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Charged excitons in a low magnetic field in GaAs/Ga_,Al,As and CdTe/Cd,_,Zn,Te
semiconductor quantum wells
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We study the influence of an external magnetic field on the singlet and triplet ground states of negatively and
positively charged excitons in GaAs/gAl,As and CdTe/Cd_,Zn,Te semiconductor quantum wells in the
low-field limit. The energies are determined using a variational wave function for finite values of the band
offsets. We show that there appear additional Landau levels due to the charge of the center of mass. We discuss
the influence of the magnetic field on the exciton and charged excitons transition energies.

I. INTRODUCTION actions between the three particles which are expected to be
important because the quantum confinement enhances the
Over the past few years, considerable experimental workcoulomb correlations. The positively charged exciton has
has been carried out on charged excit@rstrions in quasi-  Nnot yet been studied. The theoretical predictichat at high
two-dimensional2D) semiconductor structures, mainly be- magnetic fields and in narrow wells th€ state becomes
cause the understanding of their properties is essential in tHess stable than th¥, state contradicts recent experimental
optical investigation of a 2D electron or hole gas. Two kindsobservations! We have previously shown in the case of
of charged excitons have been observed: the negativelulk materiald® and 2D semiconductdi$that in the low
charged exciton X~) and the postitively charged exciton magnetic field limit the energy of charged excitons should
(X4) resulting, respectively, from the binding of an exciton split into several Landau levels due to the charge of the cen-

(X) and a free electroe) or a free hole k). After its first  tef Of mass. _
identificatiort in CdTe/Cd_,Zn,Te quantum wells(QW), . In the present paper we study Fhe mflu_ence of a perpen-
the singlet state of the negatively charged excitag has dicular magnetic field in the low-field region on the nega-

— , tively and positively charged excitons singlet and triplet
subsequently been observetin GaAs/Ga_ (Al As QW's. states in finite quantum wells. We restrict our discussion to

Later, the observations of the negatively charged eXCitO'baAs/Gq,xAles and CdTe/Cd ,Zn.Te semiconductor
triplet state ;') as well as the positively charged exciton Qs To this purpose we extend our previous theories of
singlet (X;) and triplet X;,) states have also been reported. X in 3D and 2D semiconductors in a magnetic figld?

It appears very soon that the use of an external magnetic fielgihd our study in a QW at zero magnetic fidfd.

may be very useful in the identification of charged exciton

lines in CdTe compounds®® as well as in GaAs Il. THEORY

compounds$#=2! It results that charged excitons lines and

exciton lines exhibit a comparable diamagnetic shift though We present explicitly the theory of the negatively charged
the energy difference of the lines increases monotonicallgxcitonX™ (e,e,h), the case of the positively charged exci-
with the applied field” The X; state may be already ob- ton X, (h,h,e) being quite analogous by interchanging the
served at zero magnetic field for electron concentration€lectronse) and the holesh) with isotropic effective-masses
lower than a critical value. However, even for samples inm; and mj; . Within the envelope function approximation,
which this concentration is larger, the application of a mag-the effective-mass Hamiltonian of the system reads

netic field can enable the observationXf . On the other

hand, theX; state is only observed in a magnetic field. The B
behaviors of theX;, and theX;, states are quite similar to T om*
those of theX, and X; states. Moreover, it has been °
reported* recently that though the “binding energies” of
X andX;, are identical at zero field, their spectra are dif-
ferent at high-magnetic field.

There exists little theoretical work concerning the influ- When taking into account the detailed band structure, the
ence of a magnetic field on charged excitons. Recent thedvole kinetic energy term may become more complicated and
retical studie¥® 2°on X states consider ideal 2D systems in depends on the valence-band Luttinger parameters. In this
the high-field limit. To our knowledge, the only papers con-case, strictly speaking, the symmetry between Xhe and
cerning QW's are related t6; andX; states subjected to a X, theories is no longer present, because of the different
strong magnetic field in an infint€ or a finit¢’ quantum  wave functions of the electrons and the holes. However, in
well. A common feature of all these papers is that the waveour numerical calculations, we will, in the framework of the
functions used do not take into account explicitly the inter-effective-mass approximation, use mean hole masses ob-
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tained from the experiment or using the Luttinger param-does not commute with the 3D momentum opera®gr
eters. This approximation is expected to lead to reasonablgowever, it appears that the components of the in-plane op-

qualitative results. The potential vectoss of the electron

eratorm(my ,my),

and hole are expressed as a function of the uniform magnetic

field H in the Coulomb gauge b (r,)=3HXr; (i=e,h).

In the following we assume that the magnetic field is di-

e
T=P1+ P2t Pr— E[A(Pl) +A(p2)—Alpn)]

rected along the growth axis. The interaction between the

three particles is modeled by a Coulombic poteniél
screened by the dielectric constant

2

) el 1+o
=—ihir,— <2775

| 2755 AR TAR)|,

9
wherep; are the in-plane free-particle momentum operators,
commute withH but do not commute with each other. We
choose that the component, and the Hamiltonian may be

The total well potentiaV,, arising from the band offsets is simultaneously diagonalized. Thus we can transform the
described by the sum of three square-well potentials. Usingvave function¥ by eliminating the in-plane coordinab,
the in-plane relative and in-plane center-of-mass coordinatesf the center of mass:

r, R, and R, related to the in-plane coordinatgs (i
=1,2h) by

_ _p1tp2
r=pi—p2, R= 5 Ph

~ Mz (p1+p2)+mipp
o=

)

* *
2mg +my
the Hamiltonian can be expressed as

H:H0+H1+H2, (4)

where
B2 42 2 52
Ho:—ﬂAr—mAR—mARO—ﬁ(AZﬁAzZ)
ﬁ2
— LA, 4V, (5)
2my "
Hie— ¥ a0 v 4+ 27 ARy ¥
1— Cm; (r) I’+ 1+ 20 ( ) R
L 200Y9) RV 4 (14 0)ARY)-V
— . O' .
(1+20)2 Ro o TR
7 _A(Ry)-V 6
+1+20(o)' Ro|® (6)
H i L a2(ry+2 L+20° A2(R)+ (24 0)A2(Ry)
= SA(r)+2——— o
2 2c2m* | 2 (1+20)? 0
41_02A R)-A(R 7
+ar—A(R)-A(Ry) U
with
my M 2mimp; M 211t 4 ®
=—, =, =2m. +my .
M 2 2m;+m: 0 e h

We remark that the HamiltoniaH commutes with the pro-
jection L, of the angular momentum along tlzeaxis, but

\P(Zl,ZZ,Zh ,r,R,Ro):U(D(Zl,Zz,Zh ,r,R,Yo), (10)

where the unitary operatdy is expressed as

K 2e 1+crAR R eHXY
teh 1120 (R Ro™ 555 Xo¥o)-

11
We remark that the functio® is independent o¥,. We
have introduced the in-plane vecté= (K,,0), which must
not be confused with the 3D wave vectdg of the center of
mass without the magnetic field. The transformed Hamil-
tonianH’ reads

U= expi

H'=U HU=H]+H,+H;+H,+H,, (12
where
K2 #2 72 #2
H]_: — ﬁAr_ WAR— E(Azl—i_ AZZ)_ HAZh—FVC
+VE(21) +VE(2p) +V(z) (13

is the zero field contribution. The second term is the contri-
bution due to the linear Zeeman effect:

_ 2

g
A(r)-Vr+ EA(R)VR

Hy=—— . (14
cme

The contributiorH} represents the quadratic diamagnetic ef-
fect:

H.= i PAZ(rH—)\(o)AZ(R)} (15
3 2% | 4 !
cmg
where
\ )_1+40'(1+0')(2+(T+0'2) (16
(0)= (1+20)° ’

with o=mZ/my}; . The fourth termH describes the action of
the magnetic field on the motion of the charged center of
mass:

Hy=

hz M0w2
_ 2 My _
2M0(9Y0+ > Yo
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It is analogous to the Hamiltonian of a harmonic oscillator ofwherel,m,n,p,q,r are positive integers or zero. The basis
massM, and circular frequencywcy=eH/Mqc oscillating  functions are chosen as products of functiehs,, depend-
around the poinV8=(ﬁc/eH)Kx. Its contribution will lead  ing only on the in-plane coordinates and functiafyg, de-

to a splitting of the energy levels into Landau levels. Finallypending only on the coordinates. The in-plane functions
the fifth term

Bimn(S,t,u) =€ <Fslumn (25)
1+o ) Mowem hC _ -
Hs=2hwcmi—o—| —iXdy,+ —5—Y| Yo— 7K« are Hylleraas-type basis wave functions. Thdependent
1+20 ’ f eH (18) part of the wave function is chosen as follows:

arises from the coupling between the relative and center of  fpar(Z1,22,Zn) =Fe(z1) fe(22) Fr(zn)
mass motions.

Due to the occurrence of the coupling tettd, the in-
plane relative and center-of-mass motions remain coupled. (26)
We have previously showfi?°that at low enough magnetic _ _
fields, the influence of this term may be neglected so that th¥/n€re fe and f,, are the ground-state eigenfunctions of the
in-plane motion of the center of mass may be separated froffil€ctron and hole in a quantum well. For the singlet ground
the relative motion. In this approximation, we can write the St&t&.# has to be symmetrical with respect to the interchange
envelope wave function as the product of the wave functiorff the two electrons. In this cage must be even. On the

of the relative motion and the in-plane motion of the center-0ther hand, in the case of the triplet statgshas to be
of-mass: antisymmetric with respect to the interchange of the two

electrons, anch must be odd. Further, because of the inver-

D(21,25,25,1,R,Y o) =(21,25,2Zp,F,R)Pcp( Yo). sion symmetry in thez direction, our wave function must

(19 have definite parity in all cases. It is expected that for the
ground state the even function will lead to the lowest energy.
Thus we choos@+q+r to be even. The linear parameters
Cimnpgr @S Well as the positive nonlinear variational param-
etersk, a., anda;, will be determined using the Ritz varia-
tional method. We have calculated the enerdi¥ of the
The wave functionb ), describing the oscillatory motion of singlet(triplet) ground state of the charged excitons using a

2., .2 2
X e~ ezt Z) (2029 + 2328) 7},

The relative wave functiony results as a solution of the
following equation:

H™y=(H]+Hj+Hj) =E™y. (20)

the center of mass satisfies the equation symmetrical(antisymmetricgl 66-term(39-terrm wave func-
tion defined byl + m+n=<4 and{pqr}=(000,101,110).
HQCDCMzEﬁ(I)CM. (21) The case of theX; charged exciton is quite analogous.

All of the above discussion remains valid in this case by

In this paper we concentrate es;entlally on the d'.am"."gnet'l’fﬁterchanging the electrons and the holes. For the sake of
effect. Thus we neglect the orbital Zeeman contribution as

. Simplicity, we choose an analogous wave function forxije
well Il spin eff . Thus th | energy r . o : .
ell as all spin effects. Thus the total energy reads charged exciton. However, it is expected that this atomiclike

gtot— grel . gN (229 wave function becomes less well adapted in the case of very
L heavy holes, i.em?/m¥=<0.1.
whereE'™ denotes the relative energy and where In order to estimate the influence of both the quantum

confinement as well as the magnetic field on the Coulombic

E’ﬁlzﬁwCM(NJr 1  N=012... 23) C(zrrelations, we chave defined the “cprrelations energ.ies,”
2 Ex-. EX2+ , andEy of the charged excitons and the exciton

stands for the Landau energies corresponding to the in-plane

motion of the center of mass. We remark that the coupling ES =EJ —2ES —EJ,,

term Hg does not give rise to any contribution in our

approximation becausgy|X|¢) = (#|Y|¥)=0 with relative EC, =g _ 2E? —EY |, (27)

+= +
wave functions of cylindrical symmetry, and we X2 e
can also verify that (®cy|d/dYo|Pew)=(PemlYo ES_ el g0 _ g0
—(ﬁC/eH)KX|CI)CM>=O X7 =X e,L h,L

We have determined the relative ground-state en&fly \ynere EY, andE?, are the electron and hole fundamental
within the variational method using the same kind of theLandau ; '

lati ¢ ion th q oG d energies in a quantum well. It may be verified that
re atlv_e wave function that we used previouSin our study  q congitions of stability against dissociation into an exciton
of X~ in a quantum well at zero magnetic field. It is expected

. . . and a free electron or hole may be written as
that this function remains well adapted to the present case

because of its axial symmetry. It reads . o o,
— __ ¢ =<
Wy =Bx-—Bxt 1355 2 =0
W(S6U,21,25,2)= > Cimnpagréimn(S,t,U) 29)
Imnpqr o o
Wy =Ey, —ES+ =—— ——<0
X 0pqr(zlizzyzh)' (24 %2 X, X2+ 2 ’
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where —Wy- and —WX2+ are theX™ andX, binding ener-

gies. We remark that contrary to what happens at zero mag
netic field, the binding energy is no longer equal to the dif-

ference of the exciton and charged exciton correlation
energies. In order to verify these stability conditions, it is

necessary to know the values of the excitonic relative energy
E;e' with an accuracy comparable to what we get in the cases
of charged excitons. To this purpose we have performed ¢
variational calculation for the excitonic ground-state energy
using a similar wave function:

hx="Fe(zZe) fh(zh)eiﬁpiﬁezgiﬁhzﬁz CprZEZL . (29
pr

E® (meV)

whereg, B¢, B, andcy, are variational parameters, apd
andr are positive integers chosen such tpatr is even. It
was found that the use of a nine-term wave function, defined
by the conditionp+r=4, yields to the same accuracy that
we obtained for the trions.

We have shown previouslythat in the 2D case, the mag-
netoabsorptions between initial “free” electron or hole
states and a finak~ or X, state reduce to Dirac peaks. It
may be shown that the same behavior is expected in the cas
of semiconductor QW's and that the corresponding transition
energies are given by
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FIG. 2. Variations of the total energies of the first Landau levels
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FIG. 1. Plot of the correlation energies of the exciton and the
lowest LandauX singlet state against the well widthfor differ-
ent values of the magnetic field in a GaAs{GgAl,As QW.
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wheree, is the zero-field band gap of the well material,
andE,;, denote the zero-field electron and hole energies in a
quantum well.w,=eH/mg c corresponds to the electron cy-
clotron frequency. The corresponding exciton transition en-
ergy is given by

22

p
oM (3D

hvy=eq+ Ee!+
while K, is the in-plane exciton center-of-mass wave vector,
which vanishes for transitions @t=0 K in direct gap mate-
rials. M is the total exciton mass. So it appears that the
charged exciton “localization” energies corresponding to
the lowest N=0) Landau levels are given by

2

2
E (32)

Ahv=hy—hvy=—-W+ TV

It is worth pointing out that the localization energy, which
may be deduced from experimental observations, is not equal
to the differenceE;— E5, of the exciton and charged exci-
ton correlation energies. Indeed, we get, for instance, in the
case of theX™ trion,

o o, HK}
- + .
1+20 2~ 2M

Ahvy-=E§—Eg- (33
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FIG. 3. Comparison between the theoretical and experimental F|G. 4. Comparison between the transition energies of the exci-
transition energies of the exciton and singlet and triplet states ofgn and the singlet negatively and positively charged excitons as

negatively charged excitons as functions of the magnetic field in qnctions of the magnetic field in a GaAs/GaAl,As QW.
GaAs/Ga_,Al,As QW.

Ill. RESULTS AND DISCUSSION exciton and charged exciton correlation energies, it can be
verified that in our case the last term in E88) amounts to
In the case of GaAs/Ga,Al,As QW'’s, we use the fol- 0.1 meV/T, and can therefore be neglected. In Fig. 2 we
lowing material datd® mZ/m,=0.0665 for the electron report the variations of the total energies, E2p), of X, as
mass andn,/mqy=0.34 for the heavy-hole mass. Thus, the a function of the magnetic field in a GaAs/GgAl,As QW.
value of the electron-to-hole effective-mass ratio amounts t&Ve observe the expected quadratic behavior of the diamag-
0=0.196. The bands offsets are given ¥y=Q.Aeq and netic contribution as well as a splitting due to the in-plane
Vh=QnA €y, WhereQ.=0.57=1—-Qy. Further we assume motion of the charged center of mass. This result is quite
that the band gap differencke, and the aluminum concen- analogous to what we obtained previod&?in the case of
tration x are related by’ Aeg=1.155+ 0.3%2 eV and we 3D and 2D semiconductors. The possibility of the existence
use the valuex=12.5 for the dielectric constaft.In the  of charged exciton Landau levels has never been reported
case of CdTe/Cd,zZn,Te, we use the electron mass previously. In Fig. 3, we report the theoretical and the
m%/my=0.096, resulting from cyclotron resonance experimentdltransition energies foX, X; , andX, states in
measurementsin CdTe, and the in-plane heavy-hole mass,a GaAs/Ga ,Al,As QW with heavy holes and with
mp/Me=0.19, deduced from the Luttinger parameters =0.33 andL=30 nm. Our theoretical values for thé
=4.11, y,=1.08, andy;=1.95, obtaine®f by two-photon  states are lower than the observed energies, even at zero
magnetoabsorption in CdTe. The effective electron-to-holenagnetic field. We discussed this point in our previous
mass ratio is thus given by=0.505. Forx=0.16, the paper?’ The discrepancy may be due to the material param-
conduction- and valence-band offsets®aré¢,=71.4 meV  eters we used, but also to the fact that we neglected the
andV,=24.1 meV. Figure 1 shows the variations vergus electron-hole exchange interaction, which we expect to be
of the X and X; correlation energies for three different val- more important in QW’s than in 3D materials. However, we
ues of the magnetic field in a GaAs/GgAl,As QW. It  observe a qualitative agreement between the slope of the
appears, as expected, that the quantum confinement as wefieoretical curve corresponding to thg (N=0) state and
as the magnetic field increase the Coulomb correlation. Weéhe X experimental curve. In particular, we get a minimum
remark also that the exciton and charged exciton energiasear 1 T, which appears also in the experimental curve. This
behave quite analogously and that the energy difference résehavior may be explained by the fact that when the mag-
mains quite constant. Further, th€ state remains always netic field goes to zero, the transition energy, Bf), be-
stable for the reported values bfandB. Indeed, although haves like the last linear term which decreases when the
the binding energyw is not equal to the difference of the magnetic field increases. However, at higher magnetic fields,
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FIG. 5. Comparison between the theoretical and experimental FIG. 6. Plot of the correlation energies of the exciton and the
transition energies of the exciton and singlet and triplet states olowest Landaws singlet state against the well widthfor differ-
positively charged excitons as functions of the magnetic field in s€nt values of the magnetic field in a CdTe/C¢dZn, Te QW.
GaAs/Ga_,Al,As QW.

the quadratic positive second term becomes more important, T T v T T T

and leads to an increase of the transition energy when the [ CdTe/Cd,,ZnTe

field increases. In the case & , the contribution of the [ 6=0.505

second term is more important because the triplet state is Iess1 620} x=0.16 A
bound than the singlet state. Indeed, the quadratic term is L L=10nm

proportional to the spatial extension of the wave function so
that it is more important foiX; than for X; states for a :
given value of the magnetic field. Nevertheless, the experi- - X
mental results reported up to now do not display our pre- 1.615
dicted Landau splitting, though shake-up processes have ~

been reporte!d in the luminescence spectra B states at ?g

moderate magnetic fields. But the most important result is 2 I
that theX; state is stable even at zero magnetic field. This 1610 b i
result contrasts with the fact that, up to nofy, lines have ) | i
only been observed in a magnetic field. In Fig. 4 it appears
that theX; (N=0) andxz*’S (N=0) transition energies are

very close in a GaAs/Ga,Al,As QW regardless of the val- T X (exp)
ues of the magnetic field, and they become quite identical at 1.605 [r--x-ssseeessmsesssesimnsnsnamsrensnesens s n
zero field. This result is in agreement with recent [ X, (exp) 1

observationg! It may be explained by the fact that the quan- I R R RRTTRPRPPRRIIPPP X
tum confinement localizes more thg states than the&™ [ 1
states because the holes are more heavy than the electrons [ . , ) , ) , .
Thus the Coulomb repulsion is more important for the holes 1.600

0.0 0.5 1.0 1.5 2.0
than for the electrons. This explains why tXg state be-
comes less stable in a QW than in 3D materials. We observe B(T)
also that theXs curve passes through a minimum which is FIG. 7. Comparison between the theoretical and experimental
not the case for thi, state. This is due to the fact that the transition energies of the exciton and the singlet negatively charged
quadratic diamagnetic term in the transition energy is morexcitons as functions of the magnetic field in a CdTe/Gdn,Te
important for theXzfS state. In Fig. 5, we report the theoret- Qw.
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ical and the experimentairansition energies foX, xz*’s, and tained neglecting the spins as well as the Zeeman effect.
X5, states in a GaAs/Ga,Al,As QW with heavy holes and Therefore, our transition energies have to interpreted as ap-
with x=0.33 andL =30 nm. The same discussion holds asproximations of the mean values of the transitions energies
for Fig. 3. In particular, it appears also that tKg, state is ~ corresponding to the different Zeeman components. On the
stable even at zero magnetic field, though its observation hg¥her hand, it must be stressed that our results are only valid
not yet been reported at low magnetic fields. In Figs. 6 and 1 the low-field limit. At higher magnetic fields, the com-
we report our results obtained in the case of aParative behavior of the singlet and triplet states may become
CdTe/Cd_,ZnTe QW for heavy holes and witk=0.16 different. Nevertheless, our main result is that we predict the
andL =10 nm. Our results are essentially the same as thog@Xistence of a Landau splitting for negatively and positively
reported in Figs. 1 and 3 in the case of a GaAs/GAl,As chgrged excitons in the .Iow-f|eld regime. Ftirther, our calcu-
QW. However, we remark that our theoretical transition enlations show that the triplet state§ and X;, are always
ergies are higher than the observed eneryiegen at zero Stable at zero fields and in the low-field limit.
magnetic field. This discrepancy may be due to the material
parameters we used. We observe a qualitative agreement be-
tween the slope of th¥, (N=0) theoretical and experimen-
tal curves. This work has been performed in the framework of the
We must remark that all our above results have been ob*Action intégree franco-marocaine” No. 97/046/SM.
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