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Fine structure of excitons in a quantum well in the presence of a nonhomogeneous magnetic field
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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 tlkg 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 thegxciton
factor is different from zero. The numerical calculations are performed for GafGAaAl,As quantum wells
and we show that it open up a new realistic path for experiments designed to probe exciton trapping in
semiconductors.

[. INTRODUCTION through the patterning of ferromagnetic materials integrated
with semiconductor$? type-1l superconducting materials de-
The trapping and guiding of atoms has been the subject giosited on conventional heterostructutésgand nonplanar
a number of experimental and theoretical works during theDEG systems grown by molecular-beam epit&in par-
last few years:> Among the various methods that have beenticular, a magnetic dipole type of profile, which experimen-
applied to the trapping of atoms, the magnetic one has bedglly can bg created by ferromagnetic materials deposited on
clearly recognized as the most powertdiThe possibility of ~ top of semiconductor heterostructures, has attracted a great
exciton trapping in semiconductors has been active|y purdeal of intereSJf.O'ﬂThiS System is essentia”y different from
sued for many year¥® Recently, nonhomogeneous stressthe others since the local nonhomogeneous magnetic field
was used in order to create an energy minimum for the trapb@s zero average magnetic-field strength. Furthermore, the
ping of excitons in GaAs quantum welflsSeveral works ~Magnetized disks can create much stronger magnetic-field
have argued that the utilization of homogeneous magnetitthomogeneities than the superconducting one.
fields during the trapping of excitons in semiconductors N our previous papet) we neglected the spin of the elec-
quantum wells will enhance Bose-Einstein effects in a gas offon and the heavy hole and considered only their orbital
excitons? In particular, Ref. 9 reported a strong increase ofmotion. We showed that this could already induce a weak
the exciton confinement properties above a critical threshol§onfinement of the excitons for special configurations of the
of uniform magnetic field. An alternative approach to local-nonhomogeneous magnetic-field profile. In the trapping of
ize excitons is by using nonhomogeneous magnetic fields. IAtoms, their spin/total angular momentum is the key quantity
a preceding papéf,we discussed the exciton lateral confine- that leads to their confinement in a nonhomogeneous mag-
ment in a GaAs two-dimensional electron aPEG) in the netic field. Therefore, we expect that in the case of excitons,
presence of nonhomogeneous magnetic fields. We showdge inclusion of the spin of the particles will lead to an in-
that excitons can be trapped in magnetic-field inhomogenecreased confinement. _ .
ities, with a confinement degree that depends strongly on [N this paper, we report on a detailed analysis of the trap-
their angular momentum. Experimentally, nonhomogeneouBing of excitons in a GaAs/AGa;_,As quantum well in a
magnetic fields were used to control the confinement of exponhomogeneous magnetic field, taking into account spin ef-
citons in quantum wells, where spatially resolved photolumi-fects. A magnetized disk deposited on top of a quantum well
nescencePL) and PL-excitation spectroscopy was utilized With @ homogeneous magnetic field applied parallel to its
to measure the field gradient effect in the exciton lateragrowth directionz, i.e., perpendicular to the magnetic disk,
motion1! generates the nonhomogeneous magnetic-field profile used in
With the continuing improvements in the experimentalthe present calculations. This system gives rise to a magnetic
realization of spatially nonhomogeneous magnetic fieldsdipole type of profile in thexy plane of the exciton
several magnetic structures, which can be used for the traprotion®1"*8 The effects of the well confinement and the
ping of particles, have been proposédsuch as: magnetic importance of the orbital and spin Zeeman splitting, and the
guantum dots produced by a scanning tunneling microscopgiamagnetic contributions to the exciton trapping energy and
lithographic techniqué® magnetic superlattices created the wave function are analyzed.
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The paper is organized as follows. In Sec. Il the theoretthe magnetic field. The exciton spin interaction with the
ical procedure used to obtain the exciton Hamiltonian in amagnetic field is described by the spin Hamiltonian
guantum well in nonhomogeneous magnetic fields is given.H™z(r)]. The terms in the latter correspond to the electron
The circular magnetic trap used in this paper is also preand heavy-hole Zeeman spin interaction, and to the spin-spin
sented in Sec. Il. The calculation method to obtain the excieoupling energy, respectivefy.
ton trapping energy, the exciton effective mass and its effec- In Eq.(2), mg, , my, (mg;, my ) are the perpendicular
tive confinement potential are discussed in Sec. lll. Ourin-plang electron and heavy-hole effective mass&s, and
numerical results for GaAs/fGa —,As quantum wells are  J, ; (g.; andk;,q;) are related to the electron and heavy-
presented and discussed in Sec. IV. These theoretical resulisle spin (Luttinger-Zeeman splitting constatsrespec-
strongly suggest that it is possible to realize experimentallyively, m,=Se,;+Jn;==1,%2, is the total spin angular mo-
exciton trapping using nonhomogeneous magnetic fie|d5mentum,,u3=eﬁ/2m§"|c is the Bohr magneton, and is the

Our results are summarized in Sec. V. spin-spin coupling constant related to the zero-field spin in-
teraction. We will assume an isotropic dispersion for elec-

Il. THEORETICAL MODEL trons and holes. Notice that, r, are 2D coordinates and
give thexy plane position of the electron and hole, respec-

A. Exciton Hamiltonian )
tively.

The exciton Hamiltonian describing the electron and To simplify the in-plane [H?®(r.,r)] and spin
heavy-hole motion in a quantum well in nonhomogeneougH™z(r,,r,)] Hamiltonian, we introduce the exciton relative
magnetic fields can be written as follows: and center-of mass Coordinate‘ylre_rh, and R:(m’é‘re
+mirn)/M, respectively, withM =(mg +m) the exciton
mass. Following Ref. 10, we apply the adiabatic appréfach

@ in which we assume that the exciton relative motion is fast as
where compared to the center-of-mass motion. Following the ap-
proach of Freireet al,'° the H?P(r,,ry,) Hamiltonian can be

H=H?(re,rp) +W(r,ze ) + H' (Zgp) + HM™(re,rp),

. h? o € 2 separated in a center-of-mass and a relative Hamiltonian, i.e.,
HE (reuTh) = 2| —1Ve "+ 75 A(re) H®(re,r) =HM(R)+H'(r,R,Vg),  with  HCM(R)
el =—(h%2M)V3, and
hz e 2 yez 2 2
+ —iVEP— Ay | ——, h ve
2m;,,[ el h)} er H;(r,R,VR)=—sz—8—r+W1+W2, (3)
(28 \where  W,;=(e/2uc)¢B(R)-L+(ieh/2Mc)[B(R) X Ve
—VgrXB(R)]-r and W,=(e%/8uc?)B(R)?r? are terms re-
2 2 R ) . .
W(r.Zo )= ye € 2b) lated with the first and the second power in the magnetic-
TN er e P (ze—2)2 field strength, respectively. In the above Hamiltonianu
=m:m’/M is the exciton reduced mass= (m: —mZ%)/M,
e'h h e
2 32 2 2 andL=rX(—1i%V,) is the exciton angular momentum asso-
d h J . . .
HY (zgp) = — — 51t Ve(Ze) = —— 5+ V(zn), ciated to the relative motion.
2mg | 97 Mh, 1 9Zy In the adiabatic approximation, the magnetic field in the

(20) spin Hamiltonian[seeH™z(r.,r,) in Eq. (2d)] can be ex-
panded to zero order in the relative coordinates, i.e.,
H™(r, )= S B(r B(ren)=B(R). With this assumption, the exciton spin
(Te.rn) MBi=;y,z Oe,SeiBi(re) Hamiltonian can be written as:

3

1
_Z“Bi_;yz (kidn,i+ i Jp,)Bi(rn) H™(R)= 115>, |Je,iSei— 39n.19n,i|Bi(R)
=X, =1
2 Seid 2 2 9
3 i Ci e,ivh,i - ( d) — § “~ CiSe,i‘]h,i y (4)

The in-plane Hamiltoniaf H?P(r,,r,)] describes the where we introduced the following definitions for the exciton
electron and hole motion in they plane in a nonhomoge- heavy-holeg factor g, =30y, gny=—34d,, andgy ,= 6k,
neous magnetic field, which is represented by the vector po+ 13.5,.%%
tential A(r). We will make use of a variational approadtko Following the adiabatic approach, the total exciton wave
assume that the difference between the 2D and 3D Coulomfunction can be  written as Y"™(R,r,zqp)
interactions[W(r,z. )] can be made very small by the =®(r)y(R)F(zen) L ™(R), where®(r) [#(R)] is the ex-
choice of an optimum value foy,?° which is a variational citon wave function associated to the relati(@nter-of-
parameter that is calculated from the averagaMgf,z, ) mas$ motion, and£™(R), F(zep) is the exciton wave
over the exciton wave function. The perpendicular contribufunction corresponding to the spin and to the confinement in
tion [H"(z.)] describes the exciton confinement in the the quantum well, respectively. Please notice that in the case
guantum well, i.e., in the direction, which is not affected by of the exciton motion in a homogeneous magnetic field, the
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spin interaction with the magnetic field can be solved sepa-
rately from the center-of-mass and relative motion coordi-
nates. Therefore, we assume here that there is no coupling
between the wave function related to the exciton spin contri-
bution and those of the exciton center-of-mass and relative

motion. Finally, we obtain the following Schdmger equa-
tions:

{H*M(R)+E"(y,R,Vg) +E™(R)+ E* —E}#(R) =0,
(5

{H;(r,R,VR)—E'(y,R,VR)}q)(r)=0, (Sb)
{H™(R)—E™(R)}£™(R)=0, (50
{H*(zen) —E'}F(2en) =0. (5d)

The variational parameteryj is chosen in such a way to
minimize the expectation value &¥(r,z, ). The optimum
condition is found when

AR =(D(r)F(Zen) [W(r,zen) [P (r)F(Ze ) =0. (6)

The above equation determings,,, which is inserted into
the exciton relative motion enerdy (v,R,Vg).

B. The nonhomogeneous magnetic field
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FIG. 1. (a) Experimental setup to create a magnetic dipole type
of profile in thexy plane of the exciton motion in a quantum well.
Herea (h) is the disk radiusthicknes$, d is the distance of the disk
to the middle of the quantum well\1 the magnetizationB, is an

Here, we are interested in the possibility of exciton trap-uniform applied field, and{ is the strength of the disk magneti-
ping by using a confinement potential that is created by aation.(b) The magnetic dipole type of profile as a function of the
circular nonhomogeneous magnetic field. Experimentally,fadia| coordinater for different values of the background magnetic
these magnetic-field profiles can, e.g., be created by théeld.

deposition of nanostructured ferromagnetic digs super-

conducting diskson top of a semiconductor heterostructure
with a homogeneous magnetic field applied perpendicular t%
the xy plane. This produces a honhomogeneous perpendiCLh—(,let

lar magnetic field in the plan¥:*In this paper, we consider
a magnetized disk on top of a GaAs/Bla _,As quantum
well, which creates a magnetic dipole type of profile. A
sketch of the experimental setup is shown in Fi@).1This
nonhomogeneous magnetic-field profile is fie€a given by
the following equatiort®

a(a+R)
Ry(a+R)?+d?
2

B,(R)=B,+2B{

X

B +|1- K<p2>]

2 2 2
pa(a®—R+d) 3

°  R2/aR

+B

0 1
X[ —a—sz(pZ)—EK(pz)

2

v 1—p—)izK(p2>],
op

. @

wherep=2.aR/\/(a+ R)?+d?, BY=hM/a is the strength
of the magnetization of the disl8, is the uniform applied
field, h is the disk thicknessa is the disk radiusd is the

distance of the magnetic disk to the middle of the quantum
well, M is the magnetizatioin units of woM/47, where

is the permeability of free spageR is the radial coordi-

e in thexy plane, andK(x) [E(x)] is the elliptic integral

of first (second type. The magnetic-field profil8,(R) is
shown in Fig. 1b), fora=2 um, d=0.2 um, B§=0.05T,
and for different values of the external applied magnetic field
B,=0, —0.25 T, and 0.35 T. Notice that for this magnetic-
field profile, the average magnetic-field strength is zero,
which give us the additional possibility to apply a back-
ground fieldB, to shift this magnetic-field profile up and
down. We will show that this results into two different ef-
fective confinement profiles for the exciton.

Ill. EFFECTIVE MASS AND CONFINEMENT POTENTIAL

In order to estimate the exciton confinement, we defined
the trapping energ¥+ as the energy difference between an
excitonic state in the homogeneous applied figljdand the
corresponding state in the nonhomogeneous magnetic field:

Er=E'(y,B,) +E™(B,) +E"—E. (8)

Thus, the important term&ffective potentialswhich deter-
mine E; in Eq. (58 are only those appearing in Eq&h)—

(5d) which areB(R) dependent. Therefore, the Hamiltonian
corresponding to the exciton confinement in the quantum
well does not have to be solved in order to obtain the trap-
ping energy. Indeed the corresponding result will cancel out
in the Eg calculation. All the well confinement related con-
tribution to the exciton trapping is then determined through
the y parametefsee Eqgs(5b) and(6)]. It is worthwhile to
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point out that if we are interested in calculating the excitonthe normalization constant,{*)(x) is the generalized La-
binding energy, all these terni&gs. (5b)—(5d)] have to be  guerre polynomial, andr” and B (in units of a§* and
r r

included. a%?, respectively are constants related to the relative quan-
Following Ref. 10, the exciton relative motidisee Eq. B » €SP 10 " d
éum numbersn, ,m, .~ In writing the above energy for the

(5b)] can be solved by perturbation techniques, where all th elative motion[Eq. (9)] we have neglected the field inde-

B(R)—depend_ent terms are treated as perturbations. The Copr)éndent term- 72R* /(n, — 1/2)2 (whereR = ue*/2:242 i
responding eigenvalues are Y Y

the effective Rydberg which does not give any contribution

ok 2 to the exciton trapping energy. In solving the exciton relative
E'(y,R,Vp) = =——&m,B,(R) + B?nr ¥ 2B,(R)? motion we assumed that the magnetic-field intensity is such
2uc 8uc? that we are in the weak-field regime, i.60¢ <2Rj where

wg =eB/uc is the cyclotron-resonance frequency. For GaAs
this impliesB<5 T.

For the sake of simplicity, instead of solving E®) to
obtain y, we used the results of $teand Moradf® and of
with the following wave function: Andreani and Pasquareffbto determine the zero-magnetic-
field binding energy of excitons in GaAs/AGa, 7As quan-

+

ez'u Ny .,—4 2
2M202amr7 VR[BZ(R) VR], (9)

My, 2yr e tum wells® We found that the gamma parameter only
@y () =An m m slightly influences the trapping energy and this as a coeffi-
(N, JI . ) ;
cient in two smaller termé&iamagnetic and mass correction
r in the exciton relative motion enerdygee Eq.(9)]. For a
Xexp( im, e— 7—> complete description of the dependence of thparameter
ag(n,—1/2 with the quantum well width and also with an applied homo-

geneous magnetic fieldvhich is negligible in the weak-field
2[m| 2yr 10 regime we refer to Ref. 19.
ai(n,—1/2))’ (10 The eigenenergy of the spin Hamiltonian for a magnetic
BT field parallel to the z directiorffor d<a the in-plane mag-
wheren,, m, are quantum numbers of the exciton relative netic field can be neglecteds straightforwardly calculated
motion,ag =%/ ue® is the effective Bohr radiush, n is  from Eq.(50):

n+m[-1

1
EM(R) =5V ua[ (—1)™ e+ On, 2 BA(R)Z+[0x— (- 1)™ T, . (1)

In the above energy, we neglected tB€R)-independent term, i.e., the-h exchange energy in the z direction
(—1)M*1c, /22 which does not contribute to the calculus Bf. The spin-wave function is a linear combination
[1£™(R))=(|+)*|-))/y2] of the exciton spin states,:

||mz|>+(Qi \/1+Q2)|_|mz|>
V2(1+ Q2% QV1+Q?)

whereQ= /“B[( - 1)mz+ lge,z+ gh,z]Bz( R)/[Cx_ (_ 1)m2+ lcy]-

We can now use all the results of the exciton relative motion, spin interaction, and well confifémei(®), (11), and(6),
respectively to solve the exciton center-of-mass equafisee Eq(5a)]. Now, the eigenenergids'(y,R,Vg) andE™(R) act
like an effective potential and an effective mass in the center-of-mass equation of motion:

|L™(R))= , (12

2 2 2
- - B RIZ Vet — By 2B (R~ B R
oM R hZMCZaer z( ) R 8,U,C2ﬁmry z( ) 2MC§ z( )mr
1
iE\//U“ZBI:(_:I-)mZJrlge,z_"gh,z]ZBz(R)z"_[Cx_(_:I-)mZJrle:lz_E l/f(R):O- (13)

Our magnetic field is parallel to the z direction and asymmetry, i.e.B,(R) =B,(R) [see Eq(7)]. Then, we can use the
cylindrical symmetry of our problem to write the exciton center-of-mass wave functig{Rs=e '""r¢y(R), wheremg is
the quantum number for the angular momentum of the exciton center-of-mass motion. Inserting the above wave function in Eq.
(13) and writing theV operator in cylindrical coordinates, E(L3) can be written as follows:
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721 d R otf _
2 RAR meR) AR +VeM(R)—E} 4(R)=0, (14
where
M
Meff(R): 5 , (153)
e u

is the exciton effective mass, and

G m%+ e g “28,R)24 S tmByR
?Meff(R)E SMCZBm’y Z( ) mgmr z( )

Veff( R) —

1
iz\/ﬂé[( - 1)mZ+lge,z+ gh,z]sz( R)2+ [Cx_ ( - 1)mz+1cy]21 (15b)

is the effective confinement potential of the exciton centerground state is shown in Fig. 2 as a function of the radial
of-mass motion. In the above equation, the different termgoordinateR, for a quantum well width of. =90 A, for the
correspond to the centrifugal, diamagnetic, orbital momensituation in which a uniform applied field ofa) B,

tum, and spin contribution, respectively. The centrifugal=0.35 T and(b) B,=—0.25 T, is presented, where the
term is related with the exciton effective mass and the angustrength of the disk magnetization B =0.05 T. The Zee-

lar momentum of the center-of-mass motion, which weman effect can be seen in the effective potential by the shift
found to give the smallest contribution to the effective po-in the corresponding spin states= + 1 (dashed and dotted
tential. The magnetic-field squared dependence is present gurves, as compared to the spinless stéelid curves. No-

the effective mass and in the diamagnetic term of the effectice that there is an interesting change of both sign and cur-
tive potential. Notice that all the direct contributions of the yature in the effective potential associated to the spin states
quantum well confinement is included through th@aram-  m,=+1, which can be observed by comparing the dotted
eter, which only gives a small increase in the magnetic-fielcurves n,=+1) with the dashed curvesm,=—1) de-
squared intensity. As occurs in the trapping of atoms, the tw@jicted in Fig. 2. This occurs due to the fact that the diamag-
more important terms are the angular momentum and spiRetic contribution to the effective potentiaee Eq(15b)] is
contributions. The first is only important for the excited ysually smaller than the Zeeman contribution. Then, the lat-
states. The sign in the spin contribution is related to the spin

quantum statem,= +1,=2, which characterizes the spin B =035T S
Zeeman splitting. 0.09}
E 0.06|
IV. NUMERICAL RESULTS AND DISCUSSION & 003
> 0.00}

We have calculated the trapping energy and wave func-
tion of excitons in a GaAs/AlGa, ;As quantum well in a
nonhomogeneous dipole type of magnetic field. The numeri-

cal solution of Eq.(14) was obtained by using a discretiza- s 0.04r
tion technique. We use electron and heavy-tiplactors that g

. . = 0021
depend on the quantum well width, but we neglect its 2
magnetic-field dependence since only small magnetic-fields %; 0.00

are considere®~?® We take advantage of the system sym-
metry to assume that,=—c,.>’ The electron and heavy-
hole mass, and the dieletric constant used in this paper are
the same as in Refs. 23 and 2m}/my=0.067, m}/mj R (um)
=0.34, ande=12.5). The confinement energy level of the i 5 Effective potential, ¥'(R), for the exciton ground
exciton in the quantum well does not directly enter into thegiate for the spinless situationy=0 (solid), and respective effec-
trapping energy, but it enters indirectly through thearam-  tjye mass, M(R), (dashed dottedand \*'(R) for spin quantum
eter, which depends on the confinement state of the excitogatesm,=+1 (dotted, andm,= —1 (dashedl of the magnetized
and on its relative motion state. As an example we took gjisk, as a function of the radial coordina®e for a homogeneous
ferromagnetic disk with radiua=2 pm, which is placed a applied magnetic field ofe) B,=0.35 T and(b) B,= —0.25 T, for
distanced=0.2 um above the quantum well. d/a=0.1 anda=2 um, for a strength of the disk magnetization of
The effective potential and effective mass for the excitonBy=0.05 T, and a quantum well width=90 A.
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FIG. 3. Exciton trapping energy¥; for ng=1, (n,,m,)
=(1,0), as a function of the magnetization stren@!ﬁ, in the
presence of an applied fielB,=—0.25 T and a quantum well
width of () L=50 A and(b) L=100 A, with mg=0 (curves and

mr=1 (symbolg, and for spin quantum numbers,=0 (solid Bo ) 0.050 175
curves and triangles downm,=+1 (dotted curves and squajes 0
m,=—1 (dashed curves and triangles)um,=+2 (short-dash FIG. 5. The same as in Fig. 4 but now for spin quantum num-

curves and staysandm,= —2 (dashed-dotted curves and cirgles bers(a) m,=—1 and(b) m,= +1.
In the inset of(a) the dependence of thgfactor on the quantum

well width is shown. qguantum well width[see inset of Fig. @)]. The exciton
trapping energy dependence on the strength of the magneti-
ter dictates the behavior of the effective confinement potensation of the disk Bg), for a homogeneous applied field of
tial, changing the confinement of the trapped exciton from &,=—0.25 T, for quantum well widths of =50 A andL
centered structure to a rlngllke structure. _ =100 A, is shown in Fig. @) and Fig. 3b), respectively. In
~ The quantum well confinement effects on the exciton moy, 4 figures we showed the results for the case when the
tion are very important not because of the confinement itselfay citon center-of-mass quantum numbemnjs=1 with mg
but due to the large dependence of the excgdactor on the  _| (curves and mg=1 (symbol, and when the relative
quantum numbers aren(=1, m,=0), for the ground-state
level of the exciton well confinement, and for spin quantum
numberm,=0,+1 (i.e., o= polarized states +2 (i.e., the
dark excitons The results for the dark exciton are only
shown for reference. They are not optically active and they
will not be further considered. Notice that the excimfac-
tor increases the trapping energy as much as by a factor of 20
and that the behavior of the Zeeman splitting is strongly
influenced by the nonhomogeneous magnetic fietpare
the dashed and dotted curves in Figa)3and 3b)]. Also
175 notice that for IargeBg, the trapping energy starts to de-
crease because the nonhomogeneous field creatB@ logn
now be comparable to the homogeneous applied tgld
which decreases the confinement region in the effective po-
tential [see Fig. #b) and Fig. 1b)]. The energy of thang
FIG. 4. Exciton trapping energ for the exciton ground state =1 stategthe centrifugal term in the effective potential of
as a function of the strength of the disk magnetizaihand the ~ EQ. (150)] are only slightly different from the energy of the

quantum well widthL, for the spinless excitom§,=0) and for an  corresponding nonexcited state.
applied background field d8,=0.35 T. The dependence of the exciton ground-state trapping en-

> ) 0050 2
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a

B, =-025T (@1 B, =-025T (b) 1B, =-025T (©

ET (meV)

ET (meV)

0.000 0.025 0.000 0.025 0.000 0.025 0.050
D D D
BP (T) BY (T) BP (T)

FIG. 6. Exciton trapping energg for (ng,mg)=(1,0), m,=0 (solid curve$, m,= +1 (dotted curve m,= —1 (dashed curvesas a
function of BY in the presence of an applied fielt}=—0.25 T for relative quantum numbetg) (n, ,m;)=(2,—1), (b) (n,,m,)=(2,0),
and (c) (n,,m,)=(2,+1), and forB,=0.35T forn,=2, and(d) m,=—1, (¢) m,=0, and(f) m;=+1. The quantum well width i
=50 A.

ergy on the quantum well width and on the magnetizatiorless situation of Fig. 4. It is important to highlight that the

strengtth is shown in Figs. 4, &), and %b), for the spin  considered magnetic fields and quantum well widths are in

guantum numbem,=0, — 1, and+ 1, respectively, and for the range that are currently available experimentally.

an applied fieldB,=0.35 T. For thin wells(widths smaller The trapping energy of the exciton excited states as a

than approximately 60 A) the exciton trapping energy isfunction of the strength of the disk magnetizatiB§ are

strongly sensitive to the nonhomogeneous magnetic field anghown in Fig. 6 for ig=1, mg=0) with relative quantum

to the size of the well. As the well width increases, the trapnumpern, =2, for the first excited state of the exciton well

ping energy becomes basically independent of the well COMeonfinement, for a quantum well width="50 A, for B,=

finement, and thz mt‘;"gn_‘l?gc field is only a smallhperturbation_ 0.25 T, with the following relative angular quantum num-

see Figs. &) an . There is a minimum in the exciton .

'ErappinggJ enEZ)rgy whser)l]the quantum well width is near 100 A bers: (& m=—1 , (b) m =0, and(c) m=+1, and forB,
'=—0.25T, for(d m=—-1,(¢e) m=0, and(f) m,=+1.

which is due to the fact that thg factor is approximately The interaction of the exciton angular and spin momentum is
equal to zerdsee inset of Fig. @) ]. The spin Zeeman split- . . ng pin mo
&asponsmle for several interesting effects, mainly in the case

ting, due to the nonhomogeneous magnetic field, does n " ) h h litt hibits diff
follow the same behavior of shifting up and down the energ)P negativeB, where the Zeeman splitting exhibits different

as occurs in the homogeneous field chsempare Figs. 4, beh_avior for each_ angular quantum ngmber of_ the_relative
5(a), and 3b)]. The o~ polarized statéFig. 5a)] is always m0t|0n_. The trapp_lng energy fqr a pos_ltlve applied field al-
shifted up as compared to the spinless situatiig. 4), but ~ Ways increases linearly with increasing nonhomogeneous
the " polarized state can be shifted down, but alsdsge  Magnetic-field intensityBy , which is not the case for the
Fig. 5(b) or dotted curves in Figs.(8 and 3b)], depending results with negative8,. The linear increase is due to the
on the relation between the quantum well wid#xcitong  fact that the angular momentum term is the dominant term in
facton and the magnetization streng®y . This is due to the the exciton Hamiltonian, and it has a linear dependence on
change in the confinement region of the effective potentiathe magnetic field. The decrease of the trapping energies in
related with them,=+ 1 spin state, as previously described Figs. 8a) and Gb) can be explained by the competition be-
in our discussion of Fig. 2. It is quite remarkable that thetween B, and B, as discussed previously in connection
exciton spin interaction with the nonhomogeneous magnetiwith Fig. 3.

field can be responsible for increases in the exciton trapping The contour plot of the conditional probability to find the
energy as large as a factor of 100, as compared to the spielectron somewhere in they plane for the case of the exci-
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FIG. 7. Contour map of the electron conditional probability = FIG. 8. The same as in Fig. 7 but now for spin quantum number
|(R)®(r)|? in the exciton ground state, for spin quantum numberm,=+1.
m,=—1, quantum well widthL=90 A, magnetization strength ) . ] )
B2=0.05 T, and uniform applied fielB,= —0.25 T. We fixed the expgrlmental efforts to observe exciton condensauon in
hole in position(a) r,=(0,0) and(b) r,=(0.5,0) xm. semiconductors were concentrated on the analysis of the PL
line shape and the transport of excitons. Previous PL experi-
ments(see, e.g., Ref. 11 and references thereirthe exci-
ton trapping by using nonhomogeneous magnetic fields have
shown that excitons are driven to regions of minimum field,
) . but they could not detect the direct effect of the field gradient
m;=+1. In both pictures, we considered a quantum welly, yhe exciton motion. They concluded that the experimental
width '5:90 A and the strength of the disk magnetization oo ditions had to be improved by taking better samples that
wasBg =0.05 T. The hole(indicated by the symbol in the haye |arger exciton mobility, and a larger nonhomogeneous
figures with a cross in the middles fixed in the position magnetic-field strength was necessary.
rh=(0,0) in Figs. 7a) and 8a), and inr,=(0.5,0) um in  \we have investigated the exciton trapping in a quantum
Figs. 1b) and 8b). It can clearly be seen that the spin ori- we|| in the presence of a nonhomogeneous dipole type of
entation changes the exciton confinement from a centereghagnetic field. The effects of the well confinement and of
structure to a ringlike structueompare Figs. 7 and8AIso the exciton interaction with the nonhomogeneous magnetic
notice that the electron tries to follow the hole but this isfijg|g taking into account spin states, were analyzed and dis-
the effective potentialsee Fig. 2 in the case of a centered gpin of the exciton was not taken into account, we found a
wave function(see Fig. 7. In the ringlike structure, the elec- gypstantial increase of the trapping energy of the excitons by

ton ground statéy(R)d(r)|?, in the presence of an applied
homogeneous magnetic fieB},= —0.25 T, is shown in Fig.
7 for the spin quantum numben,=—1 and in Fig. 8 for

tron moves to the hole nearest positi@ee Fig. 8 using nonhomogeneous magnetic fields. We also showed
that the obtained energies, as well as the considered
V. CONCLUSIONS magnetic-field strength and well widths, are currently experi-

mental obtainable.

The possibility of carrier trapping in a well-defined con-  Our results show that the trapping energy is strongly de-
finement region in a semiconductor heterostructure, opensendent on the quantum well width and shape of the nonho-
the possibility of numerous studies for electronic phase tranmogeneous magnetic-field profile, but that an increase in the
sitions, confined exciton gases, and excitonic molecufes. magnetic-field intensity is not always related with a stronger
The trapping of excitons in semiconductor systems of reconfinement(as occurs in the uniform magnetic-field situa-
duced dimensionality have also been proposed as a methaidn), as previously discussed in Sec. IV. Our main result is
of observing Bose-Einstein condensation of excitbiie  that the spin of the exciton is responsible for an increases in
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the trapping energy, which can be as large as a factor of 100. Our results open up a new path for experiments on the
This can be used to increase the experimental conditions bgonfinement of excitons, which should reveal new kinds of
choosing a suitable set of parametégsiantum well width  exciton trapping and increase the knowledge about the exci-
and magnetic-field profijein order to maximize the exciton ton interaction with nonhomogeneous magnetic fields.
trapping. Furthermore, the spin interaction with the magnetic
dipole type of profile can change the exciton spatial localiza-
tion of a centered structure to a ringlike structure, increasing
the energy level corresponding to tie,=+1 spin state, This research was supported by the Flemish Science
which suggests that the two lines of thé polarized states Foundation(FWO-VI), the IUAP (Belgium), the “Onder-

will be very close in energy in the PL spectra, which mayzoeksraad van de Universiteit Antwerpen,” and by the Inter-
make it difficult for its identification. For the case of narrow University Micro-Electronics CenteMEC, Leuvern. J.A.
wells, exciton localization due to quantum well width fluc- K.F. was supported by the Brazilian Ministry of Culture and
tuations will also be present. This effect was not consideredEducation(MEC-CAPES and F.M.P. was supported by the
in the present paper but should be easily distinguished eX~WO-VI. V.N.F. and G.A.F. would like to acknowledge the
perimentally with the present exciton trapping by nonhomo-artial financial support received from CNPq, the Funding
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