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Spin properties of quantum wells with magnetic barriers. I. A k-p analysis for structures
with normal band ordering

N. Malkova
Institute of Applied Physics, AS of Moldova, 2028 Kishinev, Moldova, and Department of Microelectronics and Information Technology,
Royal Institute of Technology, SE-164 40 Kista, Sweden

U. Ekenberg
Department of Microelectronics and Information Technology, Royal Institute of Technology, SE-164 40 Kista, Sweden
(Received 4 May 2001; revised manuscript received 18 June 2002; published 29 October 2002

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 inka p Hamiltonian which in the first approximation of perturbation theory
is shown to be reduced to an effective Kane model. §ixel hybridization leads to a spin-splitting effect. The
results are applied to the system ,CdVin,Te/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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[. INTRODUCTION of the spin transistdrthe experiments for spin injection from
ferromagnetic metals into semiconductors have only given

The experimental and theoretical studies of quantum coneffects of less than 1%Ref. 6. The basic obstacle for spin
finement of carriers in spatially modulated semiconductorinjection from a ferromagnetic metallic emitter into a semi-
structures have been a field of intense activity over the pasjonductor has been recently been shb\mnoriginate from
decades. Magnetic semiconductor quantum wells and supethe conductivity mismatch between these materials. In order
lattices are relatively new in this context. The incorporationto avoid this mismatch it has been suggested to replace the
of magnetic impurities into semiconductor heterostructureésneta| contacts with magnetic semiconductors using their
combines magnetism and quantum-size effects to produdgrge zeeman splitting. The experimétit on the circular
exotic new physics. Such semiconductors are 9°mm°n_|$olarization of the electroluminescence showed that the elec-
called dilute magnetic semiconductors or semimagneti¢,,, gpin polarization of such magnetic structures was almost

semlconduqtqr. For S|mpl|qty we will refere to quantum gqo Another application of magnetic semiconductor hetero-
wells containing magnetic impurities as magnetic quantum,

wells. Von Ortenberseems to have been the first to propose tructures follows from a spln-dep,em;ient resonant tunneling
effect based on von Ortenberg’'s idea as well. It was

that a magnetic field could be used to induce a spin- TRV S ticfield  tunabl
dependent potential in a magnetic semiconductor heteros-ugg(jSe 0 use a magnetice unable
structure to form a “spin superlattice” consisting of spatially ZnSel/Zn _,Mn,Se heterostructure as a spin filter. It is worth

separated spin states. A direct experimental evidence of splR€ntioning another possible application of the magnetic tun-
superlattices was given in Refs. 2 and 3. The essential idea §€!ing structures combining the first two points. It was re-
the spin-dependent phenomena in magnetic semiconductof§ntly shown by Rashbathat including a tunnel contact at
is that electrons interact with thior f electrons of the lo- the interface between a ferromagnetic metal and normal
calized magnetic moments of the magnetic ions through théemiconductor can solve the problem of the large conductiv-
exchange potential. In an external magnetic field this interity mismatch of these materials. These structures show a
action gives rise to a giant effective Zeeman effect whichstrong spin polarization effect and in this way they are prom-
lifts the degeneracy of the spin-up and spin-down electrorising for spin electronics.
and hole states. Spin electronic devices are commonly based on the well
This effect has renewed the interest in the magnetic semidetermined and carefully controlled spin-splitting effect of
conductor heterostructures in connection with their utiliza-the two-dimensional electron gas. It is now recognized that
tion in a new field of electronics—spin electronics or the splitting in asymmetric quantum wells based on zinc
“spintronics"—where both the charge and spin of the elec-blende 11I-V or 1I-VI semiconductors has two distinct
tron are exploited as an active element of electron devicescontributiond®~*8even in the absence of an applied magnetic
Nowadays the application of magnetic semiconductor hetfield and magnetic ions. One contribution is due to inversion
erostructures in spin electronics is considered in two mairsymmetry of the bulk host materidt?® The other one
systems. One concerns field effect transistors or lightstems from the asymmetry of the macroscopic confining po-
emitting diodes in which the magnetic semiconductor has théential being derived from general symmetry arguments. It is
role of a spin-aligning material. The problem is that in spitecommonly called the Rashba effécand is the proposed
of tremendous interest in spin-polarized electron injectionmechanism behind the spin transistdihe Rashba term re-
into semiconductors as one of the most important elementsults from the relativistic effect in which a moving electron
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FIG. 1. Schematic band dia-
gram for the quantum well
CdTe/Cd_,Mn,Te/CdTe/ studied.
In each material the conduction
band (), the heavy-hole and the
light-hole bands [g), and the
spin-orbit split-off band [';) are
displayed from top to bottom to-
gether with symmetry notations,
band gaps, and valence-band off-
setA.
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with nonzero wave vectok in its reference frame sees the the mentioned two spin-splitting terms will result in small
interface electric field transformed into a magnetic fféd. ~ corrections compared to the exchange splitting.

In the magnetic semiconductor heterostructures another The bulk band Hamiltonian for the magnetic semiconduc-
spin-splitting effect must be taken into consideration. This is©" IS gf_ggtructgd in the framework of a model developed
the spin-dependent exchange potehtialentioned above earlier: Starting from the microscopic theory of the bulk
which gives rise to the “spin superlattices.” This exchange

magnetic 11-VI semiconductor¥,P.M. Hui et al?* have sug-
term in the spin-splitting effect of the magnetic structures isd

ested an “effective”sp-band Hamiltonian model, which
clearly dominant since the first two terms are equal to zero il%hen has been applied to magnetic II-VI superlatticedle
the first order of perturbation theory.

are extending this approach to the case of the magnetic II-VI
In this work we are dealing with the theoretical analysis

quantum wells. The structural and electronic similarities be-

: o ) . tween the constituents allows us to use the envelope function
of the spin-splitting effect of the magnetic semiconductory,4yimation when considering the quantum well states.
heterostructures. We are interested in magnetic semiconduc- |4 order to simulate the effects of the externally applied
tor quantum wells based on 1I-VI semiconductors. QuanturrmagnetiC field, in the above modéh spin polarization was
wells of the type A_,Mn,B"/A"B"'/A]_,Mn,B"' are con- included at the outset. In principle one can in this way en-
sidered as model materials and heterostructures with normgbmpass the possibility of ferromagnetic materials, but in
and inverted band arrangement are studiefre A" is one  this paper we will mainly consider the spin polarization re-
of the group Il elements an@"' is a group VI element We  sulting from an external magnetic field. This approach, ini-
study Cd_,Mn, Te/CdTe as an example of the structure withtially suggested in Refs. 28 and 29, is based on the itinerent
the normal band arrangemefsee Fig. 1in the first part of model of the semimagnetic semiconductors which extends
this paper and the quantum well HgMn,Te/HgTe as an the Anderson impurity theory. Up to 70 % of Mn th€d-
example of the structure with the inverted band structure inMn)Te alloy retains the zinc blende structure with randomly
the following parf® of this sequence of papers. As a first stepoccupied cationic sites. The magnetic moment orientation at
in our investigation we study a symmetrical square quantungach site varies randomly in time; this makes the system
well in the approximation of flat bands and neglect strainparamagnetic. The simplest itinerant representation of mag-
effects. Thus, the asymmetry effect coming from the Rashbaetic disorder is defined by Ising model, that(ig,neglect of
spin splitting terms is absent. Moreover, as a first approxiintersite correlations(ii) static limit, (iii) limiting the spin
mation of the model, we neglect the bulk asymmetry effectorientation to two opposing direction$ @nd|).* Thus, the
(Dresselhaus termThe only spin-splitting potential, which magnetic semiconductor alloy can be presented as an effec-
will be included in the Hamiltonian, is the spin-dependenttive ternary systerdj _ Mn} Mnj, ,B"'. In this approach
interaction between the basg electrons and thd electrons the parametey gives the value of the polarization of the
of Mn. It is important to note that for magnetic semiconduc-magnetic atomsP=(N'—N')/(NT+N})=2y—1. Here
tor structures even for an asymmetric quantum well potentiaN'(N!) is the number of Mn ions with spin ujglown) which
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may be changed, for example, by an external magnetic field 8 6

or by the temperature. For the unpolarized mateytall/2 P(ry=e"ki "L 2 fi(2)|spi) + 2 e/(2)|d)|. (2
and in the case of finite spin polarizatign: 1/2. Thus, the =1 vi=t

magnetic field effect on the band spectrum of the spin-

polarized magnetic structures is implicitly included in the
model through the parametgr We ignore the effects of the
Landau level quantization and the ordinary Zeeman splitting

n thesspln-polarlzed aIon_ thesp-d _hybr_ldlzanon Was  tions, and|sp),|d}) are the basis Bloch functions for the
showrf® to lead to an effectivesp Hamiltonian having the HO andHS Hamiltonians, respectively. The index= v or ¢
same form as the usual mean field exchange Hamiltonian fo&esrqotes tr;je occupied “vayllence” or uno.ccupied “conduction”

the magnetic semiconductors. This approach proved to b& states, respectively.

very effective in explaining the kinetics and optical experi- \ye include the spin-orbit interaction and the basis func-
mental data. The electron effective masses and gaps as wglh 5 sp) used are taken in the fofth

as the fundamental absorption coefficients calculated in the
framework of this model for a number of 1I-VI and IlI-V
semiconductor superlattices are shown to be in excellent
agreement with experimental da&falt is also important to Isp)=|ST),
note that because of its simplicity the model gives analytical
results and thus simplifying the interpretation of the physical
effects.
The paper is organized as follows. In Sec. Il we describe [sP2)=ISL),
our theoretical model. The band-edge spectrum and the wave
functions for the magnetic quantum well structures are ob-
tained. The spin-splitting effect is discussed and the spin 2 1 )
properties of the electron and hole states are studied. In Sec. |sps) = \[§|ZT>— \/%(|Xl>+'|Yl>)y
Il these results are applied to the quantum well
Cd,_Mn,Te/CdTe/Cqd_,Mn,Te which is an extensively
studied magnetic structure. In Sec. IV a discussion of the

results follows and section V concludes the paper with a 2 1 )
summary of the main results. [spa)=\3121)+ \ gUIXD)=ilYT)),

Here k, =(ky,ky) and r, =(x,y) are the two-component
wave vector and position vector, respectively, in the interface
plane,f;(z) and¢;(z) are the slowly varying envelope func-

IIl. MODEL HAMILTONIAN 1 .
|sps)= \[§<|><T>+I|YT>>,
Our problem now is to get the band-edge spectrum and

wave functions of the square quantum well incorporating the

magnetic semiconductor. As discussed above we neglect

strain, Landau level quantization, and Zeeman splitting. Then 1

the fundamental Hamiltonian for th&] _ Mn,B"' magnetic lsps)= \[5(|Xl>_ Y1),
semiconductor is written in the forth

H=HZ+ HgtHepa, ) |spr)= \/§(|ZT>+IXi>+i|Yi>>,

whereng describes the unperturbeg valence and conduc-

tion bands,H is the Hamiltonian of the Mrd states, and 1

Hspaq includes the hybridization between tHestates and the |spg)= \/:(|Zl>— IXTY+i|YT)). (3)

sp bands. Since the quantum structure is considered with the 3

growth direction along the axis, all these terms are step

functions ofz. We suppose that=0 defines the center of the

well layer. A schematic band diagram for the quantum wellHere So is thes-symmetric, spirs state associated with the

Cd,_Mn,Te/CdTe/Cd_,Mn,Te is shown in Fig. 1. conduction band edge, while thp-symmetric functions
In the envelope function approximation the wave function|Xa),|Ya),|Zo) are the valence band Bloch functions. In

is expanded in the periodic parts of bulk Bloch functions ofthis basis atk=(0,0k) the envelope-function equation for

the constituents at the zone centkr0) the HamiltonianHJ, has the usual Karf&**form
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iPak iPhk
[%2)—E]l 0 T
V2m
iPAk
_ [£9%(z)—E] 0 0
0 0 0 ﬁzk ! k,—E|l 0 = @
e,(2) - = i (2) <
iPAk
T, 0 0 (£2(2)—E)l
V2m
|
Here f is the column vector with the componerits. For 1
layered structures thecomponent of the momentum opera- |ba)y= E(Idyzw—ildle)),

tor k, is replaced by=—idldz. | is the 2X2 unit matrix,
which appears since each energy level of the syénmetrical 1

structure is doubly Kramers degenerate. We defipgz), - \/: dotV+1dooV+ild ,

sg(z), ego(z), as thez-dependent barsep band energies at i 3(| ol | ve) [daxd )

k=0 for the I'y conduction band, thé'g degenerate hole I

band and thd"; spin-orbit split-off band, respectively. The _ \/: _ -

origin of energy is defined as tH&; edge of the well mate- |#6)= 3(|d"yi> [dy21)+ildad ). ©
rial. P=—i2/3(Sa|p,|Zo) is the usual Kane matrix ele-
ment. The functionmy,(z) corresponds to the heavy-hole
mass, which varies between the materials alongztt&ec-
tion.

As explained in the Introduction, using the assumption
that the Mn local moments are Ising-like, we divide all of the
Mn ions into two species, namely, into ions with spin up'™Mn
and into ions with spin down Mn Thus, the magnetic semi-
conductor alloy can be presented in the form
AY_,Mnl Mny ., BY. From this assumption in the frame
of the tight binding model the basis functions of th
Hamiltonian atk=0 are written as

Making use of Ising-like properties of the Mn local moments
(that is, neglecting the Md states overlapping with neigh-
boring Mn sites and their spin-orbital interactjpin the ba-
sis (6) we can write the quantum well envelope-function
equation for the HamiltoniarHg in a diagonal (1 12)
form with the matrix elements, for the “valence” bands
andey+ U for the “conduction” bands, whereg is the en-
ergy of the occupied state andJ is an effective exchange-
correlation parameter describing, in terms of the Anderson
model, the energy changes when adding an additide#c-
tron to a Mn site.

By symmetry nos-d hybridization is allowed(This can
be easily checked up by direct calculation with the basis
1 functions|So) and| ¢;)). The rest part of the-d hybridiza-
Nwlgfg) $i(r=Rpo ) tion HamiltonianH pa=(sSpIH|d") can be written in the cho-
sen basis as a sum of two matrices

o=

Here N,, is a normalization constant, equal dxy for ” S
(v,0)=(v,7) or (c,]) and equal toNx(1—-y) for (v,0) Hpa=V +117% (7
=(v,|) or (c,1); N is the total number of the cation sites. The matrixVV* has the forri*

¢; are linear combinations of the atomikcfunctions which

are assumed to form an orthonormal set and to be orthogonal B 0 O OD O
to thgsp bass functiong3). Following the results of Ref. 24 0O C 00 0 -D
we pick ¢; in the form
, 0O 0 E O O O
\F \F . Vo o oF 0 o
|¢1>: §|dxyT>_ g(|dyzl>+||dle>)y D 0 0 0 C 0
0O -D 0O 0 O B
2 1 . vii g i3
|¢2>: §|dxyl>+ g(|dsz>_||dsz>): v v
={ 0 Vv# o0 |, 8
13 33
|¢2)= 2(| vzl 11dzx)), The matrix elements involved are defined by the relations
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4 E=4V_4/xy,
B=3VpaX(2Jy+V1-y), P
F=4V,qVx(1-y), 9
4 : :
C= Vo X(2VI—y+ y), whereV, 4= (1/y/2)(X1[H|d,,T) is the matrix element of the
3 pd\/—( y \/9) p-d hybridization.[In Eq. (8) we display the X2 matrices
4 VY to simplify the future mathematical manipulation¥he
D= §Vpd\/;\/§(\/)—/— Vi-y), matrix I1 is k-dependent and in the case lo(0,0K) it is
given by
0 Y 0 0
3

I1° = XIT gk (10)

whererdz(1/\/5)(XT|H|deT). The matriced/¢ andII¢,  Here all diagonal matrices have identical form

describing the hybridization between theand unoccupied

d® states, have the similar forms but with mutual replace- &0
I

Vi Vil
ment vy« /1—y. It worth noting that in the general case i . 0” ¢
whenk= (K, k, k), the matriced1” includek -dependent Hoa=| Vo &dl 0 ,
terms which look similar to the Rashba terms and result in Vi o (e5+Uu)l

the similar effect. We emphasize that these terms, which are
related to the large exchange potential, can have a larger 0_ 0 . 0o_ 0 .
effect on the spin-splitting of the in-plane dispersion than the\év.here sil Blskaor 1=12 andei=sg, for i=3. The off-
Rashba effect originating from the possibility of inversion lagonal blocks are written as
asymmetry of the quantum well structure.

Now we use the method of finding the formal transforma- 0 Vv i
tion U which diagonalizes the Hamiltonian lat=0. We note HB_| vi3 o 0
that in the unpolarized casg € 1/2) due to the chosen basis, pd—| v
Egs.(3) and (6), each|sp) function hybridizes by th&/{ , v 0 o
only with the|d"") functions with just the same value of
In thelsgpln—polanzed case, the matrioés’ are not diagonal  Thys the transformationJ which makes the matriH ,q
and V¢, blocks couple thegsp) and |d;) functions with  =u*H U diagonal can be written in the form
different indices i and j. By rearranging the basis functions in

the sequencésp;s), [d3,, [d30); ISPsg, [deg), [d5g):

11 13
Isprg). [d7 9, |d7 g, we rewrite theH .4 Hamiltonian matrix v 022 v
in the form u=| 0 U 0 . (12
U3l 0 U33
Hig 0 H3J
H.—| 0 HZ o (11) Now in the new basidJ™ ¥, we construct a new effective
pd a1 P 3 ' k-p Hamiltonian. The resulting “folded down” effectivep
Hpa 0 Hpg Hamiltonian has the form
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2 inLkZI 0 iP'ﬁkZI
&
c m \/Em
iPrk, . N .
m &y1(2) kszd Vpd
Hep= i i 52 1 X . (13
0 _kzppd €y2(2) — ?kzmkzl I(szd
|P hk N R R
\/—m Vpd kszd £s0(2)

Here all the matrices,;, &,,, andes, have the identical form

~ (Sv,so_(2/3)(Ui,so\/3—/+vil,sovl_y) 0
sho )= 0 Sv,so_(2/3)(Ui,so\/1_y+Ui’,so\/§)r

while the offdiagonal matrices are given by

Hex=xo(S) 2 I(r—Ry), (14
5 ( 0 P22y +pp1-y '
pd d ’ '
V1-y+ 0
Pa2V1=y+Poaly whereR, are the cation sites an®,)=2(2y—1) is the av-
= —iP pap1a Jy— ‘/1_y)gy, Vpd=Vpdvls(\/§ erage value of the Mn spin. By using the basis functions
—J1=y)o,. |So) and|d;), we immediately obtain the exchange correc-
Here the Kanesp parameters, , z5,, P’ are renormal- tion to the conduction bands which is equal(@o|He,/d;)
ized by thep—d hybridization, the parameters s, v/ o, = X(S(Noa)o, [where Noa)=No(S[|J[ST), No is the
pj; are determined by the transformation matsixande, ,, ~ number of the cation sites per unit volumne _
are the Pauli matrices. . We note that there is a difference between the maddy

It follows from the form of the Hamiltoniaii, (13) that (13) and the resulting Hamiltonian in Ref. 24. _In the matrix
the magnetic semiconductor structure can be descrlbed byhsp, there appeak-dependent terms proportional ta/y(
modified Kane model in which some new blocks have been~ v1—Y), which correspond to the spin-polarized case.
included. All the valence bands are split by thel hybrid-  These terms were omitted in Ref. 24, but for more careful
ization while the conduction bands are still doubly degenerexamination of the spin-splitting effect they will surely give
ate because of the vanishing matrix elemeffie|H|d;). rise to additional peculiarities of the spectrum.

This reflects the different symmetry character of the Another solution of the problem can be obtained in the
conduction- and valence-band edges, which results in th&amework of perturbation theory in which the Hamiltonian
qualitative difference between the valence- and conductionHsp.q iS considered as a perturbation. This is reasonable tak-
band-edge spin splittings. The much smaller value of théng into account the large energy separation betwseand
conduction band spin-splitting, moreover directed in the opd states (-3—7 eV) in comparison with energies of tise
posite direction, has been shown by a microscopic model iffands. Using perturbation theory, we construct an effective
Ref. 27, to be determined exclusively by the exchange po8X8 Hs, Hamiltonian by folding the full matrix down into
tential. In the mean-field approximation the exchange potenthe sp-block and keeping the terms to the oroar? bd- (See

tial is well known to be written as Ref. 31). One obtains
|
2(2) iPﬁkZI 0 iP’hkZI
c m \/Em
iPﬁkZI -
- 11(2) 0 Voa
e 0 0 (2)+ L s | -
v2 2 hh(z) z/"pd
iP'fk, - -
\/Em pd kzppd €s0(2)
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The diagonal blocks of the Hamiltonian matrix are defined Ill. SPIN-SPLITTING EFFECT FOR THE QUANTUM
by the expressions WELL STATES

Now we treat the quantum well problem and $et

p _ .0
€o(2)=ecl +X(Sp) (Noe) oz, —i(d/9z). The envelope function equation

£1(2)= 63+ 85,)1 — = (S)(No) Hegf = EF (21)

« is reduced to two sets of three coupled differential equations
€,2(2)= (24 8e,)1 — =(S,)(NoB) 0 for the envelopes!P of the light particles(electrons, light
2 holes, and split-off holgsand to two second order differen-
tial equations for the heavy hole envelod@8. The enve-
X . " . . .
g — (.0 lope function boundary conditions resulting from integration
€s0l2) = (850 080! 6<SZ> No)o (16) of the equations across an interface require continuity of the
. . . __._envelopes """ and (1M, (9fMz).
ngc?z?éagfgsﬂn?gcgz resulting from the spin-polarization The quantum well states have either even or odd parity
P underr— —r within the present symmetrical model. There-
x\2 (Ngy)+ (N 8) fore each quantum well state can be labeled by the parity. As
{;pd: (S,) 0¥) 0 o, (17) a result, the following dispersion relations for the even states
3 of the light particles and heavy holes are obtaifed:

Poa=AP,g0. (18)

e B
Here the values cosk)pL/2= K e sink;,L/2, (22
1 1
8, 50=8XV34| — +— ) (19) Ko MR
€y,s0 €d Sv,so_sd_u COSkth/2 k Slnkth/Z (23)
hh m>
determine the shifts of thep bands by thep—d hybridiza- h
tion in the unpolarized case, and For the odd modes one gets
(NoB) = 32V2 1 1 W
oB)== 5 Ved o, T, Ty’ sinky,L/2= k—" _coski,L/2, (24)
Ip E— 58
(Noo) 2,( 1 1 ) 0
oY)= ¢ pd 0 - 0 y Ki ma
° Eso" €d s~ €d— U sinkppL/2= Kon COSkth/Z (25)

correspond to the energy correction in the spin-polarized
case. The parameték is a constant defined by the matrix
elements of the transformation mattik (Ref. 24. Herek,, andkp, are the bulk wave vectors in the well for the

. . light particles and heavy holes, respectively;, andi«;,
By comparing the matricesl,, (13) and H,, (15) ob- 'p hh
tameyd by fhe t\?vo approachess\p/ve note tha’?pthe differencd’® the bulk wave vectors in the two spin- spllt bands of the

0
between them is to include the spin-polarization effects ifagnetic barriers Peg =e(£%)£x(S,)(Noa); L is the
the k-dependent terms iklg,. So, in the unpolarized case width of the well. The bulk wave vectors of the constituents

wheny=1/2 we haveﬁ’pdfvox and lsr,)dzo' As a result, by at given energyE are determined by the requirement

. . . det(Hs,—E)=0, where the coordinate dependent terms
symmetry the matricesis, and H, become identical pro- .should be replaced by the corresponding constant values. So,
vided the matrix elements involved are interpreted as emp|r|f0r the light particles in the well and in the barriers we have,
cal parameters. As a first step in the analysis of the magnet spectively,
structures we use the perturbation theory Hamiltorfia. ’

Moreover, in order to avoid the complicated boundary con-
ditions and to get an analytical result we neglect the offdi- 0 iPfiky, 1P%ik,
agonal blocksP,q4 reducing the envelope function equation ca m J2m

to an effective Kane model with renormalized matrix ele- )
ments and the additional blodk,q. We emphasize that this _ iPfikip O —E 0
simplification is caused by our aim to understand the physics m
of the effect at first. However for a quantitative description
of the quantum structures the full Hamiltonigiy , should be _
considered. J2m

-0, (26)
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62+ X(S)(Noa) ~E "L 3;]:
Pri X 2 (Ngy)+(N
P s )N iy Mo (o) | @
PK,tp _X\/E (Noy) +(NoB) 0 X
~\2m S esont 98205 (S (Nov) ~E

The bulk wave vectors of the heavy holes in the well andwhich are in very good agreement with the experimental data
barriers are determined, respectively, by the equations as the mean-field approach givesNgB)~(Ngy)=
—0.88 eV(Ref. 27.

&0 4 ﬁzkﬁh _E—0 28) In the framework of the developed model, the energy lev-
va 2myy ' els and their wave functions as a function of the polarization
parametery and the well widthL have been calculated for
0 X h2Kpy? different magnitudes of the valence-band offset parameter
€upt 58v+§(82>(N03)_ 2mn, —E=0. (29 and the fractionx of manganese cations. Figures 2, 3 show

the spin splitting effect of the light particle and heavy hole
Here the baresp band energies for the well and barrier states of the magnetic quantum well structure
semiconductor are referred to asand b, respectively. It Cd,_,Mn,Te/CdTe/Cd_,Mn,Te with x=0.1 for two values
follows from these dispersion relations that the quantum welbf the well width L= 100 (a) and 20 A(b). In this case the
states are split by the exchange potentiak at=0 already. calculation was performed foA=0.025 eV. As follows
The time-reversal degeneracy of the energy levels is |iftedr0m F|g 2, when increasing the p0|arizatimor decreas-
because of the Spin-Orbit interaction. The eXpliCit form of the|ng y in our Casa‘;7 the ||ght partic'e energy levels with
wave functions written in the fir_st order +of periurbation spin-up and spin-down split in opposite directions showing
theory shows that the average spin vectols™|X[W™) (2 e spin-splitting effect. For the thick quantum well the effect
is the. spin operatorfor these split-off states have opposite reaches a magnitude of 10 meWWat 0.4. By decreasing the
directions. , . well width, the spin splitting effect increases substantially. In
These results will now be applied to the quantum _We"the case ol =20 A, the effect is of the order 60 meV gt
Cdy_Mn,Te/CdTe/Cd_Mn,Te as an extensively studied =0.2. As a matter of fact, the spin splitting of the quantum

magnet|c structure. We take the 'gemperatureTasO. As well states follows directly from the magnetic splitting of the
input parameters of the bulk constituents we use the valuecsOnstituent bulk bands. This is shown in FigcR in which
given in Ref. 25. They were obtained in the virtual crysta X

I . )
oo . . . heI's bulk band diagram of the quantum well considered at
approximation in which a zinc blende MnTe was con5|dereqt _ 6 o _ i
as a hypothetical crystal. The parameters used are pre-y 0.5 (solid lineg and aty=0.2 (dashed and dashed-dotted

sented in Table I. Leaving the problem of the exact value Opnes) is presented. In the figure the intervalL|<0.5 cor-
the valence-band offsek beyond this paper we examine responds to the well ardL>0.5 corresponds to the barrier.

magnetic quantum wells with offsets in the interval 25—1OOS iEOlj thaenr(;esvi);] Zﬂ@f'g;es)éﬁgaggigt;m \é\/gll iit?:]is Wlitr?t
meV. The well width varies within the limits 20-100 A. Itis SP!" 4P P bp e

: =1/2 only, in which the spectrum must be doubly spin de-
worth noting that the exchange parametéy and N .
calculated %y formulag20) vﬁthpthe chara§c[t2ristic (,;\)lggm- generate. In the case of nonzero polarization the states with

. _ ] : pin down survive but the spin-up modes are not permitted.
eters give the values of -0.879 and -0.971 eV, respectivel his result is explained in Fig.(8 showing the shift of the

I's heavy hole bulk band of the constituents in the unpolar-
ized case ¥Y=0.5) and in the case of the nonzero polariza-
tion (y=0.2). In Fig. 3a) the ground states for the even and

TABLE |. Bulk k-p and magnetic exchange parameters.

Parameter CdTe Gd,Mn,Te

odd modes are shown by the dashed lines while the excited
ee—e, (eV) 1.606 1.606-1.59% states are shown by the dotted lines. We note that the excited
en—ed, (eV) 0.94 0.94-0.1x states appear for some non-zero values of the polarization in
e2—¢&f (eVv) 3.4 this case, being states with spin down.
Mpn /Mg 0.4 0.6 The spin-splitting effect for the magnetic quantum well
2mgP? (eV) 20 20 with the fraction of the manganese iors 0.2 and the va-
U (eV) 7.0 lence bands offsek =0.1 eV is shown in Fig. 4. The trend
Vpa (8V) 0.49 of the light particle quantum well states are similar to the
(Noa) 0.22 previous structure in consequence of the similar band dia-

gram of the bulk’s band edge for these two quantum wells.
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FIG. 2. Spin-splitting effect
for the light particle lowest states
of the magnetic quantum well
CdTe/Cd_,Mn,Te (x=0.1, A
=0.025 eV) with the well width
0.1F i (@ L=100 A and(b) 20 A. The
trend for the states with spin up
(down) is shown by soliddashed
lines, the calculated points being
marked by the crossgstars. (c)
TheT's conduction bulk band dia-
gram of the quantum well foy
=0.5 and y=0.2 is shown by
solid lines and by dashed lines, re-
ok & i spectively,|z/L|<0.5 corresponds
to the well and ¢/L>0.5) corre-
sponds to the barrier.

0.081 b

Ep (V)

0.06 L=100A

0.04 h

0-02 1 1 1 1 1 1 1
0.1 0.3 0.5 0.1 0.3 0.5 -05 0 05 1 15

y y z/L

So, we do not present this figure here. In contrast, the heawpne well. As a result only the state with spin down can exist
hole quantum well states exhibit quite different behaviorin the quantum well. The explanation of this follows directly
(Fig. 4). When decreasing down toy=0.4, the energy of from the band diagram shown in Fig(c}

states with spin up increases but for the states with spin The characteristic form of the envelope wave functions of
down it decreases. The splitting of the energy levels reachase light particle main even mode, for the magnetic quantum
~10 meV in the case df =100 A, and for the larger val- well with x=0.1, A=0.025 eV and_=100 A is shown in
ues of the polarization the state with spin up is pushed out oFig. 5. The spin-splitting effect for this mode was presented

T -1.62 T T T

- =%
¥ —bw —*— % —F ; “
-1.58| ! , -
162 / [ FIG. 3. Spin-splitting effect
: |
|
|

for the lowest heavy hole states of
163} i the magnetic quantum well
/ L CdTe/Cd_,Mn, Te (x=0.1, A
; =0.025 eV with the well width
¥ 162k j (@) L=100 A and(b) 20 A. The
L / Y trend for the states with spin up
I (down) is shown by soliddashed
I lines, the calculated points being
I marked by the crossdstars. The
I dotted lines show the appearance
/ 186} ! 4 of excited states for the nonzero
168} L=100A A /i I spin polarization. (c) The T'g
I
I
I
I
I

_1.64f .

1665, L * 1 164} / -
I

heavy hole bulk band diagram of
the quantum well in the case gf
=0.5 (solid lines and y=0.2
| (dashed lines |z/L|<0.5 corre-
/ 1.7k — = sponds to the well and z(L
¥ >0.5) corresponds to the barrier.

-1.65 * b

-1.7.

1 _1 .66 1 1 1 1 1 1
0.1 0.3 0.5 0.1 0.3 0.5 -05 0 05 1 15
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_1 .6 T _1 .6 T T T T T
@ () R
]
o —opA ! c
L=100A L=20A : (c)
18} £, .
-1.62F .
-1.61F - "
T
ae———-*"‘*’—“l’_* 165F _
=~ -1.641 b
< 162} - a7k S SR FIG. 4. The same as in Fig. 3,
u- but for the quantum well withx
X =0.2,A=0.1eV.
//
//
-1.66 /4 75F .
\ #
-1.63} 1 A
,’*’/, /*
""*/’ /// _1 .8 B T
f--% *
-1.68F -~ 1
F 2 A I S NN
_1 64 1 1 1 1 1 1
0.1 0.3 05 0.1 0.3 05 05 0 05 1.5
y y z/L

in Fig. 2. The form of the envelope wave functions does not
change with polarization dramatically, because only the tails

IV. DISCUSSION

feel the presence of the Mn atoms in the barriers. This im- [n our approach the magnetic semiconductor alloy has
portant distinction between quantum well structures with eibeen presented in the fordy_,Mn} Mn,,_,,B"', the pa-
ther Mn-based wells or barriers has been first discussed bjgmetery indicating the magnitude of the polarization of the
Egues and Wilkins in Ref. 34. magnetic atoms. It may be changed, for example, by an ex-
ternal magnetic field or by the temperature. The relation be-

0.012

0.008

Ip

I, 2

0.004

FIG. 5. The envelope wave
functions of the light particle main
even mode, for the magnetic
quantum well with x=0.1, A
=0.025 eV, and.=100 A. The
spin-splitting effect for this mode
was presented in Fig.(®. The
envelope wave functions for the
unpolarized case is shown by the
solid line, those for states with
. spin up and down ay=0.2 are
shown by dashed and dotted lines,
respectively.

-200
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tween the parametgrand the magnetic field can be obtained V. SUMMARY
from the definition of the average value of the Mn spins
(S,)=3%(2y—1) in this approach and its expression in the
molecular field theoryy (S,)=—3Bs(£). HereBg, is the
standard Brillouin function wittE= 3 gy,ugB/(kgT), where
Omn is the Lande factor for Mn. The Brillouin function goes
to unity for large magnitudes of the argument and for sraall

An effective model of magnetic semiconductor structures
based on the II-VI semiconductors has been developed. In
the first approximation of perturbation theory the model can
be reduced to an empirical eight-band Kane model. In this
simplest approach the model allows us to get analytical so-

it is aporoximately a linear function. For examole. the VallueIutions and to follow the generation of the physical effects.
PP y : pe, In the framework of the developed model the spin-

y=0.48 corresponds to the magnitude of the fije-2 T at splitting effect of the magnetic quantum well structures

the temperaturg =2 K. gdl_XMnXTe/CdTe/CQ_XMnXTe has been studied in some

ap;:;iiﬂqu;tgﬁrlgvggig%\é?‘gﬁzne;ggtssidﬁ;g Llé?]enfclaztlggg etail. All the structures studied show the essential spin split-
But we keep in mind that the band bending effect will be ng effect which can be changed by the polarization by

important in thick modulation-doped quantum wells basedg]e magnetic fielland by the width of the well. At zero

. ) X C U “polarization (f=1/2) all the levels are doubly degenerate
onli-vi sempon_ductors. This probl_em IS left to be S.tUd'ed Mhecause of the time reversal symmetry of the structure. When
a future publication. We neglected in this work strain effects,

motivating this step, at first, by the good lattice match of theInCIUdIng the polarization the levels split by the-d hybrid-

systems CglMn,Te/CdTe (the lattice mismatch is about ization. The states with opposite average spin directions are

; C hifted in energy in opposite directions. The splitting in-
0, -
0.6 99. Moreover, the band-edge magnetic splittings, one Ofsreases with increasing polarization and with decreasing well

the most interesting features of these structures, are not vidth L. The generation of the energy shifts of the quantum
fected appreciably by strain. However, strain effects can b?ivell states follows directly from the analysis of the bulk

?aizlyr:n(ilu?ﬁd g: thenH?T'rl:gm?n’ d?rl:t Tei/hm?rlinvliy Ig'vrﬁftcor'fenergy spectrum of the constituents. If for some valueg of
ections 1o the diagonal terms leading to the al Shifs Oly, o polarization effect is larger than the energy offdae

the levels. We have also restricted ourselves to the band-ed ?/erlapping between the bulk bands of the constit)ehtn
splitting effect leaving the in-plane dispersion of the SPIN"the level with a certain spin direction is not permitted and

\?v%“rtk q;SPittuirng;?t”h itgéis tc;]tgt ?Jeogévgfgsé%eﬁggg (':r;r}h;disappears. As a result, it is possible to have the situation in
: i 9 P . ~~a magnetic quantum structure where only states with one
extended to include thk, terms and construct an effective

Lutti Hamiltonian. An alt " d elaborate devel spin direction can exist. Thus even if there is only partial

u I?g?rth aT' t?man. ng Ie][nat?]/e ande at' orate ¢ evedOp'spin polarization in the semimagnetic barriers we can have
ment of the Lutinger modet for the magnetic semicon uc'complete spin polarization of bound states in the nonmag-
tors has been given recently in Ref. 36. But according to ou

imi its b v th del Hamiltoni b etic quantum wells. What is most important is that this situ-
prefiminary resufts by symmetry the model Hamutonian ob- 4,5 ¢4 pe easily controlled by the choice of the constituent

tained in this Ref. 36 and in our model wrned out to be "Nsemiconductors and by the magnetic field. We point out that

close agreement. : . ; .
) . . this effect is very closely related to the spin polarized trans-
The numerical results obtained are in reasonable accord ?)%rt problem y y pin p

with the experimental datad® and with other theoretical
models®’*° The experimental measurements of the magne
toabsorption of the ferromagnetic GaMn,As epilayers
presented in Ref. 38 give a magnitude of the spin-splitting o
the order 10 meV for a magnetic field5 T, the splitting
closely following the magnetization of the epilayers. This
fact agrees reasonably with the numerical results shown i
Figs. 2—4, supporting the common trends of the energy lev- ACKNOWLEDGMENTS

els with the polarization. Other experimental measurements
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