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Spin properties of quantum wells with magnetic barriers. I. A k"p analysis for structures
with normal band ordering
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The electronic band-edge spectrum of magnetic semiconductor quantum wells containing a diluted magnetic
semiconductor as one of the constituents is studied within the envelope-function formalism. The effects of Mn
d electrons are explicitly included in ak•p Hamiltonian which in the first approximation of perturbation theory
is shown to be reduced to an effective Kane model. Thesp-d hybridization leads to a spin-splitting effect. The
results are applied to the system Cd12xMnxTe/CdTe. The spin-splitting effect is studied as a function of
external magnetic field, well width, valence band offset and fraction of the magnetic atoms. The numerical
results are in accord with experimental data.
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I. INTRODUCTION

The experimental and theoretical studies of quantum c
finement of carriers in spatially modulated semiconduc
structures have been a field of intense activity over the p
decades. Magnetic semiconductor quantum wells and su
lattices are relatively new in this context. The incorporati
of magnetic impurities into semiconductor heterostructu
combines magnetism and quantum-size effects to prod
exotic new physics. Such semiconductors are commo
called dilute magnetic semiconductors or semimagn
semiconductor. For simplicity we will refere to quantu
wells containing magnetic impurities as magnetic quant
wells. Von Ortenberg1 seems to have been the first to propo
that a magnetic field could be used to induce a sp
dependent potential in a magnetic semiconductor het
structure to form a ‘‘spin superlattice’’ consisting of spatia
separated spin states. A direct experimental evidence of
superlattices was given in Refs. 2 and 3. The essential ide
the spin-dependent phenomena in magnetic semicondu
is that electrons interact with thed or f electrons of the lo-
calized magnetic moments of the magnetic ions through
exchange potential. In an external magnetic field this in
action gives rise to a giant effective Zeeman effect wh
lifts the degeneracy of the spin-up and spin-down elect
and hole states.

This effect has renewed the interest in the magnetic se
conductor heterostructures in connection with their utiliz
tion in a new field of electronics—spin electronics
‘‘spintronics’’—where both the charge and spin of the ele
tron are exploited as an active element of electron devic4

Nowadays the application of magnetic semiconductor h
erostructures in spin electronics is considered in two m
systems. One concerns field effect transistors or lig
emitting diodes in which the magnetic semiconductor has
role of a spin-aligning material. The problem is that in sp
of tremendous interest in spin-polarized electron inject
into semiconductors as one of the most important elem
0163-1829/2002/66~15!/155324~12!/$20.00 66 1553
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of the spin transistor5 the experiments for spin injection from
ferromagnetic metals into semiconductors have only giv
effects of less than 1%~Ref. 6!. The basic obstacle for spin
injection from a ferromagnetic metallic emitter into a sem
conductor has been recently been shown7 to originate from
the conductivity mismatch between these materials. In or
to avoid this mismatch it has been suggested to replace
metal contacts with magnetic semiconductors using th
large Zeeman splitting. The experiments8–10 on the circular
polarization of the electroluminescence showed that the e
tron spin polarization of such magnetic structures was alm
90%. Another application of magnetic semiconductor hete
structures follows from a spin-dependent resonant tunne
effect based on von Ortenberg’s idea as well. It w
suggested11–14 to use a magnetic-field tunabl
ZnSe/Zn12xMnxSe heterostructure as a spin filter. It is wor
mentioning another possible application of the magnetic t
neling structures combining the first two points. It was r
cently shown by Rashba15 that including a tunnel contact a
the interface between a ferromagnetic metal and nor
semiconductor can solve the problem of the large conduc
ity mismatch of these materials. These structures sho
strong spin polarization effect and in this way they are pro
ising for spin electronics.

Spin electronic devices are commonly based on the w
determined and carefully controlled spin-splitting effect
the two-dimensional electron gas. It is now recognized t
the splitting in asymmetric quantum wells based on z
blende III-V or II-VI semiconductors has two distinc
contributions16–18even in the absence of an applied magne
field and magnetic ions. One contribution is due to invers
asymmetry of the bulk host material.19,20 The other one
stems from the asymmetry of the macroscopic confining
tential being derived from general symmetry arguments. I
commonly called the Rashba effect21 and is the proposed
mechanism behind the spin transistor.5 The Rashba term re
sults from the relativistic effect in which a moving electro
©2002 The American Physical Society24-1
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FIG. 1. Schematic band dia
gram for the quantum well
CdTe/Cd12xMnxTe/CdTe/ studied.
In each material the conductio
band (G6), the heavy-hole and the
light-hole bands (G8), and the
spin-orbit split-off band (G7) are
displayed from top to bottom to-
gether with symmetry notations
band gaps, and valence-band o
setL.
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with nonzero wave vectork in its reference frame sees th
interface electric field transformed into a magnetic field.22

In the magnetic semiconductor heterostructures ano
spin-splitting effect must be taken into consideration. This
the spin-dependent exchange potential1 mentioned above
which gives rise to the ‘‘spin superlattices.’’ This exchan
term in the spin-splitting effect of the magnetic structures
clearly dominant since the first two terms are equal to zer
the first order of perturbation theory.

In this work we are dealing with the theoretical analy
of the spin-splitting effect of the magnetic semiconduc
heterostructures. We are interested in magnetic semicon
tor quantum wells based on II-VI semiconductors. Quant
wells of the type A12x

II MnxB
VI/AIIBVI/A12x

II MnxB
VI are con-

sidered as model materials and heterostructures with no
and inverted band arrangement are studied.~HereAII is one
of the group II elements andBVI is a group VI element!. We
study Cd12xMnxTe/CdTe as an example of the structure w
the normal band arrangement~see Fig. 1! in the first part of
this paper and the quantum well Hg12xMnxTe/HgTe as an
example of the structure with the inverted band structure
the following part23 of this sequence of papers. As a first st
in our investigation we study a symmetrical square quan
well in the approximation of flat bands and neglect str
effects. Thus, the asymmetry effect coming from the Ras
spin splitting terms is absent. Moreover, as a first appro
mation of the model, we neglect the bulk asymmetry eff
~Dresselhaus term!. The only spin-splitting potential, which
will be included in the Hamiltonian, is the spin-depende
interaction between the baresp electrons and thed electrons
of Mn. It is important to note that for magnetic semicondu
tor structures even for an asymmetric quantum well poten
15532
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the mentioned two spin-splitting terms will result in sma
corrections compared to the exchange splitting.

The bulk band Hamiltonian for the magnetic semicondu
tor is constructed in the framework of a model develop
earlier.24–26Starting from the microscopic theory of the bu
magnetic II-VI semiconductors,27 P.M. Hui et al.24 have sug-
gested an ‘‘effective’’sp-band Hamiltonian model, which
then has been applied to magnetic II-VI superlattices.25 We
are extending this approach to the case of the magnetic I
quantum wells. The structural and electronic similarities b
tween the constituents allows us to use the envelope func
approximation when considering the quantum well states

In order to simulate the effects of the externally appli
magnetic field, in the above model24 a spin polarization was
included at the outset. In principle one can in this way e
compass the possibility of ferromagnetic materials, but
this paper we will mainly consider the spin polarization r
sulting from an external magnetic field. This approach, i
tially suggested in Refs. 28 and 29, is based on the itine
model of the semimagnetic semiconductors which exte
the Anderson impurity theory. Up to 70 % of Mn the~Cd-
,Mn!Te alloy retains the zinc blende structure with random
occupied cationic sites. The magnetic moment orientation
each site varies randomly in time; this makes the sys
paramagnetic. The simplest itinerant representation of m
netic disorder is defined by Ising model, that is,~i! neglect of
intersite correlations,~ii ! static limit, ~iii ! limiting the spin
orientation to two opposing directions (↑ and↓).30 Thus, the
magnetic semiconductor alloy can be presented as an e
tive ternary systemA12x

II Mnxy
↑ Mnx(12y)

↓ BVI. In this approach
the parametery gives the value of the polarization of th
magnetic atoms P5(N↑2N↓)/(N↑1N↓)52y21. Here
N↑(N↓) is the number of Mn ions with spin up~down! which
4-2
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SPIN PROPERTIES OF QUANTUM . . . I. . . . PHYSICAL REVIEW B66, 155324 ~2002!
may be changed, for example, by an external magnetic fi
or by the temperature. For the unpolarized materialy51/2
and in the case of finite spin polarizationyÞ1/2. Thus, the
magnetic field effect on the band spectrum of the sp
polarized magnetic structures is implicitly included in t
model through the parametery. We ignore the effects of the
Landau level quantization and the ordinary Zeeman splitti
In the spin-polarized alloy thesp-d hybridization was
shown25 to lead to an effectivesp Hamiltonian having the
same form as the usual mean field exchange Hamiltonian
the magnetic semiconductors. This approach proved to
very effective in explaining the kinetics and optical expe
mental data. The electron effective masses and gaps as
as the fundamental absorption coefficients calculated in
framework of this model for a number of II-VI and III-V
semiconductor superlattices are shown to be in excel
agreement with experimental data.26 It is also important to
note that because of its simplicity the model gives analyt
results and thus simplifying the interpretation of the physi
effects.

The paper is organized as follows. In Sec. II we descr
our theoretical model. The band-edge spectrum and the w
functions for the magnetic quantum well structures are
tained. The spin-splitting effect is discussed and the s
properties of the electron and hole states are studied. In
III these results are applied to the quantum w
Cd12xMnxTe/CdTe/Cd12xMnxTe which is an extensively
studied magnetic structure. In Sec. IV a discussion of
results follows and section V concludes the paper with
summary of the main results.

II. MODEL HAMILTONIAN

Our problem now is to get the band-edge spectrum
wave functions of the square quantum well incorporating
magnetic semiconductor. As discussed above we neg
strain, Landau level quantization, and Zeeman splitting. T
the fundamental Hamiltonian for theA12x

II MnxB
VI magnetic

semiconductor is written in the form24

H5Hsp
0 1Hd

01Hsp-d , ~1!

whereHsp
0 describes the unperturbedsp valence and conduc

tion bands,Hd
0 is the Hamiltonian of the Mnd states, and

Hsp-d includes the hybridization between thed states and the
sp bands. Since the quantum structure is considered with
growth direction along thez axis, all these terms are ste
functions ofz. We suppose thatz50 defines the center of th
well layer. A schematic band diagram for the quantum w
Cd12xMnxTe/CdTe/Cd12xMnxTe is shown in Fig. 1.

In the envelope function approximation the wave functi
is expanded in the periodic parts of bulk Bloch functions
the constituents at the zone center (k50)
15532
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C~r !5ei•k'•r'S (
i51

8

f i~z!uspi&1 (
n,j51

6

w j
n~z!udj

n& D . ~2!

Here k'5(kx ,ky) and r'5(x,y) are the two-componen
wave vector and position vector, respectively, in the interfa
plane,f i(z) andw j

n(z) are the slowly varying envelope func
tions, anduspi&,udj

n& are the basis Bloch functions for th
Hsp

0 andHd
0 Hamiltonians, respectively. The indexn5v or c

denotes the occupied ‘‘valence’’ or unoccupied ‘‘conductio
d states, respectively.

We include the spin-orbit interaction and the basis fun
tions uspi& used are taken in the form31

usp1&5uS↑&,

usp2&5uS↓&,

usp3&5A2

3
uZ↑&2A1

6
~ uX↓&1 i uY↓&),

usp4&5A2

3
uZ↓&1A1

6
~ uX↑&2 i uY↑&),

usp5&5A1

2
~ uX↑&1 i uY↑&),

usp6&5A1

2
~ uX↓&2 i uY↓&),

usp7&5A1

3
~ uZ↑&1uX↓&1 i uY↓&),

usp8&5A1

3
~ uZ↓&2uX↑&1 i uY↑&). ~3!

HereSs is thes-symmetric, spins state associated with th
conduction band edge, while thep-symmetric functions
uXs&,uYs&,uZs& are the valence band Bloch functions.
this basis atk5(0,0,k) the envelope-function equation fo
the HamiltonianHsp

0 has the usual Kane31,32 form
4-3
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iP\kz
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0~z!2E#I 0 0

0 0 F«v
0~z!2

\2

2
kz

1

mhh~z!
kz2EG I 0 2 f50. ~4!
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Here f is the column vector with the componentsf i . For
layered structures thez component of the momentum oper
tor kz is replaced by52 i ]/]z. I is the 232 unit matrix,
which appears since each energy level of the symmetr
structure is doubly Kramers degenerate. We define«c

0(z),
«v

0(z), «so
0 (z), as thez-dependent baresp band energies a

k50 for the G6 conduction band, theG8 degenerate hole
band and theG7 spin-orbit split-off band, respectively. Th
origin of energy is defined as theG6 edge of the well mate-
rial. P52 iA2/3̂ SsupzuZs& is the usual Kane matrix ele
ment. The functionmhh(z) corresponds to the heavy-ho
mass, which varies between the materials along thez direc-
tion.

As explained in the Introduction, using the assumpt
that the Mn local moments are Ising-like, we divide all of t
Mn ions into two species, namely, into ions with spin up M↑

and into ions with spin down Mn↓. Thus, the magnetic sem
conductor alloy can be presented in the fo
A12x

II Mnxy
↑ Mnx(12y)

↓ BVI. From this assumption in the fram
of the tight binding model the basis functions of theHd

0

Hamiltonian atk50 are written as

udi
n&5A 1

Nns
(

l ,(ns)
f i~r2Rl !s. ~5!

Here Nns is a normalization constant, equal toNxy for
(n,s)5(v,↑) or (c,↓) and equal toNx(12y) for (n,s)
5(v,↓) or (c,↑); N is the total number of the cation site
f i are linear combinations of the atomicd functions which
are assumed to form an orthonormal set and to be orthog
to thesp basis functions~3!. Following the results of Ref. 24
we pick f i in the form

uf1&5A2

3
udxy↑&2A1

6
~ udyz↓&1 i udzx↓&),

uf2&5A2

3
udxy↓&1A1

6
~ udyz↑&2 i udzx↑&),

uf3&5A1

2
~ udyz↑&1 i udzx↑&),
15532
al
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uf4&5A1

2
~ udyz↓&2 i udzx↓&),

uf5&5A1

3
~ udxy↑&1udyz↓&1 i udzx↓&),

uf6&5A1

3
~ udxy↓&2udyz↑&1 i udzx↑&). ~6!

Making use of Ising-like properties of the Mn local momen
~that is, neglecting the Mnd states overlapping with neigh
boring Mn sites and their spin-orbital interaction!, in the ba-
sis ~6! we can write the quantum well envelope-functio
equation for the HamiltonianHd

0 in a diagonal (12312)
form with the matrix elements«d for the ‘‘valence’’ bands
and«d1U for the ‘‘conduction’’ bands, where«d is the en-
ergy of the occupiedd state andU is an effective exchange
correlation parameter describing, in terms of the Anders
model, the energy changes when adding an additionald elec-
tron to a Mn site.

By symmetry nos-d hybridization is allowed.~This can
be easily checked up by direct calculation with the ba
functionsuSs& anduf i&). The rest part of thep-d hybridiza-
tion HamiltonianHpd

n 5^spuHudn& can be written in the cho-
sen basis as a sum of two matrices

Hpd
n 5Vn1Pn. ~7!

The matrixVv has the form24

Vv5S B 0 0 0 D 0

0 C 0 0 0 2D

0 0 E 0 0 0

0 0 0 F 0 0

D 0 0 0 C 0

0 2D 0 0 0 B

D
5S Vv

11 0 Vv
13

0 Vv
22 0

Vv
13 0 Vv

33
D . ~8!

The matrix elements involved are defined by the relation
4-4



SPIN PROPERTIES OF QUANTUM . . . I. . . . PHYSICAL REVIEW B66, 155324 ~2002!
B5
4

3
VpdAx~2Ay1A12y!,

C5
4

3
VpdAx~2A12y1Ay!,

D5
4

3
VpdAxA2~Ay2A12y!,
ce
e

t i
a
rg
th
n

a

s,

i

15532
E54VpdAxy,

F54VpdAx~12y!, ~9!

whereVpd5(1/A2)^X↑uHudyz↑& is the matrix element of the
p-d hybridization.@In Eq. ~8! we display the 232 matrices
Vv

i j to simplify the future mathematical manipulations.# The
matrix P is k-dependent and in the case ofk5(0,0,k) it is
given by
Pv5AxPpdk

¨

0 0 0 2A12y

3
0 0

0 0 2Ay

3
0 0 0

0 Ay

3
0 0 0 2A2y

3

A12y

3
0 0 0 2A2~12y!

3
0

0 0 0 A2~12y!

3
0 0

0 0 A2y

3
0 0 0

©
, ~10!
wherePpd5(1/A2)^X↑uHudxy↑&. The matricesVc andPc,
describing the hybridization between thep and unoccupied
dc states, have the similar forms but with mutual repla
ment Ay↔A12y. It worth noting that in the general cas
whenk5(kx ,ky ,kz), the matricesPn includek'-dependent
terms which look similar to the Rashba terms and resul
the similar effect. We emphasize that these terms, which
related to the large exchange potential, can have a la
effect on the spin-splitting of the in-plane dispersion than
Rashba effect originating from the possibility of inversio
asymmetry of the quantum well structure.

Now we use the method of finding the formal transform
tion U which diagonalizes the Hamiltonian atk50. We note
that in the unpolarized case (y51/2) due to the chosen basi
Eqs. ~3! and ~6!, eachuspi& function hybridizes by theVc,v

i i

only with the udi
c,v& functions with just the same value ofi.

In the spin-polarized case, the matricesVc,v are not diagonal
and Vc,v

13 blocks couple theuspi& and udj& functions with
different indices i and j. By rearranging the basis functions
the sequenceusp3,4&, ud3,4

v &, ud3,4
c &; usp5,6&, ud5,6

v &, ud5,6
c &;

usp7,8&, ud7,8
v &, ud7,8

c &, we rewrite theHpd Hamiltonian matrix
in the form

Hpd5S Hpd
11 0 Hpd

13

0 Hpd
22 0

Hpd
31 0 Hpd

33
D . ~11!
-

n
re
er
e

-

n

Here all diagonal matrices have identical form

Hpd
ii 5S « i

0I Vv
i i Vc

ii

Vv
i i «d

0I 0

Vc
ii 0 ~«d

01U !I
D ,

where « i
05«v

0 for i 51,2 and « i
05«so

0 for i 53. The off-
diagonal blocks are written as

Hpd
135S 0 Vv

13 Vc
13

Vv
13 0 0

Vc
13 0 0

D .

Thus the transformationU which makes the matrixH̃pd
5U1HpdU diagonal can be written in the form

U5S U11 0 U13

0 U22 0

U31 0 U33
D . ~12!

Now in the new basisU1C, we construct a new effective
k•p Hamiltonian. The resulting ‘‘folded down’’ effectivesp
Hamiltonian has the form
4-5
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I 0

iP8\kz

A2m
I

2
iP\kz

m
I «̂v1~z! kzP̂pd8 V̂pd

0 2kzP̂pd8 «̂v2~z!2
\2

2
kz

1

mhh~z!
k̂zI kzP̂pd 2 . ~13!
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2
iP8\kz

A2m
I V̂pd kzP̂pd «̂so~z!

Here all the matrices«̂v1 , «̂v2, and «̂so have the identical form

«̂v i ,so~z!5S «v,so2~2/3!~v i ,soAy1v i ,so8 A12y! 0

0 «v,so2~2/3!~v i ,soA12y1v i ,so8 Ay!,
D ,
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tive
while the offdiagonal matrices are given by

P̂pd5PpdS 0 p22Ay1p228 A12y

p22A12y1p228 Ay 0
D ,

P̂pd8 52 iPpdp11(Ay2A12y)sy , V̂pd5Vpdv13(Ay
2A12y)sz .

Here the Kanesp parameters«v , «so , P8 are renormal-
ized by thep2d hybridization, the parametersv i ,so , v i ,so8 ,
pi j are determined by the transformation matrixU, andsx,y,z
are the Pauli matrices.

It follows from the form of the HamiltonianHsp ~13! that
the magnetic semiconductor structure can be described
modified Kane model in which some new blocks have be
included. All the valence bands are split by thep-d hybrid-
ization while the conduction bands are still doubly degen
ate because of the vanishing matrix elements^SsuHudi&.
This reflects the different symmetry character of t
conduction- and valence-band edges, which results in
qualitative difference between the valence- and conduct
band-edge spin splittings. The much smaller value of
conduction band spin-splitting, moreover directed in the
posite direction, has been shown by a microscopic mode
Ref. 27, to be determined exclusively by the exchange
tential. In the mean-field approximation the exchange pot
tial is well known to be written as
15532
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Hex5xsz^Sz&(
i

J~r2Ri !, ~14!

whereRi are the cation sites and̂Sz&5 5
2 (2y21) is the av-

erage value of the Mn spin. By using the basis functio
uSs& and udi&, we immediately obtain the exchange corre
tion to the conduction bands which is equal to^SsuHexudi&
5x^Sz&(N0a)sz @where (N0a)5N0^S↑uJuS↑&, N0 is the
number of the cation sites per unit volume#.

We note that there is a difference between the matrixHsp
~13! and the resulting Hamiltonian in Ref. 24. In the matr
Hsp , there appeark-dependent terms proportional to (Ay
2A12y), which correspond to the spin-polarized cas
These terms were omitted in Ref. 24, but for more care
examination of the spin-splitting effect they will surely giv
rise to additional peculiarities of the spectrum.

Another solution of the problem can be obtained in t
framework of perturbation theory in which the Hamiltonia
Hsp-d is considered as a perturbation. This is reasonable
ing into account the large energy separation betweensp and
d states (;327 eV) in comparison with energies of thesp
bands. Using perturbation theory, we construct an effec
838 Hsp Hamiltonian by folding the full matrix down into
the sp-block and keeping the terms to the orderxVpd

2 . ~See
Ref. 31!. One obtains
Hsp51
êc~z!

iP\kz

m
I 0

iP8\kz

A2m
I

2
iP\kz

m
I êv1~z! 0 V̂pd

0 0 êv2~z!1
\2

2
kz

1

mhh~z!
kzI kzP̂pd

2
iP8\kz

A2m
I V̂pd kzP̂pd êso~z!

2 . ~15!
4-6
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The diagonal blocks of the Hamiltonian matrix are defin
by the expressions

êc~z!5«c
0I 1x^Sz&~N0a!sz ,

êv1~z!5~«v
01d«v!I 2

x

6
^Sz&~N0b!sz ;

êv2~z!5~«v
01d«v!I 2

x

2
^Sz&~N0b!sz ;

êso~z!5~«so
0 1d«so!I 1

x

6
^Sz&~N0g!sz . ~16!

The offdiagonal blocks resulting from the spin-polarizati
effect are presented as

V̂pd52
xA2

3
^Sz&

~N0g!1~N0b!

2
sz ; ~17!

P̂pd5APpdsx . ~18!

Here the values

d«v,so58xVpd
2 S 1

«v,so
0 2«d

1
1

«v,so
0 2«d2U

D ~19!

determine the shifts of thesp bands by thep2d hybridiza-
tion in the unpolarized case, and

~N0b!52
32

5
Vpd

2 S 1

«v
02«d

2
1

«v
02«d2U

D ,

~N0g!52
32

5
Vpd

2 S 1

«so
0 2«d

2
1

«so
0 2«d2U

D , ~20!

correspond to the energy correction in the spin-polari
case. The parameterA is a constant defined by the matr
elements of the transformation matrixU ~Ref. 24!.

By comparing the matricesHsp ~13! and Hsp ~15! ob-
tained by the two approaches we note that the differe
between them is to include the spin-polarization effects
the k-dependent terms inHsp . So, in the unpolarized cas
wheny51/2 we haveP̂pd;sx and P̂pd8 50. As a result, by
symmetry the matricesHsp and Hsp become identical pro-
vided the matrix elements involved are interpreted as emp
cal parameters. As a first step in the analysis of the magn
structures we use the perturbation theory HamiltonianHsp .
Moreover, in order to avoid the complicated boundary co
ditions and to get an analytical result we neglect the off
agonal blocksPpd reducing the envelope function equatio
to an effective Kane model with renormalized matrix e
ments and the additional blockVpd . We emphasize that thi
simplification is caused by our aim to understand the phy
of the effect at first. However for a quantitative descripti
of the quantum structures the full HamiltonianHsp should be
considered.
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III. SPIN-SPLITTING EFFECT FOR THE QUANTUM
WELL STATES

Now we treat the quantum well problem and setkz5
2 i (]/]z). The envelope function equation

Hspf5Ef ~21!

is reduced to two sets of three coupled differential equati
for the envelopesf i

lp of the light particles~electrons, light
holes, and split-off holes! and to two second order differen
tial equations for the heavy hole envelopesf i

hh . The enve-
lope function boundary conditions resulting from integrati
of the equations across an interface require continuity of
envelopesf i

lp,hh and (1/mhh)(] f i
hh/]z).

The quantum well states have either even or odd pa
underr→2r within the present symmetrical model. Ther
fore each quantum well state can be labeled by the parity
a result, the following dispersion relations for the even sta
of the light particles and heavy holes are obtained:33

cosklpL/252
k lp

6

klp

E

E2d«c
6

sinklpL/2, ~22!

coskhhL/252
khh

6

khh

mhh
a

mhh
b

sinkhhL/2. ~23!

For the odd modes one gets

sinklpL/25
k lp

6

klp

E

E2d«c
6

cosklpL/2, ~24!

sinkhhL/25
khh

6

khh

mhh
a

mhh
b

coskhhL/2. ~25!

Hereklp andkhh are the bulk wave vectors in the well for th
light particles and heavy holes, respectively;ik lp

6 and ikhh
6

are the bulk wave vectors in the two spin-split bands of
magnetic barriers;d«c

65«c
0(6`)6x^Sz&(N0a); L is the

width of the well. The bulk wave vectors of the constituen
at given energyE are determined by the requireme
det(Hsp2E)50, where the coordinate dependent term
should be replaced by the corresponding constant values
for the light particles in the well and in the barriers we hav
respectively,

U «ca
0 2E

iP\klp

m

iP\klp

A2m

2
iP\klp

m
«va

0 2E 0

2
iP\klp

A2m
0 «soa

0 2E

U50, ~26!
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U«cb
0 6x^Sz&~N0a!2E

Pk lp
6

m

Pk lp
6

A2m

2
Pk lp

6

m
«vb

0 1d«v6
x

6
^Sz&~N0b!2E 7

xA2

3
^Sz&

~N0g!1~N0b!

2
6

U50. ~27!
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2
Pk lp

A2m
7

xA2

3
^Sz&

~N0g!1~N0b!
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0 1d«so6
x

6
^Sz&~N0g!2E
n

er

e

te
he
n

te

el
d

lu
ta
re
e-
o

e
00
s

-
e

ata

v-
ion
r
r

ow
le
re

ing
ct

In

m
e

at
d

r.

t
e-
with
ed.

ar-
a-
d
ited
ited
n in

ell

he
dia-
ls.
The bulk wave vectors of the heavy holes in the well a
barriers are determined, respectively, by the equations

«va
0 1

\2khh
2

2mhh
2E50, ~28!

«vb
0 1d«v7

x

2
^Sz&~N0b!2

\2khh
6 2

2mhh
2E50. ~29!

Here the baresp band energies for the well and barri
semiconductor are referred to asa and b, respectively. It
follows from these dispersion relations that the quantum w
states are split by the exchange potential atk'50 already.
The time-reversal degeneracy of the energy levels is lif
because of the spin-orbit interaction. The explicit form of t
wave functions written in the first order of perturbatio
theory shows that the average spin vectors^C6uSuC6& (S
is the spin operator! for these split-off states have opposi
directions.

These results will now be applied to the quantum w
Cd12xMnxTe/CdTe/Cd12xMnxTe as an extensively studie
magnetic structure. We take the temperature asT50. As
input parameters of the bulk constituents we use the va
given in Ref. 25. They were obtained in the virtual crys
approximation in which a zinc blende MnTe was conside
as a hypothetical crystal.27 The parameters used are pr
sented in Table I. Leaving the problem of the exact value
the valence-band offsetL beyond this paper we examin
magnetic quantum wells with offsets in the interval 25–1
meV. The well width varies within the limits 20–100 Å. It i
worth noting that the exchange parameters (N0b) and (N0g)
calculated by formulas~20! with the characteristic param
eters give the values of -0.879 and -0.971 eV, respectiv

TABLE I. Bulk k•p and magnetic exchange parameters.

Parameter CdTe Cd12xMnxTe

«c
02«v

0 ~eV! 1.606 1.60611.592x
«v

02«so
0 ~eV! 0.94 0.9420.1x

«v
02«d

0 ~eV! 3.4
mhh /m0 0.4 0.6
2m0P2 ~eV! 20 20
U ~eV! 7.0
Vpd ~eV! 0.49
(N0a) 0.22
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which are in very good agreement with the experimental d
as the mean-field approach gives (N0b);(N0g)5
20.88 eV~Ref. 27!.

In the framework of the developed model, the energy le
els and their wave functions as a function of the polarizat
parametery and the well widthL have been calculated fo
different magnitudes of the valence-band offset parameteL
and the fractionx of manganese cations. Figures 2, 3 sh
the spin splitting effect of the light particle and heavy ho
states of the magnetic quantum well structu
Cd12xMnxTe/CdTe/Cd12xMnxTe with x50.1 for two values
of the well widthL5100 ~a! and 20 Å~b!. In this case the
calculation was performed forL50.025 eV. As follows
from Fig. 2, when increasing the polarizationP ~or decreas-
ing y in our case!, the light particle energy levels with
spin-up and spin-down split in opposite directions show
the spin-splitting effect. For the thick quantum well the effe
reaches a magnitude of 10 meV aty50.4. By decreasing the
well width, the spin splitting effect increases substantially.
the case ofL520 Å, the effect is of the order 60 meV aty
50.2. As a matter of fact, the spin splitting of the quantu
well states follows directly from the magnetic splitting of th
constituent bulk bands. This is shown in Fig. 2~c!, in which
theG6 bulk band diagram of the quantum well considered
y50.5 ~solid lines! and aty50.2 ~dashed and dashed-dotte
lines! is presented. In the figure the intervaluz/Lu,0.5 cor-
responds to the well andz/L.0.5 corresponds to the barrie

For the heavy holes~Fig. 3!, the quantum well states with
spin up and spin down are allowed to appear in the poiny
51/2 only, in which the spectrum must be doubly spin d
generate. In the case of nonzero polarization the states
spin down survive but the spin-up modes are not permitt
This result is explained in Fig. 3~c! showing the shift of the
G8 heavy hole bulk band of the constituents in the unpol
ized case (y50.5) and in the case of the nonzero polariz
tion (y50.2). In Fig. 3~a! the ground states for the even an
odd modes are shown by the dashed lines while the exc
states are shown by the dotted lines. We note that the exc
states appear for some non-zero values of the polarizatio
this case, being states with spin down.

The spin-splitting effect for the magnetic quantum w
with the fraction of the manganese ionsx50.2 and the va-
lence bands offsetL50.1 eV is shown in Fig. 4. The trend
of the light particle quantum well states are similar to t
previous structure in consequence of the similar band
gram of the bulkG6 band edge for these two quantum wel
4-8
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FIG. 2. Spin-splitting effect
for the light particle lowest states
of the magnetic quantum wel
CdTe/Cd12xMnxTe (x50.1, L
50.025 eV) with the well width
~a! L5100 Å and~b! 20 Å. The
trend for the states with spin up
~down! is shown by solid~dashed!
lines, the calculated points bein
marked by the crosses~stars!. ~c!
TheG6 conduction bulk band dia-
gram of the quantum well fory
50.5 and y50.2 is shown by
solid lines and by dashed lines, re
spectively.uz/Lu,0.5 corresponds
to the well and (z/L.0.5) corre-
sponds to the barrier.
a
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So, we do not present this figure here. In contrast, the he
hole quantum well states exhibit quite different behav
~Fig. 4!. When decreasingy down to y50.4, the energy of
states with spin up increases but for the states with s
down it decreases. The splitting of the energy levels reac
;10 meV in the case ofL5100 Å, and for the larger val-
ues of the polarization the state with spin up is pushed ou
15532
vy
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the well. As a result only the state with spin down can ex
in the quantum well. The explanation of this follows direct
from the band diagram shown in Fig. 4~c!.

The characteristic form of the envelope wave functions
the light particle main even mode, for the magnetic quant
well with x50.1, L50.025 eV andL5100 Å is shown in
Fig. 5. The spin-splitting effect for this mode was presen
f
l

g

e
o

f

.

FIG. 3. Spin-splitting effect
for the lowest heavy hole states o
the magnetic quantum wel
CdTe/Cd12xMnxTe (x50.1, L
50.025 eV! with the well width
~a! L5100 Å and~b! 20 Å. The
trend for the states with spin up
~down! is shown by solid~dashed!
lines, the calculated points bein
marked by the crosses~stars!. The
dotted lines show the appearanc
of excited states for the nonzer
spin polarization. ~c! The G8

heavy hole bulk band diagram o
the quantum well in the case ofy
50.5 ~solid lines! and y50.2
~dashed lines!. uz/Lu,0.5 corre-
sponds to the well and (z/L
.0.5) corresponds to the barrier
4-9
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FIG. 4. The same as in Fig. 3
but for the quantum well withx
50.2, L50.1 eV.
no
ai
im
e

as

e
ex-
in Fig. 2. The form of the envelope wave functions does
change with polarization dramatically, because only the t
feel the presence of the Mn atoms in the barriers. This
portant distinction between quantum well structures with
ther Mn-based wells or barriers has been first discussed
Egues and Wilkins in Ref. 34.
be-
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IV. DISCUSSION

In our approach the magnetic semiconductor alloy h
been presented in the formA12x

II Mnxy
↑ Mnx(12y)

↓ BVI, the pa-
rametery indicating the magnitude of the polarization of th
magnetic atoms. It may be changed, for example, by an
ternal magnetic field or by the temperature. The relation
c

e

s,
FIG. 5. The envelope wave
functions of the light particle main
even mode, for the magneti
quantum well with x50.1, L
50.025 eV, andL5100 Å. The
spin-splitting effect for this mode
was presented in Fig. 2~a!. The
envelope wave functions for the
unpolarized case is shown by th
solid line, those for states with
spin up and down aty50.2 are
shown by dashed and dotted line
respectively.
4-10
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tween the parametery and the magnetic field can be obtain
from the definition of the average value of the Mn spi
^Sz&5 5

2 (2y21) in this approach and its expression in t
molecular field theory35 ^Sz&52 5

2 B5/2(j). HereB5/2 is the
standard Brillouin function withj5 5

2 gMnmBB/(kBT), where
gMn is the Lande factor for Mn. The Brillouin function goe
to unity for large magnitudes of the argument and for smaj
it is approximately a linear function. For example, the va
y50.48 corresponds to the magnitude of the fieldBz52 T at
the temperatureT52 K.

The quantum wells have been considered in the flat b
approximation, so band bending effects have been negle
But we keep in mind that the band bending effect will
important in thick modulation-doped quantum wells bas
on II-VI semiconductors. This problem is left to be studied
a future publication. We neglected in this work strain effec
motivating this step, at first, by the good lattice match of
systems Cd12xMnxTe/CdTe ~the lattice mismatch is abou
0.6 %!. Moreover, the band-edge magnetic splittings, one
the most interesting features of these structures, are no
fected appreciably by strain. However, strain effects can
easily included in the Hamiltonian, but they mainly give co
rections to the diagonal terms leading to the trivial shifts
the levels. We have also restricted ourselves to the band-
splitting effect leaving the in-plane dispersion of the sp
split quantum well states out of our consideration in t
work. But it is worth noting that the developed model can
extended to include thek' terms and construct an effectiv
Luttinger Hamiltonian. An alternative and elaborate develo
ment of the Luttinger model for the magnetic semicond
tors has been given recently in Ref. 36. But according to
preliminary results by symmetry the model Hamiltonian o
tained in this Ref. 36 and in our model turned out to be
close agreement.

The numerical results obtained are in reasonable accor
with the experimental data37,38 and with other theoretica
models.37,39 The experimental measurements of the mag
toabsorption of the ferromagnetic Ga12xMnxAs epilayers
presented in Ref. 38 give a magnitude of the spin-splitting
the order 10 meV for a magnetic field;5 T, the splitting
closely following the magnetization of the epilayers. Th
fact agrees reasonably with the numerical results show
Figs. 2–4, supporting the common trends of the energy
els with the polarization. Other experimental measureme
of the photoluminescence excitation spectroscopy of
CdTe/~Cd,Mn!Te quantum wells37 agreed with our numerica
data very well. A self-consistent model of the spin-polariz
magnetic semiconductor quantum wells has been sugge
in the recent Ref. 39 on the basis of a one-band Hamilton
The magnitudes and general trends of the splitting effect g
additional support for the above approach.
J

e
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V. SUMMARY

An effective model of magnetic semiconductor structu
based on the II-VI semiconductors has been developed
the first approximation of perturbation theory the model c
be reduced to an empirical eight-band Kane model. In t
simplest approach the model allows us to get analytical
lutions and to follow the generation of the physical effect

In the framework of the developed model the sp
splitting effect of the magnetic quantum well structur
Cd12xMnxTe/CdTe/Cd12xMnxTe has been studied in som
detail. All the structures studied show the essential spin sp
ting effect which can be changed by the polarization~or by
the magnetic field! and by the width of the well. At zero
polarization (y51/2) all the levels are doubly degenera
because of the time reversal symmetry of the structure. W
including the polarization the levels split by thesp-d hybrid-
ization. The states with opposite average spin directions
shifted in energy in opposite directions. The splitting i
creases with increasing polarization and with decreasing w
width L. The generation of the energy shifts of the quantu
well states follows directly from the analysis of the bu
energy spectrum of the constituents. If for some values oy
the polarization effect is larger than the energy offset~the
overlapping between the bulk bands of the constituents! then
the level with a certain spin direction is not permitted a
disappears. As a result, it is possible to have the situatio
a magnetic quantum structure where only states with
spin direction can exist. Thus even if there is only part
spin polarization in the semimagnetic barriers we can h
complete spin polarization of bound states in the nonm
netic quantum wells. What is most important is that this si
ation can be easily controlled by the choice of the constitu
semiconductors and by the magnetic field. We point out t
this effect is very closely related to the spin polarized tra
port problem.

The good agreement between the experimental and t
retical data encourages us to conclude that the theore
model of the magnetic semiconductor structures develo
in this work can be used to interpret the experimental res
and to predict new physical effects relevant to spin electro
problems.
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