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Mn ion clustering in II-VI semimagnetic semiconductor heterostructures

S. J. Weston,* M. O’Neill, J. E. Nicholls, J. Miao, W. E. Hagston, and T. Stirner†
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The results of photoluminescence excitation experiments in Cd12xMnxTe and Zn12xMnxSe diluted magnetic
semiconductor quantum-well structures are shown to be consistent with the occurrence of a clustering of the
magnetic Mn ions. Possible clustering mechanisms are discussed briefly together with alternative explanations
of the data.@S0163-1829~98!09835-X#
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I. INTRODUCTION

The large magneto-optical effects in diluted magne
semiconductors~DMS! have been of great interest for man
years.1 A significant body of work has been concerned w
the incorporation of the paramagnetic manganese (Mn21)
ion into the crystal lattice of, e.g., Cd12xMnxTe. Since
nearest-neighbor Mn ions form antiferromagnetic spin pa
a knowledge of the distribution of the Mn ions in the crys
is relevant to an understanding of experiments involv
Zeeman splittings. The paramagnetic response of the
ions in bulk material has been parametrized empirically2 by
the two semiphenomenological parametersSeff , the effective
spin, andTeff , the effective temperature. The former h
been calculated theoretically3 and can be described equiv
lently by introducing an effective Mn ion concentrationx̄ via
the relationxSeff55/2x̄. On the other hand, the effectiv
temperature is related to a sum over the exchange integ
Ji j between the Mn ioni and its neighboring ionsj .4 It can
be written as the sum of the sample temperatureTs and an
empirical parameterT0 , i.e. Teff(x)5Ts1T0(x).

The question of whether the distribution of magnetic io
in DMS’s is random or not, has been addressed by sev
authors.5–7 In the case of bulk DMS, for example, by an
lyzing the experimentally measured magnetization ste
Shapira found strong indications for a random distribution
the magnetic ions.8 To date most investigations of the Ze
man splitting in DMS quantum-well structures have also
sumed a completely random distribution of the Mn ions
the crystal. However, recently we have pointed out some
the possible consequences of a nonrandom distribution o
magnetic ions.3,9 In particular, we have shown that allo
clustering can give rise to one of several effects which
dependent on the nominal concentrationx of the Mn ions.
This arises from the fact that, relative to a random distrib
tion, the effect of clustering is to give rise to regions
which x is increased and to other regions wherex is de-
creased. Consequently, alloy clustering can give rise to
following scenarios:~i! a reduction inx̄ ~or equivalentlySeff!
but virtually no change inT0 , ~ii ! an increase inT0 ~or
equivalentlyTeff! but virtually no change inx̄, or ~iii ! both a
reduction inx̄ and an increase inT0 . It is important to note
that a nonrandom distribution of the Mn ions can give rise
effects which resemble the ‘‘enhanced paramagnetism’
quantum-well interfaces.3,10,11The difference being that clus
tering, in general, reduces the paramagnetism as a resul
PRB 580163-1829/98/58~11!/7040~6!/$15.00
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local accumulation of the magnetic ions. An enhancemen
Seff and a reduction inT0 ~which could be viewed, in effect
as due to a local variation inx! have already been observe
at the CdTe/Cd12xMnxTe interface.12 Bulk magnetization
measurements are, in general, too insensitive a probe for
tecting clustering effects on the scale of only a few crys
units. However, the highly localized carrier wave functio
that occur in quantum wells, for example, enable one to
vestigate much smaller volumes of the crystal. Any clust
ing effects on this scale could, e.g., be reflected in the m
nitude of the Zeeman splitting. The present paper descr
the results of Zeeman splitting measurements which are c
sistent with the occurrence of a clustering of Mn ions
DMS quantum-well structures.

The paper is structured as follows. Section II revie
briefly the theoretical formalism utilized to evaluate Zeem
splittings in an external magnetic field. In Sec. III A expe
mental results obtained for quantum wells in t
Cd12xMnxTe materials system are presented and analyz
The experimental results are shown to be consistent with
presence of a Mn ion clustering of the type~ii ! described
above. Section III B examines magneto-optical studies in
Zn12xMnxSe system. Here the experimental results
found to be consistent with a Mn ion distribution giving ris
to clustering of type~i! described above. Finally, in Sec. IV
the results are summarized and possible alternative expl
tions described.

II. THEORY

As the Mn21 ions are paramagnetic, the band gap of, e
Cd12xMnxTe can be either increased or decreased in
sponse to an external magnetic field depending on whe
the s2 or s1 optically polarized transitions are observed1

The conduction-band edge changes by an amount 3A and the
heavy-hole valence-band edge by an amount 3B where

A52
1

6
xN0aSeff~x!BJ@B,x,Teff~x!#

and

B52
1

6
xN0bSeff~x!BJ@B,x,Teff~x!#.

N0a and N0b are the magnetic exchange constants for
electron and the heavy hole, respectively.BJ represents the
7040 © 1998 The American Physical Society
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PRB 58 7041Mn ION CLUSTERING IN II-VI SEMIMAGNETIC . . .
modified Brillouin function2 which depends on the extern
magnetic fieldB, the manganese concentrationx, and the
effective temperatureTeff . The electronic transitions assoc
ated with thes2 polarization observe a band-gap increase
u3Au1u3Bu, whereas transitions associated with thes1 po-
larization observe a band-gap decrease ofu3Au1u3Bu. The
changes in the conduction- and valence-band potential
nonlinear functions of the magnetic field.

The difference between the calculations presented be
and conventional theories is that we have abandoned
mean-field type approach and instead made the substitu

Seff~x!→Seff~x,z!

and

Teff~x!→Teff~x,z!,

wherex is the Mn ion concentration and the growth directi
is along thez coordinate.

In order to determine the excitonic transition energies a
exchange shifts in a magnetic field, the one-particle ener
of the electron and the hole were calculated by solving
Schrödinger equation numerically.13 The exciton binding en-
ergies were evaluated utilizing the variational technique
veloped by Hiltonet al.14

III. RESULTS

A. The Cd12xMn xTe system

A series of Cd12xMnxTe/Cd12yMnyTe samples withx
.y have been investigated. The samples were grown
molecular-beam epitaxy on~001! InSb substrates followed
by a 0.1-mm buffer layer of CdTe.15 Photoluminescence ex
citation measurements were performed at various exte
magnetic fields. Details of the sample preparation and
photoluminescence excitation experiments are discus
elsewhere.16,17 In the following we concentrate on the resu
of two samples which are typical of this series of expe
ments. Sample 1 contains a 150 Å Cd12yMnyTe (y
50.036) well layer sandwiched between two Cd12xMnxTe
(x50.094) barrier layers. Sample 2 is basically identical
sample 1, except for the central well layer which has a wi
of only 75 Å. The observedk dependence of the exchang
parameters18 together with interface effects2,11,19–21can be
neglected in these samples since the well widths are r
tively large and both well and barrier layers are magne
The values of the well width, for both quantum wells, we
determined independently via double-crystal x-ray diffra
tion measurements. For the barrier layers the value of the
ion concentrationx was determined from the zero-field e
ergy position of the excitons observed in these regions~a
value which was also confirmed from the observed satura
splittings of these excitons in a magnetic field!. Given the
above data, it was found that the zero-field energy positi
of the excitons in the two different well regions could b
fitted with the same choice ofx for both samples. Confirma
tion of this choice ofx was again provided by the agreeme
with the observed saturated field splittings of these two
citons. The only disagreement with the observed data
curred~at intermediate fields! for the exchange shift~i.e., the
energy shift of thes1 Zeeman component of the heavy-ho
f
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exciton ground state!. In this connection it is interesting to
note that the photoluminescence excitation experime
show the Zeeman splitting to be essentially symmetric.
valence-band offset of 40% has been employed in
calculations.22,23

The measured exchange shift for sample 1 as a functio
the applied magnetic field is shown by the full circles in F
1. Using the bulk values of the effective spin an
temperature2 in the calculations, corresponding to thex val-
ues in the well and barrier layers, we obtain the dashed
in this figure. As can be seen, there is a marked discrepa
between theory and experiment for intermediate values
the magnetic field. It might be thought that one possible r
son for this was that the actual temperature of the sample
been raised above 1.6 K as a result of laser heating. H
ever, this would have affected also the Zeeman splitting
the barrier region. The observed Zeeman splitting of the b
rier transition of sample 1 is shown in the inset to Fig.
against a plot of the calculated splitting of a Cd0.906Mn0.094Te
layer ~assuming a random distribution of the Mn ions a
bulk values forSeff andTeff! at T51.6 K. This figure dem-
onstrates clearly that laser heating of the sample is neglig
and that the DMS material in the barriers is responding
sentially as bulk. The difference between the calculated
the observed exchange shifts in the well region can also
be explained by a change in the exciton binding energy,
cause the calculated binding energy for this transition
creases monotonically from 13.9 meV at 0 T to 13.4 meV at
8 T. This difference also cannot be accounted for by int
face effects resulting in an increase inT0 in the monolayers
of the well next to the barrier region. Hence, since the o
served saturation value of the exchange shift for b
samples 1 and 2~see Fig. 2 below! is consistent with the
same effective value ofx, we are led to conclude that, i
clustering is responsible for the observed effects, then su
clustering of the Mn ions does not changex̄ but leads to an
increased effective antiferromagnetic coupling betwe
them, which in turn enhancesT0 in these regions.

FIG. 1. Exchange shift of sample 1 atT51.6 K. The experi-
mental results are indicated by full circles. The full~dashed! line
represents the theoretical calculations including~ignoring! alloy
clustering effects.~The Zeeman splitting of the barrier transition fo
this sample is shown in the inset together with a fit to a modifi
Brillouin function corresponding to ‘‘random’’ Cd0.906Mn0.094Te
bulk material.!
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7042 PRB 58S. J. WESTONet al.
In the past, agreement between theoretical and experim
tal curves has been achieved by adjusting the semiphen
enological parameterT0 in a mean-field type approach
However, it is obvious that, even in a random alloy,T0 will
vary on a microscopic scale due to fluctuations in the al
composition. In a similar manner,T0 is affected by alloy
clustering. Given that clustering may well stem from inte
face effects, we will assume, in what follows, that the cor
sponding variation inT0 will be a function of the position in
the well region determined by, e.g., the conditions of grow
in a given molecular-beam-epitaxy system. The Mn io
could, for instance, be distributed randomly over the first f
monolayers in the well region but with a gradual increase
the amount of clustering over the following monolayers.~A
priori , this distribution is, of course, unknown. Howeve
from the fabrication point of view, it is not unreasonable
assume a nonlinear dependence for a nonequilibrium gro
process. We will come back to this point later.! To be spe-
cific, we chose a quadratic dependence ofT0(z) in the well
layer of the form

T0~z!5T0
m1~T0

b2T0
m!S z

z0
D 2

,

whereT0
m is the maximum value ofT0 occurring at the in-

terface to the barrier material,T0
b is the bulk value ofT0 for

this particular Mn concentration, andz0 describes the spatia
extent of the alloy clustering. The parameters used in
calculations wereN0a5220 meV, N0b52880 meV ~Ref.
2!, mhh* 50.6, me* 50.096~Ref. 24! ande r510.6.

The full line in Fig. 1 was generated with values ofT0
m

55.9 K andz05140 Å. Figure 2 shows the same curves
Fig. 1 but for sample 2. Here the full line was generated w
values ofT0

m56.5 K andz0570 Å. In comparison, the bulk

FIG. 2. Exchange shift of sample 2.~The meaning of the sym
bols is the same as in Fig. 1.!
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value of T0 for x50.036 is 1.26 K~Ref. 2!. This demon-
strates clearly that a clustering of the Mn ions with a co
comitant increase in the effective temperature can acco
for the experimental results. Furthermore these results i
cate that there is an appreciable portion of the well reg
that is responding essentially as bulk.

Finally, we repeated the experiments for a quantum w
with larger values ofx and y ~sample 3 in Fig. 3!. These
measurements showed similar results to those obtained
samples 1 and 2 only on a reduced scale. In terms of
present interpretation, this would indicate that clustering
fects are more pronounced in samples with low Mn ion co
centrations. The structural details of all samples toget
with the parameters used in the calculations are summar
in Table I.

B. The Zn12xMn xSe system

Heimbrodtet al.25 performed magneto-optical studies o
Zn12xMnxSe layers of varying width sandwiched betwe
nonmagnetic ZnSe barrier layers. The Mn concentration w
chosen to bex50.04 in order to form a spin superlattice
zero magnetic field. Under the application of an exter
magnetic field the Zn12xMnxSe layer constitutes the we
region of the resulting quantum-well structure ins1 optical
polarization. Based on a comparison of theory and exp
ment ~see Fig. 4 below! Heimbrodtet al.25 were led to the
conclusion that there appeared to be a strongincreasein the
effective Mn ion concentration of the Zn12xMnxSe layers
with decreasing layer thickness.~Alternatively, for future
reference, we note that this could be described as a st
decreasein the effective Mn ion concentration with increa
ing layer thickness.! Calculations by these same authors a
indicated that neither the enhanced paramagnetism at th
terfaces nor interface roughness was sufficient to explain

FIG. 3. Exchange shift of sample 3.~The meaning of the sym-
bols is the same as in Fig. 1.!
TABLE I. Structural details of the samples and parameters used in the calculations.Lw denotes the well
width in Å andE0 the zero-field exciton energy in meV.T0 is in units of K.

Sample Lw y (x) E0 T0
m (z0 /Å) T0

b

1 150 0.036~0.094! 1661.9 5.9~140! 1.26
2 75 0.036~0.095! 1674.8 6.5~70! 1.26
3 84 0.072~0.266! 1742.6 4.5~60! 2.20
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strong increase of the paramagnetic behavior, and sugge
an increase of the exchange integralsN0a and N0b as an
explanation of the increasing Zeeman splitting with decre
ing layer thickness.26 In what follows, we will show that the
experimental observations of Heimbrodtet al.25 can also be
explained by Mn ion clustering.

Keeping the latter in mind, we turn our attention first
the experimentally determined values of the effective Mn
concentration x̄. Figure 4 shows values ofx̄ for
Zn0.96Mn0.04Se. The full circles represent the data points o
tained by Heimbrodtet al.25 in Zn12xMnxSe layers of vary-
ing thicknessL. In comparison, the four horizontal line
mark values ofx̄ determined in bulk material for this con
centration. With regard to the latter, the largest value w
obtained by an interpolation of the data points by Twa
owski et al.27 The next smaller value, which represents t
result of a numerical calculation utilizing the spin-pairin
model ~with a randomdistribution of the magnetic ions! of
Fatahet al.,3 virtually coincides with the two smallest value
displayed in Fig. 4 and representing the data points ofx̄ in
Cd0.96Mn0.04Te obtained by Gajet al.2 and in Zn0.96Mn0.04Se
by Shapira.8 However, the crucial point to note from Fig. 4

FIG. 4. Effective Mn ion concentration in Zn0.96Mn0.04Se layers
of varying widthL. The data points~full circles! were obtained by
Heimbrodtet al. ~Ref. 25!. The bulk values~horizontal lines! were
taken from Twardowskiet al. ~Ref. 27!, Fatahet al. ~Ref. 3!, Gaj
et al. ~Ref. 2! and Shapira~Ref. 8!.
ted
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that, within the experimental uncertainties, the data points
x̄ corresponding to Heimbrodt’s epilayers~with L5500 Å
and 5000 Å! lie significantly below the accepted values ofx̄
for bulk Zn0.96Mn0.04Se with arandomdistribution of the Mn
ions. We suggest that thisreductionin the paramagnetic re
sponse of Heimbrodt’s epilayers, with respect to the bu
arises from a clustering of the paramagnetic Mn ions. Si
larly, from the work described in the preceding section,
could anticipate that we might be able to account for Hei
brodt’s results on narrower wells without the need for clu
tering. This is indeed the case as shown below.

We now turn to the measurements of Heimbrodtet al.25 in
more detail. Table II shows the measured and calculated
change shifts for Heimbrodt’s Zn0.96Mn0.04Se layers of width
L at B57.5 T ~the calculations have also been checked
intermediate field values with similar results!. The 500 and
5000 Å ZnMnSe layers are the epilayers. The parame
used in the calculations wereN0a5260 meV, N0b
521310 meV ~Ref. 27!, g153.77, g251.24, me* 50.17
~Ref. 29!, T51.8 K ande r510.6. ~We note in this regard
that the set of exchange parameters employed in the pre
calculations have smaller values than other sets reporte
the literature.1 Employing the latter sets would give rise t
even larger discrepancies between theory and experim!
For the following considerations we will assume that t
same amount of interface disorder is present in
Zn12xMnxSe layers arising from the uniformity of condition
during a given molecular-beam-epitaxy growth run.

Applying a magnetic field of 7.5 T to a Zn0.96Mn0.04Se
layer should give rise to an energy shift of the band edge
'50 meV.3,8 Therefore the results displayed in Table II lea
to two important conclusions. First, since the calculated
change shifts for the 100 Å Zn12xMnxSe layer~and also for
the two epilayers! without clustering are always larger tha
the experimental value~and are relatively insensitive to th
quality of the interface!, this suggests that the effective M
concentrationx̄ in this region is reduced due to clusterin
effects of the Mn ions.A priori, we do not know the exten
of Mn ion clustering. However, since, e.g., the 14 Å lay
can be fitted without clustering~i.e. assuming only the pres
ence of interface disorder and utilizing the ‘‘random’’ bu
value of x̄ everywhere else! suggests that clustering effec
m

are
TABLE II. Exchange shift atB57.5 T for Zn0.96Mn0.04Se layers of varying widthL. The calculations are
for ~a! Zn12xMnxSe layers responding like ‘‘random’’ bulk material with perfectly abrupt interfaces,~b!
including enhanced paramagnetism at the interfaces~otherwise perfect interfaces!, ~c! interface disorder of
amountx50.2 on a single monolayer scale~Ref. 28! ~this means that 20% of the Mn ions are removed fro
one monolayer of the Zn12xMnxSe layer and transferred into one monolayer of the ZnSe layer! including the
altered paramagnetic response of each individual monolayer at the interface,12 and ~d! the presence of
interface disorder, enhanced paramagnetism, and increasing amounts of alloy clustering~the values in pa-
rentheses were fitted without alloy clustering!. Experimental values were taken from Ref. 25. All energies
in meV.

L/Å ~a! ~b! ~c! ~d! experiment

14 12.7 13.9 16.2 ~16.2! 16.5
23 ~26! 22.2 23.1 24.8 ~27.0! 28.4

50 37.0 37.4 37.9 36.7 36.7
100 45.4 45.5 45.6 39.6 39.9
500 50.1 39.0 39.0

5000 50.1 38.6 38.6
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7044 PRB 58S. J. WESTONet al.
lose importance for small layer thicknesses. This conclus
is consistent with the findings in the Cd12xMnxTe system
described in the preceding section.

Second, the results in Table II also show that the cal
lated exchange shift for the 23 Å layer is always too sm
compared with the experimental value. However, assum
the same amount of interface disorder to be present in
Zn12xMnxSe layers and choosing the well to be one mo
layer wider than the value determined via the reflection hi
energy electron diffraction~RHEED! pattern25 gives good
agreement with experiment. This is indicated by the value
parentheses in Table II representing the calculation for a
Å layer without clustering. These results confirm that t
observed exchange shifts in the narrower wells can be
counted for without the need to invoke clustering. For t
wider wells a functional dependence ofx̄ on the well width,
of the type described in the preceding section, could h
been employed. However there is no unique solution to
problem. Hence a simpler approach was adopted. A cons
value of x̄ was chosen for the whole of the well region e
cept for the first 26 Å where the bulk value ofx̄50.026 was
employed. The resultant fit to the data is shown in Table
and the values ofx̄ were 0.0247, 0.0221, 0.019, and 0.0
for the 50, 100, 500, and 5000 Å well widths, respective
This shows a steady decrease inx̄ with increasing well width
which is consistent with an increasing amount of cluster
for the wider wells until a ‘‘saturation’’ point is reached fo
the degree of clustering.

Finally, we note that a similar behavior has recently be
reported by Heimbrodtet al.26 in Zn12xMnxSe layers of
varying widths withx50.12. Here the situation is compl
cated by the occurrence of indirect excitons. Nevertheles
comparison shows that Heimbrodt’s epilayers for this c
have also a reduced value ofx̄'0.032 compared with the
calculated value of 0.041 in Zn0.88Mn0.12Se bulk material
with a random distribution of the Mn ions.3,26

IV. DISCUSSION

In the Cd12xMnxTe system described here we found th
clustering can extend over an appreciable region of the w
layer with a significant increase in the value ofT0 near one
of the interfaces with the barrier material. However, t
value ofT0 in the region of the opposite interface is close
that of bulk material. This suggests that the first few mon
layers of the Cd12xMnxTe well material are grown randoml
with a successive increase in the amount of Mn ion clus
ing for the following monolayers~produced, e.g., as a re
sponse to the increasing strain energy in the system!. The
effect of clustering appears to be more pronounced
samples with low Mn concentrations.

The results of Heimbrodtet al.25 on Zn12xMnxSe layers
are interesting. However, for narrow wells they can be
counted for in terms of ‘‘conventional’’ interface effects19

~i.e. interface roughness and enhanced paramagne!
whereas for wider wells we need to invoke varying amou
of Mn ion clustering across the layer. To be specific, in or
to interpret the experimental results25 in the ZnSe/
Zn12xMnxSe system we need to invoke the following a
sumptions. First, small scale interface disorder~of the same
amount! is present in all Zn12xMnxSe layers. This is consis
n

-
ll
g
ll
-
-

n
6

c-
e

e
e
nt

II

.

g

n

, a
e

t
ll

-

r-

n

-

m
s
r

-

tent with recent calculations19 that show that the latter is th
case in almost all the quantum-well structures reported in
literature to date. Second, there is a certain degree of Mn
clustering present in the Zn12xMnxSe layers which change
gradually across the layer width and results in a reduction
the effective Mn concentration.

The calculations above suggest that different material s
tems can contain different degrees of alloy clustering a
that the latter could have a spatial distribution. A comm
trend appears to be that, when the Mn ion concentra
changes abruptly at an interface, the amount of cluste
that results varies with the number of monolayers grow
The first few monolayers show a random distribution of M
ions after which the clustering steadily increases as
growth proceeds. It appears also that samples with low
ion concentrations display a greater degree of clustering t
samples with highx values.25,26 It is natural to speculate on
the reason for the difference in the clustering observed in
present author’s samples and those of Heimbrodtet al.25 In
this connection we note that molecular-beam-epitaxy grow
although apparently simple in principle, has subtle compli
tions in practice. Thus, e.g., it is well known that the grow
of semiconductorA on semiconductorB can be different
from the growth of semiconductorB on semiconductor
A.20,21 The degree of clustering of a given alloy will be d
pendent on many features associated with the gro
process–e.g. the growth temperature, the growth rate,
degree of purity of the source materials and the quality of
substrate, etc. It could also be dependent on whether an
ternal energy source~e.g. a laser beam or a high-energy ele
tron beam producing a RHEED pattern! is incident on the
growing surface, since such energy sources could influe
surface mobilities and the ability of surface adatoms to ov
come local energy barriers. In view of this it is clear th
different growth techniques, e.g. molecular-beam epita
vapor phase deposition etc., and even different growth ch
bers using the same growth technique but different gro
rates are likely to produce various amounts and distributi
of alloy nonrandomness. Alloy clustering can give rise,
principle, to the three different effects described in~i! to ~iii !
in the introduction. Hence we attribute the difference in t
degree of alloy clustering which is needed to account for
present author’s results and that of Heimbrodtet al.25,26 to
the difference in the growth conditions prevailing in th
growth chamber.

It is also natural to consider possible alternative expla
tions of the results described in the present paper. Howe
in view of the fact that the values for well width and barri
composition were checked independently, such explanat
cannot be readily found. For example, onea priori possibil-
ity is that the growth parameters are not fully under cont
and that the Mn ion concentration is varying across the w
region. If, however, this was the case, then it is difficult
understand why the saturated splitting observed in
CdTe/Cd12xMnxTe structures is consistent with the sam
nominal x value for two quantum wells of different width
Yet again one would expect, from the growth viewpoin
that, if anything, any spatial variation in the Mn ion conce
tration would occur in the immediate vicinity of an interfac
of a magnetic and a nonmagnetic material. However,
exchange shift of the narrow quantum-well structures
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PRB 58 7045Mn ION CLUSTERING IN II-VI SEMIMAGNETIC . . .
ported by Heimbrodtet al.25 can be accounted for by assum
ing the same constant value ofx across the well region of the
structure. On this same line of reasoning one would
expect thex value of the wider wells to be less than th
constantx value of the narrow wells, which is what is re
quired in order to account for the exchange shifts reported
Heimbrodtet al.25

V. CONCLUSION

We have argued that, as a result of the strongly locali
carrier wave functions in diluted magnetic semiconduc
quantum wells, magneto-optical measurements are a sui
t

y

k

p

t

y

d
r
ble

tool for investigating alloy clustering. In this context, ex
change shift experiments have been shown to be consis
with the occurrence of a clustering of the magnetic Mn io
in both Cd12xMnxTe and Zn12xMnxSe quantum-well sys-
tems. However, the exact distribution of the alloy clusteri
is difficult to assess, since the exciton Bohr radii in the
quantum-well structures still extends over several tens
hundreds of angstro¨ms.
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