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Mn ion clustering in 1I-VI semimagnetic semiconductor heterostructures
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The results of photoluminescence excitation experiments in (3dn, Te and Zn_,Mn,Se 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[S0163-18208)09835-X

[. INTRODUCTION local accumulation of the magnetic ions. An enhancement in
Se¢ and a reduction iy (which could be viewed, in effect,
The large magneto-optical effects in diluted magneticas due to a local variation ix) have already been observed
semiconductor$DMS) have been of great interest for many at the CdTe/Cg ,Mn,Te interface? Bulk magnetization
years! A significant body of work has been concerned with measurements are, in general, too insensitive a probe for de-
the incorporation of the paramagnetic manganese?{Mn tecting clustering effects on the scale of only a few crystal
ion into the crystal lattice of, e.g., ¢d,Mn,Te. Since units. However, the highly localized carrier wave functions
nearest-neighbor Mn ions form antiferromagnetic spin pairsthat occur in quantum wells, for example, enable one to in-
a knowledge of the distribution of the Mn ions in the crystal vestigate much smaller volumes of the crystal. Any cluster-
is relevant to an understanding of experiments involvinging effects on this scale could, e.g., be reflected in the mag-
Zeeman splittings. The paramagnetic response of the Mnitude of the Zeeman splitting. The present paper describes
ions in bulk material has been parametrized empiriédlly  the results of Zeeman splitting measurements which are con-
the two semiphenomenological paramet8sg, the effective  sistent with the occurrence of a clustering of Mn ions in
spin, and T, the effective temperature. The former hasDMS quantum-well structures.
been calculated theoreticalland can be described equiva-  The paper is structured as follows. Section Il reviews
lently by introducing an effective Mn ion concentratioivia  briefly the theoretical formalism utilized to evaluate Zeeman
the relationxS.4=5/2x. On the other hand, the effective splittings in an external magnetic field. In Sec. Il A experi-
temperature is related to a sum over the exchange integrafgental results obtained for quantum wells in the
Ji; between the Mn ion and its neighboring iong.* It can  Cd;_,Mn,Te materials system are presented and analyzed.
be written as the sum of the sample temperafiyand an  The experimental results are shown to be consistent with the
empirical parametef, i.e. Teg(X)=Ts+ To(X). presence of a Mn ion clustering of the tygie) described
The question of whether the distribution of magnetic ionsabove. Section Il B examines magneto-optical studies in the
in DMS’s is random or not, has been addressed by severadn;_xMn,Se system. Here the experimental results are
authors™ In the case of bulk DMS, for example, by ana- found to be consistent with a Mn ion distribution giving rise
lyzing the experimentally measured magnetization stepg0 clustering of typei) described above. Finally, in Sec. IV
Shapira found strong indications for a random distribution ofthe results are summarized and possible alternative explana-
the magnetic ion&.To date most investigations of the Zee- tions described.
man splitting in DMS quantum-well structures have also as-
sumed a completely random distribution of the Mn ions in Il. THEORY
the crystal. However, recently we have pointed out some of . _
the possible consequences of a nonrandom distribution of the AS the Mrf* ions are paramagnetic, the band gap of, e.g.,
magnetic ion$? In particular, we have shown that alloy Cthi-xMncTe can be either increased or decreased in re-
clustering can give rise to one of several effects which aréPOnse to an external magnetic field depending on whether
dependent on the nominal concentratiorf the Mn ions. theo™ or o optically polarized transitions are obsenv/ed.
This arises from the fact that, relative to a random distribu-T h€ conduction-band edge changes by an amoArdrd the
tion, the effect of clustering is to give rise to regions in heéavy-hole valence-band edge by an amoubitvwhere
which x is increased and to other regions wherds de- 1
creased. Consequently, alloy clustering can give rise to the A= — ZxXNgaSer(X)B,[B,X, Ter(X)]
following scenarios(i) a reduction inx (or equivalentlyS.) 6
but virtually no change inTg, (ii) an increase inT, (Or  gng
equivalentlyTx) but virtually no change ix, or (i) both a
reduction inx and an increase ifiy. It is important to note 1
that a nonrandom distribution of the Mn ions can give rise to B=— 5XNoBSer(X) B[ B, X, Terr(X) |-
effects which resemble the “enhanced paramagnetism” at
quantum-well interface$1%!The difference being that clus- Noa andNy8 are the magnetic exchange constants for the
tering, in general, reduces the paramagnetism as a result ofedectron and the heavy hole, respectivey. represents the
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modified Brillouin functio which depends on the external
magnetic fieldB, the manganese concentratign and the
effective temperatur@ . The electronic transitions associ-
ated with theo™ polarization observe a band-gap increase of
|3A|+|3B|, whereas transitions associated with the po-
larization observe a band-gap decreas¢3df|+|3B|. The
changes in the conduction- and valence-band potential are
nonlinear functions of the magnetic field. 1720 |
The difference between the calculations presented below 1700 |
and conventional theories is that we have abandoned the / 1680 ——
mean-field type approach and instead made the substitutions / magnetic field (T)
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and
FIG. 1. Exchange shift of sample 1 @t=1.6 K. The experi-

Te(X)— Tes(X,2), mental results are indicated by full circles. The f(dashed line
represents the theoretical calculations includiignoring alloy
wherex is the Mn ion concentration and the growth direction clustering effects(The Zeeman splitting of the barrier transition for
is along thez coordinate. this sample is shown in the inset together with a fit to a modified
In order to determine the excitonic transition energies andBrillouin function corresponding to “random” GghodViNg ggsT€
exchange shifts in a magnetic field, the one-particle energieulk material)
of the electron and the hole were calculated by solving the
Schradinger equation numgr_lcaer.The exciton binding en-  exciton ground staje In this connection it is interesting to
ergies were e_valuatedlftnlzmg the variational technique depgie that the photoluminescence excitation experiments
veloped by Hiltonet al. show the Zeeman splitting to be essentially symmetric. A
valence-band offset of 40% has been employed in the
Ill. RESULTS calculations’®?3
A. The Cd,_,Mn,Te system The measured exchange shift for sample 1 as a function of
the applied magnetic field is shown by the full circles in Fig.
1. Using the bulk values of the effective spin and
Yemperatur"éin the calculations, corresponding to theval-

A series of Cd_,Mn,Te/Cd _,Mn,Te samples withx
>y have been investigated. The samples were grown b

molecular-beam epitaxy o(001) InSb substrates followed ues in the well and barrier layers, we obtain the dashed line

5 i -
by a 0.1um buffer layer of CdTe? Photoluminescence ex in this figure. As can be seen, there is a marked discrepancy

citation measurements were performed at various extern letvveen theorv and experiment for intermediate values of
magnetic fields. Details of the sample preparation and th}H y P

photoluminescence excitation experiments are discuss e magnetic field. It might be thought that one possible rea-
elsewheré® ! In the following we concentrate on the resuits son for this was that the actual temperature of the sample had

of two samples which are typical of this series of experi-bee” ra_lsed above 1.6 K as a result of laser heatlng._ Hoyv-
ments. Sample 1 contains a 150 A CgMn,Te (y ever, th!s Wou_Id have affected also the Zeemgn splitting in
—0.036) well layer sandwiched between two,Cgvin,Te the barrle.r.reglon. The obselrved Zeerr_1an spl!ttlng of thg bar-
(x=0.094) barrier layers. Sample 2 is basically identical tofi€r transition of sample 1 is shown in the inset to Fig. 1
sample 1, except for the central well layer which has a widthegainst a plot of the calculated splitting of afagdVng oosl€

of only 75 A. The observett dependence of the exchange layer (assuming a random distribution of the Mn ions and
parameter® together with interface effet$®®?1can be bulk values forSes and Toy) at T=1.6 K. This figure dem-
neglected in these samples since the well widths are relanstrates clearly that laser heating of the sample is negligible
tively large and both well and barrier layers are magneticand that the DMS material in the barriers is responding es-
The values of the well width, for both quantum wells, were sentially as bulk. The difference between the calculated and
determined independently via double-crystal x-ray diffrac-the observed exchange shifts in the well region can also not
tion measurements. For the barrier layers the value of the Mhe explained by a change in the exciton binding energy, be-
ion concentratiorx was determined from the zero-field en- cause the calculated binding energy for this transition de-
ergy position of the excitons observed in these regi@s creases monotonically from 13.9 meV@T to 13.4 meV at
value which was also confirmed from the observed saturatioB T. This difference also cannot be accounted for by inter-
splittings of these excitons in a magnetic fielGiven the face effects resulting in an increaseTig in the monolayers
above data, it was found that the zero-field energy positionsf the well next to the barrier region. Hence, since the ob-
of the excitons in the two different well regions could be served saturation value of the exchange shift for both
fitted with the same choice of for both samples. Confirma- samples 1 and 2Zsee Fig. 2 beloyis consistent with the
tion of this choice ofk was again provided by the agreementsame effective value ok, we are led to conclude that, if
with the observed saturated field splittings of these two exelustering is responsible for the observed effects, then such a
citons. The only disagreement with the observed data ocelustering of the Mn ions does not changédut leads to an
curred(at intermediate fieldsfor the exchange shifi.e., the increased effective antiferromagnetic coupling between
energy shift of ther™ Zeeman component of the heavy-hole them, which in turn enhancég, in these regions.
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FIG. 2. Exchange shift of sample @lhe meaning of the sym-
bols is the same as in Fig.)1.

FIG. 3. Exchange shift of sample 8The meaning of the sym-
bols is the same as in Fig.)1.

In the past, agreement between theoretical and experimenalue of T for x=0.036 is 1.26 K(Ref. 2. This demon-
tal curves has been achieved by adjusting the semiphenorstrates clearly that a clustering of the Mn ions with a con-
enological parametef, in a mean-field type approach. comitant increase in the effective temperature can account
However, it is obvious that, even in a random all@y, will for the experimental results. Furthermore these results indi-
vary on a microscopic scale due to fluctuations in the alloycate that there is an appreciable portion of the well region
composition. In a similar mannef, is affected by alloy that is responding essentially as bulk.
clustering. Given that clustering may well stem from inter-  Finally, we repeated the experiments for a quantum well
face effects, we will assume, in what follows, that the corre-with larger values ofx andy (sample 3 in Fig. B These
sponding variation ifT, will be a function of the position in measurements showed similar results to those obtained for
the well region determined by, e.g., the conditions of growthsamples 1 and 2 only on a reduced scale. In terms of the
in a given molecular-beam-epitaxy system. The Mn iongpresent interpretation, this would indicate that clustering ef-
could, for instance, be distributed randomly over the first fewfects are more pronounced in samples with low Mn ion con-
monolayers in the well region but with a gradual increase incentrations. The structural details of all samples together
the amount of clustering over the following monolayews.  With the parameters used in the calculations are summarized
priori, this distribution is, of course, unknown. However, in Table I.
from the fabrication point of view, it is not unreasonable to
assume a nonlinear dependence for a nonequilibrium growth
process. We will come back to this point lajefo be spe-
cific, we chose a quadratic dependencél gfz) in the well
layer of the form

B. The Zn;_,Mn,Se system

Heimbrodtet al? performed magneto-optical studies on
Zn; _,Mn,Se layers of varying width sandwiched between
nonmagnetic ZnSe barrier layers. The Mn concentration was

2 chosen to bex=0.04 in order to form a spin superlattice at
) , zero magnetic field. Under the application of an external

magnetic field the Zp.,Mn,Se layer constitutes the well

m i i , region of the resulting quantum-well structuredri optical
where Ty is the maximum Valéje of, occurring at the in- y5jarization. Based on a comparison of theory and experi-
terface to the barrier materidaly is the bulk value ofT for ment (see Fig. 4 belowHeimbrodtet al2® were led to the

this particular Mn concentration, arzg describes the spatial ¢gnclusion that there appeared to be a strimcgeasein the
extent of the alloy clustering. The parameters used in th@ffective Mn ion concentration of the Zn,Mn,Se layers
calculations wereNoar=220 meV, NoB=—880 meV (Ref.  with decreasing layer thicknesgAlternatively, for future

2), my,=0.6, mg =0.096 (Ref. 24 and e, =10.6. reference, we note that this could be described as a strong

The full line in Fig. 1 was generated with values B  decreasen the effective Mn ion concentration with increas-
=5.9 K andz,=140 A. Figure 2 shows the same curves asing layer thickness.Calculations by these same authors also
Fig. 1 but for sample 2. Here the full line was generated withindicated that neither the enhanced paramagnetism at the in-
values ofT{'=6.5 K andz,=70 A. In comparison, the bulk terfaces nor interface roughness was sufficient to explain the

zZ
To<z>=T3“+<T8—T8“>(Z—O

TABLE |. Structural details of the samples and parameters used in the calculatjpdenotes the well
width in A andE, the zero-field exciton energy in me¥, is in units of K.

Sample Ly y (X) Eo 0 (z0/R) T
1 150 0.036(0.099 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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0.035 : - that, within the experimental uncertainties, the data points of
X corresponding to Heimbrodt's epilayefwith L =500 A
° . and 5000 A lie significantly below the accepted valuesxof
0030 o Twardowski 1 for bulk Zng ogVing o.Se with arandomdistribution of the Mn
Fatah ions. We suggest that thieductionin the paramagnetic re-
Gaj —— sponse of Heimbrodt's epilayers, with respect to the bulk,
e Shapira - arises from a clustering of the paramagnetic Mn ions. Simi-
° larly, from the work described in the preceding section, we
0.020 | ] could anticipate that we might be able to account for Heim-
brodt's results on narrower wells without the need for clus-
tering. This is indeed the case as shown below.
- - We now turn to the measurements of Heimbretal >° in
10 100 A 1000 more detail. Table Il shows the measured and calculated ex-
L(A) change shifts for Heimbrodt's ZrdVing o.Se layers of width
FIG. 4. Effective Mn ion concentration in gggving g.Se layers L atB= ,7'5 T_(the calculatlpns .ha.ve also been checked at
of varying widthL. The data pointsfull circles) were obtained by ~intermediate field values with similar resylt§'he 500 and
Heimbrodtet al. (Ref. 29. The bulk valueghorizontal lines were 2000 A ZnMnSe layers are the epilayers. The parameters
taken from Twardowsket al. (Ref. 27, Fatahet al. (Ref. 3, Gaj used in the calculations weréNya=260 meV, NyB
et al. (Ref. 2 and ShapirdRef. 8. =—1310 meV (Ref. 27, y,=3.77, y,=1.24, m{=0.17
(Ref. 29, T=1.8 K and¢,=10.6. (We note in this regard
strong increase of the paramagnetic behavior, and suggestétht the set of exchange parameters employed in the present
an increase of the exchange integrillge and NgB as an  calculations have smaller values than other sets reported in
explanation of the increasing Zeeman splitting with decreasthe literature’ Employing the latter sets would give rise to
ing layer thicknes$® In what follows, we will show that the even larger discrepancies between theory and experiment.
experimental observations of Heimbraegttal2® can also be For the following considerations we will assume that the
explained by Mn ion clustering. same amount of interface disorder is present in all
Keeping the latter in mind, we turn our attention first to Zn, _,Mn,Se layers arising from the uniformity of conditions
the experimentally determined values of the effective Mn ionduring a given molecular-beam-epitaxy growth run.
concentration X. Figure 4 shows values ofx for Applying a magnetic field of 7.5 T to a gggMng g.Se
ZnggdVing osSe. The full circles represent the data points ob-ayer should give rise to an energy shift of the band edge of
tained by Heimbrodet al2® in Zn,_,Mn,Se layers of vary- ~50 meV 38 Therefore the results displayed in Table Il lead
ing thicknessL. In comparison, the four horizontal lines to two important conclusions. First, since the calculated ex-
mark values ofx determined in bulk material for this con- change shifts for the 100 A Zn,Mn,Se layer(and also for
centration. With regard to the latter, the largest value washe two epilayerswithout clustering are always larger than
obtained by an interpolation of the data points by Tward-the experimental valuéand are relatively insensitive to the
owski et al?” The next smaller value, which represents thequality of the interfack this suggests that the effective Mn
result of a numerical calculation utilizing the spin-pairing concentrationx in this region is reduced due to clustering
model (with a randomdistribution of the magnetic ion®of  effects of the Mn ionsA priori, we do not know the extent
Fatahet al,? virtually coincides with the two smallest values of Mn ion clustering. However, since, e.g., the 14 A layer
displayed in Fig. 4 and representing the data pointg @f  can be fitted without clusterin@.e. assuming only the pres-
Cdy odMINg osTe obtained by Gagt al? and in Zn gMngo.Se  ence of interface disorder and utilizing the “random” bulk
by Shapire However, the crucial point to note from Fig. 4 is value ofx everywhere elgesuggests that clustering effects

0.025 |

effective Mn conc.

0.015

TABLE II. Exchange shift aB=7.5T for Zry ggVing g.Se layers of varying width.. The calculations are
for (& Zn,_,Mn,Se layers responding like “random” bulk material with perfectly abrupt interfages,
including enhanced paramagnetism at the interféotteerwise perfect interfacggc) interface disorder of
amounty= 0.2 on a single monolayer scalRef. 28 (this means that 20% of the Mn ions are removed from
one monolayer of the Zn,Mn,Se layer and transferred into one monolayer of the ZnSe)layeuding the
altered paramagnetic response of each individual monolayer at the int¥rfand,(d) the presence of
interface disorder, enhanced paramagnetism, and increasing amounts of alloy clusieringlues in pa-
rentheses were fitted without alloy clusteningxperimental values were taken from Ref. 25. All energies are

in meV.
L/A @ (b) () (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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lose importance for small layer thicknesses. This conclusioment with recent calculatioh$that show that the latter is the
is consistent with the findings in the €dMn,Te system case in almost all the quantum-well structures reported in the
described in the preceding section. literature to date. Second, there is a certain degree of Mn ion
Second, the results in Table Il also show that the calcuclustering present in the Zn,Mn,Se layers which changes
lated exchange shift for the 23 A layer is always too smallgradually across the layer width and results in a reduction in
compared with the experimental value. However, assuminghe effective Mn concentration.
the same amount of interface disorder to be present in all The calculations above suggest that different material sys-
Zn, _Mn,Se layers and choosing the well to be one monotems can contain different degrees of alloy clustering and
layer wider than the value determined via the reflection hightnat the latter could have a spatial distribution. A common
energy electron diffractiofRHEED) patterri® gives good  rend appears to be that, when the Mn ion concentration
agreement with experiment. This is indicated by the value irhhanges abruptly at an interface, the amount of clustering
parentheses in Table Il representing the calculation for a 2¢at results varies with the number of monolayers grown.
A layer without clustering. These results confirm that theThe first few monolayers show a random distribution of Mn
observed exchange shifts in the narrower wells can be aGons after which the clustering steadily increases as the
cqunted for WIthOU't the need to mvo_ke clustering. For thegrowth proceeds. It appears also that samples with low Mn
wider wells a functional dependencebn the well width,  jon concentrations display a greater degree of clustering than
of the type described in the preceding section, could havgamples with high values?®>?® It is natural to speculate on
been employed. However there is no unique solution to thene reason for the difference in the clustering observed in the
problem. Hence a simpler approach was adopted. A constagtesent author's samples and those of Heimbeddtl ?® In
value ofx was chosen for the whole of the well region ex- thjs connection we note that molecular-beam-epitaxy growth,
Cept for the first 26 A where the bulk value ¥ 0.026 was a|though apparent'y Simp'e in princip'e’ has subtle Comp|ica_
employed. The resultant fit to the data is shown in Table Ikjons in practice. Thus, e.g., it is well known that the growth
and the values ok were 0.0247, 0.0221, 0.019, and 0.019 of semiconductorA on semiconductoB can be different
for the 50, 100, 500, and 5000 A well widths, respectively.from the growth of semiconductoB on semiconductor
This shows a steady decreaseiwith increasing well width  a 2021 The degree of clustering of a given alloy will be de-
which is consistent with an increasing amount of clusteringhendent on many features associated with the growth
for the wider wells until a “saturation” point is reached for process—e.g. the growth temperature, the growth rate, the
the degree of clustering. degree of purity of the source materials and the quality of the
Finally, we note that a similar behavior has recently beergypstrate, etc. It could also be dependent on whether an ex-
reported by Heimbrodet al®® in Zn, ,Mn,Se layers of ternal energy souro.g. a laser beam or a high-energy elec-
varying widths withx=0.12. Here the situation is compli- tron beam producing a RHEED pattgris incident on the
cated by the occurrence of indirect excitons. Nevertheless, growing surface, since such energy sources could influence
comparison shows that Heimbrodt's epilayers for this caseyrface mobilities and the ability of surface adatoms to over-
have also a reduced value ®¥0.032 compared with the come local energy barriers. In view of this it is clear that

calculated value of 0.041 in 4gdVing.1;.Se bulk material  different growth techniques, e.g. molecular-beam epitaxy,

with a random distribution of the Mn ions?® vapor phase deposition etc., and even different growth cham-
bers using the same growth technique but different growth
IV. DISCUSSION rates are likely to produce various amounts and distributions

of alloy nonrandomness. Alloy clustering can give rise, in

In the Cd _,Mn,Te system described here we found thatprinciple, to the three different effects describediinto (iii )
clustering can extend over an appreciable region of the weih the introduction. Hence we attribute the difference in the
layer with a significant increase in the valueTf near one  degree of alloy clustering which is needed to account for the
of the interfaces with the barrier material. However, thepresent author’s results and that of Heimbretial 22° to
value ofTy in the region of the opposite interface is close tothe difference in the growth conditions prevailing in the
that of bulk material. This suggests that the first few mono-growth chamber.
layers of the Cd_,Mn, Te well material are grown randomly It is also natural to consider possible alternative explana-
with a successive increase in the amount of Mn ion clustertions of the results described in the present paper. However,
ing for the following monolayergproduced, e.g., as a re- in view of the fact that the values for well width and barrier
sponse to the increasing strain energy in the systdiine  composition were checked independently, such explanations
effect of clustering appears to be more pronounced ircannot be readily found. For example, ca@riori possibil-
samples with low Mn concentrations. ity is that the growth parameters are not fully under control

The results of Heimbrodet al?® on Zn,_,Mn,Se layers and that the Mn ion concentration is varying across the well
are interesting. However, for narrow wells they can be actegion. If, however, this was the case, then it is difficult to
counted for in terms of “conventional” interface effetls understand why the saturated splitting observed in the
(i.e. interface roughness and enhanced paramagnetist@dTe/Cd_,Mn,Te structures is consistent with the same
whereas for wider wells we need to invoke varying amountsiominal x value for two quantum wells of different width.
of Mn ion clustering across the layer. To be specific, in orderYet again one would expect, from the growth viewpoint,
to interpret the experimental resdftsin the ZnSe/ that, if anything, any spatial variation in the Mn ion concen-
Zn; _,Mn,Se system we need to invoke the following as-tration would occur in the immediate vicinity of an interface
sumptions. First, small scale interface disor@#rthe same of a magnetic and a nonmagnetic material. However, the
amouny is present in all Zp_,Mn,Se layers. This is consis- exchange shift of the narrow quantum-well structures re-
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ported by Heimbrodet al?® can be accounted for by assum- tool for investigating alloy clustering. In this context, ex-
ing the same constant valuexfcross the well region of the change shift experiments have been shown to be consistent
structure. On this same line of reasoning one would notvith the occurrence of a clustering of the magnetic Mn ions
expect thex value of the wider wells to be less than the in both Cd_,Mn,Te and Zn_,Mn,Se quantum-well sys-
constantx value of the narrow wells, which is what is re- tems. However, the exact distribution of the alloy clustering
quired in order to account for the exchange shifts reported bis difficult to assess, since the exciton Bohr radii in these
Heimbrodtet al?® quantum-well structures still extends over several tens to
hundreds of angstros.
V. CONCLUSION
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