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The Zeeman splitting pattern in semimagnetic superlattices and asymmetric double quantum wells composed
of different sequences of semimagnetic and nonmagnetic well and barrier materials have been investigated
experimentally and theoretically, in particular, in dependence on the orientation of an external magnetic field
and the lattice mismatch induced biaxial strain. The magneto-optical anisotropy, which appears by varying the
tilting angle of the magnetic field, can be explained by coupling of heavy- and light-hole states of theG8

valence band. Theoretical results have been obtained by transfer matrix method and are compared with ex-
perimental photoluminescence and photoluminescence excitation spectra obtained on superlattices and asym-
metric double quantum wells.@S0163-1829~98!10931-1#
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I. INTRODUCTION

Diluted magnetic semiconductors~DMS’s! are ternary or
quaternary alloys where the incorporated magnetic ions h
a direct and important effect on a variety of optical and tra
port properties. One of these properties, the so called ‘‘g
Zeeman effect’’ has encouraged intense research activit
this group of materials. The splitting of the order of 100 me
is caused by the interaction between the localized spin
manganese ions and the spins of electrons and holes o
host material~usually referred to ass,p-d exchange interac
tion!. The most extensively studied materials are
(AIIMn)BVI alloys.1,2

The fabrication of dimensionally reduced DMS quantu
well ~QW! structures is providing a most powerful tool fo
the investigation of large variations of carrier confineme
energies and their influence on optical and transport pro
ties in one and the same sample. Such investigations req
in most cases the preparation of a series of samples diffe
from each other in the alloy composition.

However, the symmetry reduction of the cubic zin
blende quantum-well structures~which is caused by the
quasi-2D layer structure and the internal strain induced
the lattice mismatch of different materials! yields a splitting
of the zone center heavy-hole~HH! and light-hole ~LH!
valence-band states. Hence, the orientation of the magn
field has to be related to the symmetry axis and a magn
optical anisotropy has been observed strongly enhance
DMS constituents of the structures.3–6

The investigations of the magneto-optical anisotropy h
been concentrated preferentially on configurations where
magnetic field is oriented either parallel~Faraday configura-
tion! or perpendicular~Voigt configuration! to the growth
PRB 580163-1829/98/58~7!/3969~8!/$15.00
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direction.3–6 Tilted field configurations are only rarel
investigated.3 The observed magneto-optical anisotropy
single quantum wells~SQW’s! was qualitatively explained
by the different orientation of the magnetic-field directio
relative to the confined quasi-2D exciton in the quantu
well.3 The role of the band-structure anisotropy has be
analyzed by Peylaet al.5 on excitonic transitions in SQW’s
consisting of nonmagnetic material in between DMS ba
ers. The splitting pattern in Voigt configuration was e
plained by the anisotropy of the band structure that caus
coupling of HH and LH states by finite momentum.

In this paper we will study superlattices~SL’s! and asym-
metric double quantum wells~ADQW’s! composed of dif-
ferent sequences of DMS and nonmagnetic materials wh
either the barriers or the wells consist of DMS material. W
give a theoretical approach, where the LH-HH coupling
mediated by the magnetic field itself and is strongly e
hanced by thes,p-d exchange interaction. The model in
cludes lattice mismatch induced internal strain and is
restricted to the preferential orientations of the magnetic fi
in either Faraday or in Voigt geometry but includes also
intermediate orientations of the magnetic field on equal fo
ing. It accounts therefore directly for tilted field configur
tions. We study structures based on CdTe/Cd12xMnxTe and
Zn12x2yCdyMnxSe/ZnSe theoretically and experimenta
and explain the spectra by the giant Zeeman splitting. Ot
magnetic field correlated effects as the usual Zeeman s
ting or the Landau-level splitting are at least one order
magnitude below the effects due to the exchange interac
and have not been observed, therefore, in the experime
spectra of wide-gap bulk DMS’s nor in our experiments
DMS QW’s.

The paper is organized as follows. In the next section
3969 © 1998 The American Physical Society
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discuss the model that describes the band structure and
influence of the magnetic field and the strain in the fram
work of the effective-mass approximation~EMA!. In Sec. III
we give a short summary of the transfer matrix method a
the envelope function approximation and their application
heterostructures. In Sec. IV we study the magneto-opt
anisotropy in various types of DMS structures such as S
SQW’s, and ADQW’s. We discuss the dependence of
magneto-optical anisotropy on geometrical and material
rameters and compare our theoretical results with experim
tal data.

II. HAMILTONIAN OF SEMIMAGNETIC BULK
MATERIAL

Semiconductor heterostructures are most commonly
scribed as a sequential arrangement of layers of diffe
semiconducting materials, where each of the layers is
sumed to have bulk properties.

The Hamiltonian for DMS materials can be written in th
form

H5 (
n5c,v

~Hcryst
n 1Hstr

n 1Hzee
n 1Hexc

n !, ~1!

whereHcryst is the Bloch Hamiltonian of the bulk andHstr
includes the strain in the material caused by the lattices m
match of different materials.Hzeedescribes the interaction o
Bloch electrons with an external magnetic field leading to
usual linear Zeeman splitting pattern. The last termHexc de-
scribes the specific properties of DMS materials due to
s,p-d exchange interaction between the spin of Bloch el
trons and the spin of the localized incorporated paramagn
Mn ions. Considering theG6 conduction bandc and theG8
valence-band complexv the indexn has to be specified to
both these bands.

The magnetic-field-dependent contributions that follo
from Eq. ~1! for the conduction band for the magnetic fie
oriented parallel to thez axis in cubic materials can b
summed up as follows:7,8

E5~ l 1 1
2 !\vc6 1

2 ~gemBB2a~xMn!xMnNoa^Sz~B¢ !&!.
~2!

The first term describes the Landau-level splitting. The s
ond term describes the usual Zeeman splitting and the t
contribution appears due to the exchange interaction.vc is
the cyclotron frequency,mB is the Bohr magneton, andge is
the electron Lande´ factor. xMn is the manganese concentr
tion. a(xMn) has been introduced as an additional fitting p
rameter that accounts for the clustering of Mn spins and
subsequent reduction of giant Zeeman splitting. For the s
reasons the Curie-Weiss parameterTo(xMn) has been intro-
duced into the argumentj5 5

2 gmBB /$k@T1To(xMn)#% of
the Brillouin function BS in ^Sz(B¢ &5SBS(j), which gives
the averaged spin value in the framework of the mean-fi
approximation.g'2 is the effective Lande´ factor andS is
the total angular momentum. The parameterNoa character-
izes the strength of the exchange interaction and has t
taken from experiment.N0 is the number of unit cells pe
unit volume.
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The last term of Eq.~2! is the entirely dominant part in
the experimental spectra obtained on the investiga
CdTe/Cd12xMnxTe and Zn12x2yCdyMnxSe/ZnSe QW
structures. The reason is, that in DMS materials the ene
\vc and the usual Zeeman contribution are orders of m
nitude smaller than the exchange splitting. The same a
ments hold for the valence band complex, where the
change interactionNob is even stronger, e.g.,uNobu
'4uNoau for Cd12xMnxTe and uNobu'5uNoau for
Zn12xMnxSe.

ExpandingHexc in Eq. ~1! into Kohn-Luttinger functions,
we obtain for arbitrary orientation of the magnetic field~i!
for the conduction band the 232 matrix,

Hmag
c 5S 1

2 Ge f f,z
c 1

2 ~Ge f f,y
c 1 iGe f f,x

c !

1
2 ~Ge f f,y

c 2 iGe f f,x
c ! 2 1

2 Ge f f,z
c D , ~3!

with

~Ge f f,x
c ,Ge f f,y

c ,Ge f f,z
c !5a~xMn!xMn^S~B¢ !&N0aB¢ /uB¢ u;

and ~ii ! for the valence band the 434 matrix,

Hmag
v 5S 3

2 d g 0 0

g* 1
2 d l 0

0 l* 2 1
2 d g

0 0 g* 2 3
2 d

D , ~4!

where

l5 i ~Ge f f,x
v 1 iGe f f,y

v !, g5 i
A3

2
l, d5Ge f f,z

v , ~5!

with

~Ge f f,x
v ,Ge f f,y

v ,Ge f f,z
v !5a~xMn!xMn^S~B¢ !&N0bB¢ /uB¢ u.

III. ENVELOPE FUNCTION FOR HETEROSTRUCTURES
AND TRANSFER MATRIX METHOD

In this section we shortly review the transfer matr
method for heterostructures within the envelope funct
approximation.9–12 The wave function of the heterostructu
in each layer in the vicinity of theG point may be expanded
into the Bloch functionsul ,n(rW),

Cn~rW !5(
l 51

nn

Fl ,n~z!ul ,n~rW !eikxxeikyy, ~6!

wherenc52 andnv54 indicate the degree of degeneracy
the conduction bandn5c and the valence-bandn5v states,
respectively. Thez axis is chosen parallel to the growth d
rection being crystallographically the@001# direction of the
investigated heterostructures. The variableskx andky denote
the components of the two-dimensional wave vectorkW'

[(kx ,ky) that lies in the$x,y% plane perpendicular to the
growth direction of the heterostructures. Replacingkz by
2 i (]/]z) the envelope functionFl ,n(z) has to be calculated
from the Schro¨dinger equation,
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(
l 51

nn FHll 8
n S kW' ,2 i

]

]zD1Un~z!d l l 8GFl ,n~z!5«Fl 8,n~z!,

~7!

where Hll 8 is the Kohn-Luttinger representation of th
Hamiltonian in Eq.~1!. U(z) denotes the quantum-well po
tentials that result from the band offsets between the var
materials the heterostructure is made of. The Hamiltonia
Eq. ~7! may be rewritten in terms of powers of2 i (]/]z),

(
l 51

nn F2All 8
n ]2

]z2
2 iBll 8

n ]

]z
1Cll 8

n
~z!GFl ,n~z!5«Fl 8,n~z!,

~8!

where the matricesA, B, and C follow from Eq. ~7!. The
matrix A consists only of diagonal elements originating fro
the HamiltonianHcryst in Eq. ~1! and is independent of th
components of the vectork¢' whereas the matricesB andC
depend, in general, on those components. In PL experim
only excitonic transitions near theG point are observed. In
terms of the wave vectors of electron and hole it follo
from the vertical transition selection rulek¢e5k¢h50. There-
fore, one can setkx5ky50 in Hkp in Eq. ~1! and all ele-
ments of the matrixB vanish. Equations~6! to ~8! together
with appropriate boundary conditions11 enable the calcula
tion of eigenvalues and eigenfunctions of heterostructu
with layers of arbitrary thickness, shape and material. In
case of an SL one needs to consider additionally the per
icity along the superlattice axis. For any nonperiodic fin
QW structure one has to select those wave functions
vanish at infinity. In order to solve the eigenvalue problem
Eq. ~8! numerically by transfer matrix method, we introdu
the vectorFW (z)

FW ~z!5FF1~z!,F2~z!, . . . ,Fnn
~z!,

]F1~z!

]z
,
]F2~z!

]z
, . . . ,

]Fnn
~z!

]z
G , ~9!

and obtain the following solutions for periodic and nonpe
odic structures:

a. Superlattices. Due to periodicity along thez axis we
have to fulfill

FW ~z1d!5exp~ iqd!FW ~z!, ~10!

whered is the period of the superlattice andq denotes the
corresponding wave vector. For a superlattice made of
different materials labeled 1 and 2 one obtains the equa

@J1,2T2J2,1T12exp~ iqd!#FW ~z!50W , ~11!

where theTj andJi , j are the transfer matrices and the matc
ing matrices, respectively. Nontrivial solutions of Eq.~11!
are found from the vanishing determinant

Det@J1,2T2J2,1T12exp~ iqd!#50. ~12!

b. Multiple quantum wells. Let us consider an MQW consis
ing of a material forming a large barrier on the left si
labeled 1, a sequence of well-barrier regions of mater
s
in
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labeled 2,3, . . . ,m21 of thicknessesd2 ,d3 ,dm21, and a
right barrier region of materialm.

The energy eigenvalues of MQW structures are to be
culated then from

Det@Jm,m218 Tm21Jm21,m228 Tm22•••J3,28 T2J2,1UL2UR#50,
~13!

whereJi , j8 are matching matrices as before andUL and UR

are vectors resulting from the condition of vanishing wa
functions at infinity.

IV. RESULTS AND DISCUSSION

In this section we discuss the magneto-optical proper
of different types of SL’s and QW’s. In particular, we con
sider the dependence on strength and orientation of the m
netic field. Experimentally, the anisotropy of the valenc
band splitting caused by the magnetic field can be proved
measurements of the corresponding excitonic transitio
The specimens were investigated by PL and PLE in an
ternal magnetic field up to 7.5 T at 1.8 K. Tunable dye las
with appropriate spectral ranges pumped by an Ar21 laser
were used as excitation sources and a grating spectrom
equipped with a charge-coupled device camera system
on the detection side.

A. Multiple quantum wells and superlattices

The experimentally observed splitting of the lowest H
and LH exciton in dependence on the magnetic-field stren
are depicted in Figs. 1 and 2 by black squares for the w
transitions of a strained semimagnetic CdTe/Cd12xMnxTe
SL. The structure consists of 400 wells with a width ofLw
520 Å separated by barriers ofLb520 Å. The wells are
nonmagnetic. The Mn content in the barriers isxMn50.21.
The samples were grown by MBE on InSb at a substr
temperature of 240 °C and a growth rate of 0.7mm/h. In

FIG. 1. Giant Zeeman splitting of HH and LH excitonic stat
for a CdTe/Cd12xMnxTe SL measured by PLE as a function

applied magnetic field in Faraday configuration (B¢ iz). Parameters
of the structure: well widthLw520 Å, barrier widthLb520 Å,
xMn50.21, 400 wells.s1 ands2 indicate the polarization state o
the incident light. Full squares, experimental points. The curves
calculated. Parameters are given in the text.
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Fig. 1 we show the experimental points and the calcula

curves for Zeeman splitting in Faraday configuration (B¢ par-
allel to the growth direction, to the incident light propagati
as well as the observation direction! and in Fig. 2 the corre-
sponding Zeeman splitting in Voigt configuration with in

plane field (B¢ perpendicular to growth direction, inciden
light propagation and the observation direction!. The energy
gap of the barrier material is determined by the relat
Egap5(1.60511.59xMn) eV and the lattice constant is ob
tained from the relationaCd12xMnxTe5(6.48120.146xMn) Å.

The valence-band offset is assumed to be 33% of the t
offset.13 The effective HH and LH masses are calculat
from the Luttinger parametersg155.29 andg251.89 ~Ref.
14! to bemhh50.662mo andmlh50.11mo .14,15The effective
mass of the electron isme50.098mo .16 The parameters o
Cd12xMnxTe are assumed to be approximately the same
for CdTe. The exchange integralsNoa50.22 eV andNob
520.88 eV are taken from Ref. 17. The only fitting param
eters are the effective Mn concentrationa(xMn) and the
Curie-Weiss-ParameterTo(xMn) which account for the Mn
clustering and the Mn-Mn superexchange interaction as w
as for the interface disorder of the DMS layers. The latte
known to have a strong influence on the paramagnetic p
erties. The calculated curves are in excellent agreement
the experimental data. It must be mentioned, however,
the parametersa(xMn) and To(xMn) also cover a smal
change of the exciton binding energyebind with increasing
field. ebind was calculated at zero field after Leavitt an
Little18 and kept constant for all field strengths as well as
both field directions. We expected, at least, a small diff
ence ofebind for B¢ iz and B¢'z at highest field strengths
There was, however, no need to include such a differe
into the fitting procedure.

The pronounced differences in the shape of the curves
in the magnitude of the splitting between Faraday and Vo
configuration shown in Fig. 1 and Fig. 2, respectively, a
well reproduced by our model.~i! Instead of the crossing in
Faraday configuration~see Fig. 1! an anticrossing of the
curves appears in the splitting pattern in Voigt configurat
~see Fig. 2!, which is typically for interacting states.~ii ! The
splitting of the HH doublet in Voigt configuration is drast

FIG. 2. Same as Fig. 1 but for Voigt configuration (B¢'z).
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cally reduced~the assignment is chosen as before with
spect to the zero-field type of the states! whereas the LH
splitting is enhanced.

These characteristic features of the magnetic-field dep
dence have been also observed for other types of SL’s
QW structures, e.g., ZnSe/~Zn,Mn!Se ~Ref. 19! or
~Zn,Cd,Mn!Se/ZnSe~Ref. 20! and ~Cd,Mn!Te/~Cd,Mg!Te.6

The origin of the observed anisotropy can be revealed
analyzing the type of wave functions belonging the differe
states in the splitting pattern. The conduction-band splitt
pattern is independent of the orientation of the magnetic fi
and has to be ruled out. The origin can be found, howev
by examining the valence-band envelope function. In Fig
the magnetic field dependence of the HH and LH splitti
pattern of theG8 valence-band complex is shown that a
pears in the presence of confinement or the strain-indu
HH-LH zero-field splitting. The curves are calculated for
CdTe/Cd12xMnxTe SL. We may write thez-dependent part
of the wave functionCn(rW) in Eq. ~6! in terms of the enve-
lope functions Fm

k (z) and the Kohn-Luttinger functions
um& (m523/2,21/2,11/2,13/2) for the G point in the
general form

fG8

k ~z!5F3/2
k ~z!u3/2&1F1/2

k ~z!u1/2&1F21/2
k ~z!u21/2&

1F23/2
k ~z!u23/2&, ~14!

wherek5a,b,c,d indicate the energetically different state
in the Zeeman pattern of the valence-band complex~see Fig.
3!. TheFm

k are complex functions of the coordinatez and the

magnetic fieldB¢ . We visualize the character of the states
looking for the weighting factors of the expectation value
the four componentsAm

k (B)5*dzuFm
k (z)u2, for each state. In

Faraday configuration, for any given field strength and
ergy E(B) the envelope function is rather simple: the sta
belong to differentm, and only one of the four componen
uFm

k (z)u2 gives a nonzero contribution to the envelope fun
tion. The state is then characterized entirely by the co
sponding quantum numberm and the normalized weighting
factors do not change with the magnetic field. In Voigt co
figuration, the envelope functions are more complicated
are made up of all contributions belonging to different ma

FIG. 3. Valence-band Zeeman splitting pattern vs magnetic-fi
strength for a CdTe/Cd12xMnxTe SL in Voigt configuration. Pa-
rameters of the structure: nonmagnetic well, well widthLw520 Å;
DMS barrier,xMn50.22, barrier widthLb530 Å.
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netic quantum numbers. Moreover, the weighting factors
pend strongly on the magnetic field, which is shown in F
4. In each diagram, only the weighting factors of t
uF3/2

k (z)u2 ~thick line! and uF1/2
k (z)u2 ~thin line! components

are presented since it holds the relationuF23/2
k (z)u

5uF3/2
k (z)u and uF21/2

k (z)u5uF1/2
k (z)u, which is a conse-

quence of the symmetry of the Hamiltonian and the symm
try of the transfer matrix. It holds, however, only in the sp
cial cases of Faraday and Voigt configurations. In tilted fi
configurations all weighting factors are different from ea
other. Comparing Figs. 2 and 3, one can see that all of
features, typically, for the magnetic field dependence of
splitting pattern of the valence-band complex, are rep
duced in the experimentally observed field dependence o
optical transitions.

Thus, the anisotropy of the splitting pattern can be fu
explained by the mixing of the states in dependence on
orientation of the magnetic field.

For small magnetic-field strengths the Brillouin functio
gives a linear dependence on the magnetic fieldB¢ and one
has Ge f f, j

v ;BS(j);Bj ,( j 5x,y,z) @see Eq.~5!#. Then, the
origin of the difference in the HH and LH splitting pattern
Voigt configuration@B¢ 5(Bx ,0,0)# can be demonstrated b
simple analytical expressions, which are obtained by the
agonalization of the bulk Hamiltonian for a particular laye
when the relationEHH

v (0)2ELH
v (0)5DẼ@DEexc(B) is ful-

filled.

EG8 ,HH
1,2 ~G̃!'DẼ1

3

4

G̃2

DẼ7G̃
1•••,

EG8 ,LH
3,4 ~G̃!'6G̃2

3

4

G̃2

DẼ7G̃
1•••, ~15!

with G̃5Ge f f,x
v ;Bx . In the first approximation, the magn

tude of splitting of the LH and HH doublets depend linea
and quadratically onBx , respectively. Furthermore, the LH

FIG. 4. Weighting factors of them513/2 ~thick line! and m
511/2 ~thin line! component of the envelope function belonging
the states~a! to ~d! of Fig. 3.
-
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splitting is enhanced by a factor of 2 in comparison to F
aday configuration. The HH splitting is nonlinear and smal
than the LH splitting value.

The same mechanism can be found in SL’s of oppo
type where the wells consist of DMS material and the ba
ers are nonmagnetic. For such samples, Kuhn-Hein
et al.6 reported a strong dependence of the anisotropy of Z
man splitting on the well width. Even this result can be e
plained by the present model. In Fig. 5 the dependence of
magneto-optical anisotropy on the well widthLw of
Cd12xMnxTe/Cd12yMgyTe SL’s ~Ref. 6! consisting of semi-
magnetic wells and nonmagnetic barriers is shown. The
isotropy has been defined as the differenceEHH1

Far 2Ed
Voi for a

given field strength, whereEHH1
Far is the lowest exciton state

in Faraday configuration (s1 polarization! and Ed
Voi is the

lowest exciton state in Voigt configuration. The curves a
calculated for unstrained barriers (eb50) and tensile or
compressive strain in the well,ew.0 and ew,0, respec-
tively. ForLw→0, the anisotropy must vanish since only o
light- and one heavy-hole state remain in the well and b
are pinned at the upper edge of the well. Thus their energ
cal separation tends to zero. The anisotropy also vanishe
Lw→` in case ofew50 since we then reach the limitin
case of the bulk which is isotropic in the strain free case.
ewÞ0 the anisotropy reduces forLw→` to the strain-
induced part, which can be even negative forew,0. Conse-
quently, for intermediate well width a maximum can be e
pected. We find that the position of the maximum is alm
unchanged by the strain. The experimental values reporte
Ref. 6 are in good agreement with the theoretical calcu
tions if we assume a weak biaxial tensile strain in the we
as it was also claimed by the authors.

Finally, we demonstrate the anisotropy on an SQW
tilting angle different from Faraday (F50°) and Voigt (F
590°) configurations. Changing the angle fromF50° to
F590° we found a continuous change of the splitting
dependence on the tilt. As an example in Fig. 6 the valen

FIG. 5. Anisotropy of the Zeeman splitting pattern between F
aday and Voigt configuration in dependence on the barrier width
strained Cd12xMnxTe/Cd12xMgxTe MQW structures. Parameter
of the structure:Ev550 meV,Lb5220 Å, unstrained barrier mate
rial, xMn50.045, xMg50.12. Curves are calculated. Open squar
experimental data after Ref. 6.
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3974 PRB 58D. SUISKY et al.
band Zeeman splitting is depicted for an angle ofF545°
~dotted lines! together withF50° ~field along@001#, Fara-
day configuration, full lines! andF590° ~ field along@110#,
Voigt configuration, dashed lines!. The energetic position o
the well bottom atB50 T is chosen to be the zero of energ
A decreasing HH splitting and an increasing LH splittin
with increasing angle is seen accompanied by the appear
of the typical anticrossing features for all states. It should
mentioned that the model does not account for any ani
ropy in the case of in-plane rotation of the magnetic fie
from @110# to @ 1̄10#. There is up to now no experimenta
indication for an anisotropic behavior of DMS in dependen
on the in-plane angle of the magnetic field, as was rece
reported for diamagnetic ZnSe.21

B. Asymmetric double quantum wells

Asymmetric double-quantum-well structures are kno
to be excellent tools for studying tunneling processes. In p
ticular, semimagnetic ADQW’s enable the variation of t
separating potential in one and the same sample, jus
varying the external magnetic field~see Ref. 22 and refer
ences therein!. The strong magneto-optical anisotropy shou
even have an impact on the tunneling properties in ADQW
consisting of DMS materials. Up to now, however, the
effects have not yet been considered. In the following
discuss the magneto-optical anisotropy of such ADQW
The exact characterization of the exciton states and their
pendence on the magnetic-field orientation is a first and
portant step towards the description and understanding o
tunneling processes under the influence of an external m
netic field with respect to its orientation and strength.

CdTe and ZnSe based ADQW’s have been fabricated
MBE containing either a semimagnetic 6-n
Zn12x2yCdyMnxSe well and a 6-nm Zn12xCdxSe well,
which are coupled via a 6-nm ZnSe barrier or two Cd
wells with widths of 4 and 8 nm coupled via Cd12xMnxTe
barriers of different thicknesses. The ZnSe based ADQW
have been grown on~100! GaAs substrates and the CdT

FIG. 6. Zeeman splitting pattern of the valence band states
Cd12xMnxTe/Cd12xMgxTe SQW structure in dependence on the
angle F between sample axis and the magnetic-field directi
valence-band offsetEv580 meV, well widthLw545 Å, unstrained
well and barrier material,xMn50.045, xMg50.12. Full lines–F
50° ~Faraday configuration!, dotted lines–F545°, dashed lines–
F590° ~Voigt configuration!.
ce
e
t-

e
ly

r-

by

s
e
e
.
e-
-

he
g-

y

’s

based ADQW’s have been grown on~100! InSb substrates
In the case of CdTe/Cd12xMnxTe-ADQW’s the asymmetry
of the samples is given by different CdTe well widths~see
top of Fig. 7!. The giant Zeeman splitting occurs primari
only in the barriers as these are made of Cd12xMnxTe
~sample A:xMn50.08; sample B:xMn50.16). As a conse-
quence a
reduced shift and splitting is found for the nonmagne
well states, which can be considered to be caused by
change of the barrier height. In the case
Zn12x2yCdyMnxSe/ZnSe-ADQW’s the asymmetry is give
by different well depths~see top of Fig. 8!. The barriers are
made of nonmagnetic ZnSe. One semimagnetic w
(Zn12x2yMnxCdySe; sample C:xMn50.18, yCd50.11 and
sample D: xMn50.15, yCd50.09) has been prepared fo
each sample, whereas the second well (Zn12yCdySe) is non-
magnetic and does not exhibit, therefore, an inherent g
Zeeman splitting.

In the low-temperature photoluminescence~PL! usually
only the lowest-energy exciton transition can be obser
due to thermal equilibrium. For samples C, D and partic
larly B, however, both wells are strongly separated~due to
the thickness and height of the inner barrier! and, therefore,
PL from either well is found. In Figs. 7 and 8 the PL shif
are depicted for all ADQW’s as a function of the magnet
field strength withB¢ iz and B¢'z. A stronger shift to lower

a

:

FIG. 7. Energetic position of the excitonic PL~symbols! in de-
pendence on the magnetic field strength for CdTe/Cd12xMnxTe
ADQW structures forBiz ~Faraday! and B'z ~Voigt!. T51.8 K,
Eex52.820 eV. Curves are calculated. The schematic diag
shows the band structure of the ADQW at zero field~full lines! and
at an elevated field strength~dashed lines!.
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energies with increasing field is always found in Farad
configuration compared to Voigt configuration. It can
seen from Figs. 7 and 8 that the PL bands are always lo
for B¢ iz compared toB¢'z. Such is the predicted behavior~on
the basis of the theory discussed above! if the HH exciton is
the lowest-energy transition at zero field. As the wells
under compressive strain this is valid for all specimens d
cussed here. The sequence is inverted if the LH is the gro
state at zero field.4

In the case of ZnSe based ADQW’s~Fig. 8!, the giant
Zeeman effect and a strong anisotropy are seen for the D
wells as expected, but no shifts are observable for the n
magnetic Zn12xCdxSe wells, as there is no interaction of th
corresponding exciton states with the Mn ions of the adjac
well.

We have to mention here, that the magnetic-field-indu
mixing of the valence-band states takes place always if
Td symmetry is reduced and the symmetry axis is tilt
against the field direction, even in the case of nonmagn
semiconductors, but the corresponding very small ene
shift and splitting which are observable, e.g., in spin-flip R
man measurements21 are far beneath the exciton linewidth
of our semimagnetic QW structures and, therefore, not

FIG. 8. Energetic position of the excitonic PL~symbols! in
dependence on the magnetic-field strength
Zn12yCdySe/ZnSe/Zn12x2yCdyMnxSe ADQW structures forBiz
~Faraday! andB'z ~Voigt!. T51.8 K, Eex52.820 eV. Curves are
calculated. The upper diagram shows the schematic band stru
of the ADQW at zero field~full lines! and at an elevated field
strength~dashed line!.
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servable in our experiments. The curves in Figs. 7 and 8
calculated. The Stokes shifts were taken from the exp
ments and are included to account for the difference betw
the PL and the PLE bands at zero fields. As can be s
again a good coincidence with the experimental points
been achieved. In Fig. 9 the results of PLE measurement
sample C are depicted. More exciton states become obs
able now, but not all transitions are allowed in Faraday c
figuration. In Voigt configuration, in principal, all transition
should be observable due to the valence-band mixing. In
9 only the best detectable transitions~symbols! are compared

r

ure

FIG. 9. Energetic position of the measured PLE bands of sam
C ~see Fig. 8! in dependence on the magnetic-field strength~sym-
bols! for Biz in s1 and s2 polarization andB'z in s and p
polarization.T51.8 K. Curves are calculated.

FIG. 10. Zeeman splitting pattern of the valence-band states
an ADQW in dependence on the magnetic-field strength for th
different orientations of the magnetic field. Parameters~see Fig. 6
for DMS well!: barrier widthLb520 Å; well 2 nonmagnetic mate
rial, well width Lw2545 Å, valence-band offsetDEv25110 meV.

Faraday configuration (B¢ iz, F50°), full lines. Voigt configuration

(B¢'z, F590°), dashed lines. Tilted field configurationF545°,
dotted lines. The different observed states are indicated as
L (K) and LHL (K), whereK5DMS, NM labels the type of the
well material andL denotes the ground state (L51) and the first
excited HH and LH states (L52), respectively.
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with the theoretical calculations~curves!. Again a good co-
incidence between the experimental results and our theo
cal model has been obtained.

Finally, we discuss DMS ADQW structures in a tilte
field configuration. The calculated valence-band splitt
pattern of an ADQW is shown in Fig. 10. The structure co
sists of a magnetic and a nonmagnetic well separated
nonmagnetic barrier and have been generated by addi
nonmagnetic well~NMW! to the DMS SQW considered in
Fig. 6. The NMW is 30 meV deeper than the DMS well. S
we find additional states emerging from the nonmagn
well. In contrast to the wide barrier case discussed in Fig
now a thin inner barrier of only 20 Å was chosen. Therefo
we observe even for the new states of the nonmagnetic
a pronounced Zeeman splitting due to the coupling of b
wells through the thin barrier. But, the presence of the n
magnetic well modifies also the states originating from
magnetic well. The states are shifted with respect to its p
vious position and the magnitude of the splitting decrease
comparison to Fig. 6, because the wave functions get m
delocalized by adding the nonmagnetic well and, therefo
the exchange interaction with the localized Mn21 spins is
reduced. For all HH states~localized either in the nonmag
netic or DMS well! a decrease of the splitting by changin
the tilting angle from Faraday configuration to Voigt co
figuration accompanied by anticrossing is now clearly to
seen. Thus, we can conclude that the splitting pattern is c
n
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acterized again by the magnetic-field-dependent mixing
the valence-band wave functions as already found for S
and MQW’s.

V. CONCLUSIONS

We studied the magneto-optical anisotropy on vario
types of dimensionally reduced DMS heterostructures
perimentally and theoretically for orientations of the ma
netic field, both in Faraday and Voigt configurations. A
typical features of the experimentally observed giant Zeem
splitting and anisotropy could be explained by our theoreti
model, which enables the calculation of any particularly d
signed quasi-2D structures for arbitrary orientations of
magnetic field. The fundamental mechanism is the mixing
HH and LH valence-band states by the in-plane compon
of the magnetic field in a tilted field configuration. Only in
pure Faraday configuration a coupling of the states is m
ing. In particular, we were able to fit all the experimen
splitting patterns in Voigt and Faraday configurations
CdTe/Cd12xMnxTe, Zn12y2xCdyMnxSe/ZnSe and
Cd12xMnxTe/Cd12yMgyTe QW structures just by changin
the magnetic-field direction using one and the same se
basic function. Our approach provides a basis for the uni
description of quite different structures and of arbitrary o
entations of the magnetic field on equal footing, which
lows us to avoid special assumptions for particular structu
that have been made in the approaches used until now.
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