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Interface states in stressed semiconductor heterojunctions with antiferromagnetic ordering
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Stressed heterojunctions with antiferromagnetic ordering, in which the constituents have opposite band-edge
symmetry and their gaps have opposite signs, have been investigated. Interface states have been shown to
appear in these heterojunctions, and they are spin split. If the Fermi level lies in one of the interface bands, this
results in magnetic ordering in the interface plane. The interface magnetization effect is expected to take place.
A breakdown of the fundamental symmetries of time and space inversions in such structures is outlined.
[S0163-182697)05927-4

I. INTRODUCTION assuming that, in addition to electrons in PbTe and holes in
SnTe, a third kind of charge connected with the above-
Interest in quantum structurgsuch as heterojunctions, mentioned interface states appears. A more direct investiga-
quantum wells, and superlattiges to a certain extent con- tion of the two-dimensional interface states has been per-
ditioned by interface states localized near the boundary bdormed by means of magnetotunneling spectroscopy of the
tween constituent semiconductors. The interface states ap-Hg,Cd; _,Te quantum well in Ref. 12.
pearing in semiconductor structures due to a band bending The majority of semiconductor structures are stressed due
are traditionally considered. Such interface states are knowto a lattice mismatch of their constituents. The electron en-
to be bound up with the transitional region structure. On theergy spectrum of the stressed semiconductor structures is de-
other hand, there is a considerable interest in the study dérmined by the strains, as well as by the widths of their
Tamm’s-type interface states arising in some semiconductdayers and physical parameters of the constituents. A more
structures. In contrast to the first case, the latter interfacdirect strain effect is the change of the energy spectrum,
states are not concerned with the transition region structureyhich is different in each constituent and depends upon the
being generated from the bulk energy bands of the constituacoustic deformation potentials of both conduction and va-
ents. At first the Tamm’s interface states were theoreticallyence bands. This problem has been rigorously investigated
considered in the so-called inverted contactthat is, in  in different semiconductor structur&$in stressed semicon-
semiconductor heterojunctions based on semiconductoductor structures the elastic strains, or their gradients due to
with mutually inverted bandsso that the gaps of their con- piezoelectric or flexometric effects, can lead to static polar-
stituents have opposite signs. The same interface states haization fields'* These fields are determined by the strain val-
been showh® to appear not only on the heterojunction ues, elastic constants, piezoelectric coefficients, and other
boundary but on other inhomogeneities of the electron sysmaterial parameters which apparently are different in each of
tem, such as an antiferromagnetic ordering vector inhomogehe alternating layers. In fact the polarization is conditioned
neity (realized as an antiferromagnetic domain yalhd a by the mutual shifts of the cation and anion sublattices of a
polarization vector inhomogeneitg ferroelectric ong com-  binary (or multinary) semiconductor. Proceeding from the
binations of these inhomogeneous fields result in a variety ofact that each of these sublattices in their turn generates the
systems with disturbed symmetrical properties. This is arenergy states of either conduction or valence bands, in our
important point, giving an opportunity to separate the inter-earlier work we investigated the strain-induced polarization
face states into a separate group. effect on the boundary interface states of the semiconductor
As an example of inverted contacts, heterojunctions basebleterojunction. As for the straight deformation effect on the
on some narrow-gap IV-VI or 1I-VI semiconductors used tointerface states’ energy spectrum, it was shbwmat this
be considered. In this case, a treatment of the simplest twaeffect is quite trivial, and results in homogeneous shifts of
band approximation, the interface states have a gapless batite energy bands.
spectrum that is linear in the interface plane, their energy At doping with transition or rare-earth elements, IV-VI or
reaching the gap of the constituent semiconductors. Subs@-VI semiconductors turn into dilute magnetic ones, and at
quent investigatiori€ showed that the same interface stateslow temperature they might transit to ferromagnetic or anti-
can exist in heterojunctions with normal band arrangementderromagnetic states. Quantum structures based on such
However, in contrast to the inverted heterojunction, thesesemimagnetic semiconductors have been intensively investi-
states appear either inside the conduction or valence bands géted in view of their interesting physical propertfest’
the constituents, the energy spectrum being cut off at a finitéheir nontrivial (as compared with bulk materialsnagnetic
transverse(along the interface planemomentum. Later it properties being emphasiz&t?® Moreover, it has been
was shown that there are interface states in superldifices recognized' that interfaces play a key role in the magnetic
quantum wells, and quantum dot¥ It is worth noting that, ~properties of heterostructures based on semimagnetic semi-
quite recently:! magnetic-field dependences of the Hall co- conductors. The origin of the effects used to be connected
efficient in PbTe/SnTe superlattices have been interpretedyith the structure of the interface plane, its imperfection, and
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the disposition of the magnetic impurities across the interthere are two double degenerate bahdsandL ™~ with op-
face. In this paper another model of the interface magnetizgposite coordinate symmetries. Thus the simplest model of the
tion effect, based on magnetic properties of the interfac@arrow-gap IV-VI semiconductor spectrum is the two-band
states, will be developed. one?®2*|n the case of mirror symmetry bands, the energy
A crucial point of problems concerning the interface spectrum of the semiconductor heterojunction with the trigo-
states is that for inverted stressed semiconductor structureml[111] crystal axis picked as theaxis might be described
with antiferromagnetic ordering, we have a situation inby the effective Dirac Hamiltonian
which all three fields cited aboWgomposition, polarization,
and antiferromagneticare applied to the system. Such R ( A o 6)
stressed semiconductor heterocontacts with antiferromag- Hoo= . Q)
netic ordering are quantum structures with a breakdown of
the fundamental symmetries of time and space inversio
The breakdown of th& invariance is a result of the antifer-
romagnetic ordering, while the space inversion asymmetry i
a general property of any heterostructure. In our case for g=(ox,
stressed heterocontact, an additional space asymmetry occitguli matricesp=—if%i(v, Vy,v, Vy,0V,), v, | being the
due to strain-induced polarization. It is well known that time interband coupling matrix elements having dimensions of ve-
inversion symmetry provides the Kramers degeneracy, whiléocity; andA=Egy/2, E4 is the energy gap depending on the
space inversion symmetry gives a twofold degeneracy whiclz coordinate, if the heterojunction alorgis in question.
is referred to as the spin degeneracy. In the structures iNote that this Dirac form of Hamiltoniafl) is just a first

question, both types of degeneracy are absent. Thereforgpproximation of thek-p perturbation theory, when only
such heterostructures must be systems with unusual micrenatrix elements between near-band states are kept. In the
scopic electron properties. One of them is interface magnénext approximation, the effects of more distant bands are
tization effect considered in this paper. _ treated in second-order perturbation theory, leading?o
The aim of this work is to study interface states inteyms in the Hamiltonian. In this work we neglect the far-
stressed inverted contacts based on semimagnetic narrowang corrections, keeping in mind that this is the first ap-
gap semiconductors with antiferromagnetic ordering. It isproximation of the perturbation theory. This question will be
worth noting that a similar situation might be found in the giscussed in some detail below.
system with electron-hole pairing. After placing commensu-  As was emphasized in Sec. |, in stressed semiconductor
rate waves of spin and charge density over the system, theaterojunctions the polarization effect is induced by the
energy spectrum of the latter turns out to be spin split. Undegtrain. Being conditioned by mutual shifts of the cation and
limit doping this leads to electron-spin orderifthat is, we  anjon sublattices of the initial semiconductors, in our model

have a system with exciton ferromagnetisthNow, taking  Hamiltonian this effect can be described by the following
into account that spin- and charge-density waves might bgsym25

induced by the antiferromagnetic ordering and by structural
lattice distortions(which are accompanied by the polariza- Vg=U-V{Va(r)—Vg(r)]=1-0, )
tion), respectively, one can affirm that systems with polariza-
tion and antiferromagnetic ordering will be similar to the whereV,(r) and Vg(r) are the potentials of th& and B

system with the exciton ferromagnetism. ~ sublattices being shifted by the vectorin opposite direc-
To define our calculations completely, heterojunctionsijgns. By adding the potential,, the symmetry of the cubic

based on semimagnetic narrow-gap IV-VI semlconductorH_VI semiconductors is reduced. If the vectoris directed

B —A
Mwhere the upper and lower blocks are related to the states
and y of the conduction and valence bands, respectively;

oy,0,) is the vector with the components of the

will be studied. Since Tamm’s interface states are generate ) ; . :
from the bulk states of the constituent semiconductors, ini&oNd the trigonalCs axis, the_symmetry O.f .the points Is
tially in Sec. Il we develop a spectrum model of the bulkerl.JC(ad frc_)mD3d 10 Cgp . US|_ng7an explicit forr+n of the
stressed narrow-gap IV-VI semiconductors with antiferro-0@Sis functions of the conductidr, and valence.q bands

magnetic ordering. The effective Dirac Hamiltonian will be oM Ref. 24, by direct calculation of the matrix elements of

used as a model. In Sec. Il the interface states of the inth€ PotentialVg; one obtains
verted stressed contact with antiferromagnetic ordering will (

be considered, two cases being studied. One of these is a A=
st

> >

3
ic-E 0 ®)

case in which the antiferromagnetic ordering is the same in
the initial semiconductors, and the other a case when it has
opposite signs in the constituents. A spin analysis of thevhere the components of the vectorE  are

interface states is given in Sec. IV. This is followed by aEi=<LE|UiOi|L§>- The situation with the polarization field

brief summary. u directed along the trigonat axis is considered here, as it
is this direction in which the polarization effect is greatest in
the structure considered.
In the framework of the deformation potential approxima-
tion the direct strain effect can also be taken into account.
Both materials of the studied heterojunctions of narrow-Due to the symmetry properties the effect contributes to the
gap IV-VI semiconductors are known to have a direct gap atliagonal blocks of the Hamiltonia(8), resulting in trivial
L points of the Brillouin zone. Thus near the gap middleshifts of the interface states. Apparently, this effect can be

0 —i&-é)

II. MODEL AND SPECTRUM
OF THE BULK SEMICONDUCTORS
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accounted for by means of the renormalization of the gap So the Hamiltonian describing the energy spectrum of the
parameters in our model Hamiltonidh). stressed IV-VI semiconductor heterojunction with the anti-
In the Hamiltonian describing the energy spectrum of theferromagnetic ordering along theaxis is
stressed semiconductor heterojunction with antiferromag-
netic ordering, the exchange interaction between the mag- Ho=H oo+ Hgt Hex
netic impurities spir1§,)1 and a bare spin of electran, LA ..
A o-p—i(cE+L)
Vex:E A(|F_§n|)§n(;'7 4 0'~[3+i((;'E+L) -4
n

In the general case for the semiconductor structures consid-
has to be included, whew(|r —R,|) is ans-like coupling  ered, the matrix elemen andL are functions depending
function centered at the magnetic impurities. We make then the coordinate. Note that the Hamiltoniafi, looks like
plausible assumption that the magnetic impurities are localthe one for the energy spectrum of the exciton ferromagnetic
ized in the interstitials, and have the antiferromagnetic vectowithin the framework of the mean-field approximatiotit is
along thez axis. In this case a spin density of the magneticquite clear taking into account the above-mentioned analogy
impurities S, is an odd function, that is,S,(R,)  between these two problems.

(6)

=—-S,(—R,) (whereR, locates the magnetic impurityAs After the transformation
a result the potentiaV/, gives rise to coupling states with . 0
opposite parity. So the matrix form of the exchange interac- O= ('UZ )
tion constructed again with the wave functions from Ref. 24 o 1)
is
Hamiltonian(6) has the form
I:| ( 0 —iL) ) A S LE
=1 . , 5 2 R Ip,+W+
e liL o H0=UHOU—1=< . ’ (D)
—ip,+W+E —A

the matrix elementL in the mean-field approximation being
whereW=g{p-n]+o,L, andn is a unit vector along the

L=i(LeplVedLeg)=i(LealVexLea) z axis.
Since the interface states are of Tamm'’s type, and are
=iSo> [(LeglAr —Ru|)o|Leg) generated from the bulk states of the initial semiconductors,
n first of all we consider the energy spectrum of the homoge-
B . N neous semiconductor with polarization and antiferromagnetic
—(LeglAlr+Ra|) ol Lgg)], ordering. We note that Hamiltoniai¥) commutes with the
whereS; is an absolute mean value of the magnetic impurityOperator
spin, and the indicea and g reflect the Kramers-conjugate ~
. ; . SR . (W O
states. Here the sum indexruns just over the impurity sites \7\,:( A ) , ®)
R, from one side of the interface plare=0 (that is, the 0 w

magnetic impurities symmetry arrangement is supppsed

The matrix structure of the exchange Hamiltonfag,, with
cross-coupling matrix elementsetweenL. ™ andL™), isa H, can be selected in the form of the eigenfunctions of the
result of the antiferromagnetic ordering of the interstitial \ operator
magnetic impurities. If the magnetic impurities were substi-
tutional ones, the magnetic impurities’ spin density would be Wo=W. o=,
an even function, and as a result we should have a standard -
diagonal formH,, with the coupling between the states of whereW.. = =+ JL2+ pl", and
the same paritysee, for example, Ref. 26
Being expressed in terms of Mitchell's energy spectrum 1

parameters and overlap integrals, the matrix elemerasd o =| py—ipx oq . 9)
L will be considered as parameters of our model approach. Y
Some numerical evaluations can be given for these. Coming =
from t_hﬁ definition Og the Igirizggon(p%temggta E‘gj- (f2)= Here ¢, is a normalized factor, ang, is a length of the
we might estimate the va u (whereD is a defor- ~ 222 .
matiorgJ potential, andi is a re)llative displacementUsing vector pi=(px,py,0)! that s, pi =py+py . After S|mpl_e

; ' . calculations we obtain that the energy spectrum consists of
appropriate values fdd andu, we obtainE~50-100 meV. the four spin-split energy branches
Thus the strain-induced polarization effect is comparable in
magnitude to spontaneous polarization in weak ferroelec-
trics. As for the parametdr, on the basis of the data for the
exchange parameters of the semimagnetic IV-VI semicon- B s
ductors given in the Ref. 27, one obtains-20—40 meV. €1,= — V(E+W,.)2+A%+p?.

so ¢ and y wave-function components of the Hamiltonian

€1 = V(E+W.)2+A%+pZ, 10
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The brancheg; , ande; , describe two spin-split conduction & «~ ;~«
: ' : . . H=V T HV
and valence bands, respectively. Putting the wave functions

in the form of (9) for the average value of the spin, —W.sin20 — EZ+ AZ—V2+ W, cos +ip,
(6 0\t | He 2V +W. sin20
S—=(<P‘*X‘*)<O &) X+)’ (17)
after the normalization of the wave functions one obtains Ietqil:r;rt?g:iately follows from Eq.(17) that the Schidinger
. 1 ~
o= = 7 (P PeL): (11) (ﬁ—6>(f+)=0, s
3

Thus one can see that the polarization and antiferromagnetic
ordering split the Kramers spin degeneracy. Each of th&'Nnere

branches of the conductiosy , or the valencee; , bands is ~ .
characterized by the opposite directions of the average spin ( ) _o-1 ®
value S. As follows from Eq.(12), S is directed along the X" X

vector . L~ _ .
has a solution withy==0. This is a zero mode. It is worth

[=Ln+[n- F-Jl]- (12) noting that the same states for different particular cases have
been obtained in the Refs. 1, 2, and 6 by means of supersym-
metry quantum mechanics, and in terms of this they have
been called Weyl states.

At f(+2)>0 andf(—«)<0 there is the following so-

Now let us consider the non-symmetry-inverted contacfution of Eg. (18):

lIl. INTERFACE STATES OF THE STRESSED
INVERTED CONTACT

with the axis along the axis as an inhomogeneous semicon-
ductor structure, when, besides the coordinate dependence of = EoVo—AoVEstAg VOW (19
the band gap, there is a coordinate dependence of the polar- : A0+ E0 '

ization field. At first the antiferromagnetic ordering param-

eter will be taken as a constant in both semiconductors. Sincd&e functiong ™ satisfying the equation

the gap center positions of the constituents are different in i o

the non-symmetry-inverted contact, the Hamiltonian must in- lip,+W=(2)]e~ =0, (20)
clude a coordinate-dependent work functié(z). To sim-  \yhere

plify the analytical calculation, we determine the gap func-

tion A(z), the polarization functionE(z), and the work W*(z)=VE5+A5— V3

function V(z) by a single functiorf(z), so that

AoVo+EgVES+A5— V5
A(2)=Aof(2),E(2)=E,f(2),V(2)=V,f(2), (13 f(2) = \p° +L2 .
(2)=A0f(2),E(2) =Eof(2),V(2)=V,f(2), (13 (2)=p: (AZ+E2) JEZ+ A2 V2

where apparently the signs of the asymptdtgs— + «») are

opposite in the inverted contact, addy, E,, andV, are  This function plays the same role as the superpotential in the

constants. Two different cases may be consider€d: supersymmetry quantum mec_:hanics r_netﬁBB.eingas_qu-
f(+2)>0, and f(—»)<0, and (2) f(+%=)<0, and tion of the first order differential equatiai20), the functions

f(—)>0. @~ are
_ 1 fZ
“(D=orexpg — — | W (2)dz|,
(2 ( ) (PO F{ ﬁl)” 0 ( ) )

The Hamiltonian of the system is
whereg, are constants. These functions are localized at the
interface boundary, but at given asymptotes offtf@ func-

tion they are normalized just under the conditions
eratorW, Eq.(8), we select the wave functions in the form of \y* (1 )>0 andw*(—=)<0. At |f(£%)|=1 this leads

the eigenfunctions oiv operator. Then by means of the uni- to
tary transformation

, (AZ+E3)VES+AS—V}
cos) - sind P Vot EoVELT AEVE
=l sin®  com (15 oVoT EoVEeT AT Vo

. . . So states; are of the interface type, but the interface state
where the angl® is determined by the condition spectrum cuts off at finite transverse momentum.
AoCOS20 — E4sin20 + V=0, (16) At the opposite asymptotes of the functibfe) the inter-
A face solutions are described by the expressi@8s—(21) by
the HamiltonianH is transformed to replacingA,— —Aqy andp,— —p;,.

A+V ip,+W+E

(14
H.c. —A+V

Noting again that the Hamiltoniad commutes with the op-

(21)
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It is useful to consider a situation when the parameter ofvhere
the antiferromagnetic ordering is not constant in both semi-

conductors, this being determined by the same function (cos»*

f(z), so thatL(z)=L+Lyf(z) (whereL andL, are con- C(w) )
stant§. There is no way of finding an invariant of Hamil- 0 COw
tonian (14) and of solving the problem analytically in this

case, but we can obtain a perturbative solution. To simplifyw™ being determined by the equation

analytical calculations, we set the work functigiiz) equal

0 Sinw ™~

to O (or a constant After a unitary transformation Ag
~ . tan2w = :ﬁ’
Clw) S(w) o*Llo
V= -S(w) Clw)]’ (22 we obtain

- ( —Lo,32w)—sinw+o )W ip,+f(2)A+ Lazé(zw)+cos(w++w)\7v)

= . _ ~ (23
H.c. Lo,S2w)+sifw” +w )W
|
Here e
JAZ¥ (Eg+Lo)? 0 0
- 0 VA2+(Eg—Lg)?) is nondegenerate, and the average spin v&fugbeing ob-
tained in the same way as EQ.1)] is
In the framework of perturbation theory with energy correc-
tions to order pf , We again obtain two solutions with 2 2 (z |
x=0. Thus, the interface states are S (z)=Cex "o W (@dz)— L2
p2sirf(w* +w") X (Py,—Px,L), (26)

€ =FLsin2w™F

- —. (29
L(sin2w ™ +sin20™) where C is a constant determined by a normalizing condi-

tion. Here the first type of (z) asymptotes has been used.
After integrating Eq.(26) [taken for the step functiofi(z)
and atz=0] over the electron momentum, for the given
symmetrical spectrum model, one obtains

The wave functionsp™ are spin-up for the energy state
€, and spin-down fok; , satisfying the equation

—ip,+f(z)A*+Lcos™ - 2 Al- ( — _L)(l_ B—2(2|_2
_ p?cof(w’ +w") =0 S ”ﬁs Hvi Pimax 3
AT ¥ = =0,
f(z)(A"—A")—L(cosw™ +cosay ) 2 +pfmax+L\/mx))(0,0,L), @7
whereA* andA~ are the upper and lower diagonal matrix wherep, may is set by Eq(21), and
funciion(), one can quie easly abiain conditons normal- _ AoVt EoVESFAT VS
izing the wave functiong™. So the spectrum of the inter- (A2+E2)VE3+AZ-VZ

face stateg;” is again restricted. For the opposite asymptotes . . _
f(z) the same interface states appear, but to normalize th-ghe average spins of the interfade” and ¥~ states are
wave function one has to assume that0. It is obvious that oppositely directed along treaxis.
atL,=0 the interface state energy spectrum obtained for th? As follows from Eq. (,1,9) thezn f(+)>0 and
inverted contact with the variable antiferromagnetic ordering ( 0)<0 under the conditionAo>V;, the energy level
tends to the one for the contact with the constant antlferrofu is situated higher thar; , while under the condition
magnetic ordering. V0>A§ they change their positions. So the state with the
average spin-down is higher than the state with the spin-up.
For the asymptote$(+»)<0 andf(—«)>0, the state;
with the spin down is higher than the staté with the spin
Each interface state of the inverted contact with the conup in any case in point. Figures 1 and 2 show rough sketches
stant antiferromagnetic ordering of the interface energy spectrum of the stressed inverted con-

IV. A SPIN ANALYSIS OF THE INTERFACE STATES
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the figures we can see, that for the values of the model pa-
rameters used, there is a quite real region of transverse mo-
mentum where conditior§21) is fulfilled, and so interface
states exist. Note that in line with the assumed heterojunction
geometry, the energy branches of the constituents are the
same, but their spin directions are opposite. In contrast to the
case of an unstressed inverted contact without antiferromag-
netic ordering(see Fig. 3 from Ref. 2 the interface state
spectrum of the stressed inverted contact with antiferromag-
netic ordering is not linear ip, , there being a gap between
the electronlike and holelike states.

Comparing expressiofi0) for the energy levels of homo-
geneous semiconductors, and Ef9) for interface hetero-
junction states, we note that the interface states are situated
nearer to the middle of the gap of the constituents. Thus if in
the semiconductor heterojunctions the Fermi leffet ex-
ample by means of dopinglies in one of the two-
dimensional interface bands, then this leads to magnetic or-
dering in the interface plane. Being proportional to the value

L P\ max (S") or(S) [Eq.(27)] in accord with which of the interface
statese;” or €, , respectively, is occupied, the interface mag-
FIG. 1. Rough sketch of the interface energy spectrum innheélzc)?go?hgt'".sbi dl;encéi(tj‘a%lorgtgf?t(ésdOr;gp'?qosge ;0 IIE’rom
stressed inverted contact with the constant antiferromagnetic ordek IS Exp lally u ving away

ing for the asymptote$(+)>0 andf(—x)<0 (A2>V2). The he interface plane. Apparently the interface magnetization is
solid lines show the energy branches of the constituents, and t

rat @ maximum if one of the interface bands is occupied but
dashed lines show the interface states. The arrows show the averagke other is empty, and it is equal to zero if both interface

spin direction. ands are completely occupied as the magnetization of one
of them is directed along theaxis and the magnetization of

tact with constant antiferromagnetic ordering for both typed€ Other is opposite to it. In the intermediate case, when one
of functionf(z) asymptotegwhere for the relations between ©f the interface bands is completely occupied and the other is
the parameters\o, E,, and L, the real above-mentioned not, there is some uncompensated magnetization determined
estimations have been ugedhe solid lines correspond to PY the difference betweep, ma, and the Fermi momentum
the bulk semiconductor bands of the constituents, while th@r» conditioned by relatiori21) and by the Fermi energy

dashed lines correspond to the interface states. The arrovis+ "€SPectively. _
show the average spin direction relative to thaxis. From In the framework of our model we can obtain the value of

the interface magnetizatiorfcalculated for simplicity at
z=0) relative to the magnetization determined by the band
states. After integratingsfz, Eqg. (11), over the occupied
states, one obtains

€ (arb. units)
o

_(S7(0))  wEGHAG (1-0)(5+2)
(S Py 3 '

(28)

g where 6=¢"/€ (P, ma) =EoL/(A3+E2). Here we set

- V=0, and the Fermi energy is determined by the value
P, max EQ. (21); i.e., the ideal situation is considered when
the interface magnetization is at a maximum. It is obvious
that the relation of the interface magnetization to the band
magnetization is conditioned by the ratio between the ener-
gies of the occupied interface states and band staes
€p).

From Eq.(28) we note that the interface magnetization is
equal to zero até=1, i.e., as follows from Eq(21) at
P.max=0. This is a quite trivial result because there are no
interface states in this case. In the intervad 8<1 the value
of the relative interface magnetizatidh is a monotonically
decreasing function of the parametér that is obviously
caused by a decrease of the interface state fraction &vith

FIG. 2. The same as in Fig. 1, but for the asymptotesincreasing from O up to 1. The vallé is at a maximum at
f(+)<0 andf(—=)>0. 6=0,i.e., atEy or L=0. However, it is quite apparent from

€ (arb. uhits)
o

0
P_ P_L max



2010 V. G. KANTSER AND N. M. MALKOVA 56

Egs.(27) and(11) that atL =0 there is neither any interface conductorqused as model materialsuch as small values of
nor band magnetization, so thidt is an indeterminate value. the effective masses, very high dielectric constants, and so
For the caseE,=0, from Eqg. (10) we find the energy on (resulting in strong screening of the electromagnetic
branches; to be superimposed og, (for Eo=0), so that fields), make us believe the electron correlation effect to be
the energy stateg® become doubly degenerate with the of no importance for the problems discussed. It is of special
summary spin equal to zero. So relati(#8) is true just in interest to consider another correlation effect caused by the
the interval 6< §<1, where the poin$=0 is ignored. exchange interaction between the interface state spins and

Now, using characteristic estimations for model param4i0n spins of the magnetic layers. Due to a renormalization of
eters, we find the value of the relative interface magnetizathe interface states resulting from this interaction, the inter-
tion M, Eq.(28), to be on the order of 1; that is, the interface face magnetization can be increased or decreased. A similar
magnetization may be a real effect for the structures in pointeffect was studied in our previous wotkwhere the Ander-
Concerning the inverted contact with the variable antiferro-Son impurity state renormalization induced by interaction
magnetic ordering, we estimate the perturbation solutions itvith interface states in band-inverted semiconductor hetero-
the limit smallp, to show the same peculiarities as in thejunction was considered. The interface states being localized
contact with constant antiferromagnetic ordering. Again eaclt the interface boundary, the renormalization effect was
interface state is nondegenerate. The spin of one of them Ehown to be of some consequence just when the impurity
up relative to thez axis, but the spin of the other is down. atom is spaced a distance less than 1-2 lattice constants
Analytical calculations can be performed in the other limitapart from the interface plane. So, analogously, as the dis-
when the variation of the antiferromagnetic ordering is smaltance between magnetic layers in narrow-gap semimagnetic
(that is, the parametdr, is smal). However, this does not Semiconductors used to be larger than the above value, the
give any nontrivial results, and the main peculiarities of theoverlap of these interface states with the magnetic ions will
interface state Spectrum remain the same. have a rather negllglble effect on our results.

The interface magnetization effect can occur even in the Another question arises about the neglecting of the terms
normal semiconductor heterojunction when the gaps of the-k? in Hamiltonian (1). They are diagonal terms of the
initial semiconductors have the same signs. However, as enRimmock modet® resulting from far-band corrections, and
phasized in Sec. I, for the stressed semiconductor heterojun@te Written ask®/2m (wherem is a far-band magsA de-
tion with normal band arrangement the interface states agailed investigation of interface states in band-inverted semi-
pear inside either the bulk valence or conduction bands ofonductor heterojunctiofsshowed these far-band correc-
the original semiconductors, and they exist in at most a retions to provide a modest curvature of the energy spectrum,
stricted range of values of the transverse momentum. So iAnd to give an additional spectral cutoff, but showed the
the case of the normal stressed semiconductor heterojunctiéifantitative changes to be not very significant. In fact these
with antiferromagnetic ordering, the effect of the interfacehigher-order terms become important for lamge such that
magnetization might take place under more rigorous condiP.>A, the interface states existing just at
tions. 2

Ao
Thus, in the second approximation of the perturbation

We discussed in some detail the spectra for midgap statekeory, the condition restricting the range of the transverse
bound to interfaces in stressed heterostructures made fromomentum for the interface states in the stressed semicon-
materials with inverted bands and showing antiferromagneticluctor heterojunctions with the antiferromagnetic ordering
ordering. Comparing these interface states with those of thaiill be not so simple as Eq21). However, taking into ac-
stressed semiconductor heterojunction without antiferromageount the real relations between the parametgrsg,, and
netic orderin§ (that corresponds th=0 in our model or L used for our model materials, and the fact that for IV-VI
with interface states arising in the simple inverted coftact narrow-gap semiconductors the valuemf?/A, is on the
(Eg,L=0), one can see that in the case of the stressed irerder of 5, after a trivial estimation we find relati¢al) to
verted contact with antiferromagnetic ordering there is a gajpe more rigorous than Eq29). Thus we can assume the
between the electronlike and holelike statdstermined by including of the far-band corrections should not change the
the parameter of the antiferromagnetic orderlnlg More-  essence of the matter for the problems under consideration.
over, the spectrum of the interface states is not linear in In conclusion, we should like to note that, while there
p, . have been experimental wotRs® showing some interesting
The spin analysis of the interface states showed them tmagnetic effects in EuTe/PbTe superlattices which can be
be spin split. Thus, if in semiconductor heterostructures theonnected with interface magnetization, a direct observation
Fermi level(for example by means of dopipéglls into one  of the effect in point may be performed by means of certain
of the interface bands, this then leads to magnetic ordering imagneto-optical experiments. From the theoretical point of
the interface plane. In view of this the interface magnetizaview at this moment, as a first step the simple model devel-
tion effect was discussed. oped by us fits the problem in question quite adequately,

In this work the idealized system in the framework of providing an opportunity to understand the physical sense of
some above approximations has been studied. Any correldhe phenomenon. Apparently for further progress the inter-
tion problems treated in the self-consistent approach haviace magnetization effect discussed in this work needs to be
been beyond our consideration. However, the specific physionsidered by means of the self-consistent approach, treating
cal properties of the IV-VI narrow-gap semimagnetic semi-some correlation effects.

p?<4A2 (29

V. SUMMARY
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