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Spin clustering in diluted magnetic semiconduct@$1S) arises from antiferromagnetic exchange between
neighboring magnetic cations and is a strong function of reduced dimensionality. Epitaxially grown single
monolayers and abrupt interfaces of DMS are, however, never perfectly two dimen&@natiue to the
unavoidable intermonolayer mixing of atoms during growth. Thus the magnetization of DMS heterostructures,
which is strongly modified by spin clustering, is intermediate between that of 2D and 3D spin distributions. We
present an exact calculation of spin clustering applicablarbitrary distributions of magnetic spins in the
growth direction. The results reveal a surprising insensitivity of the magnetization to the form of the intermix-
ing profile, and identify important limits on the maximum possible magnetization. High-field optical studies of
heterostructures containing “quasi-2D” spin distributions are compared with calculation.

Spin clustering is ubiquitous in 1I-VI diluted magnetic so that accurate comparisons can be made with real data. In
semiconductor¢DMS), resulting in reduced effective mag- this paper, we present exact expressions for determining the
netizations at low magnetic fields and magnetization steps atumber and type of spin clustefsingles, pairs, open and
high fields! Clear predictions can be made for the numberclosed triplesfor arbitrary distributions of magnetic spins in
and type of spin clusters in 3D system{g.g., bulk the common(100) growth direction. The results reveal a
Cd,_,Mn,Se), where the distribution of magnetic Mhcat-  rather surprising insensitivity of the computed magnetization
ions is random and isotropic. With the advent of molecular-to the form of the intermixing profilé¢exponential/gaussian
beam epitaxyMBE) and other techniques for monolayer-by- and highlight important limits on the maximum possible
monolayer growth of DMS heterostructures, spin clusteringnagnetization using MBE techniques. High-field photolumi-
in systems of reduced dimensionality has enjoyed much renescencéPL) and reflectivity studies of DMS superlattices
cent interest. It is well establish&d that spin clustering and quantum wells containing quasi-2D magnetic planes are
(arising mainly from an antiferromagnetic exchange betweercompared with the analytic results.
neighboring magnetic cationshould be greatly reduced in Spin clustering in DMS derives predominantly from the
two-dimensional systems such as abrupt interfaces or distrong antiferromagnetial-d exchange between nearest-
crete monolayer planes, leading to enhanced paramagnetisneighbor(NN) magnetic cationsJyy~ — 10 K). As outlined
However, experiments shdw that perfect 2D interfaces in the work of Shapiraand other$,single Mrf" cations with
and monolayers are never realized due to the inevitable imo magnetic NN's ar&=3 paramagnets, with Brillouin-like
termonolayer mixing of atoms during MBE growth, which magnetization. Two NN M#" cations form an antiferromag-
smears the magnetic cations over several monolayers. Cometically locked pair with zero spin at low magnetic fields,
mon mechanisms include segregationixing between the and steplike magnetization at high fields and low tempera-
monolayer being grown and the underlying monolayer tures. Three Mfi" spins can form a closed or open triple
which leads to roughly exponential magnetic profiles, andwith net spinS;=3 and S;=3 (respectively at low fields,
diffusion (which can arise from, e.g., high growth tempera-and a unique set of magnetization steps at high fieBisins
tures or annealingwhich leads to gaussian profiles. Hence,in higher order clusters are usually treated empirically and
real DMS heterostructures are more accurately said to coroften exhibit a linear susceptibility at high magnetic fietds.
tain “quasi-2D” distributions of spins, with a corresponding ~ The magnetization of monolayer planes of Mrspins is
magnetization and degree of spin clustering somewhere ber significant challenge for conventional magnetometery. Al-
tween that of bulk3D) and planar2D) spin distributions.  ternatively, the magnetization from DMS heterostructures

The local, planar magnetic concentration in thesemay be inferred from their giant magneto-optical properties.
quasi-2D spin distributions varies significantly from mono- The Js, 4 exchange interaction between electrons/holes and
layer to monolayer, strongly affecting the probability of local Mr** moments generates giant exciton spin splittings
forming spin clusterswhich themselves may span many that are proportional to théocal magnetization within the
monolayers It is desirable to quantitatively predict the de- exciton wave function. Using the giant spin splitting of con-
gree of this spin clustering in a given DMS heterostructurefined excitons to probe the magnetization within a quantum
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with the expectation that increasing the planar density results
in fewer single (unclusteregd Mn?" spins and more long-
range correlations between RKinspins. Further, with in-
creasing planar density, the high-field susceptibility evolves
from magnetization stepgrom Mn-Mn pair9, to the linear
susceptibility common in large, highly correlated spin clus-
E (meV) T(K) ters. The presence of low-field paramagnetism in the 100%
. 12x1/4ml 52.5  3.30 MnSe planes suggest, however, the quasi-2D nature of these
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20 spin distributions: a full(perfec) 2D magnetic monolayer
10 —a— ””” 6x1/2ml 406  4.87 would behave as one infinite cluster and contain no paramag-
netic spins whatsoever.
—e— 3xIml 246 776 e . _ _ _
L M ‘ X m L The probability of forming a particular spin cluster is es-
00 10 20 30 40 50 60 sentially determined by the number @gossibly magnetic

Field (Tesla) NN’s bordering the cluster, and the number of ways the clus-

ter can form. In the zinc-blende crystal structure we consider,

60 T at 350 mK in three quantum wells containing aegne number cations form an. .fCC lattice, WIFh twelve NN S. per. cation.
of Mn?* spins, but in different quasi-2D distributions, showing in- Thus the probgbllltyggf a Mt blglng S|ngI3eD or paired |nlbgulk
creased spin clustering with increasing 2D concentration. crystals (3D) is Pg"=(1-x)" and P"=12x(1-x)""
respectively, where is the Mrf* concentration. For perfect
well, the studies of Ga},Grieshabef, and of Ossaticlearly 2D monolayers grown in thé100 direction, the cations
establishedi) an enhanced paramagnetic response in veryorm a 2D square lattice with only four possible magnetic
thin layers of magnetic semiconductor, aiid that “ideal” ~ NN's per cation, so that P’=(1-x)* and P3°
magnetic-nonmagnetic semiconductor interfaces are smeareddx(1—x). In a real system, the effects of diffusion and/or
out due to segregation of Mh during growth. A clear ex- segregation intermix adjacent monolayers, so that a “per-
ample of both effects can be seen in the high-field PL data ofect” 2D plane of DMS is smeared over several monolayers,
Fig. 1. Here, we measure the giant energy shifimagneti-  with the nth (100) monolayer having a 2D magnetic concen-
zation of the band-edge exciton PL to 60 Tesla in threetrationx, (assumed to be random within the plan€luster-
quantum wells, each containing tlsame total numbeof  ing within these quasi-2D spin distributions can be modeled
Mn?* spins, but in very differendistributions The samples  numerically** or through analytic approximatiodsbut an
are 120 A ZnSe/zgCd,Se single quantum wells into which exact expression has been lacking. Figure 2 shows the exact
the magnetic semiconductor MnSe has been incorporated jrobabilities of a MA* spin in thenth monolayer belonging
the form of “digital” planes of 25%, 50%, and 100% mono- to a single, pair, closed, and open triple. Diagrams show the
layer coverage(12, 6, and 3 planes, respectivelyThe clusters under consideration—e.g., there are three different
samples and the experimental method have been describggpes of Mt pairs (with the paired spin in the— 1th, nth
elsewheré€. Evidence of decreased spin clustering with de-or n+ 1th monolayer, each four-fold degenerate. There are
creasing planar concentration is clear in the low-field magfour types of closed tripleor a total of 24, and 126 total
netization H<8 T), which is largely due to isolated Mh  configurations for open triple$We do not attempt the 1900
spins and is fit to a modified Brillouin functionAE  configurations of spin quartets that have been recently iden-
=Eg.Bsd SugH/Kg(T+Tg)]. Egyis the saturation split- tified in the bulk® nor do we consider the much weaker
ting andT, is an empirical parameter that accounts for long-distant-neighbor couplings between #nmoments-})
range Mn-Mn interaction$.As shown, as the planar Mh This algorithm allows for an exact calculation of spin
density increases,; decreases whil@, grows, consistent clusters in a heterostructure with arbitrary distribution of

FIG. 1. Measured energy shifabs. valug of the exciton PL to
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FIG. 2. Probability of clustering for a spin in theth (100) monolayer of an arbitrary Mid distribution. Multiplying byx, gives the
numberof clustered spins. Cations in timetr 1th, nth, andn— 1th monolayer are labeled by white, shaded, and black dots, respectively.
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L FIG. 4. (a) Calculated average magnetizatigeer spin for the
4 -2 0 2 4 6 8 10 12 14 Mn?" spin profiles shown. Despite differing intermixing profiles,
Monolayer the magnetization is often indistinguishabl(le) Calculated number
of isolated M#* spins (per thousand sit¢sassuming a 8% bulk
FIG. 3. (a) Schematic of the Mfi" concentration, including seg-  spin distribution is redistributed as digital plarisge text Only if
regation effects, in a 10 monolayer-wide quantum well Wiffy,  planes are spaced every other monolayer is there an enhancement,
=30% magnetic barriergh)—(e) The calculated number of M although segregation greatly reduces the effect.
cations (per thousand site¢sin singles, pairs, open/closed triples,
and higher order spin clusters.
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tions are nearly identicalalthough larger than for the first
two profiles. Thus, magnetization measurements alone can-
Mn%* in the (100) direction. An example of its utility is Not distinguish the form of the spin profile. Howevassum-
shown in Fig. 3, where we compute the number ofZMim  ing a particular form, the magnetization does depend sensi-
singles, pairs, triples, and higher-order clusters in a 10 mondively on the Segregatlor_(nor dlf_fu_5|on) length, which can
layer (10 mi) wide nonmagnetic quantum well with magnetic then be used to fit an intermixing lengthscale as demon-

(Xyn=30%) barriers. We assume full segregation of atomstrated below. o _ _
during growth, givinge™" and 1-e~"* Mn2* profiles (A The model we present can also identify configurations for

~1.44ml) at the first and second interfad€iy. 3a)]. Fig- realiz.ing the maximum possible magneti_zatipn per unit yol—
ures 3b)—3(e) show the type and number of clusters in eachume in MBE-grown structures. One motivation for growing
monolayer. Although the M density is comparatively “digital” aIons_ls to exploit the reduce_d c_Iustenng of 2D
small near the center of the quantum well, the paramagnetiglanes to achieve enhanced magnetizations beyond those
contribution from single spins to theptically measured POssible with bulk, 3D distribution™” In bulk DMS, the
magnetization can be significant, as it depends on their ovefl@imum paramagnetic response is obtained i,
lap with the exciton wavefunction as shown. The density of~8%. where isolated Mt spins comprise~2.9% of all
triples and of pairs is clearly peaked in the quasi-2D inter-Cation sites. In Fig. @), we investigate vgheth_er it is then
faces. In the barriers, the spin distribution is bulklike and the?0ssible—with the same total number &in i Spins—to In-
vast majority of spins are bound up in higher order cluster$'ase the number of isolated spins by redistributing the
that contribute little to the low-field magnetization. Mn#" in digital planegsolid dotg. Bulk can be thought of as
Modeling quasi-2D spin distributions leads to some ratheD planes of spins withg;,=8%, spaced every monolayer.
unexpected results. In particular, it is clear that magnetizaNext, we consider 2D planes with twice the densikf
tion studies alone will be of limited use in distinguishing the =16%), spaced every other monolayer, which results in a
exactform of the intermixing profile. Figure (@) shows the paramagnetic enhancement of over a third, as shown. How-
calculated magnetization for four different profiles of an ini- ever, spacing planes witké =24% every third monolayer
tially 2D monolayer containing 20% M, where we in-  results infewerfree Mr?* spins per unit volume than in the
clude the magnetization from singles, pairs, triples, anctase of bulk. Additional divisions continue to reduce the
higher-order clusters following Refs. 1 and 6. Though unreparamagnetic response. So, only by spacing magnetic planes
alistic, the first two profiles—a perfect 2D plane wikly,,  every other monolayer is it possible to increase the density of
=20% and two adjacent planes witly,=10%—illustrate  free Mr¢" beyond 3D spin distributions. Howeveany in-
an important point: clustering often “conspires” to equalize termixing during growth couples the 2D planes and dramati-
low-field magnetizations. Although the single monolayercally reduces the paramagnetic enhancement, as shown by
contains 5% fewer single M spins, it contains over a third the open dots for the case of full segregation. Of course,
more open triples and higher-order clusters, which act toclever schemes for control of the spin distributieithin the
equalize the deficit. Only at the first magnetization step ar@D plane could certainly result in reduced spin clustering,
the profiles distinguishable, as the single monolayer containsuch as MBE growth in th€120) direction, where neighbor-
fewer Mn-Mn pairs. The last two profiles represent the ex-ing cation sites in thé120) plane arenot nearest neighbor<.
ponential and gaussian profiles roughly expected from sedgFhusfar, however, such efforts have been hampered by the
regation and diffusion, respectively, with decay length andnevitable intermonolayer mixing of atoms during growth,
half-width equal to 1 ml. Again, the calculated magnetiza-leading to spin clusters.
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FIG. 5. (8) Measured spin splitting at 1.6 K for the two super-
lattices shown, from reflectivity data. Dotted lines are Brillouin
function fits to the low-field datab) The measured magnetization
steps(via PL) in the quantum well with 1/4 ml magnetic planes.
The steps are smaller than any Mrdistribution would predict.

We apply the model to measurements of superlattices a
guantum wells containing “digital” planes of DMS. Figure

5(a) shows the measured splitting between exciton spi
states in two superlattices with nominally single monolayer

of Zn,sMn ,sSe and Zrgvin 5Se (separated by 4 ml of
ZnSe. The dotted lines are Brillouin fits to the low-field
magnetization <8 T). Increased spin clustering in the

ZnsMn 5,Se monolayers is evident in the smaller paramag
netic saturation, and more linear high-field susceptibility.
With perfect 2D planes, however, it is impossible to accoun
for the 15% larger paramagnetic saturation from the supe
lattice with Zn;sMn ,sSe planes. However, assuming expo-

nential, segregated Mn profiles «<e”™* for each of the
Zn;_,Mn,Se planegreasonable for the low growth tempera-

ture of 300 G, the relative low field saturations can be re-

produced with a decay length=1.15ml, implying partial
segregation during growth. As a final stuffyig. 5b)], we
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tial unlocking of antiferromagnetically bound Mn-Mn pairs,
resulting in a step height proportional to the number of pairs.
The observed magnetization steps aeger more thab% of

the low-field “saturation magnetizationMg, a ratio that is
much smaller than predicted lany conceivable distribution
profile of the Mrf* within the quantum well. The expected
step height for 3D, 2D, and segregated 2D spin distributions
are shown for comparison. This puzzling anomaly is seen in
all “digital” samples, and even quantum wells containing
bulk (x;h=8%) DMS show a similar deficit. We postulate
this effect is due to the nature of the PL measurement itself,
which is not a direct measure of magnetization, but is rather
only proportional to the magnetization through thg 4 ex-
change interaction and the Knexciton wavefunction over-
lap. It is anticipated that true magnetization studies will re-
veal the correct magnitude of the magnetization step.

In summary, we have presented a method for calculating
the exact number of spin singles, pairs, triples, and higher-
order clusters for an arbitrary magnetic concentration profile
in the (100) growth direction, to model the magnetic proper-
ties of real, quasi-2D spin distributions in DMS heterostruc-

res. Calculation of the magnetization for diffusion and seg-
regation profiles reveals nearly identical values, so that

r]titting an intermixing length is likely possible only when the
Sorm (exponential, gaussian, gtof the quasi-2D profile is

assumeda priori, as was demonstrated for the case of
Zn,_,Mn,Se:ZnSe superlattices. The model also predicts a
larger paramagnetism compared with bulk spin distributions

‘only if digital planes are spaced every other monolayer, al-

though the effects of intermixing will greatly reduce any

:enhancement. Lastly, the discrepancy between the magnitude

of observed and predicted magnetization steps remains out-
standing. The methods outlined in this paper will be of use in
modeling future epitaxially grown DMS heterostructures,
where spin distributions can be engineered with nearly
monolayer precision.
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