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Magnetic field dependence of the energy of negatively charged excitons in semiconductor quantu
wells
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We present a variational calculation of the spin-singlet and spin-triplet states of a negatively charged exciton
~trion! confined to a single quantum well in the presence of a perpendicular magnetic field. We calculated the
probability density and the pair correlation function of the singlet and triplet trion states. The dependence of the
energy levels and of the binding energy on the well width and on the magnetic field strength was investigated.
We compared our results with the available experimental data on GaAs/AlGaAs quantum wells and find that
in the low-magnetic-field region (B,18 T! the observed transitions are those of the singlet and the dark triplet
trion ~with angular momentumLz521), while for high magnetic fields (B.25 T! the dark trion becomes
optically inactive and possibly a transition to a bright triplet trion~angular momentumLz50) state is observed.
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I. INTRODUCTION

After the initial work by Lampert,1 who proved the sta-
bility of the charged exciton complexes, charged excitons
bulk semiconductors2 as well as in an exactly two
dimensional~2D! configuration3 were studied theoretically
These studies revealed that, due to the confinement, the
charged excitons have binding energies which are an orde
magnitude larger than charged excitons in the correspon
bulk materials. The increased binding energy in reduced
mensionality systems together with the improved experim
tal techniques have allowed the experimentalists to obs
them in quantum well structures.4–6 Many of the experimen-
tal results reported in the literature are for charged excit
in the presence of a perpendicular magnetic field.6–11 Up to
recently, there was little or no agreement between the exp
mental results and the available theories.12,13

Lately, however, progress was made in the direction
bringing theoretical prediction and experiments closer
each other. Ste´bé and Moradi13 used a variational metho
which was valid in the low magnetic field regime and e
plained the minimum around 1 T observed experimenta
by Shieldset al.11 in the charged exciton singlet transitio
energy for a 300 Å wide quantum well. Recently Munten
et al.14 found a transition between the singlet ground st
and the triplet ground state atB535 T for a 200 Å wide
asymmetric quantum well, similar to the one predicted e
lier by Whittaker and Shields12 for a 100 Å wide symmetric
quantum well.

The triplet transition energies which have been so
identified are assigned to the angular momentumLz521
triplet state. In exactly 2D systems with translational inva
ance this state, first identified by Wejs and Hawzylak,15 was
shown16 to be an opticallydark state. As a consequence, o
would expect that such a state is ‘‘dark’’ also in quasi-2
systems, particularly in narrow quantum wells. The fact t
the Lz521 triplet is observed in quantum wells sugge
0163-1829/2001/63~11!/115302~9!/$15.00 63 1153
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that a breaking of symmetry occurs and in particular that
system is no longer invariant under a magnetic translat
Recently, the existence of a boundbright triplet state, i.e.,
Lz50, was predicted.17 Due to its small binding energy, thi
triplet state could be difficult to detect. The possible ex
tence of such a triplet state may force us to review the
signment that has been made of some of the photolumi
cence lines.

Our previous works18,19 on charged excitons in quantum
wells were limited to the case of zero magnetic field a
showed that the stochastic variational method~SVM! is an
efficient technique for solving the effective mass Ham
tonian of exciton complexes without involving any approx
mations. In Ref. 19 we showed that approximations made
Stébé et al.20 in the Coulomb matrix elements lead to a
overestimation of the trion binding energy. The latter a
proximation aimed to convert the problem into an effecti
2D problem. In our approach no simplifying approximatio
are made and the full 3D nature of the quantum well probl
is retained. Here we extend our previous work to the imp
tant experimental situation in which a uniform magnetic fie
is applied along the quantum well growth axis. Our resu
for the magnetic field dependence of the trion singlet bind
energy agrees, for the first time, with available experimen
results on 100 and 300 Å wide GaAs/AlGaAs quantu
wells. Furthermore, we find that the earlier predicted brig
triplet is unbound for the 300 Å wide quantum well an
probably marginally bound for the 100 Å wide quantu
well.

The present article is organized as follows. In Sec. II
present the Hamiltonian of the problem and outline o
method to obtain the energy of the exciton and charged
citon. The conditional probability density function of th
trion, its pairs correlation functions, and the average dista
between the different particles in the trion are discussed
Sec. III. In Sec. IV we compare our results for the transiti
energy and in Sec. V for the binding energy with availab
experimental data on symmetric GaAs/AlGaAs quant
wells and with the theoretical results of Whittaker a
©2001 The American Physical Society02-1
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Shields.12 In the last section we summarize our results a
present our conclusions.

II. THE MODEL

In the effective mass approximation the Hamiltonian d
scribing a negative charged exciton, i.e.,X2, in a uniform
magnetic fieldB is given by

H5(
i 51

3
1

2mi
S pW i2

ei

c
AW i D 2

1(
i 51

3

V~rW i !1(
i , j

eiej

«urW i2rW j u
,

~1!

where AW i5
1
2 rW i3BW is the vector potential;mi ,ei are the

masses and charges of the interacting particles;« is the di-
electric constant; and the confinement potential isV(r i)50
if uzu,W/2 andV(r i)5Vi if uzu,W/2, with W the quantum
well width. The reference system is taken such that the or
of the coordinate system is at the center of the quantum w
For a GaAs/AlxGa12xAs quantum well the heights of th
square well confinement potentials areVe50.573(1.155x
10.37x2) eV for the electrons andVh50.433(1.155x
10.37x2) eV for the hole. If we consider the case where t
magnetic field is applied along the growth axis of the we
i.e., BW 5(0,0,B), the Hamiltonian becomes

H5(
i 51

3
1

2mi
S 2\2D i1

ei
2B2

4c2
~xi

21yi
2!2

ei\B

c
l ziD

1(
i 51

3

V~rW i !1(
i , j

eiej

urW i2rW j u
, ~2!

where l zi52 i ]/]fzi is the z-component of the orbital mo
mentum of thei th particle. The Hamiltonian under examin
tion has cylindrical symmetry with respect to the quantu
well axis, i.e.,z-axis, which implies that thez-component of
the total orbital angular momentum,Lz , is a conserved quan
tity, i.e., a good quantum number. The spin interaction is
explicitly included in our Hamiltonian. The total spin of th
electrons,Se , and the spin of the hole,Sh , and their projec-
tions along thez-axis,Shz andSez, are conserved quantities
Notice that the state of the system is not degenerate
respect to the total electron spin. In fact the two electro
obey Fermi–Dirac statistics which means that the electro
part of the total wave function must be antisymmetric, i.
whenSe50 the spatial part of the electronic wave functio
must be symmetric and whenSe51 the spatial part of the
electronic wave function must be antisymmetric. Thus,Se
can be used as a quantum number which indicates the p
of the state. Once the projection alongz of the total orbital
momentumLz and the electron spinSe are fixed we obtain,
after solving our Hamiltonian, a series of energy lev
which we indicate by the quantum numbers (n,Lz ,Se),
wheren is the principal quantum number. These levels
degenerate with respect to the quantum numbersSh ,Shz and
Sez.

The Hamiltonian~2! is solved using the stochastic vari
tional method which was outlined in Ref. 21. The trial fun
11530
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tion, for the variational calculation, is taken as a linear co
bination of ‘‘deformed’’ correlated Gaussian function
~DCG!,

fN~rW1e ,rW2e ,rWh!5 (
m51

K

CqNFqN~rW1e ,rW2e ,rWh!, ~3!

with

FqN~rW1e ,rW2e ,rWh!5AH S (
r 51

M

)
i 51

3

wqmir N~rW i !D
3expF2

1

2 (
j ,l P$1e,2e,h%

kP$x,y,z%

bq jlN
k

3~rW j2rW l !
2Gx~1,2,3!J , ~4!

and

wqmir N~rW i !5jqmir
~rW i !expS 2 (

kP$x,y,z%
bqiiN

k r ii
2 D , ~5!

where r ik gives the position of thei th particle in the
k-direction; A is the antisymmetrization operato
$CqN ,bqilN

k % are the variational parameters;x(1,2,3) is the

three particle spin function;jqmir
(rW )5(x1 iy)mir with mir

integers such thatLz5m1r1m2r1m3r for each value ofr,
with Lz the projection of the total angular momentum alo
the z-axis; M is the number ofchannelsused to obtain our
state; andN indicates for brevity the set of quantum numbe
which characterizes our state, i.e., (n,Lz ,Se). Note that in
contrast to the ‘‘classical’’ correlated Gaussians, here
parameterbq jlN

k , which expresses the correlation among t
particlesj and l in the directionk, is allowed to be different

from the parameterbq jlN
k8

which couples the same two pa

ticles j and l in a different directionk8. This additional de-
gree of freedom in the calculation allows us to take in
account the asymmetry introduced in the 3D space by
presence of the quantum well and of the magnetic field.

A basis of dimensionK, e.g., 10, is at first selected usin
the stochastic procedure. This does not ensure that the
basis set is found, so a refinement procedure is carried ou
the basis set in order to improve it. The refinement is ma
by replacing themth state with a new state, i.e., with a sta
built using new parameters$CmN ,bmilN

k % in such a way that
the total energy is lowered. When the refinement proc
does not change the total energy significantly, the numbe
basis states is further increased. The process is reiter
multiple times for different and increasingly larger dime
sions of the basis set, until the energy reaches the des
accuracy. The final dimension of the basis set consists t
cally of 400 states. Faster convergence is obtained by ta
into account the cylindrical symmetry, i.e., by choosi
bq jlN

x 5bq jlN
y . Notice also that with respect to the case wit

out magnetic field, less basis states have to be used bec
the magnetic field localizes the particles around the magn
center of mass leading to a faster convergence of the ene
The number of channels used depends on the magnetic fi
2-2
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For example, for the caseLz50, we found that for low mag-
netic fields we already obtain good results using one chan
which actually gives the largest contribution, while for lar
fields we have to use up to seven channels, to obtain a
sonable convergence. On the other hand, for small magn
fields we need larger number of statesK in order to accu-
rately describe the trion energy.

III. THEORETICAL RESULTS

Our numerical results are given for a GaAs/AlxGa12xAs
quantum well. The parameters used in our calculation ax
50.3, «512.58, andme50.067m0, which give for our unit
of length aB5e\2/e2me599.3 Å and energy 2Ry5e2/eaB
511.58 meV. Notice thatRy and aB are calculated for the
donor problem and do not depend on the hole mass which
took to bemh50.34m0. Often one usesaB* 5e\2/e2me and
Ry* 5e2/2eaB* where m is the exciton reduced mass, i.e
1/m51/me11/mh , which for our problem ism50.056m0

corresponding toaB* 5118 Å andRy* 54.8 meV.
First we studied the magnetic field dependence of the

terparticle average distance. In Fig. 1 we present the 2D
erage distance,di j 5^rW i j

2&1/2, versus the magnetic field fo
the electron-electron pair and for the electron-hole pair, b
in the (n50,Lz50,Se50) state, i.e., the singlet~solid
curves!, and in the (n50,Lz521,Se51) state, i.e. the triplet
~dashed curves! for a 100 Å wide quantum well. As a com
parison we show also the exciton electron-hole interpart
distance versus magnetic field. For the exciton problem
electron and the hole are more strongly bound and the in
particle distance decreases more slowly than for the trio
singlet and triplet state. Nevertheless, it decreases by 5
over the magnetic field range shown in the figure. For
negatively charged exciton the electron-electron average
tance is always larger than the electron-hole average dist
both for the electron spin-singlet state and for the elect
spin-triplet state. This of course is a consequence of the
pulsive electron-electron interaction, while the electron-h
is attractive. Notice that forB50 the electron-hole distanc
for the negative charged exciton is about twice the exci

FIG. 1. The 2D average interparticle distance versus the m
netic field for the exciton, and the singlet and triplet states of
charged exciton in a quantum well of width 100 Å.
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one. The triplet state is more than 20 times larger than
singlet state in the small magnetic field range where the t
let state is, in fact, unbound. The size of the charged exc
decreases with increasing magnetic field. This decreas
faster in the low magnetic field region, and it is faster for t
triplet than for the singlet state. The reason is that the trip
state is more extended, it is less bound, and consequent
external magnetic field will have a larger effect on its siz
Notice also that for both states, i.e., singlet and triplet,
curves fordee anddeh are almost parallel to each other, b
nevertheless with increasing magnetic field the distance
tween them slowly decreases.

Next we calculated the 2D pair correlation functio
gi j

2D(r)5^d(urW i2rW j u2r)&, for the spin-singlet and spin
triplet state of a charged exciton in a quantum well of wid
100 Å in a magnetic field ofB513.7 T, see Fig. 2. We
notice that the electron-hole pair correlation function bo
for the spin-singlet state~dashed curve! and for the spin-
triplet state~dash-dotted curve! has its maximum when the
distance between the particles is zero. This means tha
both states the electron and hole have the tendency of sta
close to each other. Notice that the triplet electron-hole p
has a longer tail compared to the singlet one, indicating t
the triplet is more extended but, nevertheless, the particle
this state are still correlated even at large distances. On
other hand the electron-electron pair correlation function
the singlet state~solid curve! shows that, even though th
electrons have a significant probability of being close to e
other, the correlation is maximal forr50.35aB which is a
consequence of the Coulomb repulsion between the e
trons. In the triplet state the pair correlation function is ze
if the particles are in the same position in space, which is
expression of the Pauli exclusion principle, and has a ma
mum atr51.32aB .

To gain further understanding on how the system is infl
enced by the presence of a magnetic field, we studied
conditional probability, which gives the probability of find
ing one of the three particles in positionrW when the other two
particles are fixed atrW1,0 and rW2,0. Notice that by fixing two
of the particles we obtain information on the positional co

g-
e

FIG. 2. The 2D pair correlation function versus the magne
field for the exciton and the spin-singlet and spin-triplet states o
charged exciton in a 100 Å wide quantum well.
2-3
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relation of the third particle. We focus on thexŷ-correlation
since the effect of the applied magnetic field along the qu
tum well axes is larger in the plane orthogonal to the qu
tum well axis. Along thez-direction the probability is mainly
determined by the confinement potential. Because thex- and
y-axes are equivalent due to the cylindrical symmetry of
problem we takerW5(x,0,0) for all three particles and fo
brevity we will indicateuF(rW,rW1,0,rW2,0)u2 by uF(x,0,0)u2. In
Fig. 3~a,b,c! we plot uF(x,0,0)u2 for the singlet state of a
negatively charged exciton in a 100 Å wide quantum w
when the two electrons are fixed at a distance given by t
average distancedee5^ree

2 &1/2. Notice that forB50 T @Fig.
3~a!# the hole is centered around each of the two electro
while for B513.7 T and forB554 T @Fig. 3~b,c!# the hole is
mostly situated in the region between the two electrons.
B50 T there is a smaller but not zero probability that t
hole is between the two electrons. This binds the two e
trons together. When a magnetic field is applied the electr
are on the average closer to each other and as a conseq
the two ‘‘hole clouds’’ around the electrons overlap. T
hole has almost the same probability of sitting on top of
two electrons or between them. Notice that when a magn
field is applied, the conditional probability still shows tw
‘‘kinks’’ at the position of the two electrons, which ar
memories of the two peaks present in the conditional pr
ability function atB50. Furthermore, for increasingB the
hole wave function decays much faster when the hole mo
away from the electron. The increased probability for t
hole to sit between the two electrons leads to an increa
bonding between the electrons. This behavior is consist
with the fact that the binding energy of the charged exci
increases when a magnetic field is applied.

In Fig. 4~a,b,c! we plot uF(x,0,0)u2 for the singlet state of
a negatively charged exciton in a 100 Å wide quantum w

FIG. 3. The projection on thex-axis of the conditional probabil-
ity for the charged exciton for~a! B50 T, ~b! B513.7 T, and~c!
B554 T in a quantum well of width 100 Å. The symbols represe
the fixed electrons.
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when the hole and one electron are fixed at a distance e
to their average positiondeh5^reh

2 &1/2, for the B50 T case
@Fig. 4~a!#, theB513.7 T case@Fig. 4~b!#, and theB554 T
case@Fig. 4~c!#. The qualitative difference, between the sit
ation when a large magnetic field is applied and when a
magnetic field is applied is not very pronounced, except
the length scale. However, we observe that forB50 T the
probability of having the second electron near the fixed el
tron is zero, while in the case in which a magnetic field
applied there is a finite probability for the second electron
be at the position of the first electron. Since the charg
exciton is in the singlet state, the spin function is asymme
for an interchange of the two electrons and conseque
there is no Pauli exclusion principle to forbid the two ele
trons to be at the same position in space. Only the elect
electron interaction will make the latter probability as sm
as possible. This result is consistent with the result obtai
for the pair-correlation functions.

Next we consider the triplet state and limit ourselves
the magnetic fieldB513.7 T. Notice that the triplet state i
not bound for small magnetic fields. We plotuF(x,0,0)u2 for
a charged exciton in a 100 Å wide quantum well when t
two electrons are fixed@Fig. 5~a!# and when one electron an
the hole are fixed@Fig. 5~b!#. Notice that there is not much
qualitative difference between the conditional probabil
function of the triplet state and they are of the singlet st
@see Fig. 3~b!#. Quantitatively there are two major differ
ences:~i! the average distance between the particles is s
stantially larger, and (i i ) the probability to find the second
electron at the same spatial position as the first one~see Fig.
5! is zero, while this is not the case for the singlet state. T
latter is consistent with the fact that in the triplet state t
electronic part of the wave function is antisymmetric und
an exchange of the two electrons, which is also consis

t

FIG. 4. The projection along the x-axis of the conditional pro
ability for the charged exciton, forB50 T ~a!, B513.7 T ~b! and
for B554 T ~c! in a quantum well of width 100 Å. The symbol
represent the fixed electron and the hole.
2-4
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with the fact that the electron-electron pair-correlation fun
tion is zero at the origin.

IV. COMPARISON OF THE TRANSITION ENERGIES
WITH EXPERIMENTS

In comparing our theoretical results with the available e
perimental data we assume that the observed peaks in th
spectra are associated with an exciton, in which the elec
and the hole recombine with emission of light, or with
recombination of a negatively charged exciton, which lea
behind an electron in the lowest Landau level. Consequen
the transition energies are defined as

EX5Eg1E~X!, ~6!

EX25Eg1E~X2!2Ee~W,B!, ~7!

whereEg is the energy band gap andEe(W,B) is the energy
of a free electron in a quantum well of widthW and in a
magnetic field of strengthB; E(X) and E(X2) are, respec-
tively, the exciton and charged exciton total energy. We w
also take into account the Zeeman splitting induced by
magnetic field under the assumption that the transitions
served follow the energy diagram discussed in Ref. 10.
also assume that the electron gyromagnetic factor,ge , and
the hole gyromagnetic factor are the same for the exciton
well as for the charged exciton. The total Zeeman splitting
each transition can then be written, in agreement with
results presented in Ref. 22, as

DEz5~ge1gh!mBB, ~8!

FIG. 5. The projection on thex-axis of the conditional probabil-
ity function for the triplet state,~a! when the electrons are fixed an
~b! when one electron and the hole are fixed, in quantum wel
width 100 Å and forB513.7 T. The symbols represent the fixe
particles.
11530
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wheremB is the Bohr magneton. Notice also that the gyr
magnetic factor is defined using the same conventions a
Ref. 22, i.e., the hole is considered to have an effective s
of Sh51/2 instead of the real hole spinSh53/2. As a con-
sequence of this Zeeman effect each transition lineE is split
into two lines, i.e.,E65E6DEz/2, associated to a change o
1 and21 in thez-projection of the total angular momentum
JW5LW 1SW , i.e., Jz , respectively.

In Fig. 6 we compare our theoretical results for the tra
sition energies of aX2 in a 300 Å wide quantum well
~curves! with the experimental results of Shieldset al.5,23

~symbols!. We obtained the exciton gyromagnetic fact
gex5ge1gh51.16 from the measured splitting between t
negatively (s2) and the positively (s1) circularly polarized
lines of Ref. 5 using Eq.~8!. This value ofgex is consistent
with the results by Ossauet al.24 who foundgex50.8 for a
250 Å wide quantum well. The experimental data presen
in Fig. 6 are from the emitted negatively (s2) circular po-
larized light which results from transitions withDJz521.
We choose the energy gap such that the exciton peakB
50 T coincides with the experimental exciton peak forB
50, which leads toEg51521.55 meV. Notice that for the
singlet we reproduce the experimental behavior, includ
the small minimum observed at low magnetic fields. Both
the exciton and for the triplet state of the charged exciton
find good agreement up to 8 T. At small magnetic fields~1!
the theoretical results slightly overestimate the singlet tr
sition energy which is probably a consequence of the imp
tance of localization as argued, e.g., in Ref. 19, and~2! the
triplet state is unbound for small magnetic fields and con
quently not observable. Notice also that the recen
discussed17 bright triplet ~dotted curve! is not bound in the
considered magnetic field region. None of the observed tr
sitions can be associated to such a bright triplet. The dat
the range 8–20 T are from Ref. 23 and are obtained un
different experimental conditions as compared to those fr
Ref. 5 which were measured in the range 0–8 T. For
ample, an increase in electron density will shift the expe
mental photoluminescence towards larger energies.25 If we

f

FIG. 6. Comparison between the experimental and theore
transition energies for charged excitons and excitons in a 30
wide quantum well. The open symbols are the experimental res
for B.8 T shifted by 0.5 meV.
2-5
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C. RIVA, F. M. PEETERS, AND K. VARGA PHYSICAL REVIEW B63 115302
perform an uniform shift of the experimental data by 0
meV in the 8–20 T range, which leads to the open symb
a much better agreement with our theoretical results is
tained.

In Fig. 7~a,b! we compare our theoretical results for th
transition energies of a 100 Å wide GaAs/AlGaAs quantu
well with the experimental data obtained by Vanhouckeet
al.10 In Ref. 10 the Zeeman splitting was measured to
DEz /B50.11 meV/T leading togex51.85 which is very dif-
ferent from the valuegex50.1 obtained in Ref. 22 for a 11
Å wide quantum well. The energy gap is fixed by matchi
the B55 T experimental and theoreticalX2 singlet transi-
tion energies which resulted inEg51520.35 meV. We use
for the electron and the hole massme50.067m0 and mh
50.34m0, respectively. The lower transition line~squares! is
in rather good agreement with our results for the char
exciton singlet transition energy. ForB,3 T @see Fig. 7~a!#
there is a substantial deviation between theory and exp
ment which again may be attributed to an enhancemen
the negatively charged exciton binding energy due to loc
ization of the trion. The higher transition lines~circles! were
attributed by the authors of Ref. 10 to the triplet charg
exciton. Our theoretical results agree with this assignmen

FIG. 7. Comparison between the experimental and the theo
cal transition energies for charged excitons and excitons in a 10
wide quantum well. For clarity,~a! the low magnetic field region
and ~b! the high magnetic field region are shown separately. T
symbols are the experimental results of Vanhauckeet al.10
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least forB,20 T @Fig. 7~a!#. Notice that this magnetic field
range, i.e.,B,18 T, is the same range studied in Fig. 6 f
the 300 Å quantum well. In the high magnetic field ran
@Fig. 7~b!#, i.e., B.25 T, the experimental results follow
very closely the theoretical exciton transition energy, wh
coincides practically with theX2 bright triplet transition en-
ergy. In the intermediate magnetic field range, i.e., 18T
,B,25 T, the results transit from theX2 triplet to the ex-
citon transition or bright triplet transition.

From the above comparison we may construct the follo
ing picture:~1! in the magnetic field rangeB,18 T quantum
well width fluctuations and disorder break the translatio
invariance of the system which results in a breakdown of
optical selection rule, thus allowing the dark triplet neg
tively charged exciton state to be optically active.~2! Only in
the very small magnetic field range, i.e.,B,5 T, does the
localization of the trion due to quantum well width fluctu
tions lead to an increase of the singlet and tripletX2 binding
energy. For the 300 Å wide quantum well the effect of t
quantum well width fluctuations on the trion energy is su
stantially smaller.19 This agrees with Fig. 6 where the mag
netic field range over which the singlet binding energy
strongly enhanced is much smaller, i.e.,B,2 T, and the size
of the enhancement is also substantially smaller.~3! In the
very large magnetic field range,B.25 T, the optical selec-
tion rule is restored and no transition from theX2 dark trip-
let is observed. Because of the inhibition of the decay of
X2 dark triplet it is possible that the bright triplet becom
sufficiently populated, making it experimentally observab
We found that thisX2 bright triplet is at most marginally
bound and therefore has almost the same transition energ
the exciton.

For B.40 T the experimental results are slightly lower
energy as compared to our theoretical results. A poss
reason for this deviation may be the importance of band n
parabolicity at such large magnetic fields. For example, if
increase the hole mass tomh50.37m0 at B550 T, theX2

singlet ~exciton! transition energy becomes 1.5780 e
~1.5812 eV! which is almost 2 meV lower than themh
50.34m0 result 1.5796 eV~1.5824 eV!, thus proving a
strong dependence of the transition energy on the hole m
value. This is mainly due to the difference in confineme
energy. Notice that the binding energy only changes fr
2.860.1 meV to 3.260.1 meV, showing a less strong depe
dence on the hole mass.

V. COMPARISON OF THE TRION BINDING ENERGY
WITH EXPERIMENTS AND WITH OTHER

THEORETICAL RESULTS

Finally we compute the binding energy of the negative
charged exciton and compare it with the available exp
mental results. The binding energy is defined as

EB~X2,B!5E~X!1Ee~W,B!2E~X2!, ~9!

whereE(X) andE(X2) are respectively the total energy o
an exciton and of a charged exciton in the quantum well a
Ee(W,B) is the energy of a single electron in the quantu
well of width W.
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In Fig. 8 we present our results for the binding energy
a negatively charged exciton in a 300 Å wid
GaAs/Al0.3Ga0.7As quantum well and we compare it with th
experimental binding energy obtained by Shieldset al.5,23

~symbols! and with the theory of Whittaker and Shields12

~dotted and dashed-dotted curves!. The error bars in the fig-
ure indicate the estimated accuracy of our results. Note
the electron spin-singlet binding energy~solid curve! in-
creases with magnetic field, up to about 35 T, after whic
saturates. The electron spin-triplet binding energy~dashed-
dotted curve! smoothly increases with magnetic field up
60 T. Notice the very good agreement between our the
and the experimental binding energies both for the sin
and triplet state up to about 13 T. For the lower magne
field range,B,2 T, the binding energies are slightly unde
estimated theoretically. We believe that the larger bind
energy obtained experimentally is a consequence of the
calization of the trion, as already noticed for theB50 T
case.19 The effect of the magnetic field, however, decrea
the discrepancy between theory and experiment. This is
to the fact that the magnetic field increases the localizatio
the charged exciton, which is then less sensitive to the w
width fluctuations. In the range 8T<B<20 T the experimen-
tal binding energies show almost no magnetic field dep
dence which is in contrast to our theoretical results wh
still increases withB, although less fast than forB<8 T. As
already mentioned the 8 T<B<20 T experimental results
are measured under different experimental conditions t
those in the regionB<8 T. Notice that our singlet binding
energy is considerably larger than the one obtained by W
taker and Shields,12 while the triplet binding energy is com
parable to the one of Ref. 12 up to 15 T. ForB.15 T the
present triplet binding energy becomes appreciably lar
than the one of Ref. 12. One of the reasons for this diff
ences between our results and those of Whittaker and Sh
are the different parameters used in Ref. 12. They usedmhi

w

50.34m0 , me
w50.065m0 in the well, mhi

b 50.45m0 , me
b

50.07m0 in the barrier, andmh'50.18m0 in the well and in
the barrier, which partially explains the lower binding e

FIG. 8. The binding energy of a charged exciton in a 300
wide quantum well compared to the experimental data of Shie
et al. ~Refs. 5 and 23! and to the theoretical results by Whittak
and Shields~Ref. 12!.
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ergy. The symbolsi and' indicate respectively the value
parallel and orthogonal to the quantum well axis.

The binding energy for a charged exciton in a 100 Å wi
GaAs/Al0.3Ga0.7As quantum well is shown in Fig. 9 an
compared to the theory of Whittaker and Shields12 ~dotted
and dash-dotted curves!. Notice that~i! we find substantial
larger binding energies than Whittaker and Shields,12 ( i i ) no
crossing between the singlet and the triplet energies is fo
at least up to 70 T, while Whittaker and Shields predicte
singlet-triplet crossing near 30 T, and (i i i ) the bright triplet
is at most marginally bound forB.5 T. We find a binding
energy of 0.1560.1 meV while Wojset al.17 obtained a
binding energy of 0.75 meV forB520 T ~in Ref. 26 a re-
duced binding energy of 0.37 meV was reported!. For the
300 Å wide quantum well we found that the bright tripl
state was unbound for the considered magnetic field ran

The quantitative discrepancy between our theoretical
sults and the one of Ref. 17 is probably a consequence o
approximations made by the authors of Ref. 17:~i! they re-
place the real quantum wellW with a hard wall quantum well
with an effective width and only the lowest subband is
tained, (i i ) the 3D problem is replaced by an effective 2
problem~in which the Coulomb interaction is approximate
by the 2D screened interaction:e2/eAr21l2), (i i i ) the flat
2D quantum well geometry is replaced by a Haldane sph
and (iv) only the lowest five single particle Landau leve
are included in their wave function. Previously we showe19

for B50 that the approximations~i! and (i i ) lead to an
overestimation of the binding energy of the charg
exciton.19 Whittaker and Shields12 showed that the inclusion
higher subbands and of higher Landau levels in the w
function substantially increases the high field singlet bind
energy, while they have a smaller effect on the triplet bin
ing energy.

Note that in agreement with Whittaker and Shields,12 and
in contrast to the recent work by Ste´béand Moradi,13 we find
that the spin-triplet state is unbound forB50 T. This dis-
agreement with the work of Ste´bé and Moradi13 can be
traced back to their poor variational function which gives

s

FIG. 9. The binding energy of a charged exciton in a 100
wide quantum well calculated using the symmetric hole mass
proximation~thick curves! and the asymmetric hole mass approx
mation ~thin curves!. The results are compared to the theoretic
results by Whittaker and Shields~Ref. 12!.
2-7
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exciton energy which is about 8% larger than ours, while
negatively charged exciton singlet energy is about 5% lo
than ours.

It has been argued that the hole mass is asymmetric
that the in-plane hole mass depends on the magnetic fi
One expects that the hole mass in thez-direction, i.e., the
confinement direction, will almost not influence the excit
and trion binding energies. This is different for the in-pla
hole mass which, e.g., through the reduced exciton masm,
will change the exciton and to a lesser extent the trion en
gies. In a recent cyclotron resonance experiment by Colet
al.27 on p-doped~311!A GaAs quantum wells the measure
hole mass varied frommh'0.1520.18m0 for B,5 T to
mh'0.35m0 at higher fields for a 150 Å wide quantum we
For wider wells the large hole mass value was reache
smaller magnetic fields and, therefore, this mass variatio
expected not to be relevant for the 300 Å sample. In orde
investigate the influence of the value of the in-plane h
mass on the trion singlet and triplet binding energy we co
pare in Fig. 9 our results with those for the asymmetric h
mass~thin solid and dashed curves in Fig. 9! in which the
in-plane hole mass was reduced tomh50.18me . Notice that
~i! the singlet trion binding energy is substantially reduc
~about 0.5 meV!, (i i ) the triplet binding energy is practicall
not altered and coincides with the Whittaker and Shield12

results forB,15 T, and (i i i ) there is a singlet-triplet cross
ing at about 40 T. With this smaller hole mass the exci
reduced mass is diminished by 13% leading to a lower
citon binding energy and also to an increase of the trion t
energies. This shifts the theoretical curves in Fig. 7 in suc
way that an unrealistic low band gap of 1518.3 meV has
be assumed in order to match the experimental and the
ical B'5 T trion transition energies. Furthermore, the agr
ment between theory and experiment is lost forB.10 T and
the experimental trion singlet energy forB,3 T is now
higher than the theoretical curve which disagrees with
idea of an enhanced trion binding energy in this low fie
region due to quantum well width fluctuations. These fin
ings argue against such a reduced hole mass, even in the
magnetic field range.

It should also be noted that the use of a cyclotron mas
our calculation may be questionable. In a cyclotron re
nance experiment, transitions between two Landau levels
induced and from the transition energy\v* 5E12E0 one
defines the cyclotron massmc* 5eB/cv* , whereEn is the
energy of thenth Landau level. Notice that such a definitio
only corresponds to the effective hole mass if the hole m
is independent of the Landau level. Furthermore, e.g., e
tric subband crossings and polaron effects may invalid
such an assignment. A further argument against the us
the low magnetic field cyclotron hole mass published
Coleet al.27 is that those results are for the~311! GaAs plane
while the experiments of Vanhouckeet al.10 were performed
on samples with quantum wells in the~100! plane. It is well
known that in the latter crystallographic direction, with i
creasing density or increasing magnetic field, the hole m
very quickly reaches a value in themh'0.320.5m0 range,
the exact value depends on the quantum well width~see, for
11530
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example Ref. 28!. We believe that this argues in favor of th
use ofmh50.34m0 in the importantB.4 T magnetic field
region as we did.

For the 100 Å wide quantum well no experimental resu
on the trion binding energy are available. Therefore,
show in Fig. 10 the energy difference between the two tr
sition lines as measured in Ref. 10 and compare them w
~1! the negatively charged exciton singlet binding ener
~solid curve!, ~2! the energy difference between the neg
tively charged exciton dark triplet and singlet~dashed curve!,
and~3! the energy difference between the negatively char
exciton bright triplet and singlet~dotted curve!. To be com-
plete we also show the negatively charged exciton bri
triplet binding energy. This figure nicely illustrates how
the low magnetic field region, and more precisely in t
range 6–18 T, the experimental results are clearly not rela
to the binding energy of theX2 singlet state but rather to th
difference between the dark triplet state and the singlet s
energy. In the high magnetic field region, i.e.,B.25 T, the
experimental results are closer to the singlet state bind
energy and to the energy difference between the bright tri
state and the singlet state.

VI. CONCLUSION

We presented a calculation of the lowest energy levels
the negatively charged exciton spectrum in a quantum w
and in the presence of a magnetic field which is perpend
lar to the quantum well plane. Our approach is based on
stochastic variational method in which the trion wave fun
tion is expanded in deformed correlated Gaussian functio
The important correlation between the particles is built
this wave function and therefore such an approach is w
suited for problems in which the binding of the system is
pure consequence of the particle-particle correlation as is
case for the trion. We do not observe any spin-singlet/sp
triplet transition using the symmetric mass approximatio
however such a transition is found for the 100 Å wide qua
tum well if we use the asymmetric hole mass approximat

FIG. 10. Comparison of the difference in energy between
upper and lowers2 transition lines in Ref. 10~symbols! with our
theoretical binding energy for the negative trion singlet state~solid
curve!, the energy difference between our theoretical dark trip
and singlet states~dashed curve!, and the energy difference betwee
our bright triplet and singlet states~dotted curve!.
2-8
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~i.e., a substantially lower in-plane hole mass!, in agreement
with what was predicted by Whittaker and Shields.12 The
singlet-triplet transition is found to occur at about 40 T,
contrast to the predictedB530 T reported in Ref. 12. We
have argued that at such high magnetic fields the larger
plane hole mass should be used and consequently we be
that this transition should not occur in reality forB,70 T.
Muntenauet al.14 observed a spin-singlet/spin-triplet trans
tion in an asymmetric quantum well in which electrons a
holes are spatially separated. Such a singlet-triplet trans
is then of the same nature as the one predicted for spat
separated charged donor systems.26,29,30

A comparison between our theoretical results and av
able experiments gives good agreement for the trion sin
and triplet energy. Particular good agreement is achie
with the experimental results of Shieldset al.5,23 on the 300
Å quantum well. For the results on the 100 Å quantum w
we find good agreement for the trion singlet state while
the higher energy transition we find forB,20 T that the
results agree with the dark triplet transition, while forB
.25 T this transition agrees more closely with the excit
11530
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transition energy or the bright triplet energy. Because
latter two have, in this magnetic field region, practically t
same energy, we are not able to make any definite ass
ment for this transition line.
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