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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 16§ the
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 well§S0163-18208)10931-]

I. INTRODUCTION direction®>=® Tilted field configurations are only rarely
investigated. The observed magneto-optical anisotropy in
Diluted magnetic semiconducto(BMS’s) are ternary or single quantum well§SQW's) was qualitatively explained
guaternary alloys where the incorporated magnetic ions haviey the different orientation of the magnetic-field direction
a direct and important effect on a variety of optical and trans+elative to the confined quasi-2D exciton in the quantum
port properties. One of these properties, the so called “gianivell.®> The role of the band-structure anisotropy has been
Zeeman effect” has encouraged intense research activity oanalyzed by Peylat al® on excitonic transitions in SQW’s
this group of materials. The splitting of the order of 100 meV consisting of nonmagnetic material in between DMS barri-
is caused by the interaction between the localized spins dérs. The splitting pattern in Voigt configuration was ex-
manganese ions and the spins of electrons and holes of tipdained by the anisotropy of the band structure that causes a
host materialusually referred to as,p-d exchange interac- coupling of HH and LH states by finite momentum.
tion). The most extensively studied materials are the In this paper we will study superlattic¢SL’s) and asym-
(A;Mn)By, alloys!? metric double quantum well(ADQW'’s) composed of dif-
The fabrication of dimensionally reduced DMS quantum-ferent sequences of DMS and nonmagnetic materials where
well (QW) structures is providing a most powerful tool for either the barriers or the wells consist of DMS material. We
the investigation of large variations of carrier confinementgive a theoretical approach, where the LH-HH coupling is
energies and their influence on optical and transport propeimmediated by the magnetic field itself and is strongly en-
ties in one and the same sample. Such investigations requite&nced by thes,p-d exchange interaction. The model in-
in most cases the preparation of a series of samples differingudes lattice mismatch induced internal strain and is not
from each other in the alloy composition. restricted to the preferential orientations of the magnetic field
However, the symmetry reduction of the cubic zinc-in either Faraday or in Voigt geometry but includes also all
blende quantum-well structure@vhich is caused by the intermediate orientations of the magnetic field on equal foot-
quasi-2D layer structure and the internal strain induced byng. It accounts therefore directly for tilted field configura-
the lattice mismatch of different materialgields a splitting  tions. We study structures based on CdTe/Gin,Te and
of the zone center heavy-hol¢iH) and light-hole (LH)  Zn,_, ,Cd Mn,Se/ZnSe theoretically and experimentally
valence-band states. Hence, the orientation of the magnetand explain the spectra by the giant Zeeman splitting. Other
field has to be related to the symmetry axis and a magnetanagnetic field correlated effects as the usual Zeeman split-
optical anisotropy has been observed strongly enhanced Hing or the Landau-level splitting are at least one order of
DMS constituents of the structurd< magnitude below the effects due to the exchange interaction
The investigations of the magneto-optical anisotropy haveand have not been observed, therefore, in the experimental
been concentrated preferentially on configurations where thgpectra of wide-gap bulk DMS’s nor in our experiments on
magnetic field is oriented either parall@araday configura- DMS QW's.
tion) or perpendicularVoigt configuration to the growth The paper is organized as follows. In the next section we
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discuss the model that describes the band structure and the The last term of Eq(2) is the entirely dominant part in
influence of the magnetic field and the strain in the framethe experimental spectra obtained on the investigated
work of the effective-mass approximati¢gMA). In Sec. Il CdTe/Cd_,Mn,Te and Zn_, ,CdMn,Se/ZnSe QW
we give a short summary of the transfer matrix method andtructures. The reason is, that in DMS materials the energy
the envelope function approximation and their application to% w. and the usual Zeeman contribution are orders of mag-
heterostructures. In Sec. IV we study the magneto-opticahitude smaller than the exchange splitting. The same argu-
anisotropy in various types of DMS structures such as SL’sments hold for the valence band complex, where the ex-
SQW'’s, and ADQW's. We discuss the dependence of thehange interactionN,8 is even stronger, e.g.|N,p3]
magneto-optical anisotropy on geometrical and material pa~4|N,a| for Cd;_,Mn,Te and |N,B|~5|Nya| for
rameters and compare our theoretical results with experimergn, _,Mn,Se.
tal data. ExpandingH,,. in Eq. (1) into Kohn-Luttinger functions,

we obtain for arbitrary orientation of the magnetic figld

IIl. HAMILTONIAN OF SEMIMAGNETIC BULK for the conduction band the>22 matrix,

MATERIAL 1 1 e c
7G 7(GetrytiGasty)
) 2 ff, 2 ff, ff,
Semiconductor heterostructures are most commonly de- mag= . © _ ’ © 1y o ©)
scribed as a sequential arrangement of layers of different E(Ggff,y_legff,x) _EGgff,z

semiconducting materials, where each of the layers is as- ith
sumed to have bulk properties. wi

The Hamiltonian for DMS materials can be written in the S 5
(Gerix GettyGatr.2) = a(Xmn)Xun(S(B) )NoaB/|BJ;

form
and (i) for the valence band the>44 matrix,
H:V:EC’U (ngyst—’_H;jtr"_H;ee_'—H(:xv)! () 35 ¥ 0 0
whereH,,ys; is the Bloch Hamiltonian of the bulk anid;, . Y3 A 0
includes the strain in the material caused by the lattices mis- Hmag= 0 N\ _1g , (4)
match of different material$d,..describes the interaction of 2 Y
Bloch electrons with an external magnetic field leading to the 0 0 y =35

usual linear Zeeman splitting pattern. The last tétp) . de-

scribes the specific properties of DMS materials due to thavhere

s,p-d exchange interaction between the spin of Bloch elec-

trons and the spin of the localized incorporated paramagnetic

Mn ions. Considering th&g conduction band and thel'g

valence-band complex the index» has to be specified to

both these bands. with
The magnetic-field-dependent contributions that follow S .

from Eq. (1) for the conduction band for the magnetic field  (Getrx:Geity Gerr2) =a(Xnmn) Xun(S(B))NoSB/|B|.

oriented parallel to the axis in cubic materials can be

summed up as follows® Ill. ENVELOPE FUNCTION FOR HETEROSTRUCTURES

AND TRANSFER MATRIX METHOD

eff,z»

)\ZI(Geff,x+|Geff,y)* ’y:|7)\, 5:G (5)

—(+2 1 _ B
E=(I+2)fwc* 2(geusB ~ aXun) XunNoa(S(B))). ) In this section we shortly review the transfer matrix

method for heterostructures within the envelope function

The first term describes the Landau-level splitting. The sec@Pproximatiorf.~*? The wave function of the heterostructure
ond term describes the usual Zeeman splitting and the thirth €ach layer in the vicinity of thé" point may be expanded
contribution appears due to the exchange interactignis  into the Bloch functionsy; ,(r),

the cyclotron frequencyy g is the Bohr magneton, argy, is
the electron Landéactor. x,, is the manganese concentra- RN - oxaikey

tion. a(xy,) has been introduced as an additional fitting pa- ‘Pv(r)—zl Fi.(2)u; ,(r)e’ e, (6)
rameter that accounts for the clustering of Mn spins and the

subsequent reduction of giant Zeeman splitting. For the samwheren.=2 andn,=4 indicate the degree of degeneracy of
reasons the Curie-Weiss parameig(xy;,) has been intro- the conduction band=c and the valence-bane=uv states,
duced into the argumend=3gugB/{k[T+To(Xxm,)]} of  respectively. The axis is chosen parallel to the growth di-

the Brillouin functionBg in <SZ(|§>ZSBS(§), which gives _rectior_1 being crystallographically tf[@Ql] direction of the
the averaged spin value in the framework of the mean-fieldnvestigated heterostructures. The variatdgandk, denote
approximation.g~2 is the effective Landéactor andSis  the components of the two-dimensional wave vedtor
the total angular momentum. The parametger character-  =(k,,k,) that lies in the{x,y} plane perpendicular to the
izes the strength of the exchange interaction and has to bgrowth direction of the heterostructures. Replaciggby
taken from experimentN, is the number of unit cells per —i(d/dz) the envelope functiof, ,(z) has to be calculated
unit volume. from the Schrdinger equation,

n
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50

n, (?
|:El |:H”,<kj"_|5

+UV(Z)5||/}F|,V(Z):8F|',V(Z),
(7)

where H, is the Kohn-Luttinger representation of the
Hamiltonian in Eqg.(1). U(z) denotes the quantum-well po-
tentials that result from the band offsets between the various
materials the heterostructure is made of. The Hamiltonian in
Eqg. (7) may be rewritten in terms of powers efi(d/9z),

Energy (meV)

2

Al i iB J +C/
”’6’22 ! ”’(92 ||r(Z)

F|,V(Z):8F|’,V(Z)v

nV
>
I=1

(8) 0 1 2 3 4 5
where the matrice#\, B, and C follow from Eq. (7). The Magnetic Field (T)
matrix A consists only of diagonal elements originating from
the HamiltonianH s in Eq. (1) and is independent of the

components of the vectdr, whereas the matrices andC_: applied magnetic field in Faraday configurati(ﬁﬂz). Parameters
depend, in general, on those components. In PL experlmengg the structure: well widthL,,=20 A, barrier widthL,=20 A,

only excitonic transitions near thié point are obser_ved. In Xyn=0.21, 400 wellso* ando~ indicate the polarization state of
terms of the wave vectors of electron and hole it followsihe incident light. Full squares, experimental points. The curves are

from the vertical transition selection rule=k,=0. There-  calculated. Parameters are given in the text.

fore, one can sek,=k,=0 in H,, in Eqg. (1) and all ele-

ments of the matriB vanish. Equationg6) to (8) together labeled 2,3...,m—1 of thicknessesd,,d;,d,,_;, and a

with appropriate boundary conditiotsenable the calcula- right barrier region of materiah.

tion of eigenvalues and eigenfunctions of heterostructures The energy eigenvalues of MQW structures are to be cal-

with layers of arbitrary thickness, shape and material. In theulated then from

case of an SL one needs to consider additionally the period-

icity along the superlattice axis. For any nonper|od.|c finite DelJfm 1 Tm-19m-1m-2Tm-2" - -J52T2d2.U. —Ug]=0,

QW structure one has to select those wave functions that (13

vanish at infinity. In order to solve the eigenvalue problem in

Eq. (8) numerically by transfer matrix method, we introduce whereJ; ; are matching matrices as before ddgd andUg

the vectord(2) are vectors resulting from the condition of vanishing wave
functions at infinity.

FIG. 1. Giant Zeeman splitting of HH and LH excitonic states
for a CdTe/Cd_,Mn,Te SL measured by PLE as a function of

®(2)=|F1(2),Fs(2), ... Fn (2), IV. RESULTS AND DISCUSSION

IF1(2) IF »(2) IF, (2) In this section we discuss the magneto-optical properties
L , 2 e ———, (9) of different types of SL's and QW'’s. In particular, we con-
92 9z 9z sider the dependence on strength and orientation of the mag-

and obtain the following solutions for periodic and nonperi-Netic field. Experimentally, the anisotropy of the valence-

odic structures: band splitting caused by the magnetic field can be proved by
a. SuperlatticesDue to periodicity along the axis we Measurements of the corresponding excitonic transitions.
have to fulfill The specimens were investigated by PL and PLE in an ex-
ternal magnetic field up to 7.5 T at 1.8 K. Tunable dye lasers

& (z+d)=expiqd)d(z), (100  Wwith appropriate spectral ranges pumped by ar*Alaser

were used as excitation sources and a grating spectrometer

whered is the period of the superlattice amgddenotes the equipped with a charge-coupled device camera system was
corresponding wave vector. For a superlattice made of tw@n the detection side.

different materials labeled 1 and 2 one obtains the equation

[31,2T232,1T1_exﬂiqd)]q;(z) =5, (11) A. Multiple quantum wells and superlattices

The experimentally observed splitting of the lowest HH
and LH exciton in dependence on the magnetic-field strength
are depicted in Figs. 1 and 2 by black squares for the well
transitions of a strained semimagnetic CdTe/C#in,Te
SL. The structure consists of 400 wells with a widthlqf
=20 A separated by barriers &f,=20 A. The wells are
b. Multiple quantum wellsLet us consider an MQW consist- nonmagnetic. The Mn content in the barriersxjg,=0.21.
ing of a material forming a large barrier on the left side The samples were grown by MBE on InSb at a substrate
labeled 1, a sequence of well-barrier regions of materialéemperature of 240 °C and a growth rate of @/h. In

where theT; andJ; ; are the transfer matrices and the match-
ing matrices, respectively. Nontrivial solutions of E4.Jl)
are found from the vanishing determinant

Det[legTszlel—eX[Z(iqd)]ZO. (12)
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Magnetic Field (T) FIG. 3. Valence-band Zeeman splitting pattern vs magnetic-field
) _ ] o strength for a CdTe/Gd,Mn,Te SL in Voigt configuration. Pa-
FIG. 2. Same as Fig. 1 but for Voigt configuratioB ((z). rameters of the structure: nonmagnetic well, well witlth= 20 A;

DMS barrier,xy,=0.22, barrier width_,=30 A.
Fig. 1 we show the experimental points and the calculated

curves for Zeeman solitting in Faraday confiaurati@noar- cally reduced(the assignment is chosen as before with re-
Spiiting aay '9 X .__spect to the zero-field type of the stgteshereas the LH
allel to the growth direction, to the incident light propagation

. . o splitting is enhanced.
as well as the observation directioand in Fig. 2 the corre- " rege characteristic features of the magnetic-field depen-

sponding Zeeman splitting in Voigt configuration with in- gence have been also observed for other types of SL's and
plane field 8 perpendicular to growth direction, incident QW structures, e.g., ZnS&h,Mn)Se (Ref. 19 or
light propagation and the observation direcjiofihe energy  (Zn,Cd,MnSe/ZnSeRef. 20 and (Cd,Mn)Te/(Cd,MgTe®
gap of the barrier material is determined by the relation The origin of the observed anisotropy can be revealed by
Egap=(1.605+1.5%y,,) eV and the lattice constant is ob- analyzing the type of wave functions belonging the different
tained from the relatiomcy, _wn te=(6.481 0.146¢y;) A.  states in the splitting pattern. The conduction-band splitting
The valence-band offset is assumed to be 33% of the totdattern is independent of the orientation of the magnetic field
offset’® The effective HH and LH masses are calculatedand has _to_ be ruled out. The origin can be fou.nd, howgver,
from the Luttinger parameterg,=5.29 andy,=1.89 (Ref. by examining t_he valence-band envelope function. In E|g. 3
- - 1415 . the magnetic field dependence of the HH and LH splitting
14) to bemy,=0.662m, andmy, =0.11m, . “>The effective o0 6t thel'; valence-band complex is shown that ap-
mass of the electron i;,=0.098n,.1° The parameters of b 8 P P

) pears in the presence of confinement or the strain-induced
Cd,,Mn,Te are assumed to be approximately the same a§_| 1 zero-field splitting. The curves are calculated for a
for CdTe. The exchange integral,a=0.22 eV andNo8  cqTe/Cd_ Mn,Te SL. We may write the-dependent part
=—0.88eVare take_n from Ref. 17. Th? only fitting Param- .t ihe wave functionIfV(F) in Eq. (6) in terms of the enve-
eter.s are the effective Mn congentratlaqun) and the lope functions an(z) and the Kohn-Luttinger functions
Curie-Weiss-Parametélr,(Xy,) Which account for the Mn m) (m=—3/2,~1/2,+1/2,+3/2) for the I' point in the
clustering and the Mn-Mn superexchange interaction as Weg ' ’ '

) . ~general form
as for the interface disorder of the DMS layers. The latter is

knqwn to have a strong influence'on the paramagnetic Prop- 4% (2)=FX(2)|3/2)+ FX(2)|1/2) + FX , 5(2)| — 1/2)
erties. The calculated curves are in excellent agreement with 8
the experimental data. It must be mentioned, however, that +F'§3,2(z)|—3/2>, (14)
the parametera(xy, and T,(Xu,) also cover a small
change of the exciton binding energy;,q with increasing Wherek=a,b,c,d indicate the energetically different states
field. epiq Was calculated at zero field after Leavitt and in the Zeeman pattern of the valence-band compéee Fig.
Little'8 and kept constant for all field strengths as well as ford- TheFy, are complex functions of the coordinatend the
both field directions. We expected, at least, a small differnagnetic fieldB. We visualize the character of the states by
ence ofey;ng for B|z and BLz at highest field strengths. l00king for the weighting factors of the expectation value of
There was, however, no need to include such a differencthe four componentaf(B) = fdz|Fk(2)|?, for each state. In
into the fitting procedure. Faraday configuration, for any given field strength and en-
The pronounced differences in the shape of the curves arefgy E(B) the envelope function is rather simple: the states
in the magnitude of the splitting between Faraday and Voigbelong to differenim, and only one of the four components
configuration shown in Fig. 1 and Fig. 2, respectively, arelFX(2)|? gives a nonzero contribution to the envelope func-
well reproduced by our mode(i) Instead of the crossing in tion. The state is then characterized entirely by the corre-
Faraday configuratiorisee Fig. 1 an anticrossing of the sponding quantum numben and the normalized weighting
curves appears in the splitting pattern in Voigt configurationfactors do not change with the magnetic field. In Voigt con-
(see Fig. 2, which is typically for interacting state§i) The  figuration, the envelope functions are more complicated and
splitting of the HH doublet in Voigt configuration is drasti- are made up of all contributions belonging to different mag-
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FIG. 5. Anisotropy of the Zeeman splitting pattern between Far-
aday and Voigt configuration in dependence on the barrier width in
strained C¢_,Mn,Te/Cd _,Mg,Te MQW structures. Parameters
of the structureE, =50 meV,L,=220 A, unstrained barrier mate-
rial, Xy,=0.045, xyg=0.12. Curves are calculated. Open squares:

. L experimental data after Ref. 6.
netic quantum numbers. Moreover, the weighting factors de-

pend strongly on the magnetic field, which is shown in Fig.

4. In each diagram, only the weighting factors of theSPlitting is enhanced by a factor of 2 in comparison to Far-
|FX.(2)|2 (thick line) and|F¥(z)|? (thin line) components aday conﬂguratl.op. The HH splitting is nonlinear and smaller
are presented since it holds the relatidi®,(z)| than the LH splitting value. o .
=|F§,2(z)| and |F'il,2(z)|=|F'{,2(z)|, which is a conse- The same mechanism can be found in 'SLs of opposqe
quence of the symmetry of the Hamiltonian and the symmetype where the wells_con3|st of DMS material and the b_ar_rl-
try of the transfer matrix. It holds, however, only in the spe-E'S aré nonmagnetic. For such samples, Kuhn-Heinrich
cial cases of Faraday and Voigt configurations. In tilted field€t &l reported a strong dependence of the anisotropy of Zee-

configurations all weighting factors are different from eachMan splitting on the well width. Even this result can be ex-
other. Comparing Figs. 2 and 3, one can see that all of thBlained by the present model. In Fig. 5 the dependence of the
features, typically, for the magnetic field dependence of thdn@gneto-optical anisotropy - on the well width,, of
splitting pattern of the valence-band complex, are reproC%-xMn,Te/Cd _,Mg,Te SL's(Ref. § consisting of semi-
duced in the experimentally observed field dependence of th@@gnetic wells and nonmagnetic barriers is shown. The an-

optical transitions. isotropy has been defined as the differeBgg;, — Ey°' for a

Thus, the anisotropy of the splitting pattern can be fullygiven field strength, wherEFY, is the lowest exciton state

explained by the mixing of the states in dependence on th# Faraday configurationa* polarization and EV° is the
orientation of the magnetic field. lowest exciton state in Voigt configuration. The curves are
For small magnetic-field strengths the Brillouin function calculated for unstrained barriers,0) and tensile or

gives a linear dependence on the magnetic fieldnd one ~Compressive strain in the welg,>0 and ¢,<0, respec-
has Gl ;~Bs(£)~Bj,(j=x,y,2) [see Eq.(5)]. Then, the tively. ForL,,— 0, the anisotropy must vanish since only one

origin of the difference in the HH and LH splitting pattern in light- and one heavy-hole state remain in the well and both

Voiat confi uration[l_s:z(B 0,0)] can be demonstrated b are pinned at the upper edge of the well. Thus their energeti-
019 gur X0 ; ; Y cal separation tends to zero. The anisotropy also vanishes for

simple analytical expressions, which are obtained by the di:

o I . L,— in case ofe,=0 since we then reach the limiting
agonalization of the bulk Hamiltonian for a particular layer, case of the bulk which is isotropic in the strain free case. For

when the relatior}y (0) — E[4(0)=AE>AEedB) isful- ¢ ~0 the anisotropy reduces fdr,—o to the strain-

filled. induced part, which can be even negative §gr<0. Conse-
quently, for intermediate well width a maximum can be ex-

FIG. 4. Weighting factors of then= +3/2 (thick line) andm
= +1/2 (thin line) component of the envelope function belonging to
the statega) to (d) of Fig. 3.

E12 ('é)wAEJﬁ G? . pected. We find that the position of the maximum is almost
I'g.HH 4 AEFS ' unchanged by the strain. The experimental values reported in
Ref. 6 are in good agreement with the theoretical calcula-
3 &2 tions if we assume a weak biaxial tensile strain in the wells
E%“ LH(’G)N i ¢ P (15) as it was also claimed by the authors.
8 4 AEFG Finally, we demonstrate the anisotropy on an SQW for

_ tilting angle different from Faradayd{=0°) and Voigt @
with G=Gg¢;,~By. In the first approximation, the magni- =90°) configurations. Changing the angle frabn=0° to
tude of splitting of the LH and HH doublets depend linearly ®=90° we found a continuous change of the splitting in
and quadratically o, , respectively. Furthermore, the LH dependence on the tilt. As an example in Fig. 6 the valence-
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FIG. 6. Zeeman splitting pattern of the valence band states of a 1.620
Cd,_.Mn,Te/Cd _,Mg,Te SQW structure in dependence on the on <
angle ® between sample axis and the magnetic-field direction: 2 1618 [
valence-band offse, =80 meV, well widthL,,=45 A, unstrained § 1.72 ;
well and barrier materialxy,=0.045, xyg=0.12. Full lines-® 2
=0° (Faraday configurationdotted lines® =45°, dashed lines— w
®=90° (Voigt configuration. 170 |-  Faraday narrow well |
band Zeeman splitting is depicted for an angledof 45° 1.65 sample B
(dotted line$ together with® =0° (field along[ 001], Fara- i
164 | wide well

day configuration, full linesand® = 90° ( field along[ 110],
Voigt configuration, dashed lingsThe energetic position of
the well bottom aB=0 T is chosen to be the zero of energy.
A decreasing HH splitting and an increasing LH splitting
with increasing angle is seen accompanied by the appearance B(M

of the typical anticrossing features for all states. It should be FIG. 7. Energetic position of the excitonic Reymbol3 in de-

mentl_oned that the r_nodel does not account for any an_lsotﬁendence on the magnetic field strength for CdTe/Chlin,Te
ropy in the case of in-plane rotation of the magnetic ﬂeldADQW structures forB||z (Faraday and BL z (Voigt). T=1.8 K,
from [110] to [110]. There is up to now no experimental E,=2.820 eV. Curves are calculated. The schematic diagram
indication for an anisotropic behavior of DMS in dependenceshows the band structure of the ADQW at zero figidl lines) and

on the in-plane angle of the magnetic field, as was recentlyt an elevated field strengtdashed lines

reported for diamagnetic Zn3e.

based ADQW'’s have been grown ¢b00 InSb substrates.
In the case of CdTe/GdMn,Te-ADQW'’s the asymmetry
B. Asymmetric double quantum wells of the samples is given by different CdTe well widttsee

Asymmetric double-quantum-well structures are knowntoP Of Fig. . Thg giant Zeeman splitting occurs primarily
only in the barriers as these are made of; C#in,Te

to be excellent tools for studying tunneling processes. In par o ) _
ticular, semimagnetic ADQW'’s enable the variation of the(suinr:g(lae AXyn=0.08; sample Bxy,=0.16). As a consea-
separating potential in one _anq the same sample, just beduced shift and splitting is found for the nonmagnetic
varying the external magnetic fiekee Ref. 22 and refer- well states, which can be considered to be caused by the
ences therein The strong magneto-optical anisotropy should '

. _ S . change of the barrier height. In the case of
even have an impact on the tunneling properties in ADQW San,x,yCdyMnXSe/ZnSe-ADQW’s the asymmetry is given

consisting of DMS materials. U.p to now, however,. theseby different well depthgsee top of Fig. B The barriers are
effects have not yet been considered. In the following Wegnade of nonmagnetic ZnSe. One semimagnetic well
discuss the magneto-optical anisotropy of such ADQW’S-(an,X,yMnXCdySe; sample CXy,=0.18, yc4=0.11 and
The exact characterization of the exciton states and their deample D: xy,=0.15, ycq=0.09) has been prepared for
pendence on the magnetic-field orientation is a first and imeach Samp|e, whereas the second We”l@ﬁ:dySe) IS non-
portant step towards the description and understanding of th@agnetic and does not exhibit, therefore, an inherent giant
tunneling processes under the influence of an external magteeman splitting.
netic field with respect to its orientation and strength. In the low-temperature photoluminescen@d.) usually
CdTe and ZnSe based ADQW'’s have been fabricated bgnly the lowest-energy exciton transition can be observed
MBE containing either a semimagnetic 6-nm due to thermal equilibrium. For samples C, D and particu-
Zn;_4-,CdMn,Se well and a 6-nm zn,CdSe well, larly B, however, both wells are strongly separatede to
which are coupled via a 6-nm ZnSe barrier or two CdTethe thickness and height of the inner barriand, therefore,
wells with widths of 4 and 8 nm coupled via €¢dMn,Te  PL from either well is found. In Figs. 7 and 8 the PL shifts
barriers of different thicknesses. The ZnSe based ADQW'@re depicted for all ADQW's as a function of the magnetic-
have been grown o100) GaAs substrates and the CdTe field strength withB||z and BL z. A stronger shift to lower
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FIG. 9. Energetic position of the measured PLE bands of sample
' ' C (see Fig. 8in dependence on the magnetic-field stren@ym-
sample D | bols) for B||z in ¢" and o~ polarization andBLz in o and 7
polarization.T=1.8 K. Curves are calculated.

T
ZnCdMnSe

Energy (eV)

2.64

2.62
servable in our experiments. The curves in Figs. 7 and 8 are

calculated. The Stokes shifts were taken from the experi-
ments and are included to account for the difference between
the PL and the PLE bands at zero fields. As can be seen

2.60

ZnCdMnSe

Faraday . Dt ) - h
2.58 ; ' again a good coincidence with the experimental points has
0 2 4 6 8 been achieved. In Fig. 9 the results of PLE measurements of
B (T) sample C are depicted. More exciton states become observ-

able now, but not all transitions are allowed in Faraday con-

FIG. 8. Energetic position of the excitonic Risymbols in figuration. In Voigt configuration, in principal, all transitions

dependence on the magnetic-field strength for A L .
Zn,_,Cd,Se/znSe/Zq. ,_,Cd,Mn,Se ADQW structures foB|z should be observable due to the valence-band mixing. In Fig.

(Faraday andB. z (Voigt). T=1.8 K, E,,~ 2.820 eV. Curves are 9 only the best detectable transitiojgymbolg are compared
calculated. The upper diagram shows the schematic band structure

of the ADQW at zero field(full lines) and at an elevated field 0.03
strength(dashed ling 0.02 | HHI-NM

energies with increasing field is always found in Faraday
configuration compared to Voigt configuration. It can be
seen from Figs. 7 and 8 that the PL bands are always lower

for B||z compared tdL z. Such is the predicted behavi@n
the basis of the theory discussed aba¥¢he HH exciton is
the lowest-energy transition at zero field. As the wells are
under compressive strain this is valid for all specimens dis-
cussed here. The sequence is inverted if the LH is the ground %% T

Energy (eV)

-0.06 -

state at zero field. 008
In the case of ZnSe based ADQW(Eig. 8), the giant -0.09
Zeeman effect and a strong anisotropy are seen for the DMS 0 K 2 3 4 5

. M. tic field (T)
wells as expected, but no shifts are observable for the non- sanetic fleld M

magnetic Zp_,Cd,Se wells, as there is no interaction of the  FIG. 10. Zeeman splitting pattern of the valence-band states for
corresponding exciton states with the Mn ions of the adjacerdn ADQW in dependence on the magnetic-field strength for three
well. different orientations of the magnetic field. Parametsee Fig. 6
We have to mention here, that the magnetic-field-inducedor DMS well): barrier widthL,=20 A; well 2 nonmagnetic mate-
mixing of the valence-band states takes place always if theal, well width L,,,=45 A, valence-band offseE,,=110 meV.
Ty symmetry is reduced and the symmetry axis is tiltedFaraday configurationd(|z, ®=0°), full lines. Voigt configuration
against the field direction, even in the case of nonmagnetigg| z, & =90°), dashed lines. Tilted field configuratish=45°,
semiconductors, but the corresponding very small energyotted lines. The different observed states are indicated as HH
shift and splitting which are observable, e.g., in spin-flip Ra-L (K) and LHL (K), whereK=DMS, NM labels the type of the
man measuremeritsare far beneath the exciton linewidths well material andL denotes the ground state£1) and the first
of our semimagnetic QW structures and, therefore, not obexcited HH and LH stated (=2), respectively.
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with the theoretical calculation&urves. Again a good co- acterized again by the magnetic-field-dependent mixing of
incidence between the experimental results and our theoretihe valence-band wave functions as already found for SL’s
cal model has been obtained. and MQW's.

Finally, we discuss DMS ADQW structures in a tilted
field configuration. The calculated valence-band splitting V. CONCLUSIONS

p_attern of an ADQW is shown in Fig. 1_0. The structure con-  \we studied the magneto-optical anisotropy on various
sists of a magnetic and a nonmagnetic well separated by §pes of dimensionally reduced DMS heterostructures ex-
nonmagnetic barrier and have been generated by addinggrimentally and theoretically for orientations of the mag-
nonmagnetic wellNMW) to the DMS SQW considered in netic field, both in Faraday and Voigt configurations. All
Fig. 6. The NMW is 30 meV deeper than the DMS well. Sotypical features of the experimentally observed giant Zeeman
we find additional states emerging from the nonmagneticplitting and anisotropy could be explained by our theoretical
well. In contrast to the wide barrier case discussed in Fig. 8nodel, which enables the calculation of any particularly de-
now a thin inner barrier of only 20 A was chosen. Therefore signed quasi-2D structures for arbitrary orientations of the
we observe even for the new states of the nonmagnetic wethagnetic field. The fundamental mechanism is the mixing of
a pronounced Zeeman splitting due to the coupling of bottHH and LH valence-band states by the in-plane component
wells through the thin barrier. But, the presence of the nonef the magnetic field in a tilted field configuration. Only in a
magnetic well modifies also the states originating from thepure Faraday configuration a coupling of the states is miss-
magnetic well. The states are shifted with respect to its preing. In particular, we were able to fit all the experimental
vious position and the magnitude of the splitting decreases isplitting patterns in Voigt and Faraday configurations of
comparison to Fig. 6, because the wave functions get mor€dTe/Cd _,Mn,Te, Zn _y ,Cd Mn,Se/ZnSe and
delocalized by adding the nonmagnetic well and, thereforeCd, _,Mn,Te/Cd,_,Mg,Te QW structures just by changing
the exchange interaction with the localized Mnspins is  the magnetic-field direction using one and the same set of
reduced. For all HH state@ocalized either in the nonmag- basic function. Our approach provides a basis for the unified
netic or DMS wel) a decrease of the splitting by changing description of quite different structures and of arbitrary ori-
the tilting angle from Faraday configuration to Voigt con- entations of the magnetic field on equal footing, which al-
figuration accompanied by anticrossing is now clearly to bdows us to avoid special assumptions for particular structures
seen. Thus, we can conclude that the splitting pattern is chathat have been made in the approaches used until now.
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