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Magnetic field dependence of the energy of negatively charged excitons in semiconductor quantum
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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 regiorB<18 T) the observed transitions are those of the singlet and the dark triplet
trion (with angular momentunh.,= —1), while for high magnetic fieldsB>25 T) the dark trion becomes
optically inactive and possibly a transition to a bright triplet trlangular momenturh ,=0) state is observed.
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[. INTRODUCTION that a breaking of symmetry occurs and in particular that the
system is no longer invariant under a magnetic translation.
After the initial work by Lampert, who proved the sta- Recently, the existence of a boubdght triplet state, i.e.,_
bility of the charged exciton complexes, charged excitons ir-2=0, was predicted’ Due to its small binding energy, this
bulk semiconductofs as well as in an exactly two- triplet state could be difficult to detect. The possible exis-

dimensional(2D) configuratiori were studied theoretically. t?”ﬁ;g:]tstlﬁgt] ﬁag'%fér?tf;; dg]egf ;%rr%% Lc’)? ttr?ereﬁggllgrr]r?inaess_-
These studies revealed that, due to the confinement, the 2 J P

h d ) h bindi . hich q fence lines.
charged excitons have binding energies which are an order of ¢ previous work€:29 on charged excitons in quantum

magnitude larger than charged excitons in the correspondinge|is were limited to the case of zero magnetic field and
bulk materials. The increased binding energy in reduced dishowed that the stochastic variational met8¥M) is an
mensionality systems together with the improved experimenefficient technique for solving the effective mass Hamil-
tal techniques have allowed the experimentalists to observnian of exciton complexes without involving any approxi-
them in quantum well structurds® Many of the experimen- mations. In Ref. 19 we showed that approximations made by
tal results reported in the literature are for charged excitonSteoe et al?° in the Coulomb matrix elements lead to an
in the presence of a perpendicular magnetic fisfd.Up to ~ overestimation of the trion binding energy. The latter ap-

recently, there was little or no agreement between the experroximation aimed to convert the problem into an effective
mental results and the available theorias 2D problem. In our approach no simplifying approximations

Latelv. however. proaress was made in the direction Oﬁare made and the full 3D nature of the quantum well problem
Y, nNow » Prog s retained. Here we extend our previous work to the impor-

bringing  theoretical predictiosn and experiments Closer ;. experimental situation in which a uniform magnetic field
each other. Stee and Moradt® used a variational method is applied along the quantum well growth axis. Our results

which was valid in the low magnetic field regime and ex-for the magnetic field dependence of the trion singlet binding
plained the minimum around 1 T observed experimentallyenergy agrees, for the first time, with available experimental
by Shieldset al!! in the charged exciton singlet transition results on 100 and 300 A wide GaAs/AlGaAs quantum
energy for a 300 A wide quantum well. Recently Muntenauwells. Furthermore, we find that the earlier predicted bright
et al'* found a transition between the singlet ground stateriplet is unbound for the 300 A wide quantum well and
and the triplet ground state &=35 T for a 200 A wide probably marginally bound for the 100 A wide quantum
asymmetric quantum well, similar to the one predicted earwell.
lier by Whittaker and Shield$ for a 100 A wide symmetric The present article is organized as follows. In Sec. Il we
quantum well. present the Hamiltonian of the problem and outline our
The triplet transition energies which have been so famethod to obtain the energy of the exciton and charged ex-
identified are assigned to the angular momentuys—1  citon. The conditional probability density function of the
triplet state. In exactly 2D systems with translational invari-trion, its pairs correlation functions, and the average distance
ance this state, first identified by Wejs and Hawzyfalyas  between the different particles in the trion are discussed in
showrt® to be an opticallydark state. As a consequence, one Sec. III. In Sec. IV we compare our results for the transition
would expect that such a state is “dark” also in quasi-2Denergy and in Sec. V for the binding energy with available
systems, particularly in narrow quantum wells. The fact thaexperimental data on symmetric GaAs/AlGaAs quantum
the L,=—1 triplet is observed in quantum wells suggestswells and with the theoretical results of Whittaker and
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Shields'? In the last section we summarize our results andion, for the variational calculation, is taken as a linear com-
present our conclusions. bination of “deformed” correlated Gaussian functions
(DCG),

Il. THE MODEL K

. . . Fel26:Th)= 2 Can®qn(Tiel2e:ln), (9
In the effective mass approximation the Hamiltonian de- InFierze.rn) m§=:l anPan(Tieze.Mh

scribing a negative charged exciton, i.&.,, in a uniform  with

magnetic fieldB is given by M 3

3 1 qN(rleyrZe:rh (rzl |1_[1 Pamy, N(Pl )

- €. 1=
H=2 —(pi——'A) +E V() + 2 —=—=
i=1 2mi C i<j s|l’—l’|
@ X ex 2 BEin
2 j1e{tezen W

where A,=ir;xB is the vector potentialm, ,e; are the ke{xy,z}
masses and charges of the interacting particies; the di-
electric constant; and the confinement potentia¥/(s;) =0 ><(FJ-—F,)2 x(1,23 1}, (4)
if |z|<WI2 andV(r,)=V; if |z|<W/2, with W the quantum

well width. The reference system is taken such that the originy g

of the coordinate system is at the center of the quantum well.

For a GaAs/AlGa _,As quantum well the heights of the N - _ k 2

square well confinement potentials avg=0.57X (1.155 #am,N(Pi) §qm"(p|)exr{ ke{;y,z} Bq”Nr”)’ ®
+0.3%?) eV for the electrons andv,=0.43x (1.155
+0.3%?2) eV for the hole. If we consider the case where the
magnetic field is applied along the growth axis of the well,

ie., I§=(0,0B), the Hamiltonian becomes

where r;, gives the position of theth particle in the
k-direction; A is the antisymmetrization operator,
{CqN,,B';“N} are the variational parameterg(1,2,3) is the

three particle spin functiongqmir(;;)=(x+iy)mir with m;,

1 2R2 e /B integers such that,=m;j, +m,,+ms, for each value of,
HzE —| —h2A+ ' 5 (xi2+yi2)— '—Izi with L, the projection of the total angular momentum along
=1 cm; ¢ the z-axis; M is the number otthannelsused to obtain our
3 state; andN indicates for brevity the set of quantum numbers
E V(T )+E e-ej 2) which characterizes our state, i.en,l(,,S;). Note that in
=ir-r | contrast to the “classical” correlated Gaussians, here the

paramete;BEj,N, which expresses the correlation among the

wherel ;= —idld¢,; is the zcomponent of the orbital mo- particlesj andl in the directionk is allowed to be different

mentum of theth particle. The Hamiltonian under examina-
tion has cylindrical symmetry with respect to the quantumfrom the parameteﬁqJ,N which couples the same two par-
well axis, i.e.,z-axis, which implies that the-component of ticlesj andl in a different directionk’. This additional de-
the total orbital angular momenturl, , is a conserved quan- gree of freedom in the calculation allows us to take into
tity, i.e., a good quantum number. The spin interaction is noaiccount the asymmetry introduced in the 3D space by the
explicitly included in our Hamiltonian. The total spin of the presence of the quantum well and of the magnetic field.
electronsS,, and the spin of the hol&,, and their projec- A basis of dimensiorK, e.g., 10, is at first selected using
tions along ther-axis, S,,, andS,,, are conserved quantities. the stochastic procedure. This does not ensure that the best
Notice that the state of the system is not degenerate withasis set is found, so a refinement procedure is carried out on
respect to the total electron spin. In fact the two electronghe basis set in order to improve it. The refinement is made
obey Fermi—Dirac statistics which means that the electroniby replacing themth state with a new state, i.e., with a state
part of the total wave function must be antisymmetric, i.e.,built using new parametef<,,, Bm”N} in such a way that
when S,=0 the spatial part of the electronic wave function the total energy is lowered. When the refinement process
must be symmetric and whe®,=1 the spatial part of the does not change the total energy significantly, the number of
electronic wave function must be antisymmetric. Th8s, basis states is further increased. The process is reiterated
can be used as a quantum number which indicates the paritpultiple times for different and increasingly larger dimen-
of the state. Once the projection alon@f the total orbital sions of the basis set, until the energy reaches the desired
momentumL, and the electron spiB, are fixed we obtain, accuracy. The final dimension of the basis set consists typi-
after solving our Hamiltonian, a series of energy levelscally of 400 states. Faster convergence is obtained by taking
which we indicate by the quantum numbers,l(,,S,), into account the cylindrical symmetry, i.e., by choosing
wheren is the principal quantum number. These levels areq; = BY; - Notice also that with respect to the case with-
degenerate with respect to the quantum numBgr§,, and  out magnetic field, less basis states have to be used because
Sez- the magnetic field localizes the particles around the magnetic
The Hamiltonian(2) is solved using the stochastic varia- center of mass leading to a faster convergence of the energy.
tional method which was outlined in Ref. 21. The trial func- The number of channels used depends on the magnetic field.
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FIG. 1. The 2D average interparticle distance versus the mag- FIG. 2. The 2D pair correlation function versus the magnetic

netic field for the exciton, and the singlet and triplet states of thefield for the exciton and the spin-singlet and spin-triplet states of a
charged exciton in a quantum well of width 100 A. charged exciton in a 100 A wide quantum well.

For example, for the cade, =0, we found that for low mag- one. The triplet state is more than 20 times larger than the
netic fields we already obtain good results using one channeginglet state in the small magnetic field range where the trip-
which actually gives the largest contribution, while for large let state is, in fact, unbound. The size of the charged exciton
fields we have to use up to seven channels, to obtain a regdecreases with increasing magnetic field. This decrease is
sonable convergence. On the other hand, for small magnetfaster in the low magnetic field region, and it is faster for the

fields we need larger number of statésin order to accu- triplet than for the singlet state. The reason is that the triplet

rately describe the trion energy. state is more extended, it is less bound, and consequently an
external magnetic field will have a larger effect on its size.
lIl. THEORETICAL RESULTS Notice also that for both states, i.e., singlet and triplet, the

curves forde. andd,;, are almost parallel to each other, but

Our numerical results are given for a GaAs/B& _,As  nevertheless with increasing magnetic field the distance be-
quantum well. The parameters used in our calculationxare tween them slowly decreases.
=0.3,£=12.58, andn,=0.067mg, which give for our unit Next we calculated the 2D pair correlation function,
of length aB=eﬁ2/(_aZme= 99.3 A and energy R, =€/ eag 92°(p)=(5(|pi—pj| —p)), for the spin-singlet and spin-
=11.58 meV. Notice thaR, andag are calculated for the {ripjet state of a charged exciton in a quantum well of width
donor problem and do not depend on the hole mass which wggg A in a magnetic field oB=13.7 T, see Fig. 2. We
took to bem,=0.34m,. Often one usesy =ef’/e’u, and  notice that the electron-hole pair correlation function both
R; =e’/2eay where u is the exciton reduced mass, i.e., for the spin-singlet statédashed curveand for the spin-
1/u=1/m+ 1/m,, which for our problem isu=0.056n, triplet state(dash-dotted curyehas its maximum when the
corresponding t@j =118 A andR} =4.8 meV. distance between the particles is zero. This means that in

First we studied the magnetic field dependence of the inboth states the electron and hole have the tendency of staying
terparticle average distance. In Fig. 1 we present the 2D awlose to each other. Notice that the triplet electron-hole pair
erage distanced;; :<,§ij2>1/2, versus the magnetic field for has a longer tail compared to the singlet one, indicating that
the electron-electron pair and for the electron-hole pair, bottihe triplet is more extended but, nevertheless, the particles in
in the (h=0L,=0S.,=0) state, i.e., the singletsolid this state are still correlated even at large distances. On the
curves, and inthe 6=0,L,= —1,S.= 1) state, i.e. the triplet Other hand the electron-electron pair correlation function in

(dashed curveédor a 100 A wide quantum well. As a com- the singlet state(sqlid. 9““’6 ShOWS. 'that, even though the
parison we show also the exciton electron-hole interparticlt?lec’[rons have a s!gnlf_lcant p_robablllty of being cI_ose_to each
distance versus magnetic field. For the exciton problem th@ther. the corre;at;:)nés mlaxwgnal fo|=.0-35§5 which 't‘:‘ a I
electron and the hole are more strongly bound and the intefcONSequence of the Coulomb repulsion between the elec-
particle distance decreases more slowly than for the trion’dons. In the tnplet'state the pair C?Ue'a!“on funct|on. IS 2€T0
singlet and triplet state. Nevertheless, it decreases by 5095 the pa_rtlcles are In th_e same position in space, which is an
over the magnetic field range shown in the figure. For th&EXpression of the Pauli exclusion principle, and has a maxi-
negatively charged exciton the electron-electron average di@u_lr_n atp,:fl'3?‘3' d di h h is infl
tance is always larger than the electron-hole average distance odggln #rt erun erstafm Ing on .wa.t IS system '5 "(]j ur;
both for the electron spin-singlet state and for the electroff'c€d by the presence of a magnetic field, we studied the
spin-triplet state. This of course is a consequence of the rézonditional probability, which gives the probability of find-
pulsive electron-electron interaction, while the electron-holdng one of the three particles in positiowhen the other two

is attractive. Notice that foB=0 the electron-hole distance particles are fixed at; o andr, . Notice that by fixing two

for the negative charged exciton is about twice the excitorof the particles we obtain information on the positional cor-
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FIG. 3. The projection on the-axis of the conditional probabil- FIG. 4. The projection along the x-axis of the conditional prob-

ity for the charged exciton fofa) B=0 T, (b) B=13.7 T, and(c) ~ ability for the charged exciton, f&8=0 T (a), B=13.7 T(b) and
B=54 T in a quantum well of width 100 A. The symbols representfor B=54 T (c) in a quantum well of width 100 A. The symbols
the fixed electrons. represent the fixed electron and the hole.

relation of the third particle. We focus on thg-correlation  when the hole and one electron are fixed at a distance equal
since the effect of the applied magnetic field along the quantg their average positiode,=(p2,)*2 for theB=0 T case

tum well axes is larger in .the plane orthogor)gl to the_quan[Fig_ 4@a)], theB=13.7 T casdFig. 4b)], and theB=54 T

tum we_II axis. Along theg—d|rect|on the probablhty is mainly case[Fig. 4(c)]. The qualitative difference, between the situ-
determined by the confinement potential. Becausexitand ation when a large magnetic field is applied and when a low

y-axes are equwallent due to the cylindrical symmetry of th‘%‘nagnetic field is applied is not very pronounced, except for
problem we taker =(x,0,0) for all three particles and for the |ength scale. However, we observe thatBerO T the
brevity we will indicate|d(r,ry¢,r,0|% by [®(x,0,0)% In  probability of having the second electron near the fixed elec-
Fig. 3a,b,0 we plot|®(x,0,0)]? for the singlet state of a tron is zero, while in the case in which a magnetic field is
negatively charged exciton in a 100 A wide quantum wellapplied there is a finite probability for the second electron to
when the two electrons are fixed at a distance given by theipe at the position of the first electron. Since the charged
average distance..=(p2y*2 Notice that forB=0 T [Fig.  exciton is in the singlet state, the spin function is asymmetric
3(a)] the hole is centered around each of the two electrondor an interchange of the two electrons and consequently
while forB=13.7 T and foB=54 T[Fig. 3(b,0] the hole is  there is no Pauli exclusion principle to forbid the two elec-
mostly situated in the region between the two electrons. Fotrons to be at the same position in space. Only the electron-
B=0 T there is a smaller but not zero probability that theelectron interaction will make the latter probability as small
hole is between the two electrons. This binds the two elecas possible. This result is consistent with the result obtained
trons together. When a magnetic field is applied the electronfor the pair-correlation functions.
are on the average closer to each other and as a consequenceéNext we consider the triplet state and limit ourselves to
the two “hole clouds” around the electrons overlap. Thethe magnetic field3=13.7 T. Notice that the triplet state is
hole has almost the same probability of sitting on top of thenot bound for small magnetic fields. We p|dt(x,0,0)|? for
two electrons or between them. Notice that when a magnetia charged exciton in a 100 A wide quantum well when the
field is applied, the conditional probability still shows two two electrons are fixegFig. 5a)] and when one electron and
“kinks” at the position of the two electrons, which are the hole are fixedFig. 5b)]. Notice that there is not much
memories of the two peaks present in the conditional probgualitative difference between the conditional probability
ability function atB=0. Furthermore, for increasing the  function of the triplet state and they are of the singlet state
hole wave function decays much faster when the hole movesee Fig. 8)]. Quantitatively there are two major differ-
away from the electron. The increased probability for theences:(i) the average distance between the particles is sub-
hole to sit between the two electrons leads to an increasestantially larger, andi{) the probability to find the second
bonding between the electrons. This behavior is consistenglectron at the same spatial position as the first(see Fig.
with the fact that the binding energy of the charged excitorb) is zero, while this is not the case for the singlet state. The
increases when a magnetic field is applied. latter is consistent with the fact that in the triplet state the
In Fig. 4(a,b,0 we plot|®(x,0,0)|? for the singlet state of electronic part of the wave function is antisymmetric under
a negatively charged exciton in a 100 A wide quantum wellan exchange of the two electrons, which is also consistent
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where ug is the Bohr magneton. Notice also that the gyro-
FIG. 5. The projection on the-axis of the conditional probabil- magnetic factor is defined using the same conventions as in
ity function for the triplet state(@) when the electrons are fixed and Ref. 22, i.e., the hole is considered to have an effective spin
(b) when one electron and the hole are fixed, in quantum well ofof 3., = 1/2 instead of the real hole sp#,=3/2. As a con-
width 100 A and forB=13.7 T. The symbols represent the fixed sequence of this Zeeman effect each transition firig split
particles. into two lines, i.e.E*=E+AE,/2, associated to a change of

1 and—1 in thez-projection of the total angular momentum
with the fact that the electron-electron pair-correlation func-j_ "1 & je j respectively
y WLy V7 .

tion is zero at the origin. In Fig. 6 we compare our theoretical results for the tran-
sition energies of aXx~ in a 300 A wide quantum well
IV. COMPARISON OF THE TRANSITION ENERGIES (curves with the experimental results of Shields al>?
WITH EXPERIMENTS (symbolg. We obtained the exciton gyromagnetic factor

. . . . =g.+9gr=1.16 from the measured splitting between the
In comparing our theoretical results with the available ex-gex de7 I ——

. ) egatively _) and the positively ¢ ,.) circularly polarized
perimental data we assume that the observed peaks in the Fﬁhes of Ref. 5 using Eq(8). This value ofge, is consistent
spectra are associated with an exciton, in which the electro o

4 the hol b ith emission of liaht it With the results by Ossaet al?* who foundge,=0.8 for a
an € nhole recombin€ with eémission of light, or with a 554 & \yige qguantum well. The experimental data presented
recombination of a negatively charged exciton, which leave

¥h Fig. 6 are from the emitted negativel circular po-
behind an electron in the lowest Landau level. Consequentlxarizgd light which results from tr%nsitioyrg)wim\] _ _pl
the transition energies are defined as z '

We choose the energy gap such that the exciton pe#&k at
=0 T coincides with the experimental exciton peak Br
=0, which leads td=;=1521.55 meV. Notice that for the
singlet we reproduce the experimental behavior, including
Ex-=Eg+E(X")—E(W,B), (7)  the small minimum observed at low magnetic fields. Both for
the exciton and for the triplet state of the charged exciton we
whereEg is the energy band gap ad(W,B) is the energy  find good agreement up to 8 T. At small magnetic figltls
of a free electron in a quantum well of wid and in a  the theoretical results slightly overestimate the singlet tran-
magnetic field of strengtB; E(X) andE(X™) are, respec- sition energy which is probably a consequence of the impor-
tively, the exciton and charged exciton total energy. We willtance of localization as argued, e.g., in Ref. 19, édhe
also take into account the Zeeman splitting induced by theriplet state is unbound for small magnetic fields and conse-
magnetic field under the assumption that the transitions obquently not observable. Notice also that the recently
served follow the energy diagram discussed in Ref. 10. Weliscusself bright triplet (dotted curvé is not bound in the
also assume that the electron gyromagnetic faggr,and  considered magnetic field region. None of the observed tran-
the hole gyromagnetic factor are the same for the exciton asitions can be associated to such a bright triplet. The data in
well as for the charged exciton. The total Zeeman splitting ofthe range 8—20 T are from Ref. 23 and are obtained under
each transition can then be written, in agreement with thejifferent experimental conditions as compared to those from

Ex=Eq+E(X), (6)

results presented in Ref. 22, as Ref. 5 which were measured in the range 0—-8 T. For ex-
ample, an increase in electron density will shift the experi-
AE,=(get+gh) #gB, (8) mental photoluminescence towards larger energi¢swe
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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 for
the 300 A quantum well. In the high magnetic field range
[Fig. 7(b)], i.e., B>25 T, the experimental results follow
very closely the theoretical exciton transition energy, which
coincides practically with th&X™ bright triplet transition en-
ergy. In the intermediate magnetic field range, i.e., 18
<B<25 T, the results transit from thé™ triplet to the ex-
citon transition or bright triplet transition.

From the above comparison we may construct the follow-
ing picture:(1) in the magnetic field rangB<18 T quantum
well width fluctuations and disorder break the translational
invariance of the system which results in a breakdown of the
optical selection rule, thus allowing the dark triplet nega-
tively charged exciton state to be optically actit®.Only in
the very small magnetic field range, i.&<5 T, does the
localization of the trion due to quantum well width fluctua-
tions lead to an increase of the singlet and tripdetbinding
energy. For the 300 A wide quantum well the effect of the
quantum well width fluctuations on the trion energy is sub-
stantially smallet® This agrees with Fig. 6 where the mag-
netic field range over which the singlet binding energy is
strongly enhanced is much smaller, iB<2 T, and the size
of the enhancement is also substantially smali@r.In the
very large magnetic field rang8>25 T, the optical selec-
tion rule is restored and no transition from tkeé dark trip-
let is observed. Because of the inhibition of the decay of the
X~ dark triplet it is possible that the bright triplet becomes
sufficiently populated, making it experimentally observable.
We found that thisX™ bright triplet is at most marginally

FIG. 7. Comparison between the experimental and the theoretigpound and therefore has almost the same transition energy as
cal transition energies for charged excitons and excitons in a 100 4he exciton.

wide quantum well. For clarity(a) the low magnetic field region

ForB>40 T the experimental results are slightly lower in

and (b) the high magnetic field region are shown separately. Theenergy as compared to our theoretical results. A possible
symbols are the experimental results of Vanhauekal 1°

reason for this deviation may be the importance of band non-
parabolicity at such large magnetic fields. For example, if we

perform an uniform shift of the experimental data by 0.5increase the hole mass in,=0.37my at B=50 T, theX™
meV in the 8—20 T range, which leads to the open symbolssinglet (exciton transition energy becomes 1.5780 eV
a much better agreement with our theoretical results is obf1.5812 eV} which is almost 2 meV lower than thmy
tained. =0.34m; result 1.5796 eV(1.5824 eV, thus proving a

In Fig. 7(a,b we compare our theoretical results for the strong dependence of the transition energy on the hole mass
transition energies of a 100 A wide GaAs/AlGaAs quantumvalue. This is mainly due to the difference in confinement
well with the experimental data obtained by Vanhouete energy. Notice that the binding energy only changes from
al.’® In Ref. 10 the Zeeman splitting was measured to be2.8+0.1 meV to 3.2-0.1 meV, showing a less strong depen-
AE,/B=0.11 meV/T leading t@.,= 1.85 which is very dif- dence on the hole mass.
ferent from the valug,.,=0.1 obtained in Ref. 22 for a 115
A wide quantum well. The energy gap is fixed by matching v. COMPARISON OF THE TRION BINDING ENERGY
the B=5 T experimental and theoreticAl™ singlet transi- WITH EXPERIMENTS AND WITH OTHER
tion energies which resulted iB;=1520.35 meV. We use THEORETICAL RESULTS
for the electron and the hole mass.=0.067, and mj i o .
=0.34m,, respectively. The lower transition liequaresis Finally we compute the binding energy of the negatively
in rather good agreement with our results for the charge§harged exciton and compare it with the available experi-
exciton singlet transition energy. F&<3 T [see Fig. )]  mental results. The binding energy is defined as
there is a substantial deviation between theory and experi- - By _ -
ment which again may be attributed to an enhancement of Ea(XB)=E(X) +E(W.B)~E(X7), ©
the negatively charged exciton binding energy due to localwhereE(X) andE(X™) are respectively the total energy of
ization of the trion. The higher transition linésircles were  an exciton and of a charged exciton in the quantum well and
attributed by the authors of Ref. 10 to the triplet chargedE¢(W,B) is the energy of a single electron in the quantum
exciton. Our theoretical results agree with this assignment atell of width W.
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A triplet L4 4 1 1 1 1
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0 10 20 40 50 60

B(T) B(T)
- ) . A FIG. 9. The binding energy of a charged exciton in a 100 A
. FIG. 8. The binding energy of a charggd exciton in a 309 wide quantum well calculated using the symmetric hole mass ap-
wide quantum well compared to the experlmental data Of_Sh'eld?)roximation(thick curves and the asymmetric hole mass approxi-
et al. (Refs. 5 and 2Band to the theoretical results by Whittaker 4, (thin curve$. The results are compared to the theoretical

and ShieldsRef. 12. results by Whittaker and ShieldRef. 12.

In Fig. 8 we present our results for the binding energy ofergy. The symbol¢ and L indicate respectively the values
a negatively charged exciton in a 300 A wide parallel and orthogonal to the quantum well axis.
GaAs/Al 5Ga ;As quantum well and we compare it with the  The binding energy for a charged exciton in a 100 A wide
experimental binding energy obtained by Shietsal>?®*  GaAs/AlGa, As quantum well is shown in Fig. 9 and
(symbolg and with the theory of Whittaker and Shields compared to the theory of Whittaker and Shiéfd&lotted
(dotted and dashed-dotted curkeBhe error bars in the fig- and dash-dotted curvesNotice that(i) we find substantial
ure indicate the estimated accuracy of our results. Note thaarger binding energies than Whittaker and Shiéfdgj) no
the electron spin-singlet binding energgolid curve in-  crossing between the singlet and the triplet energies is found
creases with magnetic field, up to about 35 T, after which itat least up to 70 T, while Whittaker and Shields predicted a
saturates. The electron spin-triplet binding enefdgshed-  singlet-triplet crossing near 30 T, andi() the bright triplet
dotted curvg smoothly increases with magnetic field up to is at most marginally bound fd>5 T. We find a binding
60 T. Notice the very good agreement between our theorgnergy of 0.13:0.1 meV while Wojset all’ obtained a
and the experimental binding energies both for the singlepinding energy of 0.75 meV foB=20 T (in Ref. 26 a re-
and triplet state up to about 13 T. For the lower magneticduced binding energy of 0.37 meV was repojteor the
field range,B<2 T, the binding energies are slightly under- 300 A wide quantum well we found that the bright triplet
estimated theoretically. We believe that the larger bindingstate was unbound for the considered magnetic field range.
energy obtained experimentally is a consequence of the lo- The quantitative discrepancy between our theoretical re-
calization of the trion, as already noticed for tBe=0 T  sults and the one of Ref. 17 is probably a consequence of the
case® The effect of the magnetic field, however, decreasesipproximations made by the authors of Ref. (iythey re-
the discrepancy between theory and experiment. This is duglace the real quantum waN with a hard wall quantum well
to the fact that the magnetic field increases the localization ofiith an effective width and only the lowest subband is re-
the charged exciton, which is then less sensitive to the wellained, {i) the 3D problem is replaced by an effective 2D
width fluctuations. In the range 83B<20 T the experimen-  problem(in which the Coulomb interaction is approximated
tal binding energies show almost no magnetic field depenby the 2D screened interactioez./e«/p2+ \?), (i) the flat
dence which is in contrast to our theoretical results whichpp quantum well geometry is replaced by a Haldane sphere,
still increases witlB, although less fast than f@#<8 T. As  and (v) only the lowest five single particle Landau levels
already mentioned the 8 SB<20 T experimental results are included in their wave function. Previously we sholved
are measured under different experimental conditions thafpr B=0 that the approximation§) and (i) lead to an
those in the regiolB<8 T. Notice that our singlet binding overestimation of the binding energy of the charged
energy is considerably larger than the one obtained by Whitexciton!® Whittaker and Shield$ showed that the inclusion
taker and Shield; while the triplet binding energy is com- higher subbands and of higher Landau levels in the wave
parable to the one of Ref. 12 up to 15 T. P15 T the  function substantially increases the high field singlet binding

present triplet binding energy becomes appreciably largegnergy, while they have a smaller effect on the triplet bind-
than the one of Ref. 12. One of the reasons for this differing energy.

ences between our results and those of Whittaker and Shields Note that in agreement with Whittaker and Shieltiand
are the different parameters used in Ref. 12. They wsd in contrast to the recent work by ®teand Moradi'® we find
=0.34my, mJ=0.065n, in the well, mﬁH=0.45no, ms  that the spin-triplet state is unbound fBr=0 T. This dis-
=0.07m, in the barrier, andn,, =0.18m, in the well and in  agreement with the work of Se and Moradt® can be
the barrier, which partially explains the lower binding en-traced back to their poor variational function which gives an
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exciton energy which is about 8% larger than ours, while the F o
negatively charged exciton singlet energy is about 5% lower ~ 30F  W=100 A
than ours. t

X singlet

. . 25
It has been argued that the hole mass is asymmetric and§ ;
that the in-plane hole mass depends on the magnetic field. g 20F
One expects that the hole mass in thdirection, i.e., the ‘;155
confinement direction, will almost not influence the exciton g \ ]
and trion binding energies. This is different for the in-plane 10F AF(singlet - dark triplet) E
hqle mass which, e.g., through the reduced exciton_ nass _%0 . ® Exp. Vanhoucke et al. ]
will change the exciton and to a lesser extent the trion ener- g 0.5 E o E
. . ) [ X bright triplet .
gies. In a recent cyclotron resonance experiment by €ble X T 3
al.?’ on p-doped(311)A GaAs quantum wells the measured TV etiiress it eerires, ]
hole mass varied fronm,~0.15-0.18n, for B<5 T to 0 10 20 30 40 50
m,~0.35m, at higher fields for a 150 A wide quantum well. B(D)

For wider wells the large hole mass value was reached at FIG. 10. Comparison of the difference in energy between the
smaller magnetic fields and, therefore, this mass variation j4PPer and lowew ™ transition lines in Ref. 1@symbols with our

expected not to be relevant for the 300 A sample. In order t(Sheoretical binding energy for the negative trion singlet statdid

. . . . , the energy difference between our theoretical dark triplet
investigate the influence of the value of the in-plane holecurve). ¢ )
mass ogn the trion sinalet and trilet bindina ener. P we Com_and singlet state@lashed curve and the energy difference between

9 P 9 gy our bright triplet and singlet statédotted curve

pare in Fig. 9 our results with those for the asymmetric hole

mass(thin solid and dashed curves_in Fig. @ Wh,iCh the example Ref. 2B We believe that this argues in favor of the
in-plane hole mass was reducedntg=0.18m,. Notice that  se ofm, =0.34m, in the important8>4 T magnetic field
(i) the singlet trion binding energy is substantially reducedregion as we did.

(about 0.5 meY, (ii) the triplet binding energy is practically  "For the 100 A wide quantum well no experimental results
not altered and coincides with the Whittaker and Shﬂélds on the trion b|nd|ng energy are available. Therefore' we
results forB<15 T, and {ii ) there is a singlet-triplet cross- show in Fig. 10 the energy difference between the two tran-
ing at about 40 T. With this smaller hole mass the excitonsition lines as measured in Ref. 10 and compare them with
reduced mass is diminished by 13% leading to a lower eX(l) the negative|y Charged exciton Sing|et b|nd|ng energy
citon binding energy and also to an increase of the trion totasolid curve, (2) the energy difference between the nega-
energies. This shifts the theoretical curves in Fig. 7 in such gvely charged exciton dark triplet and singlefashed curve

way that an unrealistic low band gap of 1518.3 meV has tgand(3) the energy difference between the negatively charged
be assumed in order to match the experimental and theoregxciton bright triplet and singleidotted curve To be com-

ical B~5 T trion transition energies. Furthermore, the agreeplete we also show the negatively charged exciton bright
ment between theory and experiment is lostBor 10 T and  triplet binding energy. This figure nicely illustrates how in
the experimental trion singlet energy f&<3 T is now the low magnetic field region, and more precisely in the
higher than the theoretical curve which disagrees with the@ange 618 T, the experimental results are clearly not related
idea of an enhanced trion binding energy in this low fieldto the binding energy of th¥~ singlet state but rather to the
region due to quantum well width fluctuations. These find-difference between the dark triplet state and the singlet state
ings argue against such a reduced hole mass, even in the laergy. In the high magnetic field region, i.8325 T, the
magnetic field range. experimental results are closer to the singlet state binding

It should also be noted that the use of a cyclotron mass i@nergy and to the energy difference between the bright triplet
our calculation may be questionable. In a cyclotron resostate and the singlet state.

nance experiment, transitions between two Landau levels are
induced and from the transition energyw* =E;—E, one
defines the cyclotron mass =eB/cw*, whereE, is the We presented a calculation of the lowest energy levels of
energy of thenth Landau level. Notice that such a definition the negatively charged exciton spectrum in a quantum well
only corresponds to the effective hole mass if the hole masand in the presence of a magnetic field which is perpendicu-
is independent of the Landau level. Furthermore, e.g., eledar to the quantum well plane. Our approach is based on the
tric subband crossings and polaron effects may invalidatstochastic variational method in which the trion wave func-
such an assignment. A further argument against the use ¢bn is expanded in deformed correlated Gaussian functions.
the low magnetic field cyclotron hole mass published byThe important correlation between the particles is built in
Coleet al?’is that those results are for ti@11) GaAs plane this wave function and therefore such an approach is well
while the experiments of Vanhouclet al1° were performed  suited for problems in which the binding of the system is a
on samples with quantum wells in tki200) plane. It is well  pure consequence of the particle-particle correlation as is the
known that in the latter crystallographic direction, with in- case for the trion. We do not observe any spin-singlet/spin-
creasing density or increasing magnetic field, the hole masgiplet transition using the symmetric mass approximation,
very quickly reaches a value in the,~0.3—0.5m, range, however such a transition is found for the 100 A wide quan-
the exact value depends on the quantum well widtde, for  tum well if we use the asymmetric hole mass approximation

VI. CONCLUSION
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(i.e., a substantially lower in-plane hole mpss agreement transition energy or the bright triplet energy. Because the
with what was predicted by Whittaker and ShietdsThe latter two have, in this magnetic field region, practically the
singlet-triplet transition is found to occur at about 40 T, insame energy, we are not able to make any definite assign-
contrast to the predicteB=30 T reported in Ref. 12. We ment for this transition line.
have argued that at such high magnetic fields the larger in-
plane hole mass should be used and consequently we believe
that this transition should not occur in reality fB<<70 T.
Muntenauet all* observed a spin-singlet/spin-triplet transi-
tion in an asymmetric quantum well in which electrons and Part of this work was supported by the Flemish Science
holes are spatially separated. Such a singlet-triplet transitioRoundation(FWO-VI), the “Interuniversity Poles of Attrac-
is then of the same nature as the one predicted for spatialliyon Program — Belgian State, Prime Minister's Office —
separated charged donor systéfts. Federal Office for Scientific, Technical and Cultural Af-
A comparison between our theoretical results and availfairs,” the “Onderzoeksraad van de Universiteit Antwer-
able experiments gives good agreement for the trion singlgten,” and the Flemish-Hungarian Cultural exchange pro-
and triplet energy. Particular good agreement is achievedram. K. Varga was supported by the U.S. Department of
with the experimental results of Shields al®>?*on the 300 Energy, Nuclear Physics Division, under Contract No.
A quantum well. For the results on the 100 A quantum wellE-AC05-000R22725 with the Oak Ridge National Labora-
we find good agreement for the trion singlet state while fortory, managed by UT-Battelle, LLC, and OTKA Grant No.
the higher energy transition we find f@<20 T that the T029003 (Hungary. Discussions with M. Hayne, T. Van-
results agree with the dark triplet transition, while fBr houcke, and A. Dzyubenko and correspondence with A.
>25 T this transition agrees more closely with the excitonWojs are gratefully acknowledged.
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