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Spin properties of quantum wells with magnetic barriers. Il. Inverted band ordering
and spin polarized interface states
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The electronic band-edge spectrum of the interface states in the magnetic semiconductor quantum wells
based on narrow-gap semiconductors with mutually inverted band arrangement is studied within the envelope-
function formalism. Interface states are shown to appear in these structures in the case of overlapping bulk
bands of the constituents. The hybridization between the gpmectron states and the states of the Mn
atoms leads to spin splitting. The spin-splitting effect of the interface states as a function of external magnetic
field, well width, band offsets, and fraction of the magnetic atoms, is studied. One essential result is that one
can design a structure where the states localized at the interfaces only have one spin direction. The results give
evidence of the perspective for using the magnetic semiconductor structures in spin electronics.
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[. INTRODUCTION esting features of the energy spectrum of spatially confine-
ment systems based on semiconductors with mutually in-
In this paper, in the framework of the approach developederted band spectrum. It has been shown the(_)_ret?tthblt
in the preceding papdRef. 1), we continue to study mag- an inverted II-VI semiconductaiHgTe) has specific surface
netic semiconductor quantum wells but based on 1I-VI orstates at the interface between a semiconductor and vacuum.
-V narrow-gap semiconductors with mutually inverted These states, being Tamm type, are a superposition of the
band arrangement, in the literature called inverted hetercglectronic states in the valence and conduction bands. In the
structures. Among a number of the magnetic semiconductdPverted semiconductor heterojunction where the constitu-
structures, inverted magnetic heterostructures attract the ifgNtS have opposite band-edge symmetry and overlapping
terest because of specific features of the energy spectru ps, there h"’.‘s been predicted to be a band of midgap states
resulting in the appearance of the interface Tamm sfates ound to the interface. The crucial point for these states is
These states can appear at perfect interfaces and are not ﬁh‘:’lt they appear even without an attractive electrostatic po-

e- . . . .
lated to states due to impurities or other defects appearingentlal’ being again generated by the conduction and valence
because of an attractive electrostatic potential. This property . . .
of the inverted magnetic structures may present a promising
avenue to add new spin-dependent functionality to com- r, 1)y 41,5
monly used normal magnetic semiconductor heterostruc-
tures. OF
A specific feature of the II-VI or IlI-V semiconductor with [y E3,>
inverted energy structure is the absence of an energy ga
between conduction and valence bands which are related t
the two branches of the fourfollg band in the vicinity of

the extremum poinf". Figure 1 shows the relative band
arrangement of the 1I-VI or IlI-V narrow-gap semiconduc-

tors with normal and inverted band spectrum. Theband is == = S
classified by the projection of the total angular momentum 7N _________ . ; *\gi”f

J=3/2 onto|3,=3) and|3,*3) states. The states with the | --C- -} .! /\ S (SRE—

projection of =1/2 characterize the conduction band-edge, V\ /_\

while the states withm;=*3/2 generate the heavy hole . i ;

band-edge. Th&'s band, which in the II-VI or IlI-V semi- -0.5 0 0.5

conductors with the normal band arrangement corresponds tu

the conduction band edge, now constitutes the light hole Fig. 1. principal band diagram of the quantum well

band edge. Then it is usual to consider the band gap of suggTe/Hg _,Mn,Te/HgTe considered. The band gaps of the con-

semiconductors determined By=E(I'¢) —E(I'g) as nega-  stituent semiconductors are shown by different shading, the region

tive. of band gap overlap is marked by cross shading. The symmetries of
It is the band arrangement which leads to the most interthe different bands are displayed.

1y £ 15>
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band states of the constituent semiconductors. They are ré-is possible to select the constituents in such a way that the
ferred to as Tamme-like interface states. These states withsual quantum wells states cannot appear at all. We use here
energies in the range of band gap overlap of the constituenthe same approximations as in the previous paper. That is, we
have linear(or near linear dispersion as a function of the study a symmetrical square quantum well in the approxima-
momentum in the interface plane. Volkov and Pankrétov tion of flat bands, neglecting the strain effects. Thus any
seem to be the first to have noticed the midgap states, in @&symmetry effects leading to the btfilor Rashba spin split-
treatment of the simplest two-band approximati@irac  ting terms’ do not affect the energy states. The only spin-
mode) for near-gap states in heterostructures made fromgplitting potential, which will be included in the Hamil-
IV-VI semiconductors. The interface Tamm states have beetnian, is the spin-dependent hybridization betweerdtaed
predicted by several authdSto exist in HgTe-CdTe in-  sp electrons. When considering the polarized case we ne-
verted heterostructures. The theoretical analysis in this casgflect the Landau level quantization and the ordinary Zeeman
is more complex than in IV-VI materials. Because of mixing splitting, as well.
with heavy-hole levels the theoretical treatment should be A model Hamiltonian for the magnetic semiconductor
based on eight-band Kane or Luttinger models. As wasstructures has been constructed starting from a model devel-
shown in a number of experimental and theoreticaloped earlier=2° and extended to CdMnTe/CdMn quantum
articles ™" these interface states play a key role in formingwells with the normal band arrangement in the preceding
the energy spectrum of the two-dimensional states in inpaper(Ref. 1). This approach was found to give a reliable
verted semiconductor structures. description of the considered magnetic semiconductor
A theoretical development of a model of interface statesstructures.
for the magnetic semiconductor structures in which one of The paper is organized as follows. In Sec. Il we describe
the constituents is a so-called dilute magné8emimag- our theoretical model. The band-edge interface spectrum for
netic) semiconductor has been presented in Refs. 12 and 1ge inverted magnetic quantum wells is obtained. The spin-
As model materials, the heterojunctions based on semimagyplitting effect is discussed. Spin properties of the electron
netic narrow-gap IV-VI semiconductors with mutually in- states are studied. In Sec. Ill the preceding results are applied
verted bands were considered in the framework of the Dirago the quantum well Hg ,Mn,Te/HgTe/Hg_,Mn,Te. Sec-
model. The interface Tamm states were shown to appear ifflon IV contains a discussion of the results and Sec. V con-
these structures, being spin split. If the Fermi level lies includes the paper with a summary of the main results.
one of the interface bands, magnetic ordering appears in the
interface plane. The interface magnetization effect has been
discussed in Refs. 12 and 13. Il. SPIN-SPLITTING EEEECT
In this work we extend the theoretical model of the inter- ON THE INTERFACE STATES
face magnetic states to the magnetic quantum structures
based on narrow-gap 1I-VI semiconductors. For simplicity The model to be used has been outlined in p&Rdf. 1).
we henceforth denote quantum wells with semimagnetic baWe refer to it for the details and give only a sketch of the
riers and spin polarization in the wells as magnetic quantuntheoretical treatment here with emphasis on the modifica-
wells. Quantum wells of the type CdMnTe/HgCdTe/CdMnTetions that occur for inverted band arrangments.
are considered as model materials in which the fractions of A solution of the problem is found in the framework of
the Cd and Mn atoms are chosen such that the signs of thgerturbation theory. An effective 388 Hs, Hamiltonian is
constituent gaps are opposite. Since we focus here on thabtained by folding the full (28 20) matrix down into the
interface states, we consider only quantum wells with overusual Kanesp block. It has just the same form as Ed5) in
lapping gaps of the constituent compounds. The interfaceart I, but with the only difference that now the bare energies
states are shifted in energy with respect to the usual quantuof the ' ; g at k=0 are related to the symmetry of the cor-
well states, since they are localized in the range of the overesponding bands but not with their conduction or valence
lapping band gaps of the constituents. However, in practicesharacter. It can be written as

) iPhk; . P ik,
€
6 m \/im
iP7k, - -
R I e(I'g) 0 Vod
HSP_ ﬁ2k2 (1)
~ z -
0 0 62(F8)+ 2mhh| kzppd
iP'hik, . R .
— \/Em | Vpd kzppd E(FY)
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The matrix elements of the Hamiltonian are determined bythe semimagnetic barrier&(T')? is the energy of thd g
the expressions similar to Eq&l6)—(20) of paper | with  band-edge in the magnetic barriers; dni the width of the
replacement’—E(T'y), 83_> E(Tg), ande? —E(T';). well. Note that compared to paper | we here have hyperbolic
Now we treat the problem of finding the interface states offunctions instead of trigonometric functions. The bulk wave
the magnetic semiconductor quantum well in the envelop&ectors of the constituents are determined by the requirement
function approximation by matching the wave functions. It isdet(*s,—E)=0 where the coordinate dependent terms
important to match envelope functions on the both sides o$hould be replaced by the corresponding constant values. So,
the interface withidentical symmetriesather than matching the governing equations for the bulk wave vectors of the
states with conduction or valence character. It is not necedight particles and heavy holes in the well and in the barriers
sary that bands of the same symmetry have similar energigeduce to Eqs(26)—(29) of paper | with replacemerk;,—
in the two materials for the multiband envelope function ap-—ik, andky,— —ikpp.
proximation to be valid* We start from the bulk Hamil- We note the following features of the interface spectrum
tonian Hs, with replacementk,— —ig/dz. Similar to the in comparison with the quantum well states studied in our
previous description in paper I, here we neglect theprevious work! First, the interface states are generated from
k-dependent polarization-induced blodR,y reducing the the evanescent modes and can only appear inside the over-
model Hamiltonian to an effective Kane model with renor-lapping of the constituent gaps. Therefore the interface states
malized matrix elements and the additional blagk . cannot be related to the heavy hole bands. As a result the
The origin of energy is defined as tlig edge of the well Egs.(4) and(6) have no solutions. Second, since the inter-
material. Since the square quantum structure is considerddce states are determined as solutions of the dispersion re-
with the growth direction along the axis, all the matrix lations Eqs(3) and(5) including the nonperiodical functions
elements involved are step functions ofWe suppose that cosh and sinh, it is possible to find one solution only for the

z=0 defines the center of the well layer. even or odd interface modes. But for the quantum well

The envelope function equation states$ in addition to the ground even or odd modes, there
appear some excited states, because the dispersion relations

Hspf=E-f (2)  include the periodical functions sine and cosine. And third,

jsust as in the case of the quantum well states, the exchange
potential breaks time-reversal degeneracy and splits interface
modes. The explicit form of the wave functions written in the
first order of perturbation theory shows that the average spin
vectors(V = |X|¥ ) (2 is the spin operatgrfor these split
states have opposite direction.

is reduced to two sets of three coupled differential equation
for the envelopesf:p of the light particles(electrons, light
holes and split-off holesand to two second order differential
equations for the heavy hole envelodé‘g. The envelope
function boundary conditions require continuity of the enve-
lopesflP"" and (1) of M oz

The interface quantum well states have either even or odd
parity underr— —r within the present symmetrical model. IIl. APPLICATION TO THE QUANTUM WELL
Therefore, all the states can be labeled by the parity. The 114 preceding results will be applied to the quantum well

disper_sion re_Iﬁti(?]ns If_orhthe ev_eln mod(ejsr?f the iEtelrface Statk;%?tructure Hg_,Mn Te/HgTe/Hg Mn,Te, which for the
agsoglate r:N 'tf t rﬁle ight particles and heavy holes are obg, fraction x>0.1 gives an example of the inverted band
tained in the for arrangement of the constituent bands. As the input Kgme

B b parameters of the bulk constituent semiconductors, the val-
sinhkjpL/2= — kip E~E(I'e)*+X(S,)(No) coshk,L /2, ues given in Refs. 22 and 23 were used. The concentration

Kip E dependence of the fundamental §&p=E(I'¢) —E(I'g)] in
3 Hg; _,Mn,Te was calculated in the virtual crystal approxi-
mation by the formuleEy(Hg, - \Mn,Te)=E4(HgTe)+x3.6
. Knn ME (eV) presented in Ref. 22. For the parameters related to the
sinhkppL/2= — — —=coshkyL/2. (4 spd hybridization, we use the values given in Ref. 19. All
Knh Mhn parameters involved in the numerical calculations are pre-
For the odd modes one gets sented in Table I. The well width varies in the limits 20—100
A. The value of thel'g band offsetA depends on the Mn
Kip E—E(Ts)°+x(S,)(Noar) | fr_action x and is not acpurately known. We have here con-
coshk;,L/12=— — E sinhk;,L/2, sideredA values in the interval 25—-250 meV. In the present
Kip model calculations it is convenient to vaxyand A indepen-
) dently to display fundamentally different band arrangements.
P In practice this can be achieved by extending the treatment to
coshkth/2:—@%sinhkhhuz. ©6) include quaternary alloys like HgCdMnTe. Thencan be

Kin MR used to regulate the strength of the magnetic interactions and
afterwards the Cd content can be varied to adjusowards

Hereik,, andiky;, are the bulk wave vectors in the well for the desired value without changing the magnetic properties.

the light particles and heavy holes, respectiveil»y,,:p and In this paper we for simplicity keep the input parameters for

i kp, are the bulk wave vectors in the two spin-split bands ofHg, ,Mn,Te and treatA as an adjustable parameter. The
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TABLE I. Bulk k-p and magnetic exchange parameters.  (marked by cross shadipgs determined by the value of the
gap of the magnetic semiconductor. Both the spin states of
Parameter HgTe Hg xMn,Te the even and odd modes are presented in the interface spec-
trum of the quantum wells with =100 A andL=60 A. But

EEII:G;—EEII:B; E:\\?) 1(_)(')3 2_’$§§X for the thinner quantum well only the interface states with
E(Fs)fso (;v) 3.4 spin down are permitted. This is a result of the larger value

8/ “d ' of the band gap of the magnetic semiconductor for the states
mhh/”go 0.4 0.6 with spin down in comparison with the band gap for the
2myP< (eV) 20 20

states with spin up. This effect is clearly manifested better
U (eV) 7.0 for the thin quantum wells. At last we note in FigicBthat
Vpa (€V) 0.49 the lowest interface modeE{" odd statg appears in the
(Noa) 0.22 spectrum only in some interval of the nonzero values of the
polarization in the case of the thin quantum well. This effect
. is explained by the band diagralig. 3(d)]. ForL=20 A
absolute temperature is taken to be zero. this odd mode is just pushed out of the allowed energy in-
In Fig. 2 the spin splitting effect on the interface states ofterval where the interface state can exist. It goes very close to
the magnetic quantum well Hg,Mn,iTe/HgTe with X the bulk band of the magnetic semiconductor by turning into
=0.2 is shown for three well width@ L=100 A, (b) 60 A, 3 pulk state.
and (c) 20 A. Here the valueA =0.15 eV was used. The  From the above analysis we can predict the situation
even(odd) modes are labeled k" (E;). At first, we note  when the one mode with a certain spin direction can appear
that all the levels, being doubly degenerate in the unpolarin the interface spectrum. This will be the case in which the
ized case ay=0.5, split in energy when increasing the po- overlapping between the gaps of the constituents disappears
larization (or decreasingy). The levels with spin-up and for one mode while the gaps for the mode with the opposite
spin-down move in opposite directions. TBe odd modes spin direction still overlap. This is realized in the quantum
are the lowest in energy for a small magnitude of the polarwell Hg; ,Mn,Te/HgTe atx=0.2 with thel'g band offset
ization. However, by increasing the polarization the oddA =0.05 eV. The result is shown in Fig. 4 for the two well
mode with spin down and the even mode with spin up crossvidths: L=100 A and 60 A. In this quantum well only the
each other and change positions. The relative value of thedd mode appears in the interface spectrum. It is doubly
splitting increases with decreasing well width. For exampledegenerate in the unpolarized case. For nonzero values of the
the magnitude of the shift of thE€;” odd modes ay=0.3 is  polarization one state with spin up is exhibited in the inter-
~30 meV in the case ot =100 A while for L=20 A it face spectrum only, because the overlapping between the
reaches 50 meV. gaps for the states with spin down of the constituents is lifted
The most interesting feature of this quantum well is thatas shown in the band diagram in Figb# For the quantum
the even mode with spin up appears in the interface spectrumell with L<60 A this last mode is pushed out of the al-
only. An explanation of this fact follows directly from the lowed interval of the energy and disappears.
band diagram of th&'s andI'g bands of this quantum struc- ~ We present in Fig. 5 the characteristic form of the enve-
ture presented in Fig. (8. In the unpolarized casey( lope wave functions calculated for the odd mode of the in-
=0.5), the diagrams of thE; andI'g bands are shown by terface states of the quantum well witk=0.2, A
the solid and dashed lines, respectively. The band gaps of the0.05 eV, and.=100 A. The spin splitting effect for this
constituents are shown by different shading, the regions ofiuantum well was presented in Figa# The envelope wave
the band gap overlap being marked by cross shading. In thiginctions for the unpolarized case are shown by solid lines,
polarized case y(=0.2), the bulk bands of the magnetic in the polarized casey&0.45 andy=0.4), the envelopes for
semiconductor split into bands with spin gotted liney  the states with spin up and down are shown by dashed and
and bands with spin dow(@ash-dotted linesAs a result the dotted lines, respectively. The odd mode with spin down is
overlapping between the gaps of the constituents for thallowed only near the point=0.5, aty<0.45 it disappears,
states with spin up increases while the one for the states witdnd only the state with spin up is shownyat 0.4. The form
spin down decreases. This leads to pushing out the evenf the envelope wave functions shows that the interface
mode with spin down. The odd modes are found to be alstates of the thick quantum wells are localized near the in-
lowed for the both spin states. terface boundaries, the dependence of the wave function on
Another characteristic picture of the spin splitting effectthe polarizationy being rather small. For the thin quantum
for the interface states is presented in Fig. 3. These are theell, on the other hand, they are extended over a distance of
interface  states of the magnetic quantum well~10 L from the boundaries. We pay attention that the exten-
Hg, _,Mn, Te/HgTe withx=0.1 andA =0.15 eV shown for sion of the wave function of the interface states can be regu-
(@ L=100 A, (b) 60 A and(c) 20 A. For this magnitude of lated by the well width.
x the band gap of the magnetic semiconductor is much
smaller than that of the nonmagnetic semiconductor which is
equal to 0.06 eV. As seen from the band diagram drawn for
this quantum well in Fig. @), for any value of the polariza- In this work the interface states of the magnetic quantum
tion the overlapping between the gaps of the constituentsells have been considered within a model one-electron

IV. DISCUSSION
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FIG. 2. Spin-splitting effect for the interface states of the magnetic quantum well HgTe/Mg, Te (x=0.2, A=0.15 eV) with the well
width (a) L=100 A, (b) 60 A, and(c) 20 A. The trend for the states with spin-Ggown) is shown by soliddashedl lines, the calculated
points being marked by the crossesars. The even(odd modes are labeled bg;" (E;"). (d) The corresponding’s andI'g bulk band
diagram in the cases gf=0.5 (solid and dashed lines, respectiveandy= 0.2 (dashed-dotted and dotted linelz/L | <0.5 corresponds to
HgTe andz/L>0.5 corresponds to HgMnTe. The band gaps of the constituents are shown by different shading, the regions of band gap
overlap are marked by cross shading. The spin-split bulk bands are markéghy.
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FIG. 3. The same as in Fig. 2, but for the quantum well with0.1, A=0.15 eV.

treatment in which, the symmetrical inverted quantum structhe used approximations, the problem of the resonant inter-
ture has been studied neglecting strain, band bending effectaction of the interface states with the bulk heavy hole band
as well as the effects of Landau level quantization and ofvas beyond this paper. As a matter of fact, the interface
Zeeman splitting. We were interested in the band-edge spestates of the inverted zinc blende heterostructures can lie in
trum of the interface states only leaving the problem of theitthe energy range of the heavy hole bulk band, being reso-
in-plane dispersion out of our consideration. As a result ofnant. Therefore, a reliable treatment of the in-plane disper-
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@

0.6 FIG. 4. (a) Spin-splitting ef-
fect for the interface states
of the magnetic quantum well
HgTe/Hg _,Mn,Te (x=0.2, A
=0.05 eV) with the well widthL
=100 and 60 A.(b) The corre-
spondingI's and I'g bulk band
diagram in the cases o§j=0.5
(solid and dashed lines, respec-
tively) andy=0.2 (dashed-dotted
and dotted linesThe band gaps of
the constituent semiconductors are
shown by different shading, the
region of band gap overlap is
marked by cross shading.

0.26
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sion dependence of the interface states should be develop#us range is obviously related to the magnitude of the half
in the frame of a self-consistent approach including the couwidth of the probability density function of the interface
pling effects. The resonant interaction will result in broaden-states. As mentioned above, the region of the extension of
ing of the interface bands. In the nonmagnetic inverted II-Vithe interface wave function increases with decreasing well
heterojunctions this problem has been studied in Ref. 1@vidth. So, the resonant effect is larger the narrower the well
where it has been shown that the broadening of the interfads. It is worth mentioning that in the case of magnetic het-
bands due to resonance with the heavy holes is essential ongyostructures the resonant nature of the interface states can
over a narrow range of the in-plane momentum. The value ofjive rise to nontrivial effects resulting from the combination
of their confinement and magnetic properties.

x10° Fig:5 We have stated that, since the interface states are gener-
' ated from the evanescent modes, and that is why, they appear
inside the overlapping of the constituent gaps, the interface
states cannot be related to the heavy hole bands. But it is
important to note that this conclusion is restricted to the used
Hamiltonian H, in which the k-dependent off diagonal
blocks P, were left out. In the case of the full Hamiltonian
in the form Eq.(1), the heavy hole and light particle states
cannot be decoupled and the interface spectrum will be gen-
erated by all the coupled conduction and valence band states.

At last we note that in this work we did not aim at getting
an exact quantitative description of the spin-splitting effect
for the considered magnetic inverted structures. Our aim
was, mainly, to understand the nature of the effect and to
follow its generation. Quantitative calculations demand, first,
self-consistent treatment of the problem in the frame of the
30 00 o 0 200 full Hamiltonian (1); and secondly, careful selection of the

A input parameters for the actual quantum structure.

FIG. 5. The envelope wave functions calculated for the odd
mode of the interface states of the quantum well with0.2, A V. SUMMARY
=0.05 eV, andL=100 A. The envelope wave functions for the
unpolarized case are shown by solid lines, in the polarized case In the framework of the developed model the spin-
(y=0.45 andy=0.4) the envelopes for the states with spin up andsplitting effect on the interface states in the inverted mag-
down are shown by dashed and dotted lines, respectively. netic quantum well structure Hg,Mn,Te/HgTe has been
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studied in some detail. The following features of the inter-easily controlled by the choice of the constituent semicon-
face states in comparison with the quantum well states studductors and by the magnetic field.

ied in our previous workhave been emphasized. First, since We conclude that the magnetic semiconductor hetero-
the interface states are the evanescent modes of the constigifructure based on narrow-gap semiconductors with mutually
ents they can only appear inside the overlapping region ohverted bands give an example of resonant tunneling struc-
the constituent gaps. Second, in contrast to the quantum welires relevant for spin-dependent tunneling phenomenon dis-
states, it is possible to find either the even or odd mode in thgussed extensively in the literat\ife?"We emphasize that a
interface spectrum. And third, just as in the case of the quar©SSibility of tuning the interface spectrum spin-splitting in
tum well states the interface modes are split by the exchangd® Studied structures points out that they have spin filtering
potential showing a visible spin splitting effect. The statesPrOPerties. This conclusion is not limited to the quantum
with opposite average spin directions are shifted in energy i _eIIs Ha,_Mn, Te/HgTe for which the numerical calcula-
opposite directions. The splitting clearly increases with in-t'o.nS have been .presented here. The model can also be ap-
creasingy and with decreasing well width. The generation plied to other inverted magnetic quantum wells type

of the energy shifts of the interface states follows directIyHgMnTE/ HgCdTe. When varying the fractions of the Cd and

from the analysis of the bulk energy spectrum of the conMn atoms it is possible to shift the bulk bands of the con-

stituents. If for some values of the polarization effect is stitu_ents in these quantum structures and in this way change
larger than the overlapping energy between the bulk banH1e interface specirum.

gaps of the constituents then the level with a certain spin
direction is not permitted and disappears. As a result, the
situation can be predicted in the magnetic quantum structure One of the author§N.M.) wishes to acknowledge the
when only the interface states with one spin direction carsupport of the Swedish Institute and to thank the Laboratory
exist. It is worth stressing that a partial spin polarization inof Photonics and Microwave Engineering, Department of
the semimagnetic barriers can yield a complete spin polatMicroelectronics and Information Technology of the Royal
ization of the interfaces states or ordinary bound states in thmstitute of Technology for its kind hospitality during this
nonmagnetic quantum well material. This situation can bework.
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