
s

PHYSICAL REVIEW B 15 AUGUST 2000-IIVOLUME 62, NUMBER 8
Magneto-optical evidence of many-body effects in a spin-polarized two-dimensional electron ga
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Modulation-doped CdxMn12xTe/CdyMg12yTe quantum wells are studied at 1.7 K by magnetoabsorption
experiments performed near the fundamental heavy-hole–electron (HH1-E1) transition. In the investigated
range of Mn content (x'0.02) and electron concentration@ne'(2 –3)31011 cm22], the two-dimensional
electron gas is fully spin-polarized at magnetic fields as low asH51.5 T. The interband optical spectra exhibit
unusual magnetic field dependence resulting from electron-hole interactions and phase-space-filling effects. An
additional enhancement of the spin splitting of Landau levels found in this study is attributed to the electron-
exchange interaction. A simplified theoretical model including the exchange energy and the electron-hole
interaction provides a coherent quantitative description of the overall experimental features.
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I. INTRODUCTION

The presence of a two-dimensional electron gas~2DEG!
significantly affects optical properties of quantum well~QW!
structures. Recently, the formation of exciton-electron co
plexes~trions! has been observed for QW’s with a modera
2DEG concentration, of the order of 1010 cm22.1,2 New pro-
cesses of optical excitation ~the exciton-cyclotron
resonance3,4! and recombination~the Fermi surface shake-u
process5! have been seen in external magnetic fields. W
increasing electron density both the exciton binding ene
and the oscillator strength of excitonic transitions decrea
which is commonly attributed to many-body effects such
screening, phase-space filling, and exchange interactions6–11

Due to the large effective Rydberg in II-VI compound
~10 meV in CdTe as compared to 4.3 meV in GaA!,
modulation-doped quantum wells~MDQW! formed from
CdTe are of particular interest to study the influence of el
trons on optical spectra of low-dimensional structures. T
importance of carrier-exciton interactions was clearly de
onstrated by the observation of negatively~or positively!
charged excitons in n- ~or p-) doped CdTe and
CdxMn12xTe QW.1,12,13The evolution of absorption spectr
with the electron concentrationne was recently reported fo
CdTe MDQW’s:14 the exciton line, which dominates th
spectrum at a very low concentration, shifts to higher en
gies with increasingne and subsequently disappears forne
'(2 –3)31011 cm22. The lowest-energy excitation, whic
is due to the negatively charged exciton,X2, remains qua-
sistable with the electron density and at highne (331011

cm22) it evolves into a broad band~associated with a
‘‘Fermi edge singularity’’ in Refs. 1 and 14!. A similar be-
havior of the trion energy has been found inn- andp-doped
CdxMn12xTe MDQWs.12,13 In the presence of magneti
fields the broad band splits into transitions between the e
tron and hole Landau levels.15–17

In this paper, we report experimental evidence of the
fluence of many-body effects in the two-dimensional el
tron gas on magneto-optical spectra of MDQW’s. The m
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netotransmission studies were carried out in a MDQ
(n-type doped! made of a diluted magnetic semiconduct
~DMS! Cd12xMnxTe surrounded by nonmagnetic barrie
Cd12yMgyTe. Within the chosen concentration range@ne
'(2 –3)31011 cm22], the Coulomb interaction is consider
ably reduced and the magneto-optical spectra near the1
→E1 fundamental transition are dominated by the Land
quantization. As suggested in previous studies,4,18 the large
electron spin splitting in DMS19 can be employed to fully
polarize the 2D electron gas even at relatively low magne
fields. Then, when only conduction-band Landau levels w
one spin component (j e52 1

2 ) are populated, one may ex
pect clear evidence of electron-exchange interactions.
usual magneto-optical features reported in the present s
provide strong evidence of many-body effects in the sp
polarized 2DEG. We are able to clearly distinguish t
many-body effects by using magnetic field to tune pha
space filling of particular Landau levels. None of the pre
ous papers reported evidence of such effects in quan
structures. Despite the observation of inter-Landau-le
transitions in Ref. 4, the Mn concentration (x<0.01) was too
low to polarize the 2D electron gas for integer filling facto
n>2, while in Ref. 18, many-body effects are not discuss

II. SAMPLES AND EXPERIMENTAL SETUP

The magnetoabsorption measurements were performe
one-side modulation-doped Cd12xMnxTe/Cd12yMgyTe hete-
rostructures with a single 100 Å thick Cd12xMnxTe QW
grown by molecular beam epitaxy~MBE! on ~001!-oriented
GaAs substrates. The Cd12yMgyTe buffer layer is transpar
ent in the spectral region, corresponding to the fundame
interband transition in the QW. The iodine-doped region
100 Å width was separated from the well by a 400 Å thi
undoped barrier. The details of the growth procedure
Cd12xMnxTe/Cd12yMgyTe MDQW’s were published in
Ref. 20.

In order to estimate the electron concentrationne we per-
formed magnetotransport measurements at 1.7 K. Magn
5059 ©2000 The American Physical Society
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5060 PRB 62A. LEMAÎ TRE et al.
field values corresponding to integer filling factors deduc
from Shubnikov–de Haas oscillations are presented with
magneto-optical data in Sec. III. Observations of cyclotr
resonance by far-infrared magnetoabsorption lead to the
termination of the electron effective massme /m050.105.

The magnetoabsorption experiments in the near-infra
region were carried out in the Faraday configuration, w
the magnetic field applied parallel to the growth axis, in bo
s1 ands2 circular polarizations at 1.7 K up to 7 T. Sinc
several samples with slightly different compositions me
sured in our experiments gave qualitatively the same res
below we focus on just one of them. For this sample, the
concentration in the barriers wasy50.147. The Mn conten
within the QW, estimated from a calibration of molecul
flux during the MBE growth, wasx'0.02.

Assuming the lattice parameter of the QW is set by
Cd12yMgyTe buffer and barriers, it is possible to estima
the effect of the strain on the band-gap energy. Forx'0.02
and y50.147, using the Mn and Mg concentration depe
dence of the lattice parameter21,22and the strain constants fo
CdTe,23 the HH1→E1 transition energy is predicted to in
crease by 0.3 meV. For magnetotransmission measurem
the GaAs opaque substrate was removed by chemical e
ing. This has no impact on the strain of the QW: reflectiv
and transmission measurements performed, respectively
fore and after etching of the substrate, give the same tra
tion energies at zero field. From now on, strain effects w
be neglected in our study.

III. EXPERIMENTAL RESULTS

The zero-field transmission spectrum consists of an as
metrical line~A! at 1639.5 meV and a very weak feature~B!
at 1649.5 meV~Fig. 1!. At nonzero magnetic field, a larg
Zeeman effect is observed: the line~A! splits into a
s2-polarized high-energy component of a nearly const

FIG. 1. Evolution of the transmission spectrum at low field
Faraday configuration withs6 polarization. The magnetic field in
creases with the step of 0.25 T between curves.
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intensity with a Zeeman shift nearly saturated atH;5 T, and
a s1-polarized low-energy component that weakens with
creasing field and disappears atH;1.5 T. In contrast, feature
(B), hardly visible at zero field, gains intensity and evolv
into a set ofLn lines visible in thes1 polarization. With
increasing magnetic field the energies ofLn lines shift to-
wards higher energies, as shown in Fig. 2.

We focus first our attention on the linesLn that appear at
discrete values of the field ins1 polarization. In order to
follow the magnetic field evolution of theLn lines, we have
plotted in Fig. 3 several transmission spectra taken betw
2.8 and 5.4 T in thes1 polarization. AtH52.8 T, two lines,
labeledL3 and L4, can be observed. The energies of the
lines @E3(H) andE4(H)] increase with increasing magnet
field. At H53.1 T, a new line,L2, appears. The intensity o
the L2 line rapidly grows and atH53.4 T it becomes com-
parable to the intensity ofL3. In this field range~3.1–3.4 T!

FIG. 2. Magnetic field dependence of the transition energ
Symbols: experiments~open symbols! s1, ~closed symbols! s2.
Solid lines: theoretical fit obtained for parametersx50.018, Ea*
51644.5 meV,\v* /H51.5 meV/T, andR052.5 meV. The inte-
ger filling factors are indicated by arrows.

FIG. 3. Magnetotransmission spectra betwen 2.8 and 5.4 T (s1

polarization!. The magnetic field increases with the step of 0.1
~0.4 T! between 2.8 T and 3.4 T~3.4 T and 5.4 T!.
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the energy of theL2 line remains independent of magnet
field (E251630.5 meV! and starts to increase only atH
.3.4 T. At H54.6 T, when the intensity of theL2 line
reaches a maximum, a new line,L1, emerges from the back
ground on the low-energy side of the spectrum. Above 4.6
line L1 is weakly shifted and intensified in the field whileL2
moves to higher energy and weakens. The same behavi
found for all observed transitions (L1 , . . . ,L6) in the inves-
tigated field range.

The Ln lines, observed in thes1 polarization, display a
similar behavior as the inter-Landau-level transitions
tween the HH1 heavy-hole states with angular momentu
j h53/2 and theE1 electron states with spin componentj e
521/2 along the magnetic field. For interband transitio
the magnetic field dependence of the energies,En(H), is

En~H !5Ea1~n1 1
2 !\v* 1Esp-d~H !, ~1!

whereEa is the renormalized band gap8 associated with the
HH1→E1 transition,\v* 5\eH/mc is the reduced cyclo-
tron energy with the reduced massm (1/m51/me11/mh ;
me andmh are the in-plane effective masses of electron a
hole, respectively!. The Esp-d(H) term describes the spin
dependent contribution caused by the (sp-d) exchange inter-
actions between localized spins of Mn ions and carriers
the CdxMn12xTe QW, the (sp-d) energy contributions for
the j e521/2 conduction-band edge andj h53/2 valence-
band edge are equal to2 1

2 N0axSz and2 1
2 N0bxSz , respec-

tively. N0a andN0b denote the conduction and valence e
change integrals,x is the molar Mn fraction, andSz is the
mean value of the Mn spin in the direction of the extern
magnetic field. In the high-field region, whereSz is saturated
(H>5 T!, the energies ofLn lines are well described by th
diamagnetic term, (n1 1

2 )\v* , with n52 and 3 forL2 and
L3, respectively, using the values of the electron effect
mass deduced from our cyclotron resonance measurem
(me /m050.105) and from the hole effective mass in Cd
(mh /m050.193).24

As shown in Fig. 2, every absorption lineLn appears at a
discrete magnetic field,Hn when then↓ electron Landau
level reaches the Fermi level. AtH.Hn , emptying states
become available for optical excitation. TheHn values cor-
respond then to the integer values of the electron filling f
tor, n5n11. As reported in Fig. 4, the inverse of magne
field, Hn

21 , is proportional ton5n11, yielding the concen-
tration of the 2DEG,ne :

Hn
21

n
5

e

hcne
. ~2!

The valuene52.2531011 cm22 determined by the magneto
optical experiment is in excellent agreement with the res
obtained from Shubnikov–de Haas measurements perfor
on the same sample~Fig. 4!. It corresponds to a zero fiel
electron Fermi energy,EF5p\2ne /me55.2 meV. Note that
the observation of the continuous sequence of integer fil
factor n52, . . . ,6 in theonly s1 polarization, between 1.5
and 7 T, indicates the full spin polarization of the electr
gas aboveH51.5 T.

In order to emphasize peculiarities visible in magne
field dependencies of transition energiesEn(H), we
,
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plotted, in Fig. 5, the energy differencesDn(H)5En11(H)
2En(H) (n>1) between consecutive linesLn11 andLn in a
given field. This procedure eliminates the contributi
caused by thesp-d exchange interaction. In the field regio
H.Hn21 corresponding ton<n, all Dn(H) energy differ-
ences merge into an unique straight line of slope\v* /H
51.560.1 meV/T, but the zero-field extrapolated energyd
is not zero:d'1 meV. For each energy separationDn(H)
between adjacent linesLn , one observes a break in the line
field dependence at fieldHn21, corresponding ton5n. Be-
low Hn21, the energiesDn(H) decrease sharply with de
creasingH, reflecting a change of behavior of the lineLn .

The observed features show the existence of two regi
in the field dependence of the linesLn depending on the
occupancy of then↓ Landau level: ~1! in the region H
.Hn21 (n,n), then↓ Landau level is empty and the energ
of the lineLn varies linearly withH through the diamagnetic
term (n1 1

2 )\v* , as expected for inter-Landau-level trans
tions.~2! In the regionHn,H,Hn21 (n,n,n11), then↓
Landau level is partially occupied and the energiesEn(H) of
the lineLn display a much weaker field dependence than t

FIG. 4. Reciprocal magnetic fieldHn
21 versus integer filling

factors n. Closed circles denote the field at which the linesLn

appear in transmission experiments. Open circles denote the
tion of the resistivity minima in Shubnikov–de Haas measureme

FIG. 5. Energy differenceDn5En112En between consecutive
lines Ln versus magnetic field. Symbols: experiments. Solid lin
theoretical fit obtained for\v* /H51.5 meV/T andR052.5 meV.
The integer filling factors are indicated by arrows. The slope of
dashed line is 1.5 meV/T.
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5062 PRB 62A. LEMAÎ TRE et al.
expected for interband transitions. These effects are also
ible in the transmission spectra~Fig. 3! and in the fan chart
~Fig. 2!.

An additional proof for the existence of the two regim
(n,n andn.n) is provided by an analysis of the magne
field dependence of intensities and widths of theLn absorp-
tion lines. As shown in Fig. 6~a!, the intensity of each tran
sition line increases at low fields reaches a maximum an
5n and decreases in the high-field region wheren,n. The
opposite effect is found for the transition linewidth. It show
a minimum forn5n @Fig. 6~b!#. Such a change of behavio
of the energies and strengths of the magneto-optical tra
tions atn5n has been predicted theoretically by Bauer25 for
a 100 Å GaAs/GaxAl12xAs MDQW with an electron density
ne51.231011 cm22 at T50.5 K.

The following conclusions can be drawn from experime
tal data:

~1! The sequence of linesLn , periodic in \v* at H
.Hn21, results from the excitation of electron-hole pa
between HH1 and E1 Landau levels. Thee-h Coulomb in-
teraction has to be taken into account to explain the fin
value ofd. In the regionHn,H,Hn21, the transitionn→n
are strongly affected by the phase-space filling of thenth
electron Landau level.

~2! The very weak structure~B! observed at 1649.5 meV
at zero field follows the magnetic field dependence of
onset of the lineLn ~Fig. 2!. Structure~B! could be attributed

FIG. 6. Magnetic field dependence of the intensity~a! and width
~b! of line Ln (2<n<4).
is-

si-

-

e

e

to the Moss-Burstein edge of the HH1→E1 interband transi-
tions atEa1EF(11me /mh). The HH1→E1 energy gapEa
51641.660.5 meV is deduced from the Fermi energy (EF
55.2 meV! and from the effective masses.

~3! In the regionH,1.5 T where both spin statesj e
56 1

2 are populated, negatively charged excitons~trions! can
be formed. We assign the line~A! observed below 1.5 T to
the X2 trion transition. Since the spin-down electron sta
are always populated, the high-energy trion state, formed
( j h52 3

2 , j e5 1
2 ) photocreated exciton and (j e52 1

2 ) elec-
tron states, is observed ins2 polarization at any magnetic
field. In contrast, the spin-up states become empty at ab
H51.5 T, and the low-energy component of line (A), i.e.,
the (j h5 3

2 , j e52 1
2 )( j e5 1

2 ) trion state vanishes with in
creasing field, as shown in Fig. 2 in thes1 polarization.

At zero field, the line~A! is found at 1639.5 meV in the
doped quantum well. As shown in different studies,14,4 the
energy of the lowest excitation (X2 in our case! is almost
independent of the carrier density. One may thus estimate
manganese concentration from the free-exciton energy (EX)
expected for an undoped QW of identical characteristics, t
ing Eb152.1 meV for theX2 binding energy. The energy
valueEX51641.6 meV corresponds to a CdxMn12xTe QW
of Mn compositionx50.018. From now on, we will assign
to the CdxMn12xTe QW this value of the Mn composition
For x50.018, the expected exciton Zeeman shift due to
Mn-carrier exchange interaction isEsp-d519 meV in the
saturation region. However, the position of linesL2 andL3
in the saturation region implies a much larger spin contrib
tion ('27–28 meV! to satisfy Eq.~1! with the energiesEa
51641.6 meV and\v* /H51.560.1 meV/T. This apparen
contradiction between the values ofEsp-d is in fact the mani-
festation of anenhanced spin splittingin the doped QW
resulting from the electron-exchange interaction. We show
Sec. V that the overall experimental transitions can be qu
titatively explained when taking into account the electro
exchange interaction and thee-h Coulomb interaction for a
CdxMn12xTe QW of x50.018.

IV. MODEL

To explain the observed behavior, we use a simplifi
model in the high-field approximation: We assume that
Coulomb interaction between photocreated electron and
issued fromE1 and HH1 Landau levels is weaker than th
reduced cyclotron energy\v* . We determine the binding
energy of thee-h pair associated with each inter-Landa
level transition by first-order perturbation theory. We al
include the exchange energy of conduction electrons du
the 2D electron gas. The validity of this high-field approx
mation is justified from the parameters obtained by comp
son with experimental data.

We consider a 2D system. In the effective mass appro
mation, in presence of a magnetic fieldH ande-h Coulomb
interaction, the Hamiltonian of thee-h pair is (e.0)

H5
~pe1eA~re!/c!2

2me
1

~ph2eA~rh!/c!2

2mh
2

e2

kure2rhu
. ~3!

A(r )5 1
2 H3r is the potential vector;re and rh are the elec-

tron and hole coordinates;H is perpendicular to the 2D QW
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k is an effective dielectric constant including the effect
screening on the reduction of Coulomb interaction.

We consider the coordinates system (R,r ! defined by

R5
mere1mhrh

me1mh
,

~4!
r5re2rh .

In the absence of a Coulomb interaction, the eigenfuncti
of H, F(r ,R), can be written as

F~r ,R!5
1

AS
eiK•ReieA(r )•R/\cCn,m

K ~r !, ~5!

whereS is the sample area,K is the totale-h momentum,
andCn,m

K (r ) (n,m integer>0) is eigenfunction of

H15
\2K2

2M
12

\e

Mc
K•A~r !2

\2

2m
D2

i\e

2c S 1

me
2

1

mh
DH

]

]f

1
e2

8mc2
H2r 22

e2

kr
, ~6!

with M5me1mh .
In Faraday geometryK50, and thee-h angular momen-

tum conservation impliesl 5n2m50. The allowede-h
pairs are the statesFn(r ,R) associated with26

Cn,n
0 ~r ,R!5~21!n

e2r 2/4l c
2

A2p l c
2

Ln
0S r 2

2l c
2D , ~7!

with the energiesenn5(n1 1
2 )\v* . Ln

m(x) are Laguerre
polynomials27 and l c5(\c/eH)1/2 is the magnetic length.

Including thee-h Coulomb interaction, in the absence
electron gas, the binding energy of thee-h pair associated
with thenth quantized state obtained from first-order pert
bation theory is26

En
0~H !5 K Cn,n

0 U e2

kr UCn,n
0 L 5Ap

2

e2

k l c
Cnn5R0

a0

l c
A2pCnn ,

~8!

where R0 and a0 are effective parameters defined byR0
5me4/2k2\2 and a05\2k/me2. The coefficientsCnn8 are
given by

Cnn85
2

Ap
E

0

1`

dx e2x2
Ln

0~x2!Ln8
0

~x2!. ~9!

In the presence of an electron gas, we consider the s
n5(n11)2 ~as discussed in Ref. 28!, with only one empty
state in the conduction Landau leveln. After creation of an
e-h pair, the Landau leveln is fully occupied. It is not pos-
sible to minimize the energy of the photocreatede-h pair by
coupling this pair with other allowed pairs issued from t
Landau leveln. The binding energy is zero:En

b(Hn)50.
In the intermediate regime,n,n,n11, when the Lan-

dau leveln is partially occupied, we assume that thee-h
binding energy follows the relation~reproducing the two
limiting cases previously discussed!:
f

s

-

te

En
b~H !5En

0~H !~12tn!, ~10!

with tn the filling factor of leveln(0<tn<1). When tn
decreases, the phase-space filling is reduced; the numb
allowed e-h pair excitations increases, which permit us
minimize on a larger subspace the ground-state energy,
increasing the binding energy.

We consider now the exchange energy of the conduc
electrons, distributed over Landau levelsn8. In the 2D limit,
the exchange energy has been derived by Ando
Uemura29 and more recently by MacDonaldet al.30 in the
presence of magnetic field. For an electron on Landau levn
~and spins), the exchange energyEn,s

exch(H) is

En,s
exch~H !52

e2

k l c
Ap

2(
n8

tn8sCn,n8

52R0

a0

l c
A2p(

n8
tn8sCn,n8 , ~11!

wheretn8s is the filling factor of conduction Landau leveln8
of spins. In our case, we consider only electrons with sp
down component as the electron gas is polarized (H>1.5 T!.
The exchange energy is zero for spin-up conduction e
trons.

V. ANALYSIS AND DISCUSSION

In order to describe the magnetic field dependence
En(H), one has to take into account the energy terms or
nating from electron-hole Coulomb and the electro
exchange interactions. According to the high-field appro
mation described above, the following formula has to
employed instead of Eq.~1!:

En~H !5Ea* 1~n1 1
2 !\v* 1Esp-d~H !1En

exch~H !2En
b~H !,

~12!

whereEn
exch(H) andEn

b(H) are the exchange energy expe
enced by an electron in then↓ Landau level and thee-h
binding energy, respectively.Ea* 5Ea2Eexch(0) is the
HH1→E1 energy gap, after subtracting the zero-field e
change energy that is already included in the fourth term
Eq. ~12!.

Comparison with experiment is achieved using a two-s
procedure and taking advantage of the fact that the ene
differenciesDn(H) between consecutiveLn transitions are
independent of the spin splitting Esp-d(H), as follows.

~i! The energy differenceDn(H) between consecutive
lines

Dn~H !5\v* 1@En
b~H !2En11

b ~H !#

1@En11
exch~H !2En

exch~H !# ~13!

depends only on two parameters, the reduced cyclotron
ergy \v* and R0. The solid lines plotted in Fig. 5 resu
from this first step of the fitting procedure. Forn,n, the
experimental points gather on a single line the slope
which, \v* /H51.560.1 meV/T, determines the cyclotro
energy. In the low-field regime (n<n<n11), the slope of
Dn(H) ~calculated for R052.5 meV! accounts for the
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field dependence of all experimental energy differen
Dn(H)(1<n<4) with an accuracy better than 1 meV.

Note that, in the absence of Coulomb interactions,Dn(H)
is equal to\v* . In such a case allDn(H) would gather on a
single line that extrapolates to the origin. The finite value
d'1 meV and the existence of two distinct regimes for ea
curvesDn(H) is the signature of the Coulomb interactio
and the phase-space-filling effect.

~ii ! EnergiesEn(H) of the linesLn are fitted to the ex-
perimental spectra, taking as a free parameterEa* . Other
parameters are fixed:\v* /H51.5 meV/T, R052.5 meV,
andx50.018.Esp-d(H) denotes the spin contribution orig
nating from Mn-carrier exchange interaction.Esp-d(H) is
calculated using the expression ofSz versusx andH, given
by Grieshaberet al.31 and deduced from their study of th
bulk alloy Zeeman splitting. The best fits, shown in Fig.
are achieved forEa* 5Ea2Eexch(0)51644.561 meV. Ex-
cellent agreement is found between the transition ener
calculated from the model and the experimental positions
the linesLn (1<n<6), between 1.5 and 7 T, with an acc
racy better than 0.5 meV. The value of the zero-field ene
Ea* 51644.561 meV is quite consistent with the value o
Ea51641.660.5 meV deduced from the position of stru
ture ~B! at the Moss-Burstein edge and with the zero-fie
exchange energyEexch(0)523.9 meV, calculated from the
relation32

FIG. 7. Energies of conduction Landau levels versus magn
field for both spin components:n↑ ~dashed lines! and n↓ ~solid
lines!. The Fermi energy is represented by a thick line.~a! Calcu-
lated from the model including electron-exchange interaction,
parametersx50.018 andme /m050.105.~b! In the absence of ex
change interaction for the same parameters.
s

f
h

,

es
f

y

Eexch~0!52R0a0

8

3
A2ne

p
. ~14!

Thus, one may estimate the band-gap renormaliza
~BGR! induced by the electron gas: for an undop
Cd12xMnxTe QW of identical characteristics (L5100 Å,
x50.018), the HH1→E1 transition energy should lie at 166
meV, while we obtainEa51641.5 meV for the doped QW
The BGR deduced from our analysis, approximately
meV, is in good agreement with the values given
CdxMn12xTe MDQW for the concentration rangene5(2 –
4.8)31011 cm22.4

In doped semiconductors, the band gap is renormalized
many-body effects caused by the presence of free carr
Ea is then the band gap renormalized by exchan
correlation effects, in presence of electron-phon
coupling.33,34We assume that the main magnetic field dep
dence of the renormalization is in the exchange correct
which is sensitive to the spin populations. Within this a
sumption, it was possible to introduce in our analysis
energyEa* , which includes all the renormalization corre
tions except exchange.

As we mentioned in Sec. III, there is an apparent con
diction between the Zeeman shift expected for Mn conten
x50.018 and that observed in the experiment. In order
understand this effect, we plot, in Fig. 7, the scheme of c
duction electron Landau levels obtained forx50.018 and
me /m050.105. In Fig. 7~a! the exchange terms are include
into calculations, while in Fig. 7~b! we neglect them. The
exchange interactions drastically enhance the Landau-l
spin splitting. The combined effects of Mn-electron a
electron-exchange interactions lead to the complete spin
larization of the electron gas in the considered field rang

VI. CONCLUSIONS

The present study emphasizes the strong influence of
many-body exchange interactions on the Landau-level s
states. The overall experimental transitions observed in
magnetotransmission experiments are consistently in
preted in the frame of a simple model based on the high-fi
approximation. The validity of the basis assumption (En

0

,\v* ) was confirmed by the comparison of paramet
deduced from model with experimental ones. The ratioh of
the first-order correctionEn

0(H) to the Landau splitting
\v* is h5CnnA(pR0 /\v* ). The value of h
5CnnAnAmR0/2ne\

2 at n5n varies for the different transi-
tions between 0.67~for n51) and 0.84~for n56), and this
ratio decreases for each transition with increasing magn
field.
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