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We present experimental results showing a variation of the exchange parameters between carrier spins and
Mn spins as a function of quantum-well width in semimagnetic heterostructures. Relative changes of the
exchange parameters of about 0.1 are observed by analyzing the Zeeman splittings of the free-exciton states in
epitaxially grown Cd12xMn xTe/Cd12x2yMn xMg yTe quantum wells with no discontinuity of the Mn content
at the interfaces. We attribute the well-width dependence of the Zeeman splittings to ak-vector dependence of
the exchange parameters.@S0163-1829~96!51432-3#

In semimagnetic semiconductors the large exchange inter-
action between the band states of electrons and holes and the
localizedd electrons of~usually! Mn ions leads to strong
magneto-optical effects like Zeeman splittings of the free-
exciton states of more than 100 meV. The Zeeman splittings
in bulk systems1 ~e.g., Cd12xMn xTe! and semimagnetic
quantum wells~QW’s! such as CdTe/Cd12xMn xTe ~Refs. 2
and 3! and Cd12yMn yTe/Cd12xMg xTe ~Ref. 4! have been
extensively studied. Deviations from the expected behavior
in semimagnetic QW’s have been attributed to a modifica-
tion of the magnetic properties at the interface between mag-
netic and nonmagnetic material. Two interface effects were
found: ~i! the enhanced paramagnetisms at the interface due
to the partial missing of nearest neighbors of Mn ions in the
vicinity of Mn ions at the interface,3 which leads to less
antiferromagnetically coupled Mn pairs and to more para-
magnetically active single spins;~ii ! the diffusion or segre-
gation of Mn atoms into the nonmagnetic well~or barrier!.5

The second effect is especially important in quantum wells
with magnetic barriers and nonmagnetic wells, where even a
small amount of paramagnetic Mn ions diffused in the well
experiences a strong overlap with the excitonic wave func-
tion.

Apart from the interface effects, it is unclear yet whether
the exchange parameters at the conduction- and valence-
band edges~constantsa andb at theG point! are affected by
the reduction of dimensionality. A standard technique to ex-
tract the exchange parameters for bulk material is to compare
optical measurements and magnetization measurements, but
magnetization measurements are extremely difficult for epi-
taxially grown QW structures due to the limited sample vol-
ume. To study the variation of the exchange parameters with
well width by optical means only has not been possible up to
now, since the influence of the exchange parameters has been
screened by the interface related effects mentioned above.

In this paper we study the exchange parameters in semi-
magnetic QW’s using specially designed structures to avoid
the interface-related effects. We employ Cd12xMn xTe/
Cd12x2yMn xMg yTe QW’s, which fulfill the following re-
quirements necessary for our studies:~i! Our structures have
no discontinuity in the Mn content at the interfaces.~ii !
Moreover, the exchange interaction, both among the Mn

spins and between carriers and Mn ions, exhibits no differ-
ence between barrier and well materials.6 ~iii ! Since the ex-
change constant for the valence band is four times stronger
than that for the conduction band, it is necessary to have a
considerable valence-band offset in order to provide a strong
quantization of holes. Our structures have a valence-band
offset of about 0.3.7

We show experimentally that the exchange parameters are
modified by a reduction of dimensionality. We find relative
changes of the exchange parameters of about 0.1 with well
width in our structures.

The experiments were performed on samples grown
by molecular-beam epitaxy~MBE!. Cd0.96Zn0.04Te serves
as substrate, which, for example, is lattice-matched
to Cd0.60Mg0.40Te or Cd0.90Mn0.10Te.

8 Both these
compounds have valence-band offsets of 0.3 with respect
to CdTe or to each other.7 Due to the similar variation
of the band gap with composition, Cd12xMn xTe,
Cd12xMg xTe, and Cd12x2yMn xMg yTe have similar photo-
luminescence~PL! halfwidths as a function ofx1y.6 In
Cd12x2yMn xMg yTe magnetic and nonmagnetic prop-
erties can be tailored nearly independently. We
study Cd12xMn xTe/Cd12x2yMn xMg yTe QW’s with
Mn contents 0.04<x<0.11 and Mg contents
0.20<y<0.25. Therefore, our structures are closely
lattice matched to the Cd0.96Zn0.04Te substrate. The carrier
confinement conditions determined by the Mg content
are very similar for all QW’s studied. The structure of our
samples is schematically shown in the inset of Fig. 1. After a
Cd12x2yMn xMg yTe buffer of about 2000 Å there are sev-
eral Cd12xMn xTe QW’s separated by 500-Å-thick barrier
layers of Cd12x2yMn xMg yTe. The well widths are typically
300, 80, 45, and 18 Å. Finally, a 5000-Å-thick cap layer of
Cd12x2yMn xMg yTe was grown. During the growth of the
ternary quantum wells the Mg cell was closed, and for the
growth of the quaternary layer both fluxes of Mn and Mg
were offered simultaneously. In the MBE process the stick-
ing coefficients of both Mn and Mg on Te are considerably
larger than the competing Cd. Under the growth conditions
applied for the fabrication of the quaternary layers Mn and
Mg are built in at the expense of Cd and the growth of
Cd12x2yMn xMg yTe on Cd12xMn xTe by additional Mg
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offer does not change the Mn content.6 The samples were
mounted in the Faraday configuration in the bore of a super-
conducting split-coil magnet~fields up toB59.5 T!, im-
mersed in superfluid helium at 1.8 K. PL was excited by the
514-nm line of an argon-ion laser. PL excitation spectra were
carried out using tunable Pyridine 2, DCM, Rhodamine 6G,
and Rhodamine 110 dye lasers. The spectral resolution is 0.1
meV.

In Fig. 1 a typical PL spectrum of a Cd0.90Mn0.10Te/
Cd0.75Mn0.10Mg0.15Te structure with several QW’s is shown.
The spectrum consists of well-resolved lines from the barrier
layer, the QW’s and from the Cd0.96Zn0.04Te substrate. The
x and y contents of the quaternary layers were determined
from the energy of the exciton recombinations in the
300-Å-wide Cd12xMn xTe well and the quaternary barrier
layer. More details about the determination ofx andy con-
tents have been described in Ref. 6.

The magnetic properties of the semimagnetic QW’s are
studied by analyzing the Zeeman splittings of the free-
exciton states via PL excitation~PLE! spectroscopy. PLE
spectra at field strengthsB50 and 9 T together with a PL
spectrum atB50 T of a 300-Å-wide Cd0.95Mn0.05Te/
Cd0.75Mn0.05Mg0.20Te QW are shown in Fig. 2. The PLE
spectra are detected on the low-energy side of the PL line. In
magnetic fields the PLE spectra are taken under right- and
left-circularly polarized excitation. The observation of 2s-
and 3s-exciton states at magnetic fields demonstrates the
high quality of the studied samples. The large Zeeman split-
ting of the 1s hh state of, e.g., 80 meV atB59 T is caused
by the sp-d exchange interaction between the heavy-hole
exciton states and the magnetic moments of the Mn ions and
is proportional to the magnetization of the Mn-ion system. It
has been shown for Cd12xMn xTe that the Zeeman splitting

(DEhh) is well described by a modified Brillouin function
B5/2. For heavy-hole excitons it has the following form:1

DEhh5 f ~a2b!N0xSeffB5/2S 5
2gmB

k~T1T0!
D , ~1!

wherea andb are the exchange constants at theG point for
the conduction and valence band,9 respectively,N0 is the
number of unit cells per unit volume,g52, m is the Bohr
magneton,Seff is the effective spin, andT is the lattice tem-
perature. The parametersSeff andT0 characterize the mag-
netic properties of the Mn-ion system, which are determined
by the antiferromagnetic interaction of neighboring Mn ions.
The effective spin decreases andT0 increases with increasing
x content.1,3 The exchange constantsa and b characterize
the exchange interaction of the band states with the magnetic
moments of the Mn ions.N0a50.22 eV andN0b520.88
eV have been determined for Cd12xMn xTe ~Ref. 1! at the
G point and we have shown in our previous work that they
could also be applied to Cd12x2yMn xMg yTe.

6 We have in-
troduced in Eq.~1! an additional factorf to account for
changes in the exchange parameters with well width. Since
changes in the exchange parameters are contributed by
changes in the valence band~factor f v) and in
the conduction band ~factor f c), f is defined as
f[( f ca2 f vb)/(a2b). We can use f51 for thick
Cd12xMn xTe and Cd12x2yMn xMg yTe layers. Note that
Eq. ~1! also applies to QW’s since in contrast to all previ-
ously studied QW’s in magnetic fields the band edges of the
well and barrier layers shift by the same values leading to
symmetrical Zeeman splittings for wells. Diamagnetic shifts
of the exciton states are negligible in the range of magnetic
fields studied here.

FIG. 1. Photoluminescence of a Cd0.96Mn0.04Te/
Cd0.74Mn0.04Mg0.22Te quantum-well structure on Cd0.96Zn0.04Te
substrate and well width of 18, 45, 80, and 300 Å taken atT51.8
K. The photoluminescence spectrum is excited at\vexc52.4 eV.
The sample structure is schematically illustrated in the inset~CB
5conduction band, VB5valence band!.

FIG. 2. Photoluminescence and photoluminescence excitation
spectra of a 300-Å-wide Cd0.95Mn0.05Te/Cd0.75Mn0.05Mg0.20Te
quantum well atB50 ~top! and atB59 T ~applied parallel to the
structure growth axis! unders1- ands2-polarized excitation~bot-
tom!; T51.8 K.
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Figure 3 shows the Zeeman pattern of the heavy-hole ex-
citons for three different QW’s of the Cd0.96Mn0.04Te/
Cd0.74Mn0.04Mg0.22Te structure.s

1 branches are denoted by
filled symbols,s2 branches are denoted by open symbols.
At first sight, the Zeeman splittings are practically identical,
only the lines of the smaller wells are blueshifted due to the
higher subband energy. The Zeeman splittings were fitted
varying the quantitiesT0 and fSeff in Eq. ~1!. For the 300-Å-
thick Cd12xMn xTe wells and the quaternary layers~where
we takef51) the values forT0 andSeff agree well with the
values measured in bulk Cd12xMn xTe ~Ref. 1! and in
Cd12xMn xTe MBE-grown epilayers3 within the error bars
of our measurements (60.5 K for T0 and60.1 forSeff). We
now study howfSeff behaves in QW’s.

In Fig. 4~a! we show fSeff as a function of well width.
Values for one Mn concentration are always determined
from one sample only. Qualitatively we find the same behav-
ior for all samples studied so far. While forLz→` and
Lz→0 the bulk values ofT0 andSeff are reproduced,fSeff
has a minimum in all of our structures at the well width of
Lz545 Å, which does not necessarily agree with the real
minimum in the well width dependence. This real minimum
is difficult to determine since only a limited number of mea-
surable wells can be incorporated into one structure. The
relative variation offSeff with well width is about 0.1. We
note that we find that same relative variation also in
Cd12xMn xTe/Cd12yMg yTe QW’s forx50.10 and 0.18 and
well widths between 40 and 300 Å~smaller wells cannot be
evaluated in this case due to dominating interface effects!.
We attribute the changes infSeff with well width to changes
in f for the following reasons:~i! Seff is not modified in the

quaternary material in comparison to Cd12xMn xTe, and~ii !
if Seff were the responsible factor, the observed effect should
be a function of Mn content, which is obviously not the case
for the range of studied contents 0.04<x<0.18. Therefore,
we now propose a model explaining whyf could be a func-
tion of the well width. As background information we first
mention some results on studies of the exchange constants at
the criticalL point.

Coquillat et al.10 carried out most of the few magneto-
optical experiments studies of the interband transitions away
from the center of the Brillouin zone at theL point
~0.5,0.5,0.5!. They found a reduction factor ofDEL /DEG

5 1
16 for the Zeeman splittings, independent of Mn concentra-

tion. A theoretical tight-binding analysis of the exchange
constants at theL point by Bhattacharjee11 came to the con-
clusion that the dominating part of thek-vector dependence
of the exchange parameters has to be attributed~i! for the
conduction band, to the projection of the conduction-band
wave function on the cations-orbital Bloch sum and~ii ! for
the valence band, to the hopping interference factor

f ~k![U(
d1

eik•d110.1(
d2

eik•d2U2
between the Mn-d orbitals and the first- and second-neighbor
anionp orbitals, whered1 ,d2 denote the coordinates of the
first- and second-neighbor anionp orbitals. Since the model
of Ref. 11 is only satisfactory for the valence-band contribu-
tion, we neglect the conduction-band contribution for an es-
timation. This, together withb/a'4, leads to a reduction
factor for the exchange integral of

FIG. 3. Zeeman splittings of heavy-hole excitons of
Cd0.96Mn0.04Te/Cd0.74Mn0.04Mg0.22Te quantum wells determined
by photoluminescence excitation spectra in magnetic fields applied
parallel to the structure growth axis;T51.8 K. The upper branches
(s2) are shown by open symbols, lower branches (s1) are shown
by filled symbols.

FIG. 4. ~a! fSeff fitted with Eq.~1! as a function of well width
for different Mn contents in Cd12xMn xTe/Cd12x2yMn xMg yTe
quantum wells atT51.8 K. ~b! Reduction factorf @see Eq.~2!# for
the exchange constants as a function of well width forx50.05,
y50.25.
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f50.210.8
F~k!

F~0!
. ~2!

This k dependence can also be applied to QW’s, where the
wave vectorkz is nonzero due to the confinement along the
growth axisz. For well and barrierkz is given by

kz
w5

1

\
A2mhhE and kz

b5
1

\
A2mhh~V2E!, ~3!

whereE is the energy of the first subband in the valence
band andV is the valence-band offset. In Fig. 4~b! we plot
for illustration the reduction factor from Eq.~2! for
Cd0.95Mn0.05Te/Cd0.70Mn0.05Mg0.25Te as a function of well
width, while only taking the variation due tokz into account
with kx5ky5ki50. We usemhh50.485 ~Ref. 12! and a
valence-band offsetV of 100 meV.7 The comparison of Figs.
4~a! and 4~b! shows a qualitative agreement. The variation of
f is about a factor of 2–3 smaller than that found experimen-
tally. Although the well width where the minimum of the
exchange parameter occurs is difficult to evaluate from Fig.
4~a!, there seems to be a disagreement in this well width
between experiment and estimation. But, two significant con-
tributions are not considered now.~i! The conduction-band
contribution tof is neglected in our description. In the frame
of the model of Ref. 11 this contribution is strongly under-
estimated. The data from Ref. 10 together with the model
from Ref. 11 show that thek-vector dependence of the
conduction-band exchange parameters could give a contribu-
tion which is, for smallk, as important as the valence-band
contribution. Including the variation of the conduction-band
parameters means that the minimum off is shifted to larger
well widths, as it is found in our experiments.~ii ! Solving the
exciton problem variationally with appropriate parameters,
we find that for our structures the values ofki are smaller
than the values ofkz by about a factor of 4 and could not
affect the minimum value off strongly, but could shift the
minimum of f to larger well widths, too.

We note that the influence of the dimensionality on the
exchange parameters should be taken into account while

studying semimagnetic interface effects in quantum wells.
Moreover, the modification of the exchange parameters be-
comes increasingly important when the dimensionality of the
system is further reduced. The strongest reduction of dimen-
sionality is realized in quantum dots. Recently, magnetoab-
sorption data have been published for Cd12xMn xSe
nanocrystals.13 A relatively small redshift of the absorption
edge is observed in magnetic fields. An exact analysis of the
data with respect to our question is complicated by uncer-
tainties in the Mn content, the distribution of dot sizes and
surface effects on the magnetic properties, which should be
stronger than the interface effects in QW’s due to the large
surface to volume ratio. However, a modification of the ex-
change parameters due to the low dimensionality could ex-
plain the experimental results.

In conclusion, we have studied the Zeeman splittings
of the semimagnetic heterostructures Cd12xMn xTe/
Cd12x2yMn xMg yTe that allow us to vary independently
magnetic and nonmagnetic properties and have no disconti-
nuity of the Mn concentration at the interfaces between
quantum wells and barriers. We have shown that the reduc-
tion of dimensionality affects the exchange parameters in
semimagnetic semiconductors considerably. We attribute the
observed effect to ak-vector dependence of the respective
exchange parameters. This effect is strong enough that it
should be taken into account in the evaluation of interface
related effects in heterostructures with a discontinuity in the
Mn content at the interfaces, where the exchange parameter
effect is usually screened. Moreover, a further reduction of
dimensionality to one- and zero-dimensional systems should
lead to even stronger effects. We hope that our experiments
will stimulate more detailed tight-binding band-structure cal-
culations. This is essential for further studies of semimag-
netic structures of low dimensionality.
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