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Resonant magneto-optic Kerr effect in CdTe/Cd_,Mn, Te quantum-well structures
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We present a study of the magneto-optic Kerr eff®®KE) in the region of the heavy-hole exciton ground
state performed on asymmetric quantum wells Gd@n, Te/CdTe/Cd_,Mn,Te. A multilayer model devel-
oped for quantum-well structures accounts quantitatively for the MOKE line shapes using parameters deduced
from magnetoreflectance analysis. The field behavior of energies and intensities of the Kerr resonances under-
line the interest of MOKE measurements, particularly at low field, where a linear dependence between Zeeman
splitting and Kerr angle amplitude has been observed. Comparison is given with calculated Faraday rotation.
[S0163-182697)02904-4

I. INTRODUCTION rable to that predicted for the resonant Faraday rotation. The
Kerr rotation exhibits particularly interesting features at very
Heterostructures incorporating diluted magnetic semiconlow field, where the Kerr angle amplitude is proportional to
ductors (DMS's) display strong magnetooptical effects the E{H; exciton Zeeman sphttmg. In this linear regime,
which originate from ion-carrier exchange interactions in theMOKE experiments should provide an access to Mn ions
magnetic layers. In structures made of a nonmagnetic quaf?@gnetic properties in the barrier layers.
tum well (QW) surrounded by semimagnetic barriers, such
as CdTe/C¢_,Mn,Te structures, the magnetic tuning of the Il EXPERIMENTS
barrier potential induces large changes of the confinement The samples used in this study are two asymmetric
energies which appear as large Zeeman effects of the exdid, —,Mn,Te/CdTe/Cd_,Zn,Te quantum wells grown by
tons confined in the quantum weét® A strong magnetic- molecular-beam epitaxy of001) Cd, gZNny 1,T€ substrates.
field dependence of the exciton oscillator strength has beehhese structures belong to a series of samples which have
observed in CdTe/GdMn, ;Te heterostructurésA conse-  been grown by the CNRS-CEfCentre National de la Re-
quence of the exciton Zeeman splitting is the strong resonargherche Scientifique—Commissariat’Bnergic Atomique
Faraday rotation which has been observed ingroup of Grenoble to study interface profifeThe investi-
CdTe/Cd_,Mn,Te multiple quantum wells and gated samples, labeldd336 andM340 in Ref. 2 (2 and
superlatticeS:® In Ref. 6, the Faraday rotation was directly N2, respectively, in Ref.)3 contain a CdTe quantum well
related to the magnetotransmission spectra using a phenomwith two different barriers: one magnetic (€dMn,Te) and
enological description of the exciton. one nonmagnetic (Gd,Zn,Te). The essential difference
Similarly to the Faraday rotation, the magnetooptic Kerrbetween the two samples is the growth direction: in sample
effect (MOKE) originates from the magnetic circular bire- M340, the magnetic barrier was grown after the CdTe quan-
fringence induced by the Zeeman effect. Preliminary meatum well, while in sample M336 the growth order is oppo-
surements reported for CdTe/CdMn,Te superlattices site. The growth procedure and the characteristics of both
show the interest of the MOKE to study diluted magneticstructures are given in Refs. 2 and 3, where Zeeman split-
semiconductor  heterostructures grown on opaqudings are reported. Layers have been grown on a substrate
substrate$?® and a buffer Cg_,Zn,Te (z=0.11-0.12). SampléV1336
Reflectance on semiconductor heterostructures was firsontains four layers whose composition and thicknesses are,
studied on I11-V superlattic8$® and more recently on 1I-VI along the growth axis, Gd,Mn,Te (19.4 A)/CdTe
structures, in the presence of a magnetic fieftlin this ~ (43.2 A)/Cd_,Zn,Te (75.5 A)/Cd_,Mn,Te (220 A),
paper, we present a detailed study of both the reflectance amdth x=0.351 andy=0.112. SampleM 340 contains five
the polar MOKE in a static magnetic field performed onlayers: Cd_,Mn,Te (230 A)/Cq,yZnyTe (76.5 A)/CdTe
CdTe/Cd_,Mn,Te single-quantum-wellSQW) structures  (46.7 A)/Cd _,Mn,Te (19.4 A)/Cd_,ZnTe (460A),
in the region of theE H, exciton transition. MOKE spectra with x=0.32 andy=0.117.
obtained at fixed magnetic fields, B 1.7 K, are analyzed We have performed magnetooptical experiments, at
within a model of dielectric response developed for single-T=1.7 K, in the Faraday geometry, i.e., with magnetic field
guantum-well structures. This model quantitatively explainsapplied perpendicularly to the layer platt#//z). Magnetore-
experimental MOKE spectra for exciton parameters deduceflectance measurements were made at near-normal incidence
from the magnetoreflectance analysis. The present data emith circularly polarized radiation. Polar MOKE experiments
phasize the large resonant Kerr rotation found in SQWwere carried out using a method very similar to that de-
which, according to our model, reaches a magnitude compascribed by Satd?> A monochromatic radiation ob-
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tained from a tunable grating source is linearly polarized at

45° of the axes X,y) of a photobirefringent modulator. A M= ——————.
time periodic retardatiod= 8, sin (2ft) is introduced be- 1+ry, re%P2

tween the orthogonal components,y) at the frequency

f=50 kHz. After near-normal reflection on the sample, the The reflection CoefficienriiHl(i;o), at the interface
component (or y), selected by the analyzer, is detected by(j j+1), is related to the dielectric functiosy” of the adja-
the photomultiplier. The output signal of the detector con-cant layers by

sists of a dc component which is proportional to the reflected

L * 2B
I+ 1,52

4

light intensity IR, and ac components at the harmonics of \/—i_ \/T
the frequencyf. The 2f component is proportional to [E = gi 8i+1_ (5)
IoR sin 26y, whereé is the Kerr rotation. A feedback of hi+1 Vel +e

the dc signal to the photomultiplier high-voltage supply in-

sures a con;tant value ofR in the investigated spectral B = (wlc) |i\/g denotes the dephazing of the electric
range. The signal at the frequency @etected by a lock-in - fig|q radiation after crossing the layenof thickness; .
amplifier provides the relative magnitude of sif,2 Abso- Expressiong3) and (4) of the reflection coefficients can

lute values of the Kerr rotation angle are obtained by caliyg gasily generalized to multilayer structures with more than
bration of the 2 signal obtained by a small rotation of the {,ee layers.

analyzer in the absence of magnetic field.

Dielectric function in a quantum well
Il. MODEL ) .
Different approaches can be used to determine the

Magneto-optic Kerr effect frequency-dependent dielectric function near the exciton
Similarly to the Faraday rotation, the MOKE results from "€S0nance frequency. In the Appendix, we treat the QW as a
the magnetic circular birefringence of the medium. Linearlyh®mogeneous medium, and we derive(w) from the mean
polarized radiation propagating along the magnetic-field dgivalue of the dielectric polarization calculated from time-
rection (H//z) becomes elliptically polarized in thexfy) dependent perturbation theory. This treatment leads to Eq.
plane after reflection on the sample surface. The angle of thef\8)-

major axis with the incident polarization direction defines the_ /A more rigorous method based on the nonlocal suscepti-
Kerr rotation 6y , which is given by bility calculated within the linear-response theory can be ap-

plied to derives .. (w,z) along thez axis. This procedure was
1 - previously developed by Ivchenkband Ivchenkeet al? to
O =—arg—, (1)  determine the reflection and transmission coefficients of an
2 isolated QW enclosed between semi-infinite barriers. The

electric field E(z) and the local dielectric function

in terms of the complex amplitude reflection coefﬁuentsst(zyw) satisfy the equation

r* associated with the* circular eigenmodes propagating
in the medium. - - -
The theoretical dependen@y(w) is determined by ex- £:(z,w)E(z)=2,E(2) + 47P.(2), (6)
pressing the reflection coefficients® in terms of the . o .
frequency-dependent dielectric functig@:sxxligxy asso- where P.. is the contribution of the exciton resonan(a?[
ciated with eaclr™ eigenmode. For a normal reflection on a frequency».) to the electric polarization, and, is the

bulk material, the coefficients™ are background dielectric constant, including the contribution of
all nonresonant states.
The linear-response theory yietds®
L o1- [e. o p yy
r== ,
1+Vex R R
P¢(2)=f x=(z,2')E(Z') dZ'. (7)

exx ande,, denote the diagonal and off-diagonal elements of
the dielectric tensor of the cubic crystal in the magnetic

field 19 The generalized susceptibility.-(z,z') is given as
For a multilayer structure, the coefficients depend on
i i icients i Pl $-(2) ¢-(2)
the amplitude reflection coefficients, , ; at the interfaces of Y. (2,2)= v P - =B.b.(2)h.(2)
successive layeiis If we approximate a single quantum well - hmPws w.—w—il. =T - '
by a three-layer structure, in the case of normal reflection, (8

r= takes the form
where I'. is the nonradiative damping termeg.(2)
= 2igt =F.(0)¢%(2)¢%(2). F.(r) is the exciton envelope func-
+ I'l01—+_r'12£ 1 H . C d v h | f : f el d
rf=— (3) tion; @5 and ¢’ are the envelope functions of electron an
1+rg; rHe%A hole confined states, defined in the Appendix; &glis the
matrix element of the momentum operator between the con-
where duction and valence states.



2362

25 . . . . 40
T oot 1%
5 D M340 |
o ]
§ O5¢
) 4 25
Q
E 10}
£ — > 42
& st M336 | |5
&~

0 1 1 Il 1 10

1630 1640 1650 1660 1670 1680

Energy (meV)

FIG. 1. Zero field reflectivity spectra, dt=1.7 K of samples
M 336 andM 340.

By solving the differential wave equatibtfor an incident
circular plane wavé . (z) = E% e*?=E%(x T iy)e'¥?, one ob-
tains

= _ B0 Likz 5 5 1\ aiklz—2'| ’
E.(z2)=Eie"*+27i . P.(z')€ dz’, (9
1

with k= e w/c.

Solving Egs.(6) and (9) by iteration, one obtains a gen-

eral expression fog . (z,w):

4w§ﬁi¢t(z>e—‘kz
e+(Z,w)=¢gq+ - ,

1- -tk (2 ule )
(10

c
with the condition of convergence of the iteration:

<1. (11)

+

’ 2Bk |

€1
We will come back to this condition later op.X , X, and
6% are defined by

=f ¢-(2)€* dz,

f(z f¢

a'f_;f 0.(2)f%(2) dz

|k\z 7’| dz',

12

In the limit kL/2<1 [i.e., for L/IN<1/m\eq; N is the
wavelength of the incident light, in vacugpEgq. (10) takes
the simplified form

4we P2 ¢-( Z)U ¢+(2") dz’)
w—il'.

Si(zlw): fl/m 0. —

13
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FIG. 2. Comparison between Kerr rotatiglower curve and
magnetoreflectance spectfapper curves measured af=1.7 K
for H=5 T on sampleM 336, in the region of th& H, exciton.

The average value () e1e«(Z,w) dz in the QW is
identical to the value . (w) derived in the Appendix.

In the present study, the approximatieh/2<1 is rea-
sonably satisfied, and we will use the theoretical expression
(A8) of the dielectric function in a magnetic field, for the
gquantitative analysis of magnetoreflectance and MOKE spec-
tra in the vicinity of the QW exciton ground state.

An alternative analysis will be also performed by using
the expression of the reflection coefficient of a SQW calcu-
lated from the nonlocal dielectric response thebifyor a
normally incident circular radiation propagating along the
axis, the reflection coefficient;,; of a QW enclosed be-
tween semiinfinite barriers’i$

. il
2 o i(TatTa) 19
In the limit kL/2<1,
W= w
and
2me?P? L
.= mg (J(b Z)dZ) =mey oy« (19

With these notations, one writes the condition of conver-
gence, Eq(11), I'. <I'~.

We will show in Sec. IV that the analysis of the experi-
mental spectra performed by using the frequency-dependent
dielectric function[Eq. (A8)] or the reflection coefficient
[Eg. (14)] are equivalent and lead to coherent values of pa-
rameters which satisfy the relatidh. <T" .

IV. RESULTS AND DISCUSSION

Zero-field reflectivity spectra obtained at=T1.7 K in the
spectral region (1638%Zw=<1670 meV) are reported in
Fig. 1. The low-energy structure diwgy=1641.9 meV
(M336) and 1645.3 meVM 340) corresponds to the quan-
tum well heavy-hole exciton, while the features at 1656—
1660 meV are attributed to the excitons in,C¢Zn, Te sub-
strates and buffer layers whose Zn composition is slightly
different (cf. Sec. I). These latter are nearly independent of
magnetic field, while the structure &iwy exhibits Zeeman
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FIG. 4. The same as in Fig. 3, for sampna340 atH=5 T.
FIG. 3. Magnetoreflectance and MOKE spectra in the region ofﬁ +=067 meV, Al*=1.09 meV, foi=1644.8 meV
0~ . ’

the QW E;H, exciton for sampleM336, T=1.7 K andH=4 T. - - -

Solid lines are experimental data. Dashed line@jrand (b) are the hy =068 meVAl™=1.12 meV, andiw, =1646.3 meV.
best theoretical fits oR*=|r*|2 calculated from the multilayer
model for the parametersiy*=0.82 meV,AI'* =1.03 meV,
fwg =1639.6 meV, iy =0.8 meV, A =1.05 meV, and developed for a multilayer structure. The comparison be-
fiwy =1643.8 meV. The dashed line {0) represents the Kerr ro- tween calculated and experimental reflectance spectra yields
tation ¢ calculated from Eqs(1) and(4)—(6) for the above values the QW exciton parameters. MOKE spectra are then calcu-

of parameters. lated for these parameters, and compared with the experi-
mental data.
splittings, shown in Figs. 3 and 4. Each sample is considered as a multilayer structure ac-

The comparison between MOKE and magnetoreflectanceording to the description given in Sec. Il. The reflectance
spectra is illustrated in Fig. 2 for sampld336, at coefficientR™=|r*|? of each heterostructure is determined
H=5 T. The Kerr rotation exhibits two peaks of opposite from Egs. (3)—=(5) in terms of the reflection coefficients
sign which occur near the inflection points of the magnetore¥;;, which depend on the dielectric function associated
flectivity structures: the negativgositive) peak of 6 cor-  with each layek;" . In the region of the QW exciton ground
responds to the™ (o~) Zeeman components of the reflec- state, the frequency-dependent dielectric functioriw) for
tivity. the asymmetric quantum well follows E(A8).

Magnetoreflectances(*) and MOKE spectra were mea- In the investigated energy range, the dielectric constant
sured in the region of the QW exciton (1638w gp Iin the Cd_,Mn,Te barriers is frequency independent.
<1655 meV) for different fieldsi<5T) parallel to the Since the exciton energywz, in Cd;_yZn,Te thick layers
growth axis. The data are reported in Figs. 3 and 4 for botHdiffers from# w.. by about 10-15 meV, we use a frequency-
investigated samples. The line shape of the magnetore- dependent dielectric function,,(w) for the Cd_,Zn,Te
flectance spectra is analyzed in the framework of the modehick layers:
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1648 . . . . .
ep(w)=¢)| 1+ wzn_f”_irzn , (16)

_ . . 1646 [ o ommommmormo om-mTTETT M340
v_\nth parameters &z, yzn, I'zn) independent of magnetic N e e e e
field. g 1644 | e —— o1

For the sake of simplicity, we assume identical back- ~ e T
ground dielectric constants for the guantum well and for Eﬁ 1642 i
Cd,_,Zn,Te or Cd_,Mn,Te layers[e;=e;=¢,=10.6 g M336
(Ref. 16]. We also assume identical compositions for all - 1640 b |
Cd,_,Zn,Te layers in the same sample.

The reflectance coefficieft™ (w) is calculated within the 1638 , , . . .

multilayer model taking the layer thickneksas indicated in 0 1 5 3 4 5 6
Sec. Il. Since carriers are confined in both CdTe and Magnetic Field (Tesla)
Cd,_yZn,Te layers of the asymmetric quantum welye
take them as a whole “QW layer” with an effective QW
width L=lcaretleq,_ zn Te:

First, the parametersiwz,, fiyz,, il'z,) of ez,(w) are
estimated from the fit of the exciton reflectivity structure in
the Cd _,Zn,Te buffer and substrate layers. Rdr336, we
kept only the low energy Gd,Zn,Te structure. We ob-
tained the following parameters for both samples:

FIG. 5. Energies of the Zeeman components vs magnetic field
(@, o; O, o7). Lower curves: sampléM336; upper curves:
M 340.

fiwo=1645.4 meV
M340{ AT=0.09 meV
Al'=1 meV.

(19

fiwy,=1657-1658 meV, #7y;,=0.6—-0.7 meV, _
These values of parameterE, (", wg) are coherent with
(17) parameters %,I",w,) deduced from our previous analysis
(18), the ratio between the radiative linewidkhand the pa-
Second, the reflectance coefficieRt (), associated with  rametery satisfying the relatiofi15). The radiative linewidth
the o= polarization, is calculated for different magnetic T obtained for sampled1336 andM 340 are comparable to
fields, taking the above valug&?) of the parameters. The e values given in Refs. 4 and 17 for single or multiple
QW exciton parametersiw.. , fiy., il',) are then deter- quantum wells.
mined from the best agreement between theoretical and ex- The fits of magnetoreflectance line sha&(w) yield the
perimental spectra in the region of the CifyH; exciton. At energiesiw . of the QW exciton Zeeman components which
zero field, the best fit oR(w) corresponds to the following  are reported in Fig. 5 versus magnetic field, for both samples.
values of the parameters: The damping ternT.. and the parametey.. obtained from
the fitting procedure do not depend significantly on magnetic
field. Moreover, comparable values are found dor polar-
ization. In the investigated field range, we obtain
hy.=0.83:0.03 meV andAl'.=1.07=0.04 meV for
M336; %y.=0.64+0.04 meV and #I'.=1.09+0.04
meV for M340. Calculated and experimental magnetoreflec-
tance spectra are presented in Figs. 3 and 4. The model ac-
counts quantitatively for the experimental reflectance
R*(w) and for the different line shape observed in both
samplesR*(w) has a steplike structur@imilarly as in the
bulk) for M336 (Figs. 3 while a resonant peak is found in
Itis useful to compare these parameters with the radiativg 340 (Figs. 4. The line shape depends on the thickness of
and nonradiative linewidthd{andI, respectively obtained  the cladding layer where multiple interferences occur.
from the analysis of the reflectivity spectra performed by Third, using the above QW exciton parameters and the
using the expressiofl4) of the reflection coefficient;,3  layer thicknesses reported in Sec. I, the Kerr rotation
derived within the nonlocal dielectric theory in the limit g, (w) is calculated numerically from Eqél) and(3)—(5) in
kKL/2<1. This approximation is well justified in the case of the region of the QWE,H; exciton transition. Figures
the samplesV 336 andM 340, of QW widthsL =119-120  3-4(c) show the comparison between the theoretical depen-
A. The conditionI'.. <T".. is also verified for these samples. dencefx(w) and the experimental spectil/ithout an ad-
The best fits of the reflectivity structures in both samples argustable parameterthe theoretical model reproduces quite
achieved for the parameters well the experimental spectra of the Kerr effect at different
fields, for both structures. This model accounts for a sample-
dependent line shape: the Kerr rotation presents two peaks of
opposite sign(as in sampleM336) or a strong maximum
surrounded by two weak minimaM(340). The multilayer
model explains quantitatively this difference in the line

Al'z,=1-1.2 meV.

hwy=1641.9 meV
M3365 iy=0.83 meV
Al'=1.05 meV,

hwy=1645.3 meV
M340{ Ay=0.6 meV
AI'=1.05 meV.

(18

hwy=1641.9 meV

M336{ #T=0.13 meV
Al'=1.05 meV,
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(a) b ©) .| between the extrema of the Kerr rota-
5r ® 1 ol
& & tion as a function of the Zeeman split-
al 08 o | ting AE;=Awy —%wg . The dashed
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g3 o ‘ & T, 0.6 K 1 Amplitude of the Kerr rotation
v e Ex § iy A= 0max—Omin @s a function of the
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1t - 0.2 h.’? | T=1.7 K. Solid and dashed lines are
- &
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0 . : 1 : 1 1 1 1 1 : ' ! L ' ! M336 and M340, respectively.(c)
o1 2 3 4 5 0 1 2 3 4 5 0 020406 08 1 Product F(H)=A6¢AEy vs Zeeman

AE_ (meV) AE, (meV) AE,/AE (5T) splitting AE, . Both quantities are nor-
z malized by their value atH=5 T.
Open and closed symbols are experi-

mental results for samples1336 and

M 340, respectively.

shape which is related to the thicknedf the cap layer. resonances have opposite signs in both types of experiments.
According to our model, the maximum of the MOKE signal  In DMS'’s, the Zeeman splitting is related to the Mn ion

at the resonance is obtained for constructive interferences imagnetization, via ion-carrier exchange; at low field, in the
the cladding layer, i.e., for a thicknesd satisfying region whereA 6x>=AE;, the MOKE measurements provide
2\e,d=p(A/2) (p integer). This condition is approxi- optical access to the Mn magnetization in the barrier layers.
mately verified for samplé/1340. Thus Kerr rotation experiments could offer interesting pos-

It is interesting to compare the energy splittindge, of  sibilities, similarly to the Faraday rotatidfi,to study spin-
the Kerr resonances with the Zeeman splitting, . Figure  glass properties and critical dynamics in systems with re-
6(a) shows the energy distanceE, between the positive duced dimensionality.
and negative peaks, measured on sarivpB36, as a function
of AE;=%hwy —fwgy . In the field range wherd\E, ex-
ceeds 7', the separation of the Kerr components is compa-
rable to the Zeeman splitting, whilkE, becomes constant
in the low-field region. _

The amplitude of the Kerr rotatioh 6, = 0%~ 6" mea-
sured on the same sample, reported on Fif),@ncreases
linearly with the Zeeman splitting at low field, and tends to
saturate at high field.

For sampleM 340, which presents a weaker Zeeman split-
ting (Fig. 5), the energy distancAEy between the extrema
is constant, and a linear regime is found in the whole inves
tigated field rangg¢Fig. 6(a)]. The observed behavior of the
Kerr splitting AEy and of the amplituda 6y in the low-field
region is the manifestation of overlapping Zeeman compo
nents in the Kerr spectrum. This situation occurs typically
whenfiw_—fw,<2I'. These features are well explained,
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APPENDIX

We derive the frequency-dependent dielectric function
e.(w) in the region of the exciton ground state for a DMS
and for a single quantum-well structure, where the quantum
well is approximated by a homogeneous layer of thickness
L. The components ,z5(w) of the dielectric tensor have al-
ready been determined from the mean value of the electric
polarization in the framework of the time-dependent pertur-
bation theory® In a magnetic field applied along the light

with the experimental accuracy, by the theoretical variation 5 . - ' '
M336 -

A6g versus AE, calculated from the mode]Fig. 6(b)]
which reproduces quite well the observed dependence.
Another interesting quantity is the produdt(H)
=A 6y - AE of the Kerr angle amplitude and the Kerr split-
ting. This product is reported in Fig(® as a function of the
Zeeman splittingAE;, for both samples. A linear depen-
dence is observed in the whole investigated field range.

The present study demonstrates the validity of the model
to describe magneto-optical properties in QW heterostruc-
tures based on DMS'’s. These DMS heterostructures are usu-
ally grown on opaque substrat@SaAs, Cd geZNg g4l €, etc),
which prevent Faraday rotation measurements at the reso-
nance of the QW exciton. We have calculated the Faraday
rotation in our model for parameters of samM336. Re-

MOKE spectrum atH = 1 T. The amplitude of the Kerr

Rotation angle (deg)
(=)

Kerr Rotation

------ Faraday Rotation
1

-5
1630

1635

1640 1645
Energy (meV)

1650 1655

el 1c . ] FIG. 7. Comparison between Kerr and Faraday rotations. Solid
sults are reported in Fig. 7, together with the experimentaline: experimental Kerr rotation(sample M336, T=1.7 K,

H=1 T). Dashed line: Faraday rotation calculated from the

rotation is comparable to that of the Faraday effect, while thenultilayer model for parameters obtained from the fitsR6f(w).
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propagation axis H//z), the dielectric functione.(w) allowed transitions# w, and Ay, are the energies of the
=&yt ey, IS associated witho™ circular eigenmodes. exciton transitions;
Dealing with exciton states, it is convenient to express

. (w) in a two-particle formalisiff:2

[N

hom=Eq * > No(a—B)X(S,),
2me? 1 (A5)
om0 hof=EoT 5 No(a+ BIBX(S),
1 [(elp=10)  Kepelp-|O)?

f s a)+wf+IFf w—wf-i—iFf ’

e.(w)=1

(A1) whereE, is the zero-field exciton energilya andNy8 are
the exchange integrals fdrg andI'g bands, respectively
is Mn molar fractionyS,) denotes the mean value of the Mn
wherep is the momentum operator amd. = p,+ip,-|0) is ~ SPin along the magnetic field?=(S|p,|x) is the I's—T's
the ground state with all valence states occupied and emp#jtérband matrix element. .
conduction bandsQ) is the volume of the sampld;; is a Let us now consider a quantum well of widthand area
function ¢ and energyiw; . The stated are excitons built €=(w) in the well is derived from the general expression

from conduction and valence bandsl?@tHZ -6 (A1) replacingQ) by LS, and taking into account confine-
We consider now a DMS of zinc-blerr;de structure in aMent effects. In a DMS of zinc-blende structure, near the

magnetic fieldH//z, with thel'g andI'g bands edges split by ElH.l excitonééansition, we consider the _h_ea;vy-ho.le exciton
the sp-d exchange interaction. Using the effective-mass ap_confmed States .. of angular momentum=*1, with the
proximation, the excited statdésare excitons of angular mo- wave functions written as

mentumj= =1, involving both light and heavy holes. The
corresponding wave functions are

- 1 - o
l//:(rearh)zTSF:(reL_th)
P (r F)=ith(F — U g FUS /5T e) (A2a) TR, C ) of
=FesTh Ja = (Fe™ Th)Uzg(Th) Uz 12 Te), XUSg(Mh) @53Zn) Uzqp(le) ©51/4Ze)
(A6)
1 in terms of the band-edge Bloch functions and envelope
¢|2(Fe,Fh)=\/:F|2(Fe— FUS 1 FUS 1 o(Te), (A2b)  functions F.(r —ry ) in the layer plane andp$ (z),
Q @" 5(z4) in the z direction.
Using Egs.(A1)—(A3),
where ufnS are conduction Bloch functions associated with
spin statesmg=+1/2 and u’, denote the valence Bloch 4me? P2 1 |FL(0)|?
i i i y er(w)=eyt s — — —————
functions associated with states of angular momentum com- hom® L ws wes—o—il<
ponentm;= *3/2, + 1/2.F . in Eq.(A2) denotes the exciton 2
envelope funct!qn associated withe =1. 1, gndfh denote X f oV a(2) @2 ,5(2)dZ (A7)
the vector position of electron and hole with wave vectors well
ko andk,, respectively. e, is the background dielectric constant involving all al-
Using Egs.(A1) and(A2) and the relatioff lowed transitionsZw. denotes the energies of theH;

exciton transition allowed fos= circular polarizationr .. is
a damping term.
Kt palO)P=ucl palu,)PF+(0)]?, (A3) Duep tg the evanescence of the envelope functions

02 (o) and o™ (z,) in the barrier, the integral in expres-
one obtains the expressionof (w). Near the resonant tran- sion (A7) can be estimated over the whole sample and the
sition, contribution of the excited states. to the barrier dielectric
constant can be reasonably neglected. Finally,w), in the
well, can be written

47e? 1 |FM0))?
St(w):81+ 2 Z_tﬁ
fom o, opp— 0 — il Ve }
er(w)=¢gq| 1+ — , A8
1 |FN0)? Sl I TS (A8
|- (A4) .
3(1)|h w|h_(l)_|rhh W|th
47e p2

g, Is the background dielectric constant involving both

_ v Ye=5——— ——|F=(0)?etaddeS 1. (A9)
the nonresonant terms ifA1) and the contribution of all Am(w.)? 81|—| ez ¢ard
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