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Magneto-optical evidence of many-body effects in a spin-polarized two-dimensional electron gas
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Modulation-doped Cgvn, _,Te/CdMg,_,Te quantum wells are studied at 1.7 K by magnetoabsorption
experiments performed near the fundamental heavy-hole—electrop-BqHtransition. In the investigated
range of Mn contentX~0.02) and electron concentratign,~(2—-3)x 10'* cm~?], the two-dimensional
electron gas is fully spin-polarized at magnetic fields as low asl.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.

I. INTRODUCTION netotransmission studies were carried out in a MDQW
(n-type dopedl made of a diluted magnetic semiconductor
The presence of a two-dimensional electron (#3EG) (DMS) Cd;_,Mn,Te surrounded by nonmagnetic barriers
significantly affects optical properties of quantum wWeMW) Cd,_y Mg, Te. Within the chosen concentration ranpge,
structures. Recently, the formation of exciton-electron com=(2—-3)X 10** cm~2], the Coulomb interaction is consider-
plexes(trions) has been observed for QW’s with a moderateably reduced and the magneto-optical spectra near the HH
2DEG concentration, of the order of ¥&m~2.1? New pro- —E; fundamental transition are dominated by the Landau
cesses of optical excitation(the exciton-cyclotron quantization. As suggested in previous studi&sthe large
resonance®) and recombinatioithe Fermi surface shake-up electron spin splitting in DM can be employed to fully
proces®) have been seen in external magnetic fields. Withpolarize the 2D electron gas even at relatively low magnetic
increasing electron density both the exciton binding energyields. Then, when only conduction-band Landau levels with
and the oscillator strength of excitonic transitions decreasegne spin componentj {= —3) are populated, one may ex-
which is commonly attributed to many-body effects such agect clear evidence of electron-exchange interactions. Un-
screening, phase-space filling, and exchange interac&idhs. usual magneto-optical features reported in the present study
Due to the large effective Rydberg in II-VI compounds provide strong evidence of many-body effects in the spin-
(10 meV in CdTe as compared to 4.3 meV in GaAs polarized 2DEG. We are able to clearly distinguish the
modulation-doped quantum wellMDQW) formed from many-body effects by using magnetic field to tune phase-
CdTe are of particular interest to study the influence of elecspace filling of particular Landau levels. None of the previ-
trons on optical spectra of low-dimensional structures. Theus papers reported evidence of such effects in quantum
importance of carrier-exciton interactions was clearly dem-structures. Despite the observation of inter-Landau-level
onstrated by the observation of negativélyr positively)  transitions in Ref. 4, the Mn concentratiox<t0.01) was too
charged excitons inn- (or p-) doped CdTe and low to polarize the 2D electron gas for integer filling factors
CdMn;_,Te QW23 The evolution of absorption spectra v=2, while in Ref. 18, many-body effects are not discussed.
with the electron concentratiom, was recently reported for

CdTe MDQW's“ the exciton line, which dominates the Il. SAMPLES AND EXPERIMENTAL SETUP
spectrum at a very low concentration, shifts to higher ener- _
gies with increasingi, and subsequently disappears fgy The magnetoabsorption measurements were performed on

~(2-3)x 10" cm 2. The lowest-energy excitation, which one-side modulation-doped €d,Mn,Te/Cd _ Mg, Te hete-
is due to the negatively charged excitofi,, remains qua- rostructures with a single 100 A thick ¢d,Mn,Te QW
sistable with the electron density and at high (3x10**  grown by molecular beam epitaXMBE) on (001)-oriented
cm ?) it evolves into a broad bandassociated with a GaAs substrates. The ¢d,Mg, Te buffer layer is transpar-
“Fermi edge singularity” in Refs. 1 and 14A similar be- ent in the spectral region, corresponding to the fundamental
havior of the trion energy has been foundninandp-doped interband transition in the QW. The iodine-doped region of
Cd,Mn,_,Te MDQWSs'3 In the presence of magnetic 100 A width was separated from the well by a 400 A thick
fields the broad band splits into transitions between the eleaindoped barrier. The details of the growth procedure of
tron and hole Landau levets?’ Cd,_,Mn,Te/Cd _,Mg,Te MDQW's were published in

In this paper, we report experimental evidence of the in-Ref. 20.
fluence of many-body effects in the two-dimensional elec- In order to estimate the electron concentratiprwe per-
tron gas on magneto-optical spectra of MDQW'’s. The magformed magnetotransport measurements at 1.7 K. Magnetic
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Energy [eV] intensity with a Zeeman shift nearly saturatedfat 5 T, and

a o' -polarized low-energy component that weakens with in-
FIG. 1. Evolution of the transmission spectrum at low field in creasing field and disappears-bt- 1.5 T. In contrast, feature
Faraday configuration witer™ polarization. The magnetic field in- (B), hardly visible at zero field, gains intensity and evolves

creases with the step of 0.25 T between curves. into a set ofL,, lines visible in thec™ polarization. With
increasing magnetic field the energieslgf lines shift to-
field values corresponding to integer filling factors deducedyards higher energies, as shown in Fig. 2.
from Shubnikov—de Haas oscillations are presented with the e focus first our attention on the linés, that appear at
magneto-optical data in Sec. Ill. Observations of cyclotrondiscrete values of the field it polarization. In order to
resonance by far-infrared magnetoabsorption lead to the dgollow the magnetic field evolution of the,, lines, we have
termination of the electron effective masg/my=0.105. plotted in Fig. 3 several transmission spectra taken between
The magnetoabsorption experiments in the near-infrareg 8 and 5.4 T in ther™ polarization. AtH=2.8 T, two lines,
region were carried out in the Faraday configuration, withigpeledL, andL,, can be observed. The energies of these
the magnetic field applied parallel to the growth axis, in bOthIines[ES(H) andE4(H)] increase with increasing magnetic
(T+ ando~ circular pOlaI’izationS at 1.7 K up to 7 T. Since field. AtH=3.1 T, a new |ineL2Y appears. The intensity of
several samples with slightly different compositions mea-yhe L, line rapidly grows and atl =3.4 T it becomes com-

sured in our experiments gave qualitatively the same result$araple to the intensity dfs. In this field rangg3.1-3.4 T
below we focus on just one of them. For this sample, the Mg

concentration in the barriers wgs=0.147. The Mn content T T

within the QW, estimated from a calibration of molecular L, L, 28T
flux during the MBE growth, was~0.02. 1 29T |
Assuming the lattice parameter of the QW is set by the /[ 30T

Cd,_yMg,Te buffer and barriers, it is possible to estimate 31T
the effect of the strain on the band-gap energy. ¥e0.02 <
andy=0.147, using the Mn and Mg concentration depen- 32T
dence of the lattice paramet&f2and the strain constants for 33T
CdTe? the HH,—E; transition energy is predicted to in- 34T
crease by 0.3 meV. For magnetotransmission measurements, 38T
42T

the GaAs opaque substrate was removed by chemical etch-
ing. This has no impact on the strain of the QW: reflectivity
and transmission measurements performed, respectively, be-
fore and after etching of the substrate, give the same transi-
tion energies at zero field. From now on, strain effects will
be neglected in our study.

46T ]

Transmission [arb. units]

50T |
54T

Ill. EXPERIMENTAL RESULTS L . .

. - . 1.62 1.63 1.64 1.65 1.66
The zero-field transmission spectrum consists of an asym- Energy [eV]

metrical line(A) at 1639.5 meV and a very weak featy®)

at 1649.5 meV(Fig. 1). At nonzero magnetic field, a large  FIG. 3. Magnetotransmission spectra betwen 2.8 and 54T (
Zeeman effect is observed: the Ilin@) splits into a polarization. The magnetic field increases with the step of 0.1 T
o -polarized high-energy component of a nearly constant0.4 T) between 2.8 Tand 3.4 B.4 Tand 5.4 T.
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the energy of thd_, line remains independent of magnetic 0.7
field (E,=1630.5 meV and starts to increase only &t 061
>3.4 T. At H=4.6 T, when the intensity of th&, line
reaches a maximum, a new line,, emerges from the back- 051
ground on the low-energy side of the spectrum. Above 4.6 T, -
line L, is weakly shifted and intensified in the field whilg b 04
moves to higher energy and weakens. The same behavioris = c03!
found for all observed transitiond (, . .. ,Lg) in the inves- T
tigated field range. 0.2
The L, lines, observed in the™ polarization, display a o1l
similar behavior as the inter-Landau-level transitions be-
tween the HH heavy-hole states with angular momentum % ; 3 3 Y 5 3 2
jn=23/2 and theE, electron states with spin component Filling factor
= —1/2 along the magnetic field. For interband transitions,
the magnetic field dependence of the enerdiggH), is FIG. 4. Reciprocal magnetic fiele;l versus integer filling
factors v. Closed circles denote the field at which the lines
E (H)=E +(n+ %)hw* + Espd(H)’ (1) appear in transmission experiments. Open circles denote the posi-

tion of the resistivity minima in Shubnikov—de Haas measurements.
whereE, is the renormalized band ghpssociated with the

HH1~>E1 transition,ﬁw* :heH//,LC is the reduced CyC|O- plotted, in Flg 5, the energy differencés,(H):EnH(H)
tron energy with the reduced m_a$¢s(1/#:1/me+ Lm; —E,(H) (n=1) between consecutive linés,.; andL, in a
me andm, are the in-plane effective masses of electron andgiven field. This procedure eliminates the contribution

hole, respectively The ESP9(H) term describes the spin- . . X :

dependent contribution caused by tse{d) exchange inter- caused by thep-d exghange interaction. In the fleld-regmn
X : ) / . H>H,_; corresponding tav<n, all A,(H) energy differ-

actions between localized spins of Mn ions and carriers. In

the CdMn, ,Te QW, the 6p-d) energy contributions for ences merge into an unique str_alght line of sldpe*/H
the j = —1/2 conduction-band edge arjg=3/2 valence- _=1.5i 0.1 meV/T, but the zero-field extrapolateq enedy
band edge are equal toNyaxS, and— :NoBxS,, respec- is not zero:_5~1 meV. For each energy separgtmm(l—[)
tively. Nya andNo3 denote the conduction and valence ex-P€tween adjacent linds, , one observes a break in the linear
change integralsx is the molar Mn fraction, an, is the  field dependence at field,_,, corresponding ta=n. Be-
mean value of the Mn spin in the direction of the externallow Hy—1, the energiesd,(H) decrease sharply with de-
magnetic field. In the high-field region, wheBeis saturated ~creasingH, reflecting a change of behavior of the lihg.
(H=5 T), the energies of, lines are well described by the The observed features show the existence of two regimes
diamagnetic term,r(+ 3)Aw*, with n=2 and 3 forL, and  in the field dependence of the linés, depending on the
L4, respectively, using the values of the electron effectiveoccupancy of then, Landau level:(1) in the regionH
mass deduced from our cyclotron resonance measurementsH,_; (v<<n), then, Landau level is empty and the energy
(mg/my=0.105) and from the hole effective mass in CdTeof the lineL,, varies linearly withH through the diamagnetic
(my,/my=0.193)%* term (n+ 3)%o*, as expected for inter-Landau-level transi-
As shown in Fig. 2, every absorption lithg, appears at a tions.(2) In the regionH,<H<H,_; (n<v<n+1), then,
discrete magnetic fieldH, when then; electron Landau Landau levelis partially occupied and the enerdigéH) of
level reaches the Fermi level. A>H, , emptying states the lineL, display a much weaker field dependence than that
become available for optical excitation. Thi, values cor-
respond then to the integer values of the electron filling fac-

tor, v=n+1. As reported in Fig. 4, the inverse of magnetic 12t
field, H,jl, is proportional tor=n+ 1, yielding the concen- * 4,
tration of the 2DEGN,: 1ot o A,
> 4
1 v 8} v A
H, e E 1
=—. 2
v hcng @ ? 6
=]
The valuen,=2.25x< 10" cm™2 determined by the magneto- M4t 77
optical experiment is in excellent agreement with the results ) A Toe
obtained from Shubnikov—de Haas measurements performed Pl f 1
on the same sampl@ig. 4). It corresponds to a zero field 0 , 4 v=3 . ,
electron Fermi energygr= w#2n./m,=5.2 meV. Note that 0 1 2 34 3 6 7
the observation of the continuous sequence of integer filling Magnetic field [T)
factor »=2,...,6 in theonly o* polarization, between 1.5 [iG. 5. Energy differenca ,=E,.,—E, between consecutive
and 7 T, indicates the full spin polarization of the electronjines L, versus magnetic field. Symbols: experiments. Solid lines:
gas aboveH=1.5T. theoretical fit obtained fofi 0*/H=1.5 meV/T andR,=2.5 meV.

In order to emphasize peculiarities visible in magneticThe integer filling factors are indicated by arrows. The slope of the
field dependencies of transition energids,(H), we  dashed line is 1.5 meV/T.



5062 A. LEMAITRE et al. PRB 62

25 - - - - to the Moss-Burstein edge of the HH E; interband transi-
tions atE,+Ef(1+m./m,). The HH,—E, energy garE,
=1641.6£0.5 meV is deduced from the Fermi enerdyg(
=5.2 meVj and from the effective masses.

(3) In the regionH<1.5 T where both spin statgs
=+ 1 are populated, negatively charged excit@misns) can
be formed. We assign the lin@) observed below 1.5 T to
the X~ trion transition. Since the spin-down electron states
are always populated, the high-energy trion state, formed of
(jh=—13,je=3) photocreated exciton and=—3) elec-
tron states, is observed i~ polarization at any magnetic
field. In contrast, the spin-up states become empty at about
H=1.5 T, and the low-energy component of lin&)( i.e.,
the (jh=2,jo=—3%)(jo=3) trion state vanishes with in-
creasing field, as shown in Fig. 2 in tlee” polarization.

At zero field, the ling(A) is found at 1639.5 meV in the
3l L, | doped quantum well. As shown in different studé$ the
energy of the lowest excitationX(" in our casg is almost
independent of the carrier density. One may thus estimate the
manganese concentration from the free-exciton eneegy (
expected for an undoped QW of identical characteristics, tak-
ing Ep1=2.1 meV for theX™ binding energy. The energy
value Ex=1641.6 meV corresponds to a {$th, ,Te QW
of Mn compositionx=0.018. From now on, we will assign
to the C¢gMn;_,Te QW this value of the Mn composition.
For x=0.018, the expected exciton Zeeman shift due to the
Mn-carrier exchange interaction ES"Y=19 meV in the
saturation region. However, the position of linesandL;

3 4 5 6 in the saturation region implies a much larger spin contribu-
Magnetic field [T] tion (=27-28 meV to satisfy Eq.(1) with the energie€,
=1641.6 meV and w*/H=1.5=0.1 meV/T. This apparent
contradiction between the valuesBt* ¢ is in fact the mani-
festation of anenhanced spin splittingn the doped QW

] o _resulting from the electron-exchange interaction. We show in
expected for interband transitions. These effects are also Visec, v that the overall experimental transitions can be quan-
ible in the transmission specttkig. 3) and in the fan chart  itatively explained when taking into account the electron-

(Fig. 2. _ . exchange interaction and tleeh Coulomb interaction for a
An additional proof for the existence of the two regimes CdMn;_,Te QW ofx=0.018.

(v<n andv>n) is provided by an analysis of the magnetic
field dependence of intensities and widths of theabsorp-
tion lines. As shown in Fig. @), the intensity of each tran-
sition line increases at low fields reaches a maximune at To explain the observed behavior, we use a simplified
=n and decreases in the high-field region wheren. The  model in the high-field approximation: We assume that the
opposite effect is found for the transition linewidth. It shows Coulomb interaction between photocreated electron and hole
a minimum forv=n [Fig. 6(b)]. Such a change of behavior issued fromE; and HH, Landau levels is weaker than the
of the energies and strengths of the magneto-optical transfeduced cyclotron energfw*. We determine the binding
tions atv=n has been predicted theoretically by Bétidor  energy of thee-h pair associated with each inter-Landau-
a 100 A GaAs/G@Al; _,As MDQW with an electron density level transition by first-order perturbation theory. We also
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FIG. 6. Magnetic field dependence of the intens#yand width
(b) of line L, (2<n<4).

IV. MODEL

ne=1.2x10"cm % atT=05 K. _ include the exchange energy of conduction electrons due to
The following conclusions can be drawn from experimen-the 2D electron gas. The validity of this high-field approxi-
tal data: mation is justified from the parameters obtained by compari-

(1) The sequence of linek,, periodic in%Zw* at H son with experimental data.
>H,_4, results from the excitation of electron-hole pairs We consider a 2D system. In the effective mass approxi-
between HH andE; Landau levels. The-h Coulomb in-  mation, in presence of a magnetic fi¢ldande-h Coulomb
teraction has to be taken into account to explain the finiténteraction, the Hamiltonian of the-h pair is (e>0)
value of §. In the regionH,<H<H,_, the transitiom—n
are strongly affected by the phase-space filling of tite (Pet€A(re)/c)?  (pr—eA(ry)/c)? e?
electron Landau level. H= M * 2my
(2) The very weak structuréB) observed at 1649.5 meV
at zero field follows the magnetic field dependence of theA(r)=3HXr is the potential vector,, andr,, are the elec-
onset of the lind., (Fig. 2). Structure(B) could be attributed tron and hole coordinatest is perpendicular to the 2D QW;

()

_K|re_rh| .
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k is an effective dielectric constant including the effect of

screening on the reduction of Coulomb interaction.
We consider the coordinates systeRyK() defined by

mere+ Mply
 met+m,

(4)

r=re—rp.
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ER(H)=EQ(H)(1- ), (10
with 7, the filling factor of leveln(0O=<r,<1). When r,

decreases, the phase-space filling is reduced; the number of
allowed e-h pair excitations increases, which permit us to
minimize on a larger subspace the ground-state energy, thus
increasing the binding energy.

We consider now the exchange energy of the conduction
electrons, distributed over Landau levals In the 2D limit,

In the absence of a Coulomb interaction, the eigenfunctiong,e exchange energy has been derived by Ando and

of H, ®(r,R), can be written as
1
(I)(r R)— IK R |eA(r) R/th,K ( ), (5)

where S is the sample are& is the totale-h momentum,
and‘l’ﬁlm(r) (n,m integer=0) is eigenfunction of

H—hz 2+2ﬁeK A ﬁZA el 1 1 9

=M 2K AT A el T m M e
2 eZ

+ H2r2— —, (6)
8,LLCZ KI

with M=mg+m,,.

In Faraday geometrit =0, and thee-h angular momen-
tum conservation implies=n—m=0. The allowede-h
pairs are the state®,(r,R) associated witf?

efr /4IC r2
vo (r,R)=(—1)" L —|, (7)
nrR= V22 (2|§)

with the energiese,,=(n+3)%io*. Ly(x) are Laguerre
polynomial$’ and| —(ﬁc/eH)l’2 is the magnetic length.

Including thee-h Coulomb interaction, in the absence of
electron gas, the binding energy of theh pair associated
with the nth quantized state obtained from first-order pertur-

bation theory i&°

2
EoH)=( w? &
n n,n Kr

R0| “V2mCon,

e
\Pg'”> - \/;K|
(8)

where Ry and a, are effective parameters defined By
= ue*l2k?h? and ag=%2«/ue®. The coefficientsC,,, are

given by
o f dxe LA,  (9)

In the presence of an electron gas, we consider the state

v=(n+1)" (as discussed in Ref. 28with only one empty
state in the conduction Landau level After creation of an
e-h pair, the Landau levat is fully occupied. It is not pos-
sible to minimize the energy of the photocreatet pair by

Uemur&® and more recently by MacDonalet al in the
presence of magnetic field. For an electron on Landau level
(and spino), the exchange enerdy; W(H) is

EeXCh(H)___\[Z Tn'o nn’

=—RO|O\/_E TnoC n,n’ s

wherer, , is the filling factor of conduction Landau level

of spinco. In our case, we consider only electrons with spin-
down component as the electron gas is polarizég: (.5 T).

The exchange energy is zero for spin-up conduction elec-
trons.

(11)

V. ANALYSIS AND DISCUSSION

In order to describe the magnetic field dependence of
E,(H), one has to take into account the energy terms origi-
nating from electron-hole Coulomb and the electron-
exchange interactions. According to the high-field approxi-
mation described above, the following formula has to be
employed instead of Eq1):

+(n+3)ho* +ESPYH)+EPYH) - EX(H),
(12)

E (H)=E*

whereE®*°(H) andE®(H) are the exchange energy experi-
enced by an electron in the, Landau level and the-h
binding energy, respectivelyEf =E,—E®*°0) is the
HH,—E,; energy gap, after subtractlng the zero-field ex-
change energy that is already included in the fourth term of
Eq. (12).

Comparison with experiment is achieved using a two-step
procedure and taking advantage of the fact that the energy
differenciesA,(H) between consecutivke, transitions are
independent of the spin splitting®E4(H), as follows.

(i) The energy difference\,(H) between consecutive
lines

An(H)=fho* +[ER(H)—EP, 1(H)]

+[EZVH) — ES°(H)]

depends only on two parameters, the reduced cyclotron en-

(13

coupling this pair with other allowed pairs issued from theergy #w* and R,. The solid lines plotted in Fig. 5 result

Landau leveln. The binding energy is zercEn(Hn) 0.

In the intermediate regima<v<n+1, when the Lan-
dau leveln is partially occupied, we assume that tbeh
binding energy follows the relatiofreproducing the two
limiting cases previously discussed

from this first step of the fitting procedure. Forxn, the
experimental points gather on a single line the slope of
which, Aw*/H=1.5+0.1 meV/T, determines the cyclotron
energy. In the low-field regimen= v<n+1), the slope of
A,(H) (calculated for Ry=2.5 me\} accounts for the
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10 e 8 [2n,
E r1(0)_—R0a05 — (14)
5t
Thus, one may estimate the band-gap renormalization
= (BGR) induced by the electron gas: for an undoped
o O0f Cd,_,Mn,Te QW of identical characteristicsL 100 A,
E. x=0.018), the HH— E; transition energy should lie at 1661
4 meV, while we obtairE,=1641.5 meV for the doped QW.
E st The BGR deduced from our analysis, approximately 20
&3] meV, is in good agreement with the values given in
Cd,Mn,_,Te MDQW for the concentration range,=(2—
J0l 4.8)x 10" cm 2.4
In doped semiconductors, the band gap is renormalized by
many-body effects caused by the presence of free carriers.
10 E, is then the band gap renormalized by exchange-
correlation effects, in presence of electron-phonon
coupling®*3*We assume that the main magnetic field depen-
5 dence of the renormalization is in the exchange correction,
QE) St which is sensitive to the spin populations. Within this as-
— sumption, it was possible to introduce in our analysis the
Eﬂ energyE; , which includes all the renormalization correc-
g ot tions except exchange.
43] As we mentioned in Sec. lll, there is an apparent contra-
diction between the Zeeman shift expected for Mn content of
s _ , x=0.018 and that observed in the experiment. In order to
2 6 [ understand this effect, we plot, in Fig. 7, the scheme of con-

3 K 3
Magnetic field [T] duction electron Landau levels obtained for0.018 and

FIG. 7. Energies of conduction Landau levels versus magnetiée/Mo=0.105. In Fig. Ta) the exchange terms are included
field for both spin components; (dashed lingsand n, (solid  into calculations, while in Fig. (b) we neglect them. The
lines. The Fermi energy is represented by a thick lit@.Calcu-  €xchange interactions drastically enhance the Landau-level
lated from the model including electron-exchange interaction, forSpin splitting. The combined effects of Mn-electron and
parametersc=0.018 andm,/m,=0.105.(b) In the absence of ex- electron-exchange interactions lead to the complete spin po-
change interaction for the same parameters. larization of the electron gas in the considered field range.

field dependence of all experimental energy differences
An(H)(1=n=4) with an accuracy better than 1 meV.
Note that, in the absence of Coulomb interactiahyg,H)

is equal toh ™. In such a case all,(H) would gatherona  The present study emphasizes the strong influence of the
single line that extrapolates to the origin. The finite value ofyany-hody exchange interactions on the Landau-level spin
6~1 meV and the existence of two distinct regimes for eachyiates, The overall experimental transitions observed in the
curvesA,(H) is the signature of the Coulomb interaction magnetotransmission experiments are consistently  inter-
and the phage—space—fllllnr? elf_fect. tted to th preted in the frame of a simple model based on the high-field

(.”) EnergiesEq(H) Of_t € linesL, are fitted to the ex- approximation. The validity of the basis assumptidg? (
perimental spectra, taking as a free paramé&gr. Other <h ot X . n

, I = »*) was confirmed by the comparison of parameters

parameters are fixediw*/H=1.5 meV/T, Ry=2.5 meV, deduced f del with . tal Th iof
andx=0.018.E”9(H) denotes the spin contribution origi- educed from modet wi %xpenmen alones. The ratio
nating from Mn-carrier exchange interactioBS*9(H) is the flrs-t-order correctionE,(H) to the Landau splitting
calculated using the expression ®f versusx andH, given  i@* is  9=CyV(7Ro/fiw*). The value of 7
by Grieshabeet al®! and deduced from their study of the =CnnVNVuRy/2nA2 at v=n varies for the different transi-
bulk alloy Zeeman splitting. The best fits, shown in Fig. 2,tions between 0.67for n=1) and 0.84(for n=6), and this
are achieved foE} =E,—E®*°(0)=1644.5-1 meV. Ex- ratio decreases for each transition with increasing magnetic
cellent agreement is found between the transition energiefeld.
calculated from the model and the experimental positions of
the linesL, (1=<n<®6), between 1.5 and 7 T, with an accu-
racy better than 0.5 meV. The value of the zero-field energy ACKNOWLEDGMENTS
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