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Magneto-optical experiments were carried out on a series of Zngg/Zd, Se double gquantum wells
coupled by Zp_,Mn,Se diluted magnetic semiconduct®MS) barriers. The samples consisted of 45-A
nonmagnetic quantum wells with interwell DMS barriers of different thickne¢s@s35, and 100 A The
interband ground-state transition, as well as interband transitions between excited states, were observed. As the
magnetic field is applied, the heights of the magnetic barriers in the conduction and in the valence band
undergo Zeeman shifts, causing major changes in the interwell coupling. Such changes were studied by
examining the energies of the transitions, their Zeeman splittings, and their intensities. The dependence of
these effects was further studied as a function of temperature and barrier width. The behavior observed in those
cases involving ultrathin magnetic barriers was found to be anomalous, and is discussed in terms of effects of
reduced dimensionality on the magnetic properties of thin DMS lay8163-18206)07848-4

[. INTRODUCTION DQW'’s with various barrier widths or heights, the latter
achieved by adjusting the composition of the alloy used as
Diluted magnetic semiconductot®MS’s) are semicon- the barrier material. Furthermore, if the barrier is made from
ducting alloys in which a part of the semiconductor crystala DMS alloy, the giant Zeeman splitting in DMS’s already
lattice is substitutionally replaced by magnetic transition-mentioned will allow us to tune the barrier height continu-
metal ions. 1I-VI semiconductors in which a fraction of the ously during the experiment by an external magnetic field.
group-ll atoms is replaced by Mn are the best-known ex- The DQW'’s coupled by thin DMS layers then provide a
amples of such alloys$e.g., Zn_,Mn,Se). One of the re- unique laboratory for investigating the effect of the barrier
markable properties of these materials is that they exhibit apotential on interwell coupling, and it is especially important
extremely large Zeeman splitting of the band edges due tthat this can be done continuously in a single sample.
exchange interaction between ttieelectrons of Mif™ and Figure 1 shows a typical DQW structure investigated in
the band electronsThis has special implications for semi- this study. The quantum wells consist of 45-A nonmagnetic
conductor heterostructures, such as quantum well&/’s) Zn,_,Cd,Se layers y~0.2); each DQW pair is bordered on
and superlatticeéSL's) made up of DMS and non-DMS lay- the left and right by thick ZnSe layers; and the barriers sepa-
ers, because we can use the large Zeeman splitting in suchting the wells within each DQW pair are magnetic
structures to vary the relative band alignment in the adjacern, _,Mn,Se (x~0.2) layers. The degeneracy of the valence
layers simply by applying a magnetic field. This then pro-band is removed by the joint effect of confinement energy of
vides a unique opportunity to investigate the effect of bandhe wells, and of uniaxial strafrarising from the lattice mis-
alignment on the properties of a given heterostructure in anatch between Zn ,Cd,Se wells and the ZnSe outer barri-
continuous manne. ers. When the strain is compressifas it is in the present
One of the most interesting semiconductor heterostruceasg, both effects are additive, shifting the light holes far
tures is the double quantum wedIDQW) geometry, com- below the top of the heavy-hole valence band. In this paper
prised of two quantum wells separated by a thin barrier layerwe will not be concerned with light-hole transitions: they are
Interwell interaction(i.e., coupling is then an extremely sen- weak, and their Zeeman shithe focus of our investigation
sitive function of the barrier separating the wells. Clearly, theis at least an order of magnitude smaller than that of heavy-
thinner or the lower the barrier, the greater the interactiorhole transitions. Thus, only heavy-hole bands are depicted in
between the wells. As a result of this interaction, each stat&ig. 1. Earlier investigations of such structures were carried
occurring in an isolated single QW will now split into a out by magnetophotoluminescenteyhich provides infor-
symmetric and an antisymmetric state, the two states havingnation only on the spin-down component of the symmetric
different energies. The splitting of the energy levels due taground state of the DQW, to which all other states relax
the coupling between the two wells is of course mainly de-before recombination. In this paper we are interested in in-
termined by the barriet. terwell couplingin the DQW structure, and thus in tisplit-
Molecular beam epitaxyfMBE) allows us to fabricate ting between the symmetric and tkieigher-lying antisym-
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briefly discuss the mechanism of this phenomenon before
proceeding further. The effect arises from the spin-spin ex-
change interaction referred to earlier. The Hamiltonian de-
scribing the exchange interactioim DMS’s is given by

DMS -

" Hom S IPUr=R)S o, M

1
where JSP¢ stands for thesp-d exchange integral between
the band electrons and the Mih ions; r and R; are the
positions of band electrons and of the Rnhions, respec-
tively; and o and S are the spin operators for the band
electron and for the Mfi" ion, respectively. Using the mean

h1
h2

as) I?n: 0 b)B=5.0T ¢) B=5.0T field and the virtual crystal approximations, this Hamiltonian

dege%erate "spin-down" “spin-up" can be cast in a form that has the periodicity of the crystal
lattice! and can thus be incorporated into the total Hamil-
FIG. 1. Band alignment of a double quantum well coupled by atonian of the host semiconductor. To analyze the band struc-
DMS barrier, showing two lowest eigenstates in the conduction andure of a semiconductor in the presence of a magnetic field,
valence bands. The states are spin degenerat-fdr (3. Whena  one often uses the powerful eight-band mo6d76Using Hex
magnetic field is applied, the spin-down staigsand spin-up states jn this model, one obtains the shift of the conduction and

(c) shift differently, because each spin orientation “sees” a differ- yalence bands relative to their zero-field val@® Zeeman
ent barrier(lower for spin down, higher for spin gpVertical ar- shift) as

rows show the allowed optical transitions.
AE:=aNoX(S,), 2

metric  states. Magnetoabsorption, which provides
information on transitions involving both symmetric and an- AE,= —,3No><_<5z>, 3)
tisymmetric states, and on their magnetic field dependence,
is thus ideally suited for investigating interwell coupling in a WhereN is the number of cations per unit volume, and
DQW, and its relation to barrier parameters. B are sp-d exchange integrals for the conduction and the

The magnetoabsorption experiments were carried out iNalence bands, respectivelyjs theeffectiveMn®* concen-
the Faraday geometry, i.e., with magnetic field applied pertration, and(S,) is the average spin per M ion. For
pendicular to the layer planes of the DQW structures, andn;-xMn,Se, of interest here,aNy=0.29 eV and
with light incident normally on the sample. In this geometry BNo=—0.88 eV (Ref. 2. The physical interpretation of
the spin-down and the spin-up states “see” different barrierand(S,) is discussed below.
heights when the field is applied, as determined by the Zee- Consider a DMS alloye.qg., Zn_,Mn,Se) with an atomic
man splitting of the band edges in the DMS material.fraction x of Mn?" ions. At very low concentratiofin the
Since—as discussed in the following section—the heavylimit of noninteracting magnetic moments, say<0.005),
hole band has a much stronger exchange intera¢dbout ~ all x Mn2* ions contribute to the total magnetic moment,
four timeg than the conduction band, and a relatively smallwith the average spin per magnetic ioKS,), described by
band offset, we expect particularly strong variations of thethe Brillouin function. Asx increases, the antiferromagnetic
interwell coupling in the heavy-hole band, as illustratedinteraction between Mfi" ions reduces the number of ions
schematically in Figs. (b) and Xc). contributing to the total spin. For example, spins of nearest-

In this geometry, we studied a series of symmetricneighbor Mrf* pairs cancel out. We then resort to an em-
DQW’s with DMS barriers of different thicknessésee Ta-  pirical parameteix, which is aneffectiveconcentration of
ble 1), which determine the initigli.e., B=0) degree of cou- those Mrf* ions contributing to the total magnetic moment.
pling. Then, by applying a magnetic field, we were able toThis parameter is of special significance in the present paper
follow in a continuous manner the variation of the coupling (in connection with our discussion of ultrathin barriers and
as the Zeeman-induced barrier height was changing. the effects of reduced dimensiona)itand we discuss it here
for future convenience. It is easy to see that0 asx—0,
but also thatx—0 asx—1, where all Mrf* spins cancel
one another. Thus is always less thax (the difference

Since the Zeeman splitting of band edges in the DMSbecoming greater with increasirng, and must display a
layers is of central importance in this investigation, wemaximum value at some intermediate Kfnconcentration.

Il. THE MECHANISM OF ZEEMAN SPLITTING IN DMS'’s

TABLE I. Sample description.

Sample Well Barrier Ly Ly y X
1 Zn;_,Cd,Se Zn_,Mn,Se 45 A 10 A 0.20 0.20
2 Zn;_,Cd,Se Zn,_,Mn,Se 45 A 35 A 0.19 0.20

3 Zn;_,Cd,Se Zn_,Mn,Se 45 A 100 A 0.25 0.20
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In DQW's involving DMS interwell barriers, such as

= 006 ‘ ' ' those used in the present study, changes in coupling induced
by the magnetic field are extremely sensitive to the magnetic
properties of those barriers. Since the barrier layers are thin,

this situation provides a unique opportunity to investigate the
004 /v o 1 magnetism of thin DMS layers. In particular, because thin
; layers are characterized by a high interface-to-volume ratio,
J this situation provides an excellent opportunity for investi-
/ T gating the contribution of the interface to the magnetic prop-
erties of the layered structure, as discussed at the end of Sec.

0021 Bulk = V.

IIl. EXPERIMENTS

Effective Mn concentration (

ZnSel/Zn _,Cd,Se DQW'’s coupled by Zp ,Mn,Se bar-
. riers were grown by MBE on 2tm ZnSe buffer layers, de-
b - - )
Mn concentration (x) posited directly on GaA$100 substrates. The DMS barrier
_ - , thicknesses in the three DQW'’s were 10, 35, and 100 A,
FIG. 2. The rglatlon betweex andx in bglk DMS’s and at_the respectively, and the well width was kept the same
DMS/.non-DMS.mterface, shown as a solid and a dotted line, rle- L, =45 A) in all three samples. In order to determine the
spectively, as given in Ref. 8. The enhancement of paramagnetis oncentrationx (and thus the magnetic properfiesf the
at the interface is clear over the regige0.1. The solid dots cor- . “ - .
respond to experimental values obtained on a series Oznl,anXSe barrier layer, “companion” Zn \Mn,Se Ep”. .
. : . " o ayers were prepared under the same MBE growth conditions
Zn,_,Mn,Se epilayers, including the “companion” epilayer used : . . .
in this investigation as those used in growing the interwell DMS barriers.
' For transmission experiments, the GaAs substrate was re-

The relation between the effective concentration parametdPoved from the sample by mechanical polishing, followed
X and the actuali.e., chemical concentrationx of Mn2+ by suitable chemical etchin@:20 NH,OH : H,O, at room

over the range &x<0.8 has been investigated by Fatahtemperatur)e The absorption experiments were performed in

et al® The authors performed numerical simulations of the2n OPtical cryostatT=1.5 K) equipped with a 6-T super-

antiferromagnetic spin pairing of neighboring magnetic ions conducting magnet. Th_e light source used in the experiments
The plot ofx as a function o in Fig. 2 (solid line) shows WasS & halogen lamp with a 1-m monochromator. The mono-

the results of the simulation that includes only nearestchromatic light was circularly polarized, so as to allow the
neighbor pairing. We also show in the figure, as full poimsild'entlflcann of transitions between Q|fferent spin states. The
the values ofx and x, which we measured on a series signal was detec_t_ed by a photomultiplier tube, and was sent
of zZn,_,MnSe epilayers, including the “companion” to a lock-in amplifier and a computer-controlled analyzer for

epilayer, which was used to calibrate the barrier layers in th&ata storing and processing.
present study. The agreement between the calculated and ex-
perimental values ok is excellent, implying that at low IV. RESULTS: QUALITATIVE DESCRIPTION
fields only those spins that do not have antiferromagnetically
paired nearest neighbors are able to contribute to the
magneto-optical response of the systéive will return to Absorption spectra for the DQW with a 10-A magnetic
the dashed curve in Fig. 2 in Sec. V)C. barrier are shown in Fig. 3 for several magnetic fields, for
The parametetS,) is then the thermal average of the spin both ¢ and o~ circular polarizations. In the absence of a
of the contributing iongsuch thatx(S,) is the total spin per magnetic field three excitonic peaks are observed. The two
unit volume of the alloy. While it is a phenomenological stronger absorption peaks, at 2.600 and 2.629 eV, are iden-
parameter, it car(in analogy with the ultradilute case of tified as the heavy-hole exciton transitions from the lowest
noninteracting spinsbe expressed by modifiedBrillouin ~ Symmetric €;h;) and antisymmetrice,h,) states, respec-

O'O%.O 0.2 0.4 0.6 0.8

A. ldentification and energies of transitions

function Bg,, as follows: tively. These identifications are made on the basis of the
behavior of these absorption peaks after the magnetic field is

5 applied (marked by the thin dashed linsince, as was al-
Eg'“BB ready mentioned, the heavy-hole excitons shift much more

(Sp= 555/2 m (4) rapidly than the light-hole excitons as the field increases. In
B 0 this sample the barrier is thin, so that the interaction between
In the argument oBs,, above,g is the Landeg factor of  the wells is strong, and consequently the distance between
Mn2*(g = 2), ug is the Bohr magnetorB is the external the (e;h;) and (e,h,) peaks is quite large.
magnetic field kg is the Boltzmann constant, is the tem- The third weak and wide peak at 2.662 eV is attributed to
perature, and y is a phenomenological parameter that takeshe light-hole exciton(Although weak on the scale of the
into account the antiferromagnetic interaction among unfigure, the peak is quite unambiguous when detected at
paired (“loose”) spins. It represents the ability of these higher sensitivity. As mentioned earlier, the 4n,Cd,Se
“loose” spins to align under the influence of an external wells in our samples are under compressive strain imposed
magnetic field. by the ZnSe outer barriers, which, together with confinement
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FIG. 3. Absorption spectra for a DQW with a 10-A barrier at
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effect of the wells, pushes the light-hole band up to higher . L.=100A |
energies, thus resulting in a very small band offset and weak 25060 40 20 00 20 40 60
carrier localization for the light-hole band. Consequently, the . .
light-hole excitonic peaks are weak and wide. In this paper Magnetic Field (Tesla)

we will not be interested in the light-hole transitions, except
to use the splitting between the heavy- and the light-hole FIG. 4. Transition energies for the;h; and e,h, transitions
exciton peaks for determining the amount of stfdimthe  observed inc* ando ™ circular polarizations, plotted vs magnetic
system, which is then used in the calculations. The light-holdield for DQW’s with 10-, 35-, and 100-A DMS barriers. The"
band is also automatically included when we calculatedata are designated by solid symbals, by open symbols. The
heavy-hole eigenstates in DWQ's by using the eight-band:h; transition energy for the 100-A barrier is lower than for the
model in the presence of the magnetic field, as discussed o other structures because of the slightly larger Cd content in the
Sec. V A. wells (see Table )L

The magnetic field dependence exhibited by the other
DQW'’s used in this study is qualitatively similar to that barrier height changes with magnetic field. This is because
shown in Fig. 3. Figure 4 is a summary plot, showing thethe probability density¥|? (whereW¥ is the wave function
observed transition energies for each polarization as a funder the antisymmetric states has a node at the center of the
tion of magnetic field, for all samples. The transitions relatedDMS barrier, and is thus much less sensitive to the barrier
to the symmetric and the antisymmetric stafies, e;h; and  height than the symmetric states. This effect of the probabil-
e;h,) in the sample with the thinnest barri¢t0 A) are ity distribution with respect to the barrier will be discussed in
clearly seen in zero magnetic field, separated by over 28onsiderable detail later in the paper.
meV. Althoughesh, is too weak to be observed B=0 in A particularly important feature of this experiment is the
the DQW with a 35-A barrier, extrapolation from high-field ability to continuously change the interwell coupling with
o™ transitions indicates the zero-field splitting to be only 16the magnetic field. For example, in the sample with the thin-
meV for that sample, indicating much weaker coupling, asnest barrierg10 A), which shows excitonic transitions from
would be expected for a thicker barrier. In the sample withboth the symmetric and the antisymmetric stateB-a0, we
the 100-A barrier the two peaks are not even resolved. Thugan clearly follow the change in the interwell coupling as the
as expected, the thinner the barrier, the stronger the interwellarrier heights of the DQW are varied by the applied mag-
coupling, and the bigger the splitting between thé; and  netic field. Since the energy separation between the two tran-
e,h, transition energies. sitions is a direct indication of the coupling strength, it is

The energy levels of each state of the DQW are spirclear that the coupling between the wells is increased for the
degenerate at zero magnetic field. When the magnetic field ispin-down ¢ ) transitions, and is decreased for the spin-up
applied, however, barrier heights in both the conduction ando ™) transitions. This continuous change of interwell cou-
the valence bands decrease for spin-down states, and ipling as a function of the applied magnetic field is quite
crease for spin-up states. As a result, transitions associatethvious in Fig. 4. We wish to call attention to the range of
with the spin-down state@hose seen witlr™ polarization  tunability of the e;h; level made possible by varying the
of light) move further aparfstronger coupling and those barriers. This is particularly evident in the case of the sample
involving spin-up stategseen ino~ polarization move  with the thinnest barrier, where it reaches about 40 meV,
closer together. As seen in Figs. 3 and 4, the antisymmetrimore than half of the zero-field heavy-hole band offset, and
state transitions &;h,) show a significantly smaller shift almost as much as the total Zeeman shift exhibited by the
compared to that of the symmetric state transitions, as theompanion epilayer, as shown in Fig. 5.
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As the thicknesses of the barriers increase, interactions FIG. 6. The square of the electron and hole wave functions for
b_etween the wells becpme weaker, and the Ob.servable Vargle lowest two spin-down and spin-up states, calculated for the
tions of interwell coupling become correspondingly smaIIer.DQW with a 10-A DMS barrier foB=0 and 5 T. The solid and
In the sample W'th Fhe 35-A barrier we are still ablg to Ob'dashed lines represent electrons and holes, respectively. Clearly, the
serve a clear splitting between the two lowest spin-dowry, gpin_down state tunnels more easily through the magnetic bar-
transitions as the magnetic field is applied. However, Wgier presenting a large probability density at the barrier. The wave

have not observed the splitting of these transitions in th@unctions were calculated using the eight-band model, as described
sample with the thickegtL00 A) barriers. This is not surpris- in sec. V.

ing, since with such a large value bf, this DQW sample
behaves in effect like two uncoupled single QW's, and theat 5 T is comparable to the heavy-hole band offsgéte to
magnetic field does not alter this situation. the fact that these states have zero probability density at the
center of the barrier. The only noticeable wave-function
change is thus in the symmetric heavy hole states, which
have a sizable probability density in the magnetic barrier.

In the absorption spectra observed for the DQW'’s, theThis is very clear, for example, for the spin-down hole states
e.h, transitions for theo™ polarization are systematically (middle left pane), which strongly penetrate the center bar-
weaker than those for~, the intensity ratio ¢*/o~) de-  rier, and are thus highly sensitive to the barrier height. Since
creasing with increasing magnetic field. This might be ex-the variations of the conduction- and valence-band edges are
pected from the wave-function overlap for electron and holdn this case very different, the electron-hole wave function
states involved in the transition. The probability distributionsoverlap for spin-down states is significantly reduced, and the
for the two lowest electron and hole subbands are shown ie,;h; absorption intensity is thus expected to decrease with
Fig. 6, where|¥|? for electrons and for holes is indicated, field for thes" polarization.
respectively, by solid and dashed curves, and the vertical Furthermore, it is well known that the optical absorption
lines define the ZnSe/Zn,Cd,Se and Zp ,CdSe/ intensity in a heterostructure depends not only on the wave-
Zn,_,Mn,Se interfaces(The wave functions used to gener- function overlap, but on carrier localization as well. In single
ate the figure were calculated using the eight-band modejuantum wells(SQW'’s) the absorption intensity monotoni-
described in Sec. V, with parameters corresponding to &ally decreases as the well width increases in the range
DQW with a 10-A barrier at 1.5 K. L, >ag (Whereag is the exciton Bohr radiyssince increas-

At zero magnetic field, both carriers are mostly localizeding the well width reduces the carrier localizatifin znSe/
in the Zn,_,Cd,Se wells due to the large confinement po-Zn,_,Mn,Se systems, the exciton Bohr radius is approxi-
tential. When a magnetic field is applied, most of the potenmately 35 A. In DQW’s consisting of 45-A wells, the carrier
tial variation in the barrier region occurs in the heavy-holeconfinement may change as the height of the central barrier
band, while the conduction-band barriers experience relachanges with magnetic field. Specifically, for the heavy-hole
tively little change(see Fig. 1 Consequently, the magnetic spin-down states, the central barrier height is lowered quite
field has relatively little effect on the electron states, anddramatically with increasing magnetic field, and the entire
their probability distribution remains almost the same as astructure eventually approachesiagle quantum welwith
zero magnetic field. It should also be noted that the antisymmore than twice the original well width. It is reasonable to
metric states for holes show very little change of the waveexpect that the carrier confinement continuously decreases in
function (even though the shift of the heavy-hole band edgehis situation(as it would with increasing well thickness in a

B. Transition intensities
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SQW), causing the absorption intensity to drop. As a result

of both effects(reduction in overlap and reduction in local- 15 : . . . ‘
ization), the e;h, absorption intensity for™ polarization is = o
therefore expected to fall with increasing magnetic field, as is
clearly observed experimental(gee Fig. 3.

The intensity of transitions involving antisymmetric states 100 g — G g =~ vy ST
also changes as the magnetic field is varied. But this behav- S v
ior cannot be explained by the wave-function overlap for the \ P AL
electron and hole states, since the antisymmetric state wave- 3. o7 ezhz
functions remain essentially unchanged for both carriers. 0.5¢
However, we note that the,h, transitions become stronger /T Ne
just when thee;h; transitions become weaker, and vice .=10A / Se_e_ el
versa, the total intensity of these transitions remaining ap- ‘ , ’ ‘
proximately constant. This strong correlation between inten- 6.0 40 2.0 0.0 20 40 6.0
sities of the two transitions as the coupling is varied suggests
some sort of sum rule that governs both transitions together.
We argue this as follows.

In general, optical transitions in heterostructures will have
stronger absorption intensity when the same structures are
repeated. An obvious example is the case of two individual
single QW'’s separated by a barrier of large height or width.
In such a structure transitions are expected to be twice as
strong as in a single QW, since the states involved now have
exactly the same energy, and twice the oscillator strength. In
DQW'’s studied here, two SQW'’s are repeated with a small
barrier thickness, and the ground states do not exactly over-
lap, but are split into two statésymmetric and antisymmet-
ric) due to the interaction between the wells. However, these
two statesoriginate from the same ground state of the con- _
stituent SQWSs, before they become coupled to each other.
Thus, thecumulativeintensity of these&,;h, ande,h,) tran-
sitions would be expected to be the same as that of the 100 ______ e—O_ Cossa_®_ o
ground-state transitions in two uncoupled SQW'’s. In this o
picture, the total intensity should not depend on the coupling
strength between the wells. The experimentally observed be-
havior shown in Fig. Twhere the sum of the two intensities 0.5}
remains roughly constant as the interwell coupling is varied
by the magnetic fiel[dappears to confirm this interpretation. L.=100A
Thus, if we impose the condition that the total intensity of
ellh1 and e,h, transitio_ns. should rema_in constant, together ogo 40 Y 00 20 20 50
with the observed variation of;h; (which we can under-

;tand on the groun_ds of Wave—_functipn overlap and_ I_ocaliza- Magnetic field (Tesla)

tion), we mustrequire that the intensity of,h, transitions

increases as;h; decreases, and vice versa. This behavior is

quite clear in both samples with thin barrieftsvo upper FIG. 7. Intensities for the symmetricircles and antisymmetric
panels in Fig. ¥, and is further corroborated by the constant(squarey transitions, and the sum of both transitioftsangles,

absorption intensity observed for the widés00 A) barrier,  plotted vs magnetic field for the™ (full symbolg ando~ (open

where the two wells are essentially uncoupled at all fieldssymbol$ circular polarizations for DQW's witi., = 10, 35, and
(lowest panel 100 A. Intensities are normalized to the total intensity at zero field.
The dashed lines are guides for the eyes.

10 B-—o-——-2 ¥ ]

0.5- NS

L= 35A

Normalized intensity
3

C. Temperature dependence the observed shifts of both lines are significantly smaller at

In general, the Zeeman splittings of the band edges in th80 K, but parallel the low-temperature behavior in that the
DMS'’s show a dramatic decrease with increasing temperamagnetic-field-induced shift foe,h, is much smaller than
ture due to the thermal fluctuation of Mh spins. In the case the e;h; shift. Thus the couplingas measured by the sepa-
of the DQW studied here, the magnetic-field-induced variaration of these two transitionds weaker at 30 K for the
tion of the DMS barrier height will thus also depend on thespin-down states, but stronger for the spin-up states, than it
temperature, and this will be reflected in the degree of interwas at 1.5 K.
well coupling. Figure 8 compares the magnetic field depen- We have noted in Sec. IV B that tlegh, transition loses
dence of thee;h; ande,h, transitions in the DQW with a its intensity with decreasing coupling. Thus at 1.5 K it van-
10-A DMS barrier observed at 1.5 and 30 K. As expectedjshed for the spin-up transitions at fields above (sd@e open
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conduction- and the valence-band edges, respectively:giglthe

FIG. 8. Transition energies for the DQW with a 10-A barrier at €nergy gap of the Zn,Cd Se well material.
10 and 30 K, plotted as a function of magnetic field. The dotted
lines are a guide for the eyes. not even observable at 1.5 lddds additional strength to the

argument that the intensities of tke¢h, ande,h, are some-
circles in Fig. 8, due to the increasing barrier height as seerhow jointly determined by the coupling of the states involved
by the o~ polarization. At 30 K the barrier height in the in these transitions.
o~ polarization increases much more slowly with field, so
that the coupling between the spin-up states is stronger at V. RESULTS: QUANTITATIVE ANALYSIS
any given field(as already observed in connection with Fig.
8). This in turn leads to the surprising result that the intensi-
ties of the spin-upe,h, transitions actuallyincreasewith In heterostructures comprised of different semiconduc-
increasing temperature at high field, and can be seetvrs, the misalignment of conduction and valence bands at
throughout the entire field range at this temperatimgen the interfacesthe so-called “band offset) results in square
triangles in Fig. 9. This enables us to investigate the rela-well and barrier potentials. The behavior of carriers in such
tionship of thee;h; and e;h, intensities over the whole heterostructurege.g., the DQW can be described by using
range of fields available, as shown in Fig. 9. The 30-K datahe “envelope function approximation‘**?as discussed be-
very nicely corroborate the “sum-rule” discussion for these [ow.
two transitions, given above. Since exciton transitions gen- In a bulk semiconductor crystal, the wave function can be
erally become weaker with increasing temperature, the faaixpressed as
that the spin-upe,h, line actually intensifies at 30 Kit is

A. Theoretical model

Yn (1) =%, (1), )
12 ] whereunv,;(ra) is the periodic Bloch function, and is the
o T=30K | o' band index. Because of the lack of infinite translational sym-
2 - i metry along the growth direction, the wave function describ-
Z’ | eihi+e2h2 ing the heterostructure can be written as
8 1.0 -9 - Moo A v——vf—Y——v——V————; »»»»»» ¥--o-- v ¥ A
5 | Yn k(1) ="MV (Z)uy (). ®)
|
S | ezhz Now th functi ists of the Bloch functi
= B | I ow the wave function consists of the Bloch functions
g 05 o ‘:1.1.:;;g~“”' | (which vary on a scale of the unit cell of the bulk crygthd
& =R RS the envelope functiorf, (which varies on the scale of het-
O z . .
Z B ! eihi erostructure layejs By applying effective mass theoly,
_104 this wave function leads to the following Schiinger equa-
L.=10A ) ;
0.0 . ‘ ‘ ‘ ‘ tion for the envelope function:
6.0 4.0 20 0.0 20 4.0 6.0
. 2 2
Magnetic field (Tesla) | as _
Hf(z)= —Zm*(z) d22+V(z) f(z)=€f(2), @)

FIG. 9. Intensities for the symmetric and antisymmetric transi- e ) ] o
tions, and their sum, plotted as a function of magnetic field for theherem* () is the effective maséts z dependence indicat-

o ando~ circular polarizations, observed at 30 K for the DQW ing thatm* is different in different layensand f(z) is the

with L, = 10 A. Intensities are normalized to total intensity at zero envelope function.
field. Dashed lines are guides for the eyes. According to the scheme of Fig. 10, in symmetric DQW
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structures of interest in this paper the confinement potentiaderivatives having alternative parities. Furthermore, the

V(2) for the carriers has the following profile: wave functions penetrating the ZnSe barrier regions must
decay exponentially with increasing|. Thus we choose
0, Ly/2<|z|<Lp/2+Ly f(z) ~e~ 7l for the z dependence of the wave function. The
Vh(z)= VB’ |z|<Ly/2 (8) Schralinger equation can be easily solved using the transfer-

matrix method* when the usual boundary conditions for the

h
Vo, Lp2tLy<|z<e=, wave functions are imposed, i.e.,

Eq, Lp/2<|zl<Ly/2+L,, f(2)/f'(z2)=e “Y(— ke %)= — 1k, (10)

Ve(z)=4 EgtVp, |ZI<Ly/2 (9)  with parameters defined by
Eg+Vo, Lp2+L,<|z|<o,

wherelL,, is the width of each wellL, is the width of the (13)
central barrierVE" is the central barrier potential for elec-
trons () and holes ), andvg'h is the height of the outside where the subscriptrefers to electrons and holes, avdis
barrier for these carriers. Since the potential profile is symgiven by Eqs.(8) and (9). The dispersion relations for the
metric, the wave functions of the carriers should have eitheeigenstates of the DQW'’s in the energy ranrgeV,,V, are

purely even or purely odd parity in the direction, their obtained as follows:

2mf (V,—e) Kiz, for Vi>e
h* | —KE, for Vi<e,

1
; — 7;) cosh{ kplp) |+ 2 cog 2k,,L,,) cosh «x,L )

3

sin(ZkWLW)[ (1 — g) sinh( kL) +

1
+sinr(KbLb)[ Sl sin2(|<WLW)+(é + cosz(kWLW)} -0, (12
&n n &
|
with ¢=k,,mi/kpmy;, and =k, mg/x,mj, . In the region of The optical transition energy from tmeh heavy- or light-

energy V,=e=V, we just need to redefine the variables hole state to thenth conduction-band state is determined by
kpLp—ikpLy, andé— —ik,,my /kymy, in the above equation.
The eigenenergies are obtained from H42) for the (14)
conduction-band electrons, as well as for the heavy and lighihere 8, is the exciton binding energy of the transition.
holes, by findingt and 7. Since¢ and 7 are implicitly func-  The exciton binding energy in a quantum well will be larger
tions of the energy, the eigenstates clearly depend on theihap in the bulk due to quantum confinement. As a conse-
barrier potential via relatior(11). quence, it is also expected to vary with magnetic fietd

In the above formulation we have treated all bafen-  §e to field-induced changes in barrier height. We expect,
duction, heavy hole, light hole, and spin-orbit split-off however, that the magnetic field contribution is a small cor-

band$ separately. In a real semiconductor, however, thgection, and our calculations were performed without includ-
band structure is much more complex. In the valence bancjﬂg this additional variation.

two bands are degenerate at the band edgg, and_ a th.irq lies|y order to identify the optical transitions, we have to

nearby, removed from the others by the spin-orbit splittingconsider the effect of strain due to the lattice mismatch be-
energy A. Furthermore, all the bands interact with eachyyeen the layers comprising the DQW. Strain contributes to
other, and the band structure depends on the strength of sughe splitting between the heavy- and the light-hole levels, in

Enm=Eg*'+En+En—Ep

nm?

interband interactions, given by addition to the splitting of these states due to the confinement
i i i energy for the different carrier masses. Since wells in the
P=— E<S| Pyl X)=— E<3| p,lY)=— E<s| P,Z), DQW system are under high strain, the strain-induced split-

ting can be much larger than the splitting due to the mass
(13 difference. The influence of strain can be included by adding

wherem is the electron mass, an8), |X), |Y), and|Z) are  a strain termHg, to the Hamiltonian? given by

the band-edge Bloch functions for tedike conduction and

the three p-like valence bands, respectively. These four B > 1,

bands are doubly degenerate because of spin, and we thus st CCZ E“_avzi e“_vai G“(Ji ~ 39 )

have to consider a total of eight bands together when a mag-

netic field is involved. An excellent model has been devel- d,

oped for this purpose by Pidgeon and BroWiRased on this - —32 €ij{Jdidj}- (15

model, the Hamiltonian in Eq.7) becomes an 8 8 matrix =

in thek- p approximationt® the wave functions having eight HereJ is the angular momentum operator for heavy and light

components. holes,C, is the conduction-band deformation potential con-
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stant,a, is the valence-band hydrostatic deformation poten-
tial constantb, andd, are the shear deformation potential
constants, and;; are the components of the strain tensor.
The model that fully describes the electronic states of
DQW's in the presence of a magnetic field must include all 260}
the contributions discussed above. This results in a ‘Schro
dinger equation with a complicated<® matrix form, which
cannot be solved analytically. A recently developed numeri- 255 . , , , ,
cal technique that has proven extremely useful for dealing 60 40 20 00 20 40 60
with complicated semiconductor heterostructures is the so-
called “finite element method?® This method has facili-
tated the inclusion of a great number of perturbatidhs
(such as compressive and tensile strain, modulation doping,
and external electric and magnetic figldls semiconductor
heterostructures that lack periodic symmetry. This method,
based on the variational principle, allows a systematic ap-
proach to improving accuracy by the use of additional finite
elements comprising each physical region. It also provides
the flexibility to include additional elements, as needed, to
represent the variation of the M concentration at the in- 255
terfaces. It is thus ideally suited for the analysis of our DQW
structures, including the modeling of DMS/non-DMS inter-

2.65

Energy (eV)

face regions in these system. L.=100A |
The parameters involved in this calculation are the energy 2505540 20 00 20 40 60
gapEgy, the spin-orbit splitting\ of the valence-band, inter- Magnetic Field (Tesla)

band interaction matrix element3, the valence-band Lut-
tinger parametefé (1, v,,vs, andk), the strain parameters

(C..,a,.b,, andd,),”® the conduction- and valence-band FIG. 11. Results of theoretical calculation for tlegh, and
cr“% My v/

e,h eh —  eyh, transition energies for the three DQW's, plotted together with
offsets Vo™ andV, "), and four DMS parametersy(s,x, experimental results. The dotted-dashed lines show results obtained

andT,) appearing in Eqsi2)—(4). The results of numerical \itnout considering interface effects. The dotted lines show results

calculations using this model will be discussed in the nexihtained after including diffusion. The solid lines are the “best fit,”

section. obtained by introducing intrinsic interface effects, as dicussed in the
text.

B. Best fit and discussion with magnetic field(i.e., the Zeeman splitting of its band

Using the above theoretical model, we calculated theé?d9e$ is much stronger than calculated by the model de-

eigenstates for the DQW's. We began with nominal value&ribEd above. It might appear at first glance that the value of

for the dimensions of the structures, provided by the MBEX i_s not knqwn precisely, and the ﬁ.t could.be imp_rovec_i by
growers. The Cd and MiT concentrations in the respective adjusting this parameter. However, inspection of Fig. 2 indi-

layers of the DQW were determined from the ener A0S c)%:ates that our value of is close to its maximum value. Thus
y . ; gy gap any adjustment in the actual MA concentratiorx would
the  corresponding  companion  ¢ZnCdSe  and

: . : result in a reduction af, and thus of the Zeeman variation of
Zn,_Mn,Se epilayers. The strain parameters used in the,e o rrier. To illustrate the disagreement between the model
calculation were taken from Ref. 23, and the band paramgegcribed above and the experiment we note that, to fit the
etersA, P, y1,72,7s and« from Ref. 2. For band align-  7eeman splitting observed for the thinnest barrier, we would
ment, we assumed that 18% of the band-gap difference bgraye to adjusk to the value of 0.15, in sharp disagreement
tween ZnSe and 2n,Cd,Se is accommodated in the ith the constraints imposed on this parameter by Fig. 2.
valence band! We then optimized the well and barrier  Such drastic differences between the observed data and
thicknesseqwithin about 10% of the nominal value®y the calculated behavior therefore indicate that the model
fitting the optical transition energies observed in the absencased in the calculations must be reexamined. In particular,
of magnetic field. Finally, the remaining DMS parametersFig. 11 suggests that either the Zeeman splitting of the bar-
x and T, were determined from the Zeeman splitting ob- rier material is much greater than that of the companion ep-
served on the companion Zn,Mn,Se epilayer x ilayer, or that the active barrier region exceeds the dimen-
=0.040, T,=2.95 K; see Fig. 5 We then computed the sions ofL, given in Table I, or both. Both these effects can
transition energies of the DQW's in the presence of magneti@rise due to the presence of interfaces. In the section below
field, using the parameters in the model described above. TH¥e examine the role of interfaces in determining the Zeeman
results of the calculations, however, consistently showe@Plitting of a thin DMS layer, and its implications in the
much weaker magnetic field dependence of the peak posfontext of DQW's.
tions than was experimentally observed, and could not fit any
of our experimental data. The results of these calculations are
shown by the the dotted-dashed lines in Fig. 11. This clearly Recently, enhancements of Zeeman splitting in excess of
indicates that the actual variation of the DMS barrier heightthe value predicted by standard analysis have been observed

C. Discussion of DMS/non-DMS interfaces
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in several SQW structures and superlattice¥ whose bar-
riers were made from DMS layers (€dMn,Te). Two
physical mechanisms can be responsible for this behavior: an
“intrinsic” effect arising from the reduction of the number

of antiferromagnetic neighbors of M ions lying in the
interface, and a progressive dilution of the #nconcentra- ZuSe  ZnCdSe  ZnMnSe ZnCdSe  Znse
tion across the interface due to interdiffusitigraded” in-
terfacg. The relative importance of these two contributions
has been a matter of debate. Gajal?® and Grieshaber

et al®! have proposed a model that takes into account both
contributions. These authors conclude that, for a single
monolayer of Cd_,Mn,Te, both effects are comparable in
importance. However, they suggest that for an interface be-
tween extended DMS and non-DMS regions, the “extrinsic”
contribution (the grading of the interface due to interdiffu-
sion) is dominant, and is more pronounced for inverted than
for normal interfaces. Other authors, on the other hand, at-
tach primary importance to the intrinsic magnetic properties
of the near-interface regiof.

In all structures studied in the above investigations, how-
ever, only the tail of the wave function describing the par-
ticle in the well interacts with the Mfi" spins in the DMS
barrier. In the present case of DQW's, on the other hand, the
magnetic layer exists at the center of the structure, so that a
much greater fraction of the wave function penetrates the FIG. 12. A qualitative diffusion picture for Mn ions at the
DMS material, making it particularly sensitive to interactions ZMm-xCdSe/Zn _,Mn,Se interface in a DQW, together with the
with the magnetic ions within the barrier layer as well as atcgrrespondlng poter.mal proflle S|.mulat|9n. Here the black dots in-
its interfaces. Clearly, when the DMS barrier separating th&/icate manganese ions which diffuse into the ZiCd,Se wells;
wells is thick, the DQW structure effectively becomes two and x and x4 are the effective manganese concentrations for the

SQW’s. Then the magnetic behavior exhibited by the strucMS barrier material and for the diffusion region, respectively. We
se the samg as in the companion epilayer, and vaiyfor fitting

ture will be essentially the same as that of the SQW Smd'e(tixperimental data. Upper and lower panels depict symmetric and

in Refs. 26—28 . RN . X
. L S o . . antisymmetric diff ,asd d in the text.
We will begin by considering the possibility of diffusion ymmetric diiusion, as discussed in fhe tex

of Mn2* jons into the Zn_,Cd,Se wells. This can be taken o _ _ _
into account by using an error function profile to represendarrier in a DQW. We can simulate this asymmetric effect by
the diffusion region. If we assume 2 ML as a reasonablédssuming different diffusion lengths for the two sides of the
diffusion lengtf”-?® at the interface between wells and the barrier, as shown in Fig. 18), and different effective
DMS barrier, we obtain a symmetric profile at both sides ofMn2* concentrations on either side. However, for any con-
the barrier, because the error function has even parity. Thiguration that we attempted, the calculation still showed
simulated potential profile for such symmetric diffusion is consistently much smaller Zeeman splitting than was experi-
schematically shown in Fig. 18). Since the diffusion region mentally observed(lt is worth noting that the flexibility of
can be treated as an alloy with a redudedtua) Mn?" the finite element methd8discussed in Sec. V A makes the
concentration, we can useand T, as scale factors in that simulations described above particularly straightforward.
region, whilex and T, in the barrier are kept the same as in  One can of course obtain larger Zeeman splittings of the
the companion epilayer. However, in bulk DMS'’s the maxi- absorption lines if MR* ions are assumed to diffuse deep
mum effective manganese concentratior4s0.04 (see Fig. into the wells(diffusion length much larger than two or three
2), corresponding tox~0.15, which is close to the MiT atomic layers Reasoning in this way, we can estimate the
concentration in the DMS barriers of our DQW’s. Thus we diffusion length required to obtain the observed shift of the
can varyx in the diffusion region only within the range e;h; line by comparing the Zeeman shift observed for the
0=<x=0.04. The results of the calculation, including the dif- Zn,; _,Mn,Se epilayer in Fig. 5, and that of ttegh; transi-
fusion effect, did not improve the fit significantly. The best tion for thes ™ polarization in the DQW with a 10-A barrier,
results obtained in this way are shown in Fig. 11 as dottedFig. 4. Since thee;h, transition shift reaches about 80% of
lines. The figure clearly shows that the thinner the barrierthe epilayer Zeeman shift, the Mh ions should diffuse
the worse the fit. about 80% of the well width in the DQW. This leads to a
It was pointed odf that interface diffusion of MA™ ions  diffusion length of about 12 ML, which is unreasonably
that occurs during MBE growth may be different for non- large(over 30 A), and is in drastic disagreement with studies
DMS material grown on DMSso called “inverted” inter-  of diffusion by others, most of which favor diffusion lengths
face, and for DMS material grown on non-DMSnormal” not greater than 3 ML. Such large diffusion lengths would,
interface, due to lattice mismatch between the two materi-furthermore, result in the shift observed ferh, ande,h,
als. This would result in an asymmetric interface profile, de-being comparable iall three samples, which is clearly con-
scribed by an exponential function at either side of the DMSrary to observation. We must therefore look for another ex-

ZnSe ZnCdSe ZnMnSe ZnCdSe  ZnSe

b)
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TABLE Il. Best fit parameters for the 2-ML interface region.

Sample Barrier thickness X To

1 10 A 0.12 1.2 K
2 35 A 0.06 15K
3 100 A 0.047 15K
Epilayer lum 0.04 295K

planation, and we now examine the intrinsic magnetism ofjanese significantly beyond 0.047. For example, for the
an abrupt DMS/non-DMS interface in this context. DQW with 35 A, we need=0.06; and for the DQW with a

It is well known that the nearest-neighbor spin-spin ex-10 A barrier we had to use a valuex# 0.12, three times as
change interaction between Mih ions is antiferromagnetic large asx for the “companion” epilayerand three times as
in bulk Mn-based DMS’s. As a consequence, for examplelarge as the maximum value allowed for this parameter in
antiferromagnetically coupled spin pairs do not contribute tacontinuous DMS medja Note, however, that this value is
the average spitS,) of Zn,_,Mn,Se. Now in the case of an very close tox=0.10, obtained by Harrisoat al3? in their
abrupt DMS/non-DMS interface, magnetic ions in the inter-simulation of a single Cd.,Mn,Te monolayer forx=0.20.
face plane will in general have a different number of mag-The value ofx used in obtaining the best fit is plotted as a
netic neighbors than they would within a bulk crystal of the function of inverse barrier thickness in Fig. 13, to demon-
same composition as the DMS layer. For instance, & Mn strate the progression of with increasing interface-to-
ion within a face-centered cubic lattigee., inside abulk  volume ratio of the respective barriers. Table Il also indi-
alloy) has 12 nearest-neighbor cation sites, any of whiclcates another potentially important trend: the effective
could be occupied by another Mh ion; whereas a MA" temperaturerl;, which reflects a residual antiferromagnetic
ion at a DMS/non-DMS interface has only 8 nearest-interaction between unpaired “loose” spins, clearly de-
neighbor cation sites that could be occupied by a®Mion.  creases with decreasing barrier thickness. This reduction of
Hence the possibility for finding antiferromagnetically paired T, for spins near the interface demonstrates that those
ions is reduced at the interface, leading to a lak@y, and  Mn?" spins can more easily be aligned by the magnetic
larger magnetization. Suctenhancement of paramag- field, and thus more effectively contribute to the total aver-
netisn¥3? was calculated for the specific case of the 2 ML age spin of the system.
adjacent to the interface, by considering the statistical distri- The large effective MA* concentratiorx required to fit
bution of nearest neighbors. When this is expressed in termgie DQW data gives us important insights into the magnetic
of effective Mr?* concentrationx, the enhancement be- properties of thin DMS barriers themselves. This may be
comes appreciable for concentratioxs 0.1, as shown by expected from the argument that, if the Kinions at the
the dotted line in Fig. 2. Since the actual Kihconcentra- interface make a larger contribution to the total average spin
tion x of the DMS barriers in our DQW's is in all cases per ion than those in the bulk, clearly the relative number of
larger tharx=0.1, this intrinsic interface effect must contrib- such interface ions increases as the barrier becomes thinner,
ute to the enhancement of the Zeeman splitting exhibited by
the barriers in our DQW's.

Invoking a similar approach, we model the barriers of the =
DQW'’s as previously, by introducing a 2-ML interface re- g
gion [as shown in Fig. 1@)], and we use and T, as fitting £ 012; L
parameters for this 2-ML region, but this time without im- &
posing limits on their values, in order to simulate such en- c§
hanced paramagnetism at the interface. In this calculation we g 0.08|
keepx=0.04 andT,=2.95 K as constant in the original ©
barrier[i.e., in the regiorlL, in Fig. 12a)]. With this admit- g ©
tedly rough simulation, we carried out numerical calculations "o o
to best fit the energies of the optical transitions observed in .5 0.04¢-
the presence of the magnetic field. The values ahdT for 3
the 2-ML interface region that gave the best fits to the data E
are presented in Table Il. The results of calculations carried 0.00

. e . 0.0 2.0 40 6.0 8.0 100 120
out using these parameters are shown in Fig. 11 as solid
lines. As seen from Table Il and Fig. 11, the results of this 100/L, (A
calculation gave a good fit to the data observed on DQW's
with the thickest barrief100 A) when the effective manga- FIG. 13. Effective manganese concentration of the interface re-

nese concentration in the interface region was assumed to @ in DQW's, required to give best fit to the observed transitions
x=0.047. This is in good agreement with the simulationenergies, plotted as a function of inverse DMS barrier thickness.
results of effective manganese concentration obtained byhe three samples with different DMS barrier thicknesses show a
others for DMS/non-DMS interfaces, cited abSMdowever,  surprisingly linear dependence of on L,* The black dot at

to fit the data observed on DQW's with thinner barriers, itx=0.04 indicates the effective manganese concentration of the
was necessary to increase the effective concentration of manempanion epilayer.
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i.e., as its interface-to-volume ratio increases. In the limit axannot be explained exclusively by diffusion of Kfhions

the DMS layer approaches an atomic monolafier., as it  in the interface region of the DMS barrier. By considering
becomes ideally 2 magnetic ions have only four nearest- both diffusion and the intrinsic reduction of antiferromag-
neighbor sites that could be occupied by other magnetic ionsietic pairing at the interfaces between DMS and non-DMS
three times less than in the bulk. Thus the thinner the layematerials, we were able to discuss quantitatively the behavior
the larger will be the effective manganese concentration of the DQW with the thickest barrigd00 A). In the DQW’s
associated with any givex. The systematic increase of the with thinner barriers, however, a discrepancy between the
effective manganese concentration needed to fit the data wittxperiments and theoretical calculatidircluding both dif-
decreasing barrier thickneésee Table Il and Fig. 23vould  fusion and intrinsic effecjsarose, and we needed to increase
thus indeed be expectddt least qualitativelyas the DMS the effective manganese concentration of the interface region

layer approaches the 2D limit. significantly to fit the experimental data. The required in-
crease clearly varied inversely with barrier thicknéss
VI. CONCLUSIONS This behavior is so systematic that we are tempted to at-

) . tribute the enhanced Zeeman splitting primarily to dimen-

We have investigated a set of DQW's coupled by DMSgjona) effectyinterface-to-volume ratjoas the DMS barrier
barriers, with different barrier thicknesses. As would be €X1ayer becomes ultrathin. This result is in disagreement with
pected, we observed the interwell coupling to be strongest ifhe calculation of Grieshabet al,3! which suggest that, for
the sample with the thinnest barrier. Using a DMS layer ag; single monolayer, the contributions of the intrinsic effect
the barrier provided the opportunity to vary the interwell 3ng diffusion are comparable. It should be emphasized that
coupling continuously in any one sample by varying an apthe DQW structure with a DMS barrier provides an ideal
plied magnetic field. This magnetically induced variation of syrycture for the study of such enhanced interface paramag-
the coupling clearly manifested itself through teeergy  petism, because the wave function of the symmetric eigen-
separation between interband transitions from the tWo gtates in this structure is centeraithe interwell barrier. The
lowest-lying symmetric and antisymmetric states. Furthersystem is thus much more sensitive to the magnetic behavior
more, this behavior was also accompanied by a strikingsf the DMS/non-DMS interfaces that nonmagnetic SQW’s
variation of the intensity of these two transitions as the couyth magnetic barriers, where the interface is “felt” only by
pling was changing. Specifically, as teeh; transition(that  the tail region of the wave function.
involving symmetric statgsbecame weaker, theyh, transi-
tion became stronger, in such a way that the integrated in-

tensity for both remained constant. This behavior wasanot ACKNOWLEDGMENTS
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