hasw symmetry, i.e.,Bz(R)5Bz(R) @see Eq.~7!#. Then, we can use the
cylindrical symmetry of our problem to write the exciton center-of-mass wave function asc(R)5e2 imRwc(R), wheremR is
the quantum number for the angular momentum of the exciton center-of-mass motion. Inserting the above wave functi
~13! and writing the¹ operator in cylindrical coordinates, Eq.~13! can be written as follows:
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H 2
\2

2

1

R

d

dRF R

Me f f~R!

d

dRG1Ve f f~R!2EJ c~R!50, ~14!

where

Me f f~R!5
M

12
e2m

\2Mc2
amr

nr g24Bz~R!2

, ~15a!

is the exciton effective mass, and

Ve f f~R!5
\2

2

1

Me f f~R!

mR
2

R2
1

e2

8mc2
bmr

nr g22Bz~R!21
e\

2mc
jmrBz~R!

6
1

2
AmB

2@~21!mz11ge,z1gh,z#
2Bz~R!21@cx2~21!mz11cy#

2, ~15b!
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is the effective confinement potential of the exciton cent
of-mass motion. In the above equation, the different ter
correspond to the centrifugal, diamagnetic, orbital mom
tum, and spin contribution, respectively. The centrifug
term is related with the exciton effective mass and the an
lar momentum of the center-of-mass motion, which
found to give the smallest contribution to the effective p
tential. The magnetic-field squared dependence is prese
the effective mass and in the diamagnetic term of the ef
tive potential. Notice that all the direct contributions of th
quantum well confinement is included through theg param-
eter, which only gives a small increase in the magnetic-fi
squared intensity. As occurs in the trapping of atoms, the
more important terms are the angular momentum and
contributions. The first is only important for the excite
states. The sign in the spin contribution is related to the s
quantum statemz561,62, which characterizes the spi
Zeeman splitting.

IV. NUMERICAL RESULTS AND DISCUSSION

We have calculated the trapping energy and wave fu
tion of excitons in a GaAs/Al0.3Ga0.7As quantum well in a
nonhomogeneous dipole type of magnetic field. The num
cal solution of Eq.~14! was obtained by using a discretiz
tion technique. We use electron and heavy-holeg factors that
depend on the quantum well widthL, but we neglect its
magnetic-field dependence since only small magnetic-fie
are considered.26–28 We take advantage of the system sy
metry to assume thatcx52cy .27 The electron and heavy
hole mass, and the dieletric constant used in this paper
the same as in Refs. 23 and 24 (me* /m050.067, mh* /m0

50.34, and«512.5). The confinement energy level of th
exciton in the quantum well does not directly enter into t
trapping energy, but it enters indirectly through theg param-
eter, which depends on the confinement state of the exc
and on its relative motion state. As an example we too
ferromagnetic disk with radiusa52 mm, which is placed a
distanced50.2 mm above the quantum well.

The effective potential and effective mass for the exci
-
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ground state is shown in Fig. 2 as a function of the rad
coordinateR, for a quantum well width ofL590 Å, for the
situation in which a uniform applied field of~a! Ba
50.35 T and ~b! Ba520.25 T, is presented, where th
strength of the disk magnetization isB0

D50.05 T. The Zee-
man effect can be seen in the effective potential by the s
in the corresponding spin statesmz561 ~dashed and dotted
curves!, as compared to the spinless state~solid curves!. No-
tice that there is an interesting change of both sign and
vature in the effective potential associated to the spin st
mz561, which can be observed by comparing the dot
curves (mz511) with the dashed curves (mz521) de-
picted in Fig. 2. This occurs due to the fact that the diam
netic contribution to the effective potential@see Eq.~15b!# is
usually smaller than the Zeeman contribution. Then, the

FIG. 2. Effective potential, Ve f f(R), for the exciton ground
state, for the spinless situationmR50 ~solid!, and respective effec-
tive mass, Me f f(R), ~dashed dotted!, and Ve f f(R) for spin quantum
statesmz511 ~dotted!, andmz521 ~dashed! of the magnetized
disk, as a function of the radial coordinateR, for a homogeneous
applied magnetic field of~a! Ba50.35 T and~b! Ba520.25 T, for
d/a50.1 anda52 mm, for a strength of the disk magnetization o
B0

D50.05 T, and a quantum well widthL590 Å.
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ter dictates the behavior of the effective confinement pot
tial, changing the confinement of the trapped exciton from
centered structure to a ringlike structure.

The quantum well confinement effects on the exciton m
tion are very important not because of the confinement its
but due to the large dependence of the excitong factor on the

FIG. 3. Exciton trapping energyET for nR51, (nr ,mr)
5(1,0), as a function of the magnetization strengthB0

D , in the
presence of an applied fieldBa520.25 T and a quantum wel
width of ~a! L550 Å and~b! L5100 Å, with mR50 ~curves! and
mR51 ~symbols!, and for spin quantum numbersmz50 ~solid
curves and triangles down!, mz511 ~dotted curves and squares!,
mz521 ~dashed curves and triangles up!, mz512 ~short-dash
curves and stars!, andmz522 ~dashed-dotted curves and circles!.
In the inset of~a! the dependence of theg factor on the quantum
well width is shown.

FIG. 4. Exciton trapping energyET for the exciton ground state
as a function of the strength of the disk magnetizationB0

D and the
quantum well widthL, for the spinless exciton (mz50) and for an
applied background field ofBa50.35 T.
-
a

-
lf,

quantum well width@see inset of Fig. 3~a!#. The exciton
trapping energy dependence on the strength of the mag
zation of the disk (B0

D), for a homogeneous applied field o
Ba520.25 T, for quantum well widths ofL550 Å andL
5100 Å, is shown in Fig. 3~a! and Fig. 3~b!, respectively. In
both figures we showed the results for the case when
exciton center-of-mass quantum number isnR51 with mR
50 ~curves! and mR51 ~symbols!, and when the relative
quantum numbers are (nr51, mr50), for the ground-state
level of the exciton well confinement, and for spin quantu
numbermz50,61 ~i.e., s6 polarized states!, 62 ~i.e., the
dark excitons!. The results for the dark exciton are on
shown for reference. They are not optically active and th
will not be further considered. Notice that the excitong fac-
tor increases the trapping energy as much as by a factor o
and that the behavior of the Zeeman splitting is stron
influenced by the nonhomogeneous magnetic field@compare
the dashed and dotted curves in Fig. 3~a! and 3~b!#. Also
notice that for largeB0

D , the trapping energy starts to de
crease because the nonhomogeneous field created byB0

D can
now be comparable to the homogeneous applied fieldBa ,
which decreases the confinement region in the effective
tential @see Fig. 2~b! and Fig. 1~b!#. The energy of themR
51 states@the centrifugal term in the effective potential o
Eq. ~15b!# are only slightly different from the energy of th
corresponding nonexcited state.

The dependence of the exciton ground-state trapping

FIG. 5. The same as in Fig. 4 but now for spin quantum nu
bers~a! mz521 and~b! mz511.
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FIG. 6. Exciton trapping energyET for (nR ,mR)5(1,0), mz50 ~solid curves!, mz511 ~dotted curves!, mz521 ~dashed curves! as a
function of B0

D in the presence of an applied fieldBa520.25 T for relative quantum numbers~a! (nr ,mr)5(2,21), ~b! (nr ,mr)5(2,0),
and ~c! (nr ,mr)5(2,11), and forBa50.35 T for nr52, and~d! mr521, ~e! mr50, and~f! mr511. The quantum well width isL
550 Å.
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ergy on the quantum well width and on the magnetizat
strengthB0

D is shown in Figs. 4, 5~a!, and 5~b!, for the spin
quantum numbersmz50, 21, and11, respectively, and for
an applied fieldBa50.35 T. For thin wells~widths smaller
than approximately 60 Å) the exciton trapping energy
strongly sensitive to the nonhomogeneous magnetic field
to the size of the well. As the well width increases, the tra
ping energy becomes basically independent of the well c
finement, and the magnetic field is only a small perturbat
@see Figs. 5~a! and 5~b!#. There is a minimum in the exciton
trapping energy when the quantum well width is near 100
which is due to the fact that theg factor is approximately
equal to zero@see inset of Fig. 3~a!#. The spin Zeeman split
ting, due to the nonhomogeneous magnetic field, does
follow the same behavior of shifting up and down the ene
as occurs in the homogeneous field case@compare Figs. 4,
5~a!, and 5~b!#. Thes2 polarized state@Fig. 5~a!# is always
shifted up as compared to the spinless situation~Fig. 4!, but
the s1 polarized state can be shifted down, but also up@see
Fig. 5~b! or dotted curves in Figs. 3~a! and 3~b!#, depending
on the relation between the quantum well width~exciton g
factor! and the magnetization strengthB0

D . This is due to the
change in the confinement region of the effective poten
related with themz511 spin state, as previously describe
in our discussion of Fig. 2. It is quite remarkable that t
exciton spin interaction with the nonhomogeneous magn
field can be responsible for increases in the exciton trapp
energy as large as a factor of 100, as compared to the s
n

nd
-
n-
n

,

ot
y

l

ic
g
in-

less situation of Fig. 4. It is important to highlight that th
considered magnetic fields and quantum well widths are
the range that are currently available experimentally.

The trapping energy of the exciton excited states a
function of the strength of the disk magnetizationB0

D are
shown in Fig. 6 for (nR51, mR50) with relative quantum
numbernr52, for the first excited state of the exciton we
confinement, for a quantum well widthL550 Å, for Ba5
20.25 T, with the following relative angular quantum num
bers:~a! mr521 , ~b! mr50, and~c! mr511, and forBa

520.25 T, for ~d! mr521 , ~e! mr50, and~f! mr511.
The interaction of the exciton angular and spin momentum
responsible for several interesting effects, mainly in the c
of negativeBa where the Zeeman splitting exhibits differe
behavior for each angular quantum number of the rela
motion. The trapping energy for a positive applied field
ways increases linearly with increasing nonhomogene
magnetic-field intensityB0

D , which is not the case for the
results with negativeBa . The linear increase is due to th
fact that the angular momentum term is the dominant term
the exciton Hamiltonian, and it has a linear dependence
the magnetic field. The decrease of the trapping energie
Figs. 6~a! and 6~b! can be explained by the competition b
tween Ba and B0

D , as discussed previously in connectio
with Fig. 3.

The contour plot of the conditional probability to find th
electron somewhere in thexy plane for the case of the exc
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ton ground stateuc(R)F(r )u2, in the presence of an applie
homogeneous magnetic fieldBa520.25 T, is shown in Fig.
7 for the spin quantum numbermz521 and in Fig. 8 for
mz511. In both pictures, we considered a quantum w
width L590 Å and the strength of the disk magnetizati
was B0

D50.05 T. The hole~indicated by the symbol in the
figures with a cross in the middle! is fixed in the position
rh5(0,0) in Figs. 7~a! and 8~a!, and in rh5(0.5,0) mm in
Figs. 7~b! and 8~b!. It can clearly be seen that the spin o
entation changes the exciton confinement from a cente
structure to a ringlike structure~compare Figs. 7 and 8!. Also
notice that the electron tries to follow the hole but this
partially worked against by the attraction to the minimum
the effective potential~see Fig. 2! in the case of a centere
wave function~see Fig. 7!. In the ringlike structure, the elec
tron moves to the hole nearest position~see Fig. 8!.

V. CONCLUSIONS

The possibility of carrier trapping in a well-defined co
finement region in a semiconductor heterostructure, op
the possibility of numerous studies for electronic phase tr
sitions, confined exciton gases, and excitonic molecule6,7

The trapping of excitons in semiconductor systems of
duced dimensionality have also been proposed as a me
of observing Bose-Einstein condensation of excitons.9 The

FIG. 7. Contour map of the electron conditional probabil
uc(R)F(r )u2 in the exciton ground state, for spin quantum numb
mz521, quantum well widthL590 Å, magnetization strength

B0
D50.05 T, and uniform applied fieldBa520.25 T. We fixed the

hole in position~a! rh5(0,0) and~b! rh5(0.5,0) mm.
ll

ed

f

ns
-

-
od

experimental efforts to observe exciton condensation
semiconductors were concentrated on the analysis of the
line shape and the transport of excitons. Previous PL exp
ments~see, e.g., Ref. 11 and references therein! of the exci-
ton trapping by using nonhomogeneous magnetic fields h
shown that excitons are driven to regions of minimum fie
but they could not detect the direct effect of the field gradi
on the exciton motion. They concluded that the experimen
conditions had to be improved by taking better samples
have larger exciton mobility, and a larger nonhomogene
magnetic-field strength was necessary.

We have investigated the exciton trapping in a quant
well in the presence of a nonhomogeneous dipole type
magnetic field. The effects of the well confinement and
the exciton interaction with the nonhomogeneous magn
field taking into account spin states, were analyzed and
cussed. As compared to our previous results in which
spin of the exciton was not taken into account, we foun
substantial increase of the trapping energy of the excitons
using nonhomogeneous magnetic fields. We also sho
that the obtained energies, as well as the conside
magnetic-field strength and well widths, are currently expe
mental obtainable.

Our results show that the trapping energy is strongly
pendent on the quantum well width and shape of the non
mogeneous magnetic-field profile, but that an increase in
magnetic-field intensity is not always related with a strong
confinement~as occurs in the uniform magnetic-field situ
tion!, as previously discussed in Sec. IV. Our main resul
that the spin of the exciton is responsible for an increase

r
FIG. 8. The same as in Fig. 7 but now for spin quantum num

mz511.
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the trapping energy, which can be as large as a factor of
This can be used to increase the experimental condition
choosing a suitable set of parameters~quantum well width
and magnetic-field profile! in order to maximize the exciton
trapping. Furthermore, the spin interaction with the magn
dipole type of profile can change the exciton spatial locali
tion of a centered structure to a ringlike structure, increas
the energy level corresponding to themz511 spin state,
which suggests that the two lines of thes6 polarized states
will be very close in energy in the PL spectra, which m
make it difficult for its identification. For the case of narro
wells, exciton localization due to quantum well width flu
tuations will also be present. This effect was not conside
in the present paper but should be easily distinguished
perimentally with the present exciton trapping by nonhom
geneous magnetic field, by changing the strength of the m
netization of the magnetized disk.
00.
by

tic
a-
ng

y

-
ed
x-

o-
g-

Our results open up a new path for experiments on
confinement of excitons, which should reveal new kinds
exciton trapping and increase the knowledge about the e
ton interaction with nonhomogeneous magnetic fields.
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23B. Stébé and A. Moradi, Phys. Rev. B61, 2888~2000!.
24L.C. Andreani and A. Pasquarello, Phys. Rev. B42, 8928~1990!.
25For the calculus ofg, we compare the energy of the zero field

term in the exciton relative motion@2g2Ry* /(nr21/2)2# with
the corresponding data in the literature for the exciton bindin
energy, i.e.,g25Eb

lit ./@Ry* /(nr21/2)2#.
26M.J. Snelling, E. Blackwood, C.J. McDonagh, R.T. Harley, and

C.T.B. Foxon, Phys. Rev. B45, 3922~1992!.
27E. Blackwood, M.J. Snelling, R.T. Harley, S.R. Andrews, and

C.T.B. Foxon, Phys. Rev. B50, 14 246~1994!.
28R.T. Harley and M.J. Snelling, Phys. Rev. B53, 9561~1996!.


