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Exciton oscillator strength in magnetic-field-induced spin superlattices CdTe/(Cd, Mn)Te
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Resonance-reflectivity data on CdTe/(Cd, Mn)Te quantum wells and superlattices are analyzed to ob-
tain the exciton longitudinal-transverse splitting or oscillator strength as a function of the layer widths

and/or the band offsets altered by externally applied magnetic fields. A nonlocal-dielectric-response
theory for single quantum wells and the concept of an optically homogeneous dielectric medium formu-

lated for periodic structures are developed. Strong effects of the magnetic-field-induced type-I-type-II
transition and the spin-superlattice formation for holes on the exciton oscillator strength are found to be
in agreement with our calculations.

I. IhrR.ODUCTION

Quasi-two-dimensional II-VI-semiconductor-based
quantum-well (QW) structures, with their wide, direct
band gaps, have potential applications as optoelectronic
materials in the visible-light region. Their optical proper-
ties have been studied and rather small valence-band
ofFsets and strong exciton efFects have been demonstrat-
ed. ' As a result of these characteristics, an additional
confinement of holes is expected to arise due to the
Coulomb interaction averaged over the electron distribu-
tion normal to the QW plane.

The incorporation of diluted-magnetic-semiconductor
barrier layers in QW structures, such as the model
CdTe/(Cd, Mn)Te system, provides an exchange interac-
tion between the spins of carriers that are essentially
confined within the CdTe layers and those of the
paramagnetic Mn + ions located within the (Cd,Mn)Te
barrier layers. This has been demonstrated to cause a
formation of the two-dimensional exciton magnetic pola-
ron, ' together with other spin-dependent effects of a
large Faraday rotation' and the giant Zeeman splitting
of the QW excitons associated with that of the band
edges. ' ' '" The latter effect has been intensively stud-
ied in evaluation of the valence-band offsets since it offers
a unique opportunity to tune continuously the electronic
bands and confining potentials through the application of
external magnetic fields. However, to make a correct
determination of the valence-band offset from the
Zeeman-splitting analysis one has to take into account
changes in the exciton binding energy as well as the effect
of the Coulomb potential well on the hole confinement
energy.

In QW structures with low Mn content, the large Zee-
man shift of the valence-band edge for a particular spin
component may overcome the valence-band offset at
moderate magnetic fields. This can lead to the transition
from a type-I band alignment, where the electron and
hole are confined to the same layer and their wave func-
tions overlap substantially along the growth axis, to a

type-II band alignment for the heterostructure with the
electron and hole spatially separated and localized in
different layers. As a result, the transition will change
drastically the exciton binding energy and oscillator
strength. The former efFect has been evaluated from the
Zeeman-shift analysis of the 0 + component in
CdTe/Cdo 93Mnp p7Te multiple-quantum-well (MQW)
structures. ~ The magnetic-field-induced localization of
electrons and holes with the spin-up state in the nonmag-
netic layers and those of opposite spin in the semimagnet-
ic layers leads to formation of a spin superlattice with the
same period as the structural superlattice (SL). The spin
SL formation has been demonstrated by optical-
transition-strength analyses in ZnSe/Zno 95Mnp pgSe (Ref.
12) and ZnSe/Zno 99Fep p'Se (Ref. 13) MQW's.

In this paper we report our results of a resonance-
reflectivity study of the confined exciton parameters as a
function of the QW width in single-quantum-well (SQW)
structures and of layer thicknesses in superlattices or as a
function of barrier heights altered by the presence of an
external magnetic field. Based on a nonlocal-dielectric-
response theory developed for SQW structures and the
concept of an optically homogeneous dielectric medium
formulated for periodic heterostructures, we can analyze
the resonance-reQectivity line shapes to measure the exci-
ton resonance frequencies coo, longitudinal-transverse
(LT) splitting coLr, and damping I. Throughout the pa-
per we will concentrate on the exciton oscillator strength
(or LT splitting) rather than on the other exciton parame-
ters, since it is extremely sensitive to the shape of the ex-
citon envelope wave function and to some relative redis-
tribution of the electron and hole densities in excitons
which are governed by the tuning of their confinement.

The organization of this paper is as follows. A theory
of the exciton re6ectivity, as well as calculations of the
exciton LT splitting in SQW and SL structures, is
developed in Sec. II. Experimental details are described
in Sec. III. Experimental results and a comparison with
calculations are given in Sec. IV. Effects of the type-
I—type-II transition and spin-superlattice formation for
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holes revealed in the exciton oscillator strength behavior
are discussed. Conclusions appear in Sec. V.

II. THEORY

the vicinity of the exciton resonance frequency cop, the
coe5cient r123 for s- and p-polarized light is given
by'4'"7'8 {see also Ref. 16)

We will consider the light reflection from a single
quantum well, multiple quantum wells, and a short-
period superlattice. First, the resonance reflectivity will
be connected with the exciton envelope function
%,„,(r„rh ) through the exciton oscillator strength or the
longitudinal-transverse splitting ALT. Then, the function
4,„,as well as parameters coif, co„TQ, and coLT will be
calculated for difFerent limiting cases.

A. ReSection from a SQW

iI iI"
r~123

cop c—o i—(r+I p) pip
—co —i(I +I q)

(3b)

Here the nonradiative exciton damping I is a parameter
of the theory which is determined from a comparison
with experiment, for the radiative exciton damping one
obtains

The amplitude coefficient r=E„/Ep for the reflection
from a SQW structure shown in Fig. 1(a) is expressed in
terms of the coeScient r,23 of the reflection from layer 2
(quantum well) as follows:

PP] +f 1238T=
1 +fP1 F1238

Here rp1 is the reflection coeScient at the boundary
"vacuum-cap layer, "

s 2k LT, i ' P 2 s ' k L'fill
1z k

1 1z

(4)
k, =kpsinyp .

3
2fP(z} co(sk„z)dzspw 7TQB

~LTq LTq

For the simple conduction- and valence-band structure
the oscillator strength (or the efFective longitudinal-
transverse splitting} for an exciton in a QW can be writ-
ten as

ki =kp+eb q cosg7i 1

' 1/2
sin yp

6b

P=ki, (2di+a ), ki, =kicosyi,
g) with

p(z) f sQw(0, z, z)

{pp is the incidence angle, a is the QW width, pi is the light
frequency, eb is the dielectric constant of the cap layer
which is supposed to coincide with that of the layer 3 and
with the background dielectric constant of the QW. In

1 2 3

1 2 3

4e P„
LT, g B

7lQ7PNl P 6b

where g=l or ~~, aa is the exciton Bohr radius in a bulk
crystal, the factor aii is introduced in Eqs. (5) and (6) for
convenience, the interband matrix element of the momen-
tum operator is defined by

P,'„„=g((cs(p.e„)vm &)',
s, m

ei~~z, eilz, s, and m are the spin indices of the electron
states in the conduction (c) and valence (v) bands at the I
point. The function ysQw{p, z„zh ) is connected with the
exciton wave function according to

1
q sQw(re rh } expIi(k„X+ky Y)I&sQW{p,z„zh ),

S

dq d2

p„=x,—xz, p =y, —
y&, Land Y are the exciton center-

of-mass coordinates, S is the heterostructure area in the
(x,y) plane. The frequencies pip and cop are the exciton
resonance frequencies renormalized due to the exciton in-

teraction with the electromagnetic field

FIG. 1. Schematic illustration of reflection at oblique in-

cidence of light with polarization in the incidence plane {p) or
normal to that (s) from a single-quantum-we11 structure (a) and a
superlattice or multiple-quantum-we11 structure (b).

SP= COP+ —,k, COLT imaB1 3

x f dz f dz'@(z)4(z')sin(k„)~z —z'~,

cop=cop+co„T iaaf f4 (z)dz+(k„/k„) (cop —cop) .

The resonance frequency renormalization and the pres-
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ence of I in the denominators of Eqs. (3a) and (3b} are
two difFerent polaritonic effects for excitons in a SQW. It
is appropriate to mention here that the effect of retarding
electron-photon interaction on exciton spectra in the one-
and two-dimensional crystals has been analyzed in Ref.
19.

If mixing between the heavy- and light-hole states is
neglected, then we have for the e 1-hh1 (ls) excitons

(8a)

and for the e 1-lhl (ls} excitons

(8b}

where S(r} and X(r), Y(r}, Z(r) are the I -point Bloch
functions of the symmetry I, and I ».

It is instructive to compare Eq. (3a) [or (3b)] with the
reflection coeScient r1z3 from a layer of thickness a
characterized by a local dielectric function

eff

e(co}=eh +
COp CO

—
/ I

'2
a +b LT

E'b « 1, (12b)

1 —exp(2i it) z )
F123 2

f 12
1 —r izexp(2iiI}z}

(13)

H«e it)z=kz, dz and r, z is the reflection coefficient at the
boundary between layers 1 and 2. For p-polarized light,

1/2
sin yp

k2 =kp E~ 1

where A, is the light wavelength in vacuum. Note that the
criterion (12b) difFers from the more stringent condition
coLTQ « I discussed in Refs. 16 and 21. Thus, if the
conditions (12a}and (12b) are satisfied, then co„To is the
longitudinal-transverse splitting for excitons in MQW s
in the same sense as a similar notion used for A or 8 exci-
tons in CdS or CdSe bulk crystals (see, e.g., Ref. 22).

The amplitude reflection coeScient for the structure
shown in Fig. 1(b} is defined by expression (1},where one
has to set /=2k&, d& and

7TQg
3 '2

LT, q (9)

and incorporated in a medium with the dielectric con-
stant Eb' For k1 & «1 «Eb and coLT I ~123 and ~123

coincide if we set

and

Gospel'1/ eJ [eb(ei sin iso)/ei]
12

cosipi'1/ eJ + [eb(ei sin ipo)/ei]
(14)

MQW
~b COLT, i

E»» =eye =eg(c'g) =eb +
COp CO r I

MQw

ezz =el(N) eh+
g

~bCOLT,
//

COp CO / I

(10)

In this case I, , I ' « I and the denominators in Eqs.
(3a) and (3b) can be reduced to coo —co —iI'.

B. Reflection from a periodic heterostructure

Let us consider now a regular MQW structure, i.e., a
set of QW's separated by barriers thick enough to make
them impenetrable for free carriers. %hile, from the
viewpoint of the electronic properties, each of these wells
is isolated, the presence of many wells affects noticeably
the optical characteristics of the structure. In the ap-
proximation of an optically homogeneous dielectric medi-
um the response of such a structure can be described by
the dielectric tensor with components' '

According to Eqs. (6) and (7a) the el-hhl (ls) excitons
are dipole-moment inactive in the polarization ellz, i.e.,
coLTQ~~ =0 and el=eb [see Eq. (9}]. In this case r, z
reduces to

Qeb
12

1/ el + '1/ eb
(14a)

C. Longitudinal-transverse splitting in a SQW

The exciton envelope wave function qrsQw given by Eq.
(7}can be represented as

and becomes independent of the incidence angle yp.
Equations (1) and (12) are valid also for the description

of reflection from a structure with a short-period SL.
Since in this case the electron motion is three dimension-

al, the longitudinal-transverse splitting coLT differs from
the parameter aiLTQ in Eq. (9}and cannot be expressed in

terms of coLp by the simple relation (11).

where ysQw(p, z„zb ) fp U, (z, ) Ub(zb ), — (15)

and

k, (a+b) «1 (12a}

MQW ~ SQW
COLT, g +y COLT, g &

0 0+ALT, l~aB @ (z)dz ~LT, i
C 3 2 MQW

b is the barrier thickness and coLp „is introduced in Eq.
(5). It has been shown' that the criteria for the validity
of the homogeneous-medium approximation are as fol-
lows:

where f (p) describes the relative motion of the electron
and hole in the QW plane.

At the bottom of the subband el or hhl, U„(z) is an
even function given as follows:

C„cos(k„z) for lzl (a/2
U (z)= '

D„exp[ —X„(lzl —a/2)] for lzl) a/2 . (16)

Here k„=(2m„'E„/fi )'~, X„=[2m„"(V„E„}/fi]'~, —
E„ is the con6nement energy of a conduction electron
(n =e) or heavy hole (n=hh}, m„' is the electron or
heavy-hole effective mass in the corresponding bulk semi-
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conductor, Q and b being the indices of well and barrier
layers, V, and Vhh are the offsets of the conduction and
valence bands, respectively.

For the boundary conditions with continuity of U„(z)
and m„'dU„(z)/dz, C„and D„can be written explicitly
as

above procedure taking account of an additional heavy-
hole confinement along the z direction due to the adiabat-
ic Coulomb potential created by the electron in the exci-
ton. ' In this case f(p) and the hole envelope function
Ub(z) in Eq. (19) for ysQw can be found as a self-
consistent solution of the set of Eq. (20) and equation

sin(k„a )
C„= —1+ +

2 k„Q

D„=C„cos(k„a/2) .

1+cos(k„a )

y„Q

d
2

+ Vb(z)+tv(z) Ub(z)=Eb Ub(z),
2m '„dz

where

(24)

Following Ref. 20 and using Eqs. (9} and (16), we obtain
for k1Q ((1,

U,'(z, )f '(p)
w(z„)= — f f ' '

2npdpdz, ,
b gp +(z, —zb)

(2&)

~Q~3 f (0)I

2DeDI,Ib
+e ++hh

(19)

In the adiabatic approximation for the 1s exciton the
relative motion wave function f (p) satisfies the two-
dimensional Schrodinger equation

1 d d
p +v(p) f(p) =E,„,f(p) (20)

2pi p dp dp

with the effective potential

where contr:cotr j and I,h= f dz U, (z)Ub(z). The over-

lap integral can be conveniently represented as I,'h+I, h,
where

sin[(k, +khh)a/2]
Ieh CeCh '

k +ke hh

»n[(k, —k»)a/2]+
k, —k

Vb(z) = Vhh8(~z~ —a/2) and 8(x) is the steplike Heavy-
side function. Following Ref. 4 we approximate the hole
confinement potential by a parabola (harmonic-oscillator
potential). In this case Ub (z) has a Gaussian form

' 1/2 —1/2

Ub(z) = — Lb

' 1/2 1/2
AaZ ehQ

Lz=

z

Lz
exp

(26)

D. Longitudinal-transverse splitting in a SL

For a short-period SL with wide minibands the
electron motion becomes three dimensional, the
longitudinal-transverse splitting can be calculated by

where m I,h is the heavy-hole effective mass in the z direc-
tion. Estimations show that for CdTe/Cd& „Mn„Te
QW's the parabolic approximation of the hole
confinement potential is valid for a &28 and 33 A if
x =0.25 or 0.1, respectively.

U, (z, )Ub(zb)
v(p) = — f dz, f dz„

~b Qp +(z, —
zb )

(21)

SL
~LT

(27)

Here p~=m, m„h/(m, +m„„) is the reduced effective

mass, m„ is the transverse (in-plane) effective mass of an

electron or a hole, —E,„, is the exciton binding energy.
To solve Eq. (20) we apply the variational approach with

a trial function of the form

Here fst (r) is the relative motion wave function of an ex-

citon in the SL, r=r, —rI„J,h is the overlap integral of
the periodic (super-Bloch) amplitudes at the bottom of
the electron- and heavy-hole minibands. In the general-
ized Kronig-Penney model we have

' 1/2

f(p) = — exp
2 1 p
7T Qg Qg

(22)

J,h
—J,'h+ J,"h,

sin[(k, +k» )a /2]
Jch CeC~ '

e hh

where Qz is a variational parameter.
Minimizing the energy E,„,(as ) we obtain the equation

for the optimal value of Qz.

»n[(k, —k»)a/2]+ (28)

dppv p 1 — exp — = — . 23
00 p 2p

0 Qg Qz 8@~

For the two-dimensional (2D} Coulomb potential

uzD(p) = —e /(ebp), Eq. (23) provides as —=as
=A 6'b /2Pge

In the following, we also use the modification of the

sinh[(y, +y» )b /2]
J,h =DeDI

+e +hh

sinh[(y, —y»)b/2]+
+e +hh

C„and D„are defined by
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sin(k„a )C„= 2 a+
n

1+cos(k„a ) sinh(y„b )+ b+1+cosh(g„b ) Xpg

cos[k„a /2]D„=C„" cosh[y„b/2]

—1/2

E. Semimagnetic heterostructure
in the presence of external magnetic fields

In heterostructures with semimagnetic barriers, a lon-
gitudinal magnetic field H~~z changes the band offsets by

b, V,'(H, ) = — Xs (S,),
vo

av„„(H)=— X (S, ) .
3vp

(30)

Here uo=ao/4 is the unit cell volume (in CdTe the lat-
0

tice constant a0=6.48 A), a and P are the constants of
exchange interaction between the conduction/valence
states and magnetic ions, S=+—,

' and m =+—,
' are the

electron and heavy-hole spins, (S, ) is the thermal aver-

age of a magnetic ion spin.
For CdTelCd, „Mn„Te system we have

(S, ) = 2Bs)2(5gpsHg/2—ks(T+ TAP )), (31)

p~ being the Bohr magneton, g the Mn +(3d ) ion g fac-
tor, and B5&2 the Brillouin function. According to Ref.
24 a/uo =220 meV, P/u0=880 meV, and g =2.

In order to take into account the antiferromagnetic
Mn-Mn spin coupling we have introduced in Eqs. (30)
and (31) two fitting parameters: the effective manganese
content X an the antiferromagnetic shift of temperature,
TA„. In the paramagnetic phase 2=x and TAF=O,
whereas in the spin-glass phase x &x and TAF &0. This
reflects the antiferromagnetic interaction resisting the
Mn + spin alignment along the magnetic-field direction.

The dependence of band offsets V, +hV,', Vhh+AVhh
on s and m results in the spin splitting of the electron and
hole QW subbands or SL minibands. Therefore, the exci-

The relative electron-hole motion can be approximated
fairly well by a trial wave function

fsz(r)=(na(~aj )

Xexp[ —[(p/ai) +(z, —z„) /aii ]'i j, (29)

with the variational parameters a~~ and a~.
It should be mentioned that the interband matrix ele-

ments P,'„, P,U
in well and barrier layers are different in

the general case. This difference can be taken into ac-
count if we replace P,„by P,'„ in Eq. (6) and I,h, J,h by

b b
g cU b g cU b
eh z Ieh & eh z eh

P,'„' P,'U

in Eqs. (18) and (27).

ton states ~s, m ) are also split.
At normal incidence the light is reflected in the diago-

nal circular configuration (a+,cr+) or (o,cr ). In this
case, the reflection coei5cient r&23 is given by

0'+ il
P 124 7

coo
—co —i(I g+I g)

(32)

where co o, I +, and I + are the resonance frequencies,
nonradiative and radiative dampings of the QW exciton
states with j=s+m =+1.

In the presence of a longitudinal magnetic field the
effective dielectric tensor e &

of a MQW structure or a SL
is diagonal in the basis (o +,O, z ) with

Ebcoz,r( &+ )
e (a)) =eh+

co co / lp

(33)

CdTe/Cd& „Mn„Te SQW structures and superlattices
were grown by molecular beam epitaxy on (100) CdTe
substrates followed by CdTe buffer layers and 6000-A
Cd& „Mn„Te layers. The structures contained either a
set of SQW's separated by 1000-A-thick barrier layers or
50-period SL's with equal widths of well and barrier lay-
ers. The SQW width a and the SL period a+b =2a
ranged from 6 to 300 A and from 24 to 120 A, respective-
ly. The manganese content in the barrier layers was
x =0.25 or 0.1. The lattice mismatch between the
Cd ] „Mn„Te barriers and the CdTe wells is approxi-
mately 0.5% and 0.2%%uo for the above contents, respective-
ly. Our structures are expected to be relaxed and thin
CdTe SQW's strained to the Cd& „Mn„Te barriers while
in the SL's both the well and barrier layers are strained.
A comparison of the heavy- and light-hole exciton split-
tings in single and multiple quantum wells of equal
widths has demonstrated that the strain-induced split-
tings appear to be smaller than energies of the electron
and hole quantization.

Reflection spectroscopy has been performed at
pumped-liquid-He temperature of 1.6 K. Reflection spec-
tra were taken at the Brewster-angle geometry with light
polarization in the incidence plane or at the normal-
incident geometry. Photoluminescence spectra were ex-
cited using an argon-ion laser (514.4 nm). A 2.5-m dou-
ble monochromator with cooled photomultiplier and as-
sociated photon counting system were used for data ac-
quisition. The magnetic field was applied in the Faraday
geometry parallel to the structure axis [100] by using a
superconducting magnet up to 7 T. In this case reflection
was taken at normal-incidence geometry and analyzed in
circular polarizations.

IV. RESULTS AND DISCUSSIONS

A. Exciton resonance reflectivity

Resonances attributed to the heavy- and light-hole ex-
citon ground states from SQW's of different widths dom-

where co„r(o +) can be identified as an oscillator strength
for excitons with the angular momentum j=+ 1 or —1

and are calculated in accordance with Eqs. (11)or (18).

III. EXPERIMENTAL DETAILS
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FIG. 2. Photoluminescence (dashed) and reflection (solid)
spectra taken from the CdTe/CdQ 9MnII ITe SQW structure at
an incidence angle of 74' in p polarization. SQW widths ranged

0
from 100 to 6 A. Arrows indicate the resonance energies of the
heavy- and light-hole excitons evaluated from the reflectivity
line-shape analysis.

inate the overall reflection spectrum taken in p polariza-
tion at incidence angles close to the Brewster angle, as
shown by the solid line in Fig. 2. Neither an influence of
the light-hole resonance in thin SQW's nor effects of oth-
er excited states on the heavy-hole exciton resonance line
shape are expected since these resonances are hardly
resolved from the background reflectivity of the SQW
structures. Intense luminescence peaks of the heavy-hole
excitons photoexcited above the band gap of the
Cd, „Mn„Te barriers, shown by the dashed line in Fig.
2, appear to be redshifted from those resonance fre-
quences measured by the reflectivity line-shape analysis
and indicated by arrows. The redshifts result from an ex-
citon localization on the one-monolayer fluctuations of
the QW width. Since the QW width fluctuations change
the electron and hole confinement energies, their contri-
bution to broadening of the exciton resonance reflectivity
line shapes dominates in thin QW's and is described in
Sec. II by the exciton nonradiative damping I . A sub-
stantial increase in the broadening with a decrease in the
QW width is observed in agreement with the theoretical
dependence of confinement energies on the QW width.

Figure 3(a) displays the heavy-hole exciton reflection
spectrum taken from a 80-A-thick SQW at the normal-
incidence geometry (solid line} together with that calcu-
lated (dashed} in the approximation developed in Sec.
IIA. Three parameters were used in the fitting pro-
cedure: (i} the resonance frequency coII, evaluated from
the resonance spectral position and the line-shape phase
analysis; (ii) the exciton damping I; and (iii) the
longitudinal-transverse splitting, coif, which governs
both the line-shape half-width and amplitude. The
confinement effect provides RIoLr =1.25 meV, which
exceeds by approximately a factor of 2 the value for exci-

20-

1.632
I I I

1.640 1.648
Energy (eQ)

I

1.656

FIG. 3. Normal incidence reflection spectra (solid) in the
heavy- and light-hole ground-state excitons region taken from
CdTe/CdQ 9MnQ, Te structures with an 80-A-thick SQW (a) and
a 120-A period MQW (b). Calculated spectra (dashed) are fitted
with %coo"=1.624 eV, fico~&T=1.25 meV, fiI ""=1.10 meV,

mb =9.9 for SQW and with fiaIt"=1.640 eV, fiQIQ"=1.657 eV,
duo"" =1.10 meV, ~'" =1.0 meV, $I'""=1.50 meV, QADI'"=4 1

meV, eb =9.6 for MQW.

tons in bulk CdTe. Note that in this SQW A'I =1.1 meV
is even less than the fuu„T value. As far as we know, this
is the first observed spectrum in quantum-well structures
with the ratio co„T/I'& l. According to Eq. (4) for a
SQW structure the strength of exciton-polaritonic effects
is determined by the parameter

r kiu ~~V
r 2 r

0
which remains for a =80 A rather small to make polari-
tonic effects noticeable. However, in a MQW structure
with coLT/I -1 and a -b, one could observe pronounced
effects specific for exciton polaritons in the bulk crystals
(see Ref. 19).

The heavy- and light-hole exciton reflection spectrum
taken from a 60/60-A MQW structure is shown by the
solid line in Fig. 3(b}. The best fit to the calculated curve
(dashed line) is obtained with co„T/I -0.7 for the heavy-
hole exciton. This ratio is very close to the criterium of
the polariton effect manifestation. Therefore, we con-
clude that the II-VI MQW structures are real candidates
for the demonstration of the superlattice polaritonic
effect. It is worth noting that this criterium is hardly
satisfied for the III-V MQW structures where the co„To

value is less by a factor of 3 when compared to those in
CdTe/CdII 9MnII ITe MQW's.

The excellent agreement obtained between the experi-
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20- x=0.1

mental and theoretical resonance reflectivity allows us to
determine accurately the heavy-hole exciton parameters
as a function of the QW width. Figure 4 displays the
dependences of the effective longitudinal-transverse split-
ting on the SQW width for two contents x =0.1 (a) and
0.25 (b) of the Cd, „Mn„Te barriers. RcorP is normal-
ized to %ALT'" =0.67 meV measured in 300-A-thick
SQW's, which coincides with the LT splitting derived
from the polariton interference experiments on bulk
CdTe layers. The LT splitting shows a slow monotonic
increase in the range of QW widths down to 30 A and a
dramatic enhancement for thinner wells which tends to
saturate or even to turn back in the thinnest QW's (a & 18
A) for x =0. 1 or 0.25, respectively.

The figure also includes results of our calculations us-
ing three different models: (i} for the 2D Coulomb
electron-hole potential determined by —e /(ebp), as
shown by solid lines; (ii} for the quasi-2D Coulomb poten-
tial given by Eq. (21), as shown by dashed lines; and (iii)
in the parabolic approximation for the adiabatic hole
confinement potential (dotted lines). In the calculations,
we assume Vhh=0. 125Eg and take into account the
strain-induced valence-band offsets of 4.5 or 11 meV for
x=0. 1 or 0.25, respectively. This provides barrier
heights for heavy holes of 23 and 59 meV for the above
contents. Neglecting the differences between the effective
masses in the well and barrier layers, we take
m,' =0.09mo and mhh =0.5mo in the structures with
x=0.1. In the case of x=0.25, the barrier effective
masses are taken m, =0.15mo and m h„=0.75mo.

For QW's thicker than 32 A the data appear to be in

excellent agreement with the predictions of the third
model and to indicate that the hole is subject to the com-
bined effective potential with a dominant contribution
from the adiabatic Coulomb potential. The dramatic
enhancement of the LT splitting by more than a factor of
30 (15) observed in the thinner wells of x =0.25 (x =0.10)
structures seems to be in line with the predictions of the
first model and governed by the aP&P (a ') dependence
[see Eq. (9)]. In the narrowest QW's, the deviation of the
effective potential v{p) from the 2D Coulomb potential
provides a limitation of this increase. Taking into ac-
count the transition from the 2D to 3D character of the
exciton wave function due to its substantial penetration
into the barrier layers, the second model explains qualita-
tively the observed behavior of the LT splitting as a result
of the corresponding increase in the in-plane exciton
Bohr radius.

In Fig. 5 the normalized longitudinal-transverse split-
ting of the heavy-hole exciton is shown as a function of
the SL period for the x=0. 1 (open circles) and 0.25
(closed circles) periodic structures. The observed non-
monotonic behavior is characteristic of the 2D-3D transi-
tion for the exciton wave function. The transition occurs
when a period decreases down to 60 A. The exciton
confinement effect governs an increase in the LT splitting
for MQW's with barrier widths down to 35 A. A de-
crease of the fuuz T values in SL's with shorter periods in-
dicates that the exciton wave function spreads at least
through several SL layers. Figure 5 also includes results
of our calculations assuming the above set of parameters
and using Eqs. (11},(18), or (27) for MQW or SL struc-
tures with x=0. 1 (0.25) as shown by dotted (dashed-
dotted) or dashed (solid) lines, respectively. The values of
corP connected with the ra„P by Eq. {10)were calculat-
ed taking into account a shrinkage of the hole envelop
function Ul, (z) described by Eq. (26).
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FIG. 4. The longitudinal-transverse splitting of the heavy-
hole exciton normalized to that of the exciton in bulk CdTe
(closed circles) as a function of well width a in SQW structures
with x =0.1 (a) and 0.25 (b). Calculations with the 2D-
Coulomb electron-hole potential (solid line), quasi-2D-Coulomb
potential (dashed), and in the parabolic approximation for the
adiabatic hole confinement potential (dotted) with parameters
explained in text.

Period (A)

FIG. 5. The normalized longitudinal-transverse splitting of
the heavy-hole exciton as a function of a period in regular struc-
tures with equal width of the well and barrier layers and x =0.1

(open circles) and 0.25 (closed circles). Theoretical curves are
computed for MQW's with the use of Eqs. (11) and (18) for
x =0.1 (dotted line), 0.25 (dashed-dotted), and for SL's with the
use Eq. (27) for x =0.1 (dashed) and 0.25 (solid).
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In agreement with the theoretical prediction [see Eq.
(10)] the measured values of cot TO (Fig. 5) and coif (Fig.
4) difFer by a factor of —,', which is nothing else than the
ratio ai(a+b) at a =b. The values of LT splittings in
the x =0. 1 SL's are weakly dependent on the SL period
and are close to the bulk value signaling the 3D character
of the exciton wave function due to an existence of both
the electron- and heavy-hole minibands. While a strong
reduction of coIT observed with period decrease in the
x =0.25 SL's is governed by the electron miniband for-
mation.

20-

40-

m

I

I

)

I
I I

B. Magnetic tuning of exciton parameters

By altering the barrier heights substantially by external
magnetic fields, one has the opportunity to study changes
of the dimensionality of the exciton wave function and
the type of the 2D heterostructures, monitoring the exci-
ton parameters for particular spin components as a func-
tion of the magnetic field. The hole contribution to the
exciton Zeeman splitting dominates because of the small-
er value of the electron exchange constant in comparison
to that of holes. The efFects are expected to occur in
structures with Cdp 9Mnp &

Te barriers where the Zeeman
splitting of the valence-band states at moderate fields
exceeds the valence-band ofFset at zero field.

The Zeeman splittings of the heavy-hole exciton states
~

—
—,', —,

' ) and
~ —,', ——,') measured at magnetic fields parallel

0
to the growth axis are shown in Fig. 6 for a 18-A-thick
SQW (a) and for a 40-A-period SL (b). The figure also in-
cludes results of our calculations with the use of Eq. (30)
and the above set of band parameters for x =0. 1 with
T~„=2.4 K and x =0.05 or 0.07 for the SQW and SL,
respectively, shown by solid lines.

According to Eqs. (30) and (31), the offset of the
heavy-hole state m =

—,
' vanishes at the magnetic field Hp

that satisfied the equation

c 20

10
N

10

20

30-

Magnetic Fiejd ITI

FIG. 6. Zeeman splitting of the heavy-hole exciton in an 18-
0
A-thick SQW (a) and a 40-A-period SL (b) with x =0.1. Curves
are calculated with use of Eq. (30) and parameters T&F =2.4 K,
X =0.05, or 0.07 for SQW or SL, respectively.

The longitudinal-transverse splitting of the o.+ com-
0

ponent in an 18-A-thick SQW as a function of external
magnetic fields is shown by closed circles in Fig. 7. A de-
crease of the LT splitting from 9.0 meV at zero field to
2.3 meV at high magnetic fields can be seen; that is, the
oscillator strength is decreased by a factor of 4, signaling
the hole confinement in the barrier layers.

s, &=v».
2Up

(34)

For the assumed value of Vhh =23 meV, we find Hp =1.3
T. Any further increase of the magnetic field causes
heavy-hole localization in the barrier layers. Observing
in the SQW a reduction of the cr+-component shift in
comparison to that calculated [dashed line in Fig. 6(a)],
one could assign this behavior to a decrease of the exci-
ton binding energy due to the type-I —type-II transition
for heavy holes. However, the hole confinement to an ad-
ditional adiabatic Coulomb potential is expected to shift
a manifestation of the transition to higher fields. To take
into account both of these effects on the exciton Zeeman
splitting in SQW's it is necessary to carry out variational
calculations.

The 3D character of the electron and hole wave func-
tions in the short-period SL's makes features attributed
to the type-I —type-II transition hardly observable in the
exciton Zeeman splitting. This is clear from Fig. 6(b),
where the excellent agreement between the experimental
splitting and that calculated in the Kronig-Penney model
for the 40-A-period SL is demonstrated.

0.8-
O

3 0.6-

0.4- ~ ~

0.2-

Magnetic Field (TI

FIG. 7. Normalized oscillator strength of the low-energy
(cr+) Zeeman component of the heavy-hole exciton (closed cir-
cles) as a function of an external magnetic field in an 18-A-thick
SQW. Solid curves were computed with use of Eqs. (5) and (6)
and the valence-band offsets: 1 —15, 2-20, 3—25, and 4—50 meV.
Dashed-dotted line —the normalized oscillator strength of an
exciton formed by a 3D hole and 2D electron computed using

Eq. (35).
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According to Eq. (34) at the particular magnetic field
of 1.3 T the exciton with j= 1 can be considered approxi-
mately as formed by a 2D electron with the in-plane
effective mass m,' and a 3D hole with the masses
m«=m„„, m~ =m»=m&. Choosing a trial function in
the form

1
psQw(prize ~zh }

21rglQ j
2 2

1/2

z+ z
U(z }

CXll a J

and approximating U, (z) by (2/a)'~ cos(nz/a), we ar-
rive in this case at

Xexp

32 e'IS,.I'
~&g (o )

ficopm p eb a
ll
a J

(35)

Here ALP (o+ ) is the oscillator strength for a SQW exci-
ton with the angular moment component j= 1 and all, a J

coincide with the parameters of a similar variational solu-
tion for a 3D exciton with the reduced effective masses pJ
and pll

=mhh. Coulomb interaction of an electron strong-
ly confined to the CdTe layer with a 3D hole provides
cot'r computed by use of Eq. (35) and shown in Fig. 7 by
horizontal dashed-dotted line. The experimental values
of the LT splitting tends to arrive the horizontal line at
H ~Hp. Moreover, a further decrease of the oscillator
strength found at fields higher than 4 T directly indicates
the heavy-hole confinement to the Cd& Mn„Te layers.
We consider Fig. 7 as a convincing demonstration of the
magnetic-field-induced transition from a type-I to a type-
II heterostructure for the exciton state

~

—
—,', —,

' ) contrib-
uted to the (cr+,o+) refiection. The figure also includes
results of our calculation based on Eqs. (5) and (6) for a
number of valence-band offsets. A comparison of these
results with a strong quenching of the oscillatory strength
observed at H &Hp shows that this effect is very sensitive
to the valence-band offset.

A pronounced effect of the transition from a type-I to a
type-II SL on the exciton oscillator strength is also found
in a 40-A-period SL. As we conclude based on the data
of Fig. 5, an exciton is formed from the 3D-miniband
electron and hole in this SL. The observed behavior of
the oscillator strength for the high-energy 0. com-
ponent, shown by the open circles in Fig. 8, provides evi-
dence that the magnetic-field-induced increase in the bar-
rier heights appears too weak to destroy either the elec-
tron or hole miniband. This is in agreement with results
of our calculation, shown by the dashed line.

The oscillator strength of the sr+ component reveals
nonmonotonic behavior reducing to the minimal value at
Hp 1.3 T and increasing at higher fields to values even
larger than coLr at &=0 (Fig. 8, closed circles). This
effect is governed by changing the offset sign for holes
with m =

—,
' and described by the hole-miniband mass be-

havior: it is minimal at H=Hp and increases at higher
fields as a result of the hole localization in the
Cd& „Mn„Te layers. Some deviations from the theory
shown by the solid curve in Fig. 8 from the experimental

C)
I-
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0.9

0.8-

Magnetic Field (T)

FIG. 8. Normalized oscillator strength of the cr+ (closed cir-
cles) and cr (open) Zeeman components as a function of an

0
external magnetic field in a 40-A-period SL with x =0.1. Re-
sults of our calculation with m,'= m, =0.1m 0 and

m hh
=m hh

=mo are shown by solid and dashed lines.
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FIG. 9. Normalized oscillator strength (a) and damping (b) of
the o.+ (closed circles) and o (open) components as a function

0
of magnetic field in a 60-A-period SL with x =0.1. The dashed
and solid curves in (a) were calculated with m'=m for elec-
trons and for heavy holes. The lines in (b) are guides for the
eye.

data can be attributed to a difference of mass values in
the CdTe and Cdj, Mn„Te layers, which is neglected in
this calculation. The above result shows clearly the
spin-dependent redistribution of the hole wave function
between the adjacent layers that is the magnetic-field-
induced spin SL formation in the CdTe/Cde9Mno, Te
system.

Figure 9(a) displays the oscillator strength behavior of
the exciton Zeeman components in a 60-A-period SL's.
In accordance with the results of our calculation shown

by the solid curve in Fig. 9(a}, the efFect of the type-
I-type-II transition on the exciton oscillator strength is
less remarkable in the 60-A-period SL (closed circles for
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the o + component). At the same time, a more pro-
nounced effect of the magnetic field is found on AcoLT of
the o component shown by the open circles in Fig. 9(a).
An increase in the barrier heights causes a destruction of
the electron and hole minibands and the exciton oscilla-
tor strength enhancement in qualitative agreement with
results of our calculation shown by the dashed line. The
theoretical dependence predicts smaller oscillator
strengths than those observed. This disagreement seems
to be avoided by taking into account an additional hole
confinement originating from the 2D electron Coulomb
interaction. In Figs. 9(a) and 9(b) we compare the
magnetic-field dependences of the exciton oscillator
strength and damping [see Eq. (33)]. An increase of the
oscillator strength for the 0. component is accompanied
by that of damping, while the oscillator strength and
damping of the 0.+ component decrease slowly in the
presence of magnetic fields. The observed correlation be-
tween these dependences can be understood by taking
into account that an increase (decrease) in the barrier
heights and, consequently, in the confinement strength
causes an enhancement (quenching) of the oscillator
strength as well as that of the effect of the layer width
fluctuations on the exciton damping. Our findings, based
on the resonance reflectivity studies of the exciton
longitudinal-transverse splitting and damping, demon-
strate clearly the magnetic-field-induced 3D-2D transi-
tion in short-period SL's.

V. CONCLUSIONS

In this paper, we have considered several noteworthy
examples demonstrating the opportunities to study the
magnetic-field-induced changing of band characteristics
like miniband widths and band offsets by resonance
reflection spectroscopy. Monitoring the exciton oscilla-
tor strength in SQW's as a function of the well width has
allowed us to reveal an additional hole confinement in the
adiabatic Coulomb potential which dominates in QW's
thicker than 30 A.

To avoid the above effect on the oscillator strength be-
havior, we have demonstrated the magnetic-field-induced
transition from a type-I to a type-II heterostructure for
heavy holes in an 18-A-thick SQW and the spin superlat-
tice formation in a 40-A-period SL with the 3D character
of the electron wave function.

In addition, we have studied the transition from the 3D
to 2D character of the exciton wave function in the
short-period SL's, monitoring the exciton oscillator
strength and damping as a function of the barrier heights
tuned by varying an externally applied magnetic field.
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