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Valence-band states in diluted magnetic-semiconductor quantum wires
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We present a theoretical study of the valence-band states in diluted magnetic semiconductor quantum wire
structures. As a consequence of confinement in two directions, the hole states in a quantum wire are known to
be mixtures of heavy- and light-hole components. Due to a stpetigxchange interaction in diluted magnetic
semiconductors, the relative contribution of these components is strongly affected by an external magnetic field
B, a feature that is absent in nonmagnetic quantum wires. This leads, in turn, to a strong magnetic-field
dependence of the probabilities of various optical dipole transitions in diluted magnetic semiconductor quan-
tum wires. Numerical calculations performed for the case qf ¢&iIn, Te/Cd, _,_,Mn,Mg, Te T-shaped quan-
tum wires demonstrate the possibility to efficiently control the polarization characteristics of light emitted from
such structrures by means of an external magnetic Beld

INTRODUCTION in an unstrained QW is the HH state. The situation is very
different in the case of quasi-1D QWR structures. First, due
The properties of many physical quantities in low- to the confinement in two directions, the Luttinger Hamil-
dimensional semiconductor structures such as quantum weltgnian is nondiagonal even for vanishing wave vectors along
(QW’s), quantum wireQWR’s), and quantum dots, behave the wire direction, and the total angular momentum projec-
differently from their counterparts in bulk material. In many tion J, thus ceases to be a good quantum number. The hole
cases, the values of these quantities can be varied by contr@igenstates in QWR’s then become mixtures of heavy- and
ling the degree of the electronic confinement. Use of dilutedight-hole components. Moreover, as shown in Ref. 6, the
magnetic semiconductor®MS’s) in such quantum struc- ground-hole state in a QWR consists mostly of the light-hole
tures adds yet another possibility of independent control ofontribution, in contrast to the case of quasi-2D QW struc-
several important parameters simply by applying an externdures. The relative contribution of the heavy and light holes
magnetic fieldB. This possibility originates in a strong to the total wave function depends in this case on the barrier
carrier-magnetic ion exchange interaction which leads, e.gheight as well as the dimensions of the wire.
to the effect of giant spin splitting of energy bands in DMS's  In this context, the use of diluted magnetic semiconduc-
(see, e.g., Ref.)1 The applied magnetic field induces a tors to make QWR structures gives us a unique possibility of
magnetizatioM of the magnetic ion subsystem, which gives effectively controlling the relation between the heavy- and
rise to the exchange fielGe;~M acting on the electron the light-hole contributions to the valence-band states simply
(hole) spin in proportion to the exchange integral$B). The by changing the magnetic fieE. This in turn allows us to
resulting spin-dependent energy shifts of the band edges caffluence the polarization of light emitte@r absorbeylin
easily be comparable in value to the band-offset enetdies Vvarious interband optical transitions. The paper is organized
and Uh for electrons and holes in typ|ca| heterostructures a&s follows. We introduce the notation and the basic theoret-
This fact gives rise to a series of interesting physica| pheical ingrEdientS of our calculation in the next section. Then
nomena in DMS-containing quantum heterostructuig=e  We apply our calculations for the specific case of T-shaped
Refs. 2-5. DMS QWR’s. We note parenthetically that such wires
Any meaningful, quantitative analysis of the interband op-have already been fabricatéd.
tical phenomena in low-dimensional structufead quantum
wires in particulay requires a detailed account of the hole FORMULATION OF THE PROBLEM

eigenenergies and eigenstates, which in zinc-blende semi- - .
conductors are quite complicated. In this paper we focus on The main difference between calculations for DMS-based

this problem in the special case of diluted magnetic semicon@d nonmagnetic structures arises from the presence of the

ductors. We show that the giant spin splitiing introduces adSa/"er-magnetic 'llon g{pdf) ext::harllge mteractlohn. :]'hle cor-
ditional peculiarities to an already intricate problem of hole€SPonding Hamiltonian for the electron and the hole enve-
eigenstates. lope functions in crystals with the zinc-blende structure can

The valence-band states in QWR's have been studieB€ Written in the form of a contact interactfoh
theoretically earliesee Ref. & In the case of semiconduc-
tor QW’s, the Luttinger Hamiltonian describing the holes in He_g= aE 8(r—R))S;S.,
a zinc-blende environment is diagonal for holes, with a van- i
ishing in-plane wave vector. This means that the projection
of the total angular momentum on the growth directidp, N 1
is a good quantum number, and that the hole states in a Hp*d:§5; o(r—Rj)Sjdn, @
two-dimensional(2D) QW can be represented by either
purely heavy-holéHH) or light-hole (LH) states, with],= whereS,; is the electron spin operatoB{= 1/2) andJy, is the
+3/2 andJ,= *+1/2, respectively. The ground state of a holehole total angular momentuml{=3/2) operator,a and 8
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are the exchange integrals, and the sum is over all cation
lattice sites occupied by the magnetic ions having s@ins

An external magnetic field induces a magnetization in the
sample with the total momekE;S;). The exchange interac-
tion given by Eq.(1) in the mean-field approximation can be

written in terms of Zeeman-like Hamiltoniaf* andH £*:

. o1
HE"=GeS:; Hi'=3Gndn, 2
where
Ge=Noax(S)) and Gp=NBx(S) 3

FIG. 1. Potential profile of a 40-A-wide GgMnggsTe/

are effective exchange fields, ards the molar fraction of Cdy7Mgg29MNnggsTe T-shaped quantum wire structure. Gray re-
magnetic ions. To describe the average value of the comp(gions correspond to barriers, and well regions are unshaded. Arrows
nent of the localized spins along the applied magnetic-fieldndicate crystallographic direc.:tiolns..The line contours show the
direction(S?), a modified Brillouin function with two phe- shape of|¥(x.y)|* (see text indicating that the holes are only
nomenological paramete8 = So(x) andTo=Ty(X) is com- weakly localized at the intersection region.

monly used?
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Hereg andSare, respectively, thg factor and magnitude of
the spin of the magnetic ions, apg; is the Bohr magneton.

The remaining two components of average spin vanish in the 0 R* S* P+Q
materials in questiofS’)=(S\)=0. _
According to this notation, the Hamiltonian describing the With
hole states in DMS QWR'’s takes the form
373+ Y2 2 2
. - 1 P=Q= F——k+ * o)k
Fin=FL+ 5 GhS+V(xy), ) ? (V“ 2 [Tz
h is the confini ial in the-y pl SEme v
whereV(x,y) is the confining potential in the-y plane due + nE—— |k

to the presence of the barriers, aﬁq is the Luttinger
Hamiltonian® The form of the Luttinger Hamiltonian de-
pends on the crystallographic direction of the axis of quan- _ 2 2 2.
tization, and will be given explicitly in the next section. In R~ 5 [(v2= va)Ke = 27205+ (v2 va) Ky +idyskiky ],
typical experimental conditions the exchange-induced split-

ting is much larger than the intrinsic Zeeman effect and the

direct Landau quantizatiofup to 100 times One can thus, S=2v3(yskk,—i72kyky),

to a good approximation, neglect the two latter contributions ) .

to the Hamiltonian. wherey,,v»,y3 are the Luttinger parametens, is the free
electron mass, ankl=—i(d/dq;) (9;=X,Y,2).

In this work we restrict our consideration to the case of
the magnetic field applied along the wilg|Z. In this case,

We perform our calculations specifically  for the exchange Hamiltoniaf$* becomes diagonal in the basis

Cdo.9Mng o3T€/Cth 7Mgo Mg osTe  T-shaped  QWR'S, of |+3/2),|+1/2):
since such structures have already been obtained and have

been preliminarily studied experimentallyThus the poten- 1
tial V(x,y) in Eq. (5) describes now the T-shaped confining ﬂﬁX:_GEJZ' 7)
potential(see Fig. 1L The shaded regions in the figure cor- 3
respond to  Cg,MggdMngg3Te  barriers,  while
Cd,y gMng o3Te QW’s are unshaded. The wire structure con-whereJ, represents the matrix of operator of thprojection
sists of two intersecting QW’s witf00-1] and[-110] orien-  of total angular momenturd= 3/2. Therefore, for a vanish-
tations, corresponding in our notation XoandY directions, ing hole wave vector along the wire directiok,&0) the
respectively. TheZ axis is taken along the wire direction, 4X4 matrix of the hole Hamiltonian(5) splits into two
i.e., is perpendicular to the plane of the figure, and extend2x 2 matrices fo+3/2, —1/2) and(—3/2, +1/2) subspaces.
along the[110] crystallographic direction. In dimensionless variables, where the length dritl A and
For such choice of axes the Luttinger Hamiltonian takeshe energy unitEy=7%2/2myd?, the Hamiltonian for the
the form'* (+3/2, —1/2) subsystem takes the form

T-SHAPED QUANTUM WIRES
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The Hamiltonian for thé—3/2, +1/2) subsystem can be ob- ¥ 2 ah X
tained from Eq(8) by taking its conjugate and changing the V= ( ‘Ph) = a|nm cos( L )5_1(_1)n
sign of the exchange fiel@f . It is seen that the exchange WLy nm L Sam X
field Gf, appears in the diagonal matrix elements in ). (b V[ anx my
multiplied by two different coefficients. We can thus expect +1 p S L O1(—1)n|| CO L O_q(-pm
nm X y

that there will be a strong magnetic-field dependence of the

degree of mixing of the heavy- and light-hole states in such [ mmy

QWR structures. +5'”( L_) S1(-1ym
The Hamiltonian(8) commutes with the symmetry opera- g

tor P, which corresponds to a superposition of a reflection i
components.

the x=0 plane and the conjugation operatioRW (x,y) Matrix elements of the Hamiltonia¢8) can be calculated
=W*(-x,y). Eigenvalues of this operator ape=+1. The  gnajytically using the expansion given by Eg0), resulting
hole wave function must therefore satisfy the following con-j, 4 (2*N*M) % (2* N* M) symmetric square matrity and
dition: M denoting the numbers of the basis functions inXrendY
directions, respectively. Performing numerical diagonaliza-
tion of the resulting matrix, one can then obtain the hole
T*(=xy)=x¥(xy). (9  energies and the coefficieng") ,b!) . Note that in the
case of a T-shaped potential profile, when the confinement
region is not well defined, one should be careful to choose
We expand our two-component hole wave function in theL Ly large enough to avoid any influence of these param-
basis of the solutions of the Sclinger equation for two- eters on the final result of the calculation. This applies espe-
dimensional, infinitely deep QW'sL{ and L, are well cially to the hole states in T-shaped QWR structures, which
widths in theX andY directions, respectivelyIn agreement are only very weakly localized at the intersection regisee
with Eqg. (9), we have used as the basis functions in ¥he Fig. 1).
direction only the functions with definite paritgine or co- In Fig. 2 we plot the magnetic-field dependence of the
sine for real part of ¥, and with opposite parity for its relative contributions of the light-hole and the heavy-hole
. . : _ I 2 I 32
imaginary part. For the ground states of the holes this exparcomponents(W|¥)=X, (a, )+ (b, )* and (V| ¥)
sion takes the form =3, m(@l )2+ (bf )2, to the ground-state wave function
for a 40-A-wide(solid lines and a 65-A-widgdashed lines

Cdy 9Mng g3Te/Cd) 7Mgg .eMNng gsTe T-shaped QWR. Posi-

; (10

nWhere indicesh and| correspond to heavy- and light-hole

W — T T tive values of magnetic field correspond to (he3/2, —1/2)
0.9 \\ (+3/2,-1/2) 1 hole subsystem, and negative values of the field td &2,
0.8 Ih § +1/2) subsystem. We see immediately that the character of
0.7 ] the hole ground state can be very strongly varied by an ap-
06 ] plied magnetic field.
. 05l ) 1 One of the possible manifestations of this effect can be a
R (-3/2,4112) ] magnetic-field dependence of the polarization of interband
0'3_- 1 optical transitions in DMS QWR'’s. Since the heavy-hole
] ] states are optically inactive in the light polarizatielz, we
027 hh ——40A ] may expect a decrease of the intensity of optical transition in
01y e 85A 1 this polarization with an increasing heavy-hole contribution
00 S to the hole ground state.

In order to calculate quantitatively the matrix elements
describing the dipole-allowed optical transitions, one needs

FIG. 2. Magnetic-field dependence of the relative contributionst® include in the considerations also the excitonic effects.
of the heavy-hole and the light-hole components to the wave functiowever, the polarization characteristics of the optical tran-
tion of the hole ground state for a 40-A-wideolid line) and a  Sitions depend mainly on the relative contribution of the
65-A-wide (dashed ling CdygMng osTe€/Cdh 7Mgg 2Mng gaTe heavy- and the light-hole components to the hole ground
T-shaped QWR. Positive and negative values of the magnetic fieltate. So, neglecting the excitonic effects and writing down
correspond to(+3/2, —1/2) and (—3/2, +1/2) hole subsystems, the expressions for the intensities of optical transitions in the
respectively. (&l ZIB) and theo (el XL B) polarizations, we have:

Magnetic field [T]
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where ¥, is the wave function of the conduction electron (-3/2,+112)
ground state, andﬁym are the coefficients of its expansion in 064
the basis of the solutions of the ScHinger equation for a

two-dimensional, infinitely deep QW, analogous to the ex-
pression for the holes given by E@.0). Since the expansion
involves in the case of electrons only functions even inXhe

FIG. 3. Magnetic-field dependence of the polarization of optical
transitions between the electron and hole ground states for a 40-A-
. . L h() . . wide (solid line and a 65-A-wide (dashed ling
direction, only terms witha,'; appear in the sums in Eq. ol Mng 0T€/Cah Mo ,Mno o3Te T-shaped QWR. Positive and

(13). ) . negative values of magnetic field correspond to th&/2, —1/2)
In Fig. 3 we present the results of calculations of thegng(—3/2, +1/2) hole subsystems, respectively.

magnetic-field dependence of the polarization of optical
transitions, P=(I,—1,)/(1,+1,), for 40-A-wide relative contribution of the light- and the heavy-hole compo-
(solid line) and 65-A-wide  (dashed ling  nents to the total wave function of the holes by changing an

Cdy.oMng osT€/Cth 7Mgg ,Mng oaTe T-shaped QWR'’s. As €xternal magnetic fiel@. This is in contrast to the case of
exp'ected,' when the contribution of the heavy-hole Comloononmagnetic quantum wire structures, where the character of

nent to the ground-state hole wave function increases, thi® hole shtateshis de'hermdinhed %m)r/] b%; the srt]ru_ct#reNparam-
probability of the optical transitions in ther polarization ~ Et€rs: such as the well width and the barrier height. Numeri-

decreases(see Fig. 2 This clearly leads to a strong cal calculations performed for the case of T-shaped DMS

magnetic-field dependence of the polarization of optical tran-(‘)WR s demonstrate a strong magnetic-field dependence of

sitions occurring in QWR's made of DMS, a feature notthe polarization of optical transitions in such structures due

tered i h struct fabricated. of t.to field-induced changes of the character of the hole ground
fnnactgl:iglgre In such structures fabricated of nonmagneliGare |t is expected that similar effects should also occur in

the case of DMS-based quantum dots.
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