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We have investigated multiple quantum well systems consisting of diluted magnetic,(4&d,Mn,Se)
and nonmagnetic (4n,Cd,Se) semiconductor wells, separated by nonmagnetic ZnSe barriers. By focusing
on interband transitions involving the lowest multiplet of states., the ground state split by interwell
interactiong, we were able to study the details of the coupling between the wells. The strongest interaction
between the states of each well occurs when the wells are idefiticalvhen they are in a resonant condijion
The coupling between the wells is dramatically reduced in the presence of an external magnetic field, which
can change the depth of diluted magnetic semicond&btS) wells relative to the non-DMS wells via the
large Zeeman splitting that occurs in the DMS layers. As soon as the depth of the wells becomes unequal, the
multiple quantum well system subdivides into separate subsystems consisting of groups dfesprant
wells, one associated with non-DMS wells, and the other with DMS wells. This is clearly evident both from
theoretical investigation and from the observed magnetic-field dependence of the absorption lines associated
with the ground-state multiplet.

[. INTRODUCTION ried out on MQW structures in which some layers consist of
DMS's*® This interesting wave-function distribution, how-

One of the most interesting characteristics of 11-VI-basedever, occurs only in the case of strong coupling between the
diluted magnetic semiconducto(®MS’s) is the giant Zee- wells (i.e., under resonant conditipriTo maintain this con-
man splittind? of electronic levels, which provides a rela- dition, in Ref. 19 the depth variation of DMS wells in an
tively large tunability of the band edges by using an externabpplied field was restricted to a small ran@ess than 10
magnetic field. This tunability has given rise to a large bodymeV), so that the system remained in nearly resonant condi-
of research on heterostructures, such as quantum welt®on through the entire experiment.
(QW's) and superlattice$SL’s), consisting in part of DMS It is, however, also interesting to observe how the wave
layers®~1° For example, in some structures of this kind thefunctions redistribute themselves when the system changes
zero-field valence-band offset can actually be overcome bfo off-resonant condition§.e., in the case of weak coupling
the Zeeman shift of the valence-band edge in the DMS laybetween the wel)sand how the coupling varies in the pres-
ers, and the band alignment of the system can thus bence of large well depth variation. Even though some studies
changed from type | to type I{or vice versa simply by  of interwell coupling in coupled systems have been reported,
applying a magnetic fiel#:*? Using this mechanism, one most of them have been done on double QW structures with-
can also produce so-called spin superlattices, in which difeut involving DMS’s(i.e., without the advantage of continu-
ferent spin states are localized in different layers of the struceus tuning;°=2° and, more importantly, these studies fo-
ture in the presence of an external magnetic ff&fd® cused primarily on the dependence of coupling strength on

Most studies using the giant Zeeman splitting in DMSthe properties of the separating barriéis., on their width
layers have been done either on single QW or on SL strucand height?®#’It is obvious that the strength of the coupling
tures, and significantly less attention has been given tbetween the wells is determined not only by the barrier prop-
coupled multiple QW'Y specifically to QW systems consist- erties, but also by the relative alignment of the wells them-
ing of more than two wells, such as triple or quintuple selves(i.e., whether or not the system is in a resonant con-
QW’s).16-18 At the same time there are many interesting anddition). Such dependence of coupling on the relative well
important features characteristic of coupled multiple quandepth can be conveniently investigated in MQW's involving
tum wells (MQW'’s), which can be very effectively investi- DMS wells, in which the band gap can be continuously var-
gated using DMS's. For example, a striking feature ofied relative to non-DMS well$>4°
coupled QW's is the wave-function distribution of their elec- To explore this issue, in the present study we used
tronic states, since in symmetric MQW'’s wave functions ofsymmetric  MQW  structures consisting of DMS
the lowest multiplet of states can be distributed within the(Zn,; _,_,CdMn;Se) and non-DMS (Zn,Cd,Se) wells,
system in a rather surprising manner, some of the states beeparated by nonmagnetic ZnSe barriers. Our aim is to ex-
ing localized only in certain wells and almaesttirely absent plore the limit of strong Zeeman splitting, occurring at high
in others. Such distribution of wave functions has alreadymagnetic field, when changes in the DMS well potentials
been mapped out in magnetoabsorption measurements ca@roduced by the applied field are on the same scale as the
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TABLE |. Sample description.

Sample Barrier Non-DMS well DMS well Ly Ly X y

TQW1 ZnSe Zp_,CdSe Zn_,_,CdMn,Se 52 A 20 A 0.20 0.04
TQW2 ZnSe Zn_,CdSe Zn__,CdMn,Se 38 A 18 A 0.20 0.04
QQW1 ZnSe Zp_,Cd Se Zn_,CdMn,Se 40 A 20 A 0.20 0.04
QQW2 ZnSe Zp_,Cd Se Zn__,CdMn,Se 40 A 20 A 0.21 0.04

well depth itself, leading to a transformation of the MQW will change with field for the two spin orientations. The
systems into symmetric combinations whequalwells. In  much larger Zeeman shift of the heavy-hole band, character-
this case, the system naturally divides into two subsystemistic of 1I-VI-based DMS'’s, is clearly evident.
having different well depths, one consisting of DMS wells To perform optical transmission experiments on the
and the other of non-DMS wells. While maintaining the con-MQW samples, the GaAs substrate had to be removed. This
dition of resonance within each subsystem, the two subwas done by mechanical polishing, followed by selective
systems are now in off-resonant condition with respect tachemical etching in 1:20 NMDH:H,O, solution at room
one another, the coupling between the two subsystems beiigmperature. The interband magnetoabsorption experiments
significantly reduced. Thus each subsystem exhibits its owwere performed in an optical cryostat£ 1.5 K) equipped
characteristic, nearly-independent behavior. By varying thavith a 6-T superconducting magnet. The light source used in
magnetic field, we are able to continuously change the couthe experiments was a halogen lamp together with a 1-m
pling process within the system as a whole, allowing us tanmonochromator. The monochromatic light was circularly po-
investigate the transition from strong coupling between alllarized, so as to allow the identification of transitions be-
wells to the situation when the subsystem of DMS and noniween different spin states. The signal was detected by a
DMS wells become almost totally uncoupled one from thephotomultiplier tube and was sent to a lock-in amplifier and
other. a computer-controlled analyzer for data storing and process-
ing.
Il. EXPERIMENT
lll. WAVE-FUNCTION DISTRIBUTIONS IN SYSTEMS

The structures used in this investigation were grown by OF UNEQUAL WELLS

MBE on a 2um ZnSe buffer layer, deposited directly on
GaAs (100 substrates. Symmetric MQW structures were For a detailed description of the observed transitions in
fabricated using ZnSe layers for the barriers and nonmagviQW's, we need to know the correct potential profile of the
netic Zn_,CdSe and magnetic 4n,_,CdMn,Se layers systems at all fields. Since Zn,_,Cd,Mn,Se well layers

for the wells. For triple QW’s two complementary structurescontain 4% of MR", the well depth of these layers is in fact
were fabricated, with the zn, ,Cd,Mn,Se layers used ei- slightly different from the nonmagnetic Zn,Cd,Se wells

ther for the center wellsample TQW1] or for the two side even at zero magnetic field, due to ttaightly) different
wells (TQW2). Similarly, two quintuple QW's were grown, band gap of Zp_,_,CdMn,Se and theslightly) different

with DMS layers used either for the central WelQW1) or  strain condition in that layer. Because these differences are
for the second and fourth wel®QW?2). Similar dimensions  small on the scale of the well depth, our triple and quintuple
were used for the barriers and for the wells. After depositingQW'’s are very nearly resonant at zero and/or low field. The
the MQW's, the structures were capped by i+ ZnSe  eigenenergies and the corresponding wave functions of these
protective layer. Parameters for these multiple QW’s are

given in Table I, and the structures are schematically shown TQW1 TQW2

in Fig. 1, where the DMS and non-DMS wells are indicated
as darkly and lightly shaded regions, respectively.
Since the band-edge  splitting  shown by - B

Zm_,,CdMn,Se layers in a magnetic field will play a
central role in this study, it is important to discuss at the
outset the Zeeman splittings occurring in the DMS layer in QLW Qe
some detail. It was shown that the effective spin of the man-

ganese ions, which determines the Zeeman splitting in

DMS's, is practically independent of the host cry&tdl.e.,

it is essentially the same in Zn Mn,Se, Zn_,Mn,Te, or ]

Cd;_yMn,Se for the samey). The Zeeman splitting in o —
Zm_,_,CdMn,Se layers withy~0.04 used in this work

will thus be very similar to that in Zp Mn,Se with y FIG. 1. Schematic diagrams for the symmetric multiple QW's
~0.04. The Zeeman splitting of the band edge of(rowi, TQW2, QQW1, and QQW?2 consisting of
Zm_yMn,Se,y~0.04 for the conduction and the heavy-hole zn,_,,CdMn,Se and Zp_,CdSe wells, with ZnSe barriers.
band determined experimentally in earlier stutfiés shown  shaded regions indicate welldark color for Zn_,_,Cd,Mn,Se,

as a function of magnetic field in Fig. 2. This variation indi- light color for Zn,_,Cd,Se well3, and unshaded regions are ZnSe
cates how the depth of DMS wells in the MQW structuresbarriers.

ZnSe Zn,.Cd.Se Zn,.,Cd.Mn,Se
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FIG. 2. Calculated band-edge splitting of the conduction and the;oresponding wave functions for the heavy-hole band, for spin-up
heavy-hole bands in Zn,Mn, Se withy~0.04. The regions to the 54 gpin-down states in TQW1. The first, second, and third columns
left and to the right oB=0 show the behavior of the spin-up and ¢ rrespond to the first, second, and third states of the ground-state
the spin-down band edges, respectivély.is the energy gap @& yjplet, respectively. Noticeable qualitative changes in heavy-hole
=0. localization occur in the first and the third states.

structures at zero field are thus very similar to the case ofhe calculated band-edge profiles for the heavy-hole band at
three or fiveidentical QW'’s. This property allowed us to B=0 (including the effect of strainare shown for TQW1 in
treat these systems in Ref. 19 as consisting of essentiallyne third row of panels in Fig. 3. The corresponding wave
identical wells when the Zeeman splitting was small. How-functions for the three lowest heavy-hole states are also
ever, Zeeman splittings of the band edges in the DMS layershown in that row. AB=0 the lowest stateh) is clearly
at low temperatures can be so large that they may no longelistributed over the three wells, while the second statg (
be treated as perturbations of the “originafi’e., zero-field  is localized only in the two side wells. The third statg) is
well depths. At low temperatures even moderate fiédg., again distributed over the three wells.
1 T) transform a given MQW system comprised of DMS and  The evolution of the potential profile for spin-up and spin-
non-DMS wells into a combination of unequal wells, espe-down heavy-hole states with increasing field is shown for
cially in the heavy-hole band. This results in a situationTQWL1 in the uppe(first and secondand the lower(fourth
where not all wells are in resonance with one another, whicland fifth) rows of Fig. 3, respectively. We first consider the
greatly affects both the nature of the coupling between thepin-down states at high fields, where the central well be-
wells and the distribution of electron probability throughout comes significantly deeper than the side wells, resulting in a
the system. symmetric triple QW system with very unequal well depths.
When a magnetic field is applied, it is evident from Fig. 2 In this configuration the central well and the side wells are
that most of the potential variation in the DMS wells occursno longer resonant with each other, and the coupling be-
in the heavy-hole band, while the conduction-band wells extween them is dramatically reduced. We now have, effec-
perience considerably less change. At the same time, thévely, a combination of a singl&centra) QW and a double-
conduction-band wells in our structures are much deeperesonant QW comprised of the side wells. The wave function
than wells in the valence baridpproximately 200 meV, as of the h; state then approaches the ground-state wave func-
compared to 50 meV &= 0). Consequently, magnetic field tion of a single quantum well, localized only in the central
has relatively little effect on conduction-electron states anddMS layer due to the significantly lower potential of that
on their wave-function distribution. In contrast, in the heavy-layer compared to the side wells. The andh; wave func-
hole band major changes take place in the DMS well potentions, on the other hand, are mostly localized in the two side
tial when the field is applied, due to tkembinedeffects of  wells, and are thus determined primarily by those wells. This
a relatively small band offset and a much larger Zeemaris not surprising for thén, state, since that state originates
splitting characteristic for that band. This results in very sig-from one localized in the two side wells of the triple QW
nificant, qualitative changes in the heavy-hole wave func- with equal well depth$? However, the wave function dfs,
tions of the MQW'’s. which was initially nearly equally distributed over the three
We will use the case of TQWL1 to illustrate this behavior. wells, has now also redistributed itself primarily into the two
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side wells. This process of wave-function redistribution and 2.65 . .
its evolution can be readily probed in our experiment. TQwi1 T-1.5K G*
In contrast, the depth of the DMS well in TQW1 for the o

spin-up state is significantly shallower at high magnetic field ‘|_|‘|—|‘|_|’

than that of the side wells, and the whole system now begins
to separate into a deep double-resonant quantum well origi-

2.62 | M"‘ .
000005 ¢ g 0."0000.

nating from the side wellgfor which the central well, no
longer in resonance, becomes part of the bagraed a single
e2ho %q — eshs

shallow central QW. Then the lowest stateand the second

stateh, become those of a double QW, localized equally in
the two side wellgwhich in the case of TQW1 correspond to
the non-DMS welly as shown in the first and second col-
umns of the top panels in Fig. 3. Surprisingly, most of the
wave function for theh; state is seen to localize in the cen- 259 |
tral well, even though that well is at the highest potential.

The complete qualitative redistribution of wave functions U—U
o

Energy (eV)

of the h; and h; states in TQWL1 in the large perturbation

region can be produced continuously by varying an external

magnetic field. Similar wave-function redistributions are ob-

tained for the other QW geometries used in this investiga-

tion. Thus in the case of TQW(@ee Fig. 1, potential varia- 258 a0 20 oo 20 a0 60

tions occur in the two side wells as the magnetic field is .

applied. For spin-down states, the two side wells in the Magnetic field (Tesla)

heavy-hole band in t_h's sample become ml_JCh deeper than FIG. 4. Calculated energies of then=0 transitions for TQW1,

the center well. In this case tfig wave function transfers pioieq together with experimental results. The solid lines are cal-

almost entirely into the two side wells, eventually becomingcyjated for actual structures used in the experiments, taking into

the same as thé, wave function, only with opposite account their detailed phyical propertiéstrain, exact band align-

parity—mirroring qualitatively thespin-up behavior of  ment atB=0), as discussed in the text.

TQWL. For spin-up states of TQW2, the two side wells be-

come much shallower than the center well, and the wav@ctor system where interactions with remote bands are

function ofh, becomes mostly localized in the center well asyeak, in the calculations we have used a single-band model.

the field increases, resem.blir(got surprisingly the spin-  This approach has the added advantage of keeping the phys-

down behavior of TQW1 discussed above. . ~ics of the system clearly in evidence. In order to allow com-
Using similar arguments and referring to Fig. 1, it is parison with experimental data, we have also included the

readily seen that when the applied magnetic field is in theffect of strain and of the small but finite difference between

strong perturbation limit the QQW1 structure will splitinto a the pand edges of the DMS and non-DMS wells at zero

single QW and two identical pairs of resonant double QW's;magnetic field. The parameters used have been discussed in

and QQW2 will separate into a resonant triple QW made UfRef. 19, and the reader is referred to that reference for de-

of non-DMS material and a resonant DMS double QW. Thiszjs.

splitting into subgroups will be manifested by characteristic  calculated energies for optical transitions involving the

optical behavior discussed below. ground-state triplet in the TQW1 configuratigne., DMS
layer in the center wellexhibit several interesting phenom-
IV. OPTICAL TRANSITIONS IN MULTIPLE QW ena, that were not present in the small perturbation regime
SUBGROUPS discussed in Ref. 19. One of the most striking features is the

asymmetry of the Zeeman shift between thé and o~
polarizations(i.e., the spin-down and spin-up transitions, re-
Figure 4 shows transition energies for the TQW1 samplespectively exhibited by bothe;h,; andezh; transitions. For
as a function of applied magnetic field for the two circularthe o™ polarization, thee;h; transitions in the TQW1 con-
polarizations. The solid lines show transition energies calcufiguration show the largest Zeeman shift, indicating that
lated for TQW1, obtained by taking the Zeeman splittingstates involved in these transitions are much more localized
shown in Fig. 2 as the potential variation of the DMS wells.in the DMS wells than other states. For the polarization,
The calculations in Fig. 4 are done using #g model and however, thee;h; transition shows considerably smaller
the “finite element method.® The versatility of the latter Zeeman splittings and quickly saturates at magnetic fields
algorithm, and its suitability for investigating systems of this higher than 0.75 T, indicating that now the states involved in
type, was discussed in Ref. 27. Since the structures considhis transition reside primarily in the non-DMS layers. A
ered here have more laydiie., more elemenighan double similar asymmetry of the Zeeman shift, but in the opposite
QW’s, a great amount of computing time would be requireddirection, is also observed for theahs transition.
if all eight bands were to be taken into account, as was done This asymmetric behavior of the;h; and e;h; transi-
for the double wells. Since our interest is to understandions, which differ from their behavior in the small perturba-
trends which such system display as the well depths begin tdion regime(where the Zeeman shift is approximately sym-
differ, and since we are dealing with a wide-gap semiconsmetric), results from the difference in the distribution of the

A. Triple quantum wells
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wave functions for the spin-up and spin-down stdses Fig. 2.67

3). This feature is characteristic of coupled MQW systems TQw2
made up of DMS and non-DMS combinations, including eshs

T=15K g*

superlatticed?3 In a single QW consisting of DMS mate-
rial, the ground state is always localized in the well, even
though the well depth changes with magnetic field for differ-
ent spin states. In multiwell systems, however, the lowest-
lying state seeks out wells of the lowest potential, to which it
tunnels when the well depths change relative to one another.
Such wave-function transfer taking place in a triple QW
structure is clearly seen for thg and h; states in the first
and the third columns of Fig. 3.

A fundamental feature of the TQW1 configuration can be e e
appreciated by examining the three transition energies at 5 T m
for botho* ando ™ polarizations. It is clear in that limit that osg |
two of the transitions are always close to each other, while a '
third one is farther removed. The former resemble the two ‘I_I‘I_I‘I_F
lowest-energy transitions of a double QW, while the latter
behaves like the ground-state transition of a single QW. This o
subgroupbehavior results from the significant reduction in 55 ‘ , ‘ ,
the coupling between the central and the side wells. In triple 60 40 20 00 20 40 60
QW's under resonant conditions, all wells are strongly Magnetic field (Tesla)
coupled to one another, and the states of the lowest multiplet
are almost equally separated, as is the case for zero magneticFIG. 5. Calculated energies of then=0 transitions for TQW2,
field in Fig. 4. However, as the well moves away from sub-plotted together with experimental results. The solid lines are cal-
groups resonance, their behavior becorfre=arly) indepen-  culated for actual structures used in the experiments, taking into
dent from each other. Then each subgroup of QW’s exhibitaccount their detailed physical propertiatrain, exact band align-
their own characteristics, without “feeling” the existence of ment atB=0), as discussed in the text.
the other QW'’s. In the case of the TQW1 configuration the
system divides itself, due to the large potential variation ofFurthermore, by careful inspection of experimental data, one
the DMS band edges with magnetic field, into a single QWcan also sedespecially for the low-field region in the™
made of the DMS layer and a double quantum well consistpolarization) that the transitions for this triple QW divide
ing of non-DMS materials. into subgroups in a continuous manner as the magnetism is

Since the “single QW subgroup” corresponds to theincreased, essentially corroborating the wave-function pic-
DMS well, the state representing the single quantum welture of this system under large perturbation.
behavior will always follow the magnetic shift of the DMS  Another noticeable feature observed in the TQW1 spectra
material. This behavior is clearly demonstrated in Fig. 4,s the disappearance of tlegh, transition as it approaches
where thee;h, transition fore™ and theesh transition for  the e;h; transition for theo~ polarization and as it comes
o~ clearly follow the Zeeman shift characteristic of the close to theesh, transition for theo* polarization. This may
DMS layer and show a different behavior than the other twdbe due to the near merging of te state withh,; for the
transition lines. The transitions corresponding to the “doublespin-up configuration and with; for the spin-down configu-
QW subgroup” shows a different characteristic behavior.ration, respectively.

The flatness of the energy versus field behavior of the two In the TQW?2 configuration, the situation at zero magnetic
closely-spaced transitions reflects the fact that states particiield is identical to the TQW1 case but becomes quite differ-
pating in these transactions reside in the non-DMSent when a magnetic field is applied, since now the two side
Zn; _,Cd,Se side wells. The difference in the transition dou-wells will undergo a change in the well depth. Calculated
blets for the two spin orientatione{h; ande,h, for ¢~; results are shown for TQW?2 as solid and dotted lines in Fig.
e,h, and esh; for o*) arises from the fact that—even 5 for the observed and the not observed transitions, respec-
though the wells are identical—the behavior for the interwelltively. The system also divides into two subgroypssingle
coupling in this double QW subgroup is different for the two quantum well and a double quantum wellhen a high mag-
spin orientations is magnetic-field dependent. In particular, inetic field is applied. The band alignment of the system at 5
is clear from the larger separation exhibited by the transitiorT is schematically shown by insets in the figure &of and
energies in ther™ polarization that the coupling through a o~ polarizations. In this configuration, however, the double
barrier containing a deep well is stronger than that througlQW is now made of DMS layers, and the single quantum
the more “solid” barrier, as is the case for . well is non-DMS. Thus the two eigenstates related to the

Experimental data observed for TQWL1 in magnetotransdouble quantum well will show large Zeeman shifts, while
mission are shown by points in Fig. 4. The observedthe eigenstate involving the single central QW will undergo
magnetic-field dependences of the transitions agree qualitaegligible Zeeman splittings. Such behavior is clearly seen in
tively with the calculations. First, the calculated asymmetryFig. 5, where two linesd;h; ande,h, for the " polariza-
of the Zeeman splitting between transitions for thé and  tion ande,h, and e;h; for the o~ polarization move to-
o~ polarizations is indeed observed for thgh, transition.  gether, and one lineegh; for the o™ polarization ande;h,

2.64 r

Energy (eV)
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for the o~ polarization is significantly separated from this 2.67 - -

doublet, showing only a weak-field dependence. Qawi T-15K Gt
The experimental absorption spectrum observed for o

TQW2 shows only two transitions at zero magnetic field eshs

(except for the light-hole transition at higher energy, which | “ |

we do not discugsas shown in the figure. The two observed 2.64 1

peaks are attributed to thegh, andesh, transitions, i.e., to

the most probable transitions according to ttre=0 selec- < B eshs

tion rule. Here one also observes the asymmetry of the Zee- % n

man splitting of thee; h; transition for the two polarizations, g eeec ontese e 4 ss e ass

similar to that seen in TQW1. The distinctive feature of 552-51 P A

TQW?2 is that thelargest Zeeman splitting is observed for d‘:) h

the e;h, transition, rather than for the ground-state transition eshs sl s

e;h;. This indicates that the, andh, states are more local- %‘z@% THAadadan ‘h‘

ized in the two DMS side wells than the other states, as is, of eth1 eanz

course, expected from Fig. 3. Furthermore, the Zeeman split- 258 ¢

ting of thee,h, transition in TQW?2 is nearlgymmetric The | ||—|

reason for that is, as we saw, the wave functions ofeéhe

and h, states are not allowed to leak to the central well— c ethi

even when the central well potential is significantly lower . . ‘ ‘

than the side well. These wave functions thus always remain 2550 a0 20 00 20 40 80

in the two side wells for both spin-up and spin-down states Magnetic field (Tesla)

(as shown for théh, state in the second column of Fig), 3
essentially reflecting the beh.avior' of the band 'edges of .the FIG. 6. Calculated energies of tae =0 transitions for QQW1,
DMS material for the two spin orientations. This results inpjotted together with experimental results. The solid lines are cal-
the observed symmetric Zeeman splitting of &8, transi-  culated for actual structures used in the experiments, taking into
tion. account their detailed physical propertigsrain, exact band align-
ment atB=0), as discussed in the text.
B. Quintuple quantum wells stand this as follows. For the™ polarization, the two side

In the quintuple QW'’s, the QQW!1 structure is very simi- double QW'’s are coupled through a barrier containirpap
lar to TQW1, because in both structures the central weltenter well, so that both lowest states can interact across the
consists of a DMS layer. The calculated behavioregh, center well. Thus the coupling strength for both states will be
transitions for QQW1 in a magnetic field is shown in Fig. 6, similar and will result in almost the same energy splitting, as
where thee;h; transition(experiencing an asymmetric Zee- is indeed seen in the figufeompare the separation between
man splitting ande,h, transition(no Zeeman splittingex-  e,h, andes;h; and that betwees,h, andeshs). For theo™
hibit almost identical behavior to that already seen in TQW1 polarization, however, the energy separation between two of
This similarity of transitions involving the lowest two states the transitions €,h; and e,h,), involving the lowest two
(n=1,2) in TQW1 and in QQW1 can be expected by com-energies, is much smaller than that betwegh; ande,h,,
paring wave functions of these states in triple and quintuplevhose energy separation actually approaches that shown by
QW’s. Consistent with the tendency to separate into indeperthe double QW interaction for the™ polarization. This is
dent subgroups at high magnetic field, the wells of thebecause the coupling between the lowest state of the double
QQW1 system also divide into a single QW angair of QW is significantly weaker than that between its higher state.
double QW's, both subgroups acting nearly independentlyThis difference in the degree of coupling results from the fact
from each other. The band profiles of QQW1 at 5 T for boththat for ¢~ the lowest states are separated by a “solid”
spin-up and spin-down states are shown schematically in thiearrier, while the upper states are separated by a “hollow”
Fig. 6 as insets. barrier, which increases the coupling. Such increased cou-

It is instructive to consider the calculated splittings shownpling through a barrier containing a wel{as distinguished
in Fig. 6 in some detail. First, there is a splitting due to thefrom a “solid” barrier) is actually evident in all of the sys-
interactionwithin each pair of double QW’s. This is respon- tems examined and provides a valuable physical insight into
sible for the doublets&;h,, eszhs) and (4h4, eshs) on the  the interwell coupling process generally.
right, and for the doubletsfh,, e;h,) and (eshs, e;h,) on The QW subsystems become much more interesting in the
the left of the figure. These pairs of linéshich have a close QQW2 configuration, in which two of the wells consist of
resemblance to the lines originating from the double QWDMS layers. As one would expect, QQW2 separates into a
subgroup in Fig. #are further split by the resonant interac- double and a triple QW at high magnetic field, while retain-
tion between the two pairs of QW’s in Fig. 6. ing the resonant condition within each subgroup. The behav-

One should notice that the energy splitting within the twoior of the transitions, and the results calculated for the sepa-
doublets is different for the two spin states at high magneticated subgroups at 5 T, are shown in Fig. 7. It can be clearly
field. For example, the splitting between tagh; andeyh, seen that the splitting between transitions of coupled states in
transitions for spin-up states, on the left side of Fig. 6, isthe double QW group is different for the two spin orienta-
much smaller than for the other doublets. One can undertions at high magnetic fields: theh; ande,h, transitions
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2.66 - possible overlap of these transitions with the light-hole tran-
Qawz sition. However, it is in fact remarkable that we can sepa-
eshs T=1.5K ot rately resolve most of the individual transitions originating
T from a multiplet of states that already approachssigerlat-
eths —|_|-|_|-|_|-|_|-|_[ tice subband. In both quintuple QW’s the asymmetry in the
2.63 1 Zeeman shift of thee;h; transition is clearly observed, very
Sosooo, S e oshs similar to that shown by the triple QW's. In addition, almost
R O N complete lack of dependence on magnetic field is seen for
% e eihs two t.rgnsiyions in QQW1¢€,h, ande,sh,), and of thee3h3
- transition in QQW2. Unfortunately, the lack of resolution of
§52-60 rogshs . oooy 1 transitions involving the higher levels of the ground-state
b 4 2 fassssann ;3}'13' quintgplet do_es not warrant more detailed discussion of these
é ek, very interesting structures.
eth1 oy,
257 1 V. CONCLUDING REMARKS
_|_|'|_|'|_|'|_I'|_|' ezhz We investigated symmetric multiplériple and quintuplg
- arrays of QW’s as a function of large variation of well depth
o eihi by means of using DMS layers for some of the wells. By
254 , . . . applying strong magnetic fields at low temperature$ K),
6.0 4.0 2.0 0.0 2.0 4.0 6.0 we were able to investigate the transformation of the MQW
Magnetic field (Tesla) system into subsets of resonant quantum wells, vathstri-

bution of the wave function within each subset separately.

FIG. 7. Calculated energies of tha=0 transitions for QQw2, For example, in triple QW’s the system separates into a
plotted together with experimental results. The solid lines are calsingle QW and a double QW with clearly identifiable, nearly
culated for actual structures used in the experiments, taking intéhdependent behaviors; and in the case of quintuple QW'’s
account their detailed physical propertigtrain, exact band align- we similarly observed separation into either a single QW and
ment atB=0), as discussed in the text. a pair of double QW'§QQW1), or a double QW and a triple

QW (QQW2. The results persistently show that, if two or

forthes " polarization, and thesh, andeshs transitions for - more wells are in resonance but are separated by a barrier
the o~ polarization correspond to an effective double QW that itself contains another well, the coupling is stronger than
made up of the DMS layers. However, the energy splittingif there was no well in the barrier; and the strength of the
between the;h; ande,h, transitions in ther * polarization  coupling increases with the depth of the interveningn-
is clearly smaller than that betweegh, andeshs transitions  resonantwell.
for o~ . Since the well and the barrier thicknesses remain the We note parenthetically that in studying MQW’s we are
same, the difference in the energy splitting originates fromautomatically dealing with a configuration that begins the
the well depth. The double QW created by spin-up stateprocess of forming a superlattice. When the wells are equal
(o) is much shallower and is separated by a “hollow” (or nearly s¢, the multiplet of states discussed in this paper
barrier containing a deep well. As already noted, this resultgorresponds to a lowest superlattice subband, the lowest and
in a stronger interwell coupling within the double QW and the highest states of the multiplet corresponding to ghe
thus in a larger splitting between the spin-op=4 andn =0 andg=1 points of such a superlattice subbandkin
=5 states. The spin-dowro(') double QW, on the other space. In the region of strong magnetic fields, on the other
hand, feels a more "solid” barrier, thus resulting in a weakerhand, the MQW’s studied in this paper can be viewed as
coupling between the=1 andn=2 states. Similar consid- analogous to a superlattice consistinghwd kindsof wells.
erations also account for the differences in the energy sepahus the separation of MQW properties into those associated
rations for theo™ ando~ transitions in the triple well sub- with subgroups of resonantly coupled wells illustrates the
system of QQW?2, seen in Fig. 7. process of a subband splitting in such superlattices tinto

Notice that the Zeeman shift of the lowesi=f 1) transi- modes—one related to the shallow, the other to the deep
tion for the o™ polarization in Fig. 7 is almost the same as wells. As the deep well$DMS layers inc™ configuration
that calculated for the highesh€5) transition foro~ and  transform to shallowDMS layers ino ™), clear anticrossing
that the very weak dependence on magnetic field of the highef the subbands is observed in the low-field region, as born
est (1=5) state transition for the-" polarization is similar out by the calculated and observed behavior in Figs. 4—7.
to that of the lowestr{=1) state transition for the-™ po- Finally, in comparing MQW’s and superlattices, one
larization. This behavior of the lowest and the highest stateshould also point out an important difference between the
is actually common for all multiple QW'’s investigated in this two. In a superlattice every quantum well is by assumption
study, as clearly seen in Figs. 4-7. identical, and thus the electron probability is also the same in

In the experiments, we were not able to observe all theeach well. In a MQW, on the other hand, the wave functions
transitions involving the lowest quintuplet of states in theare distributedunequallybetween the various wells, as we
quintuple QW’s. Specifically, in neither of these samples didhave emphasized throughout this paper. However, inspection
we observe transitions involving the highes; (and hs) of Fig. 2 in Ref. 19 will show that the wave functions are
states. This may be due to the weak intensity and/or to théapproximately equal in the lowest and highest state of a
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given multiplet. Since in practice every superlattice is necesepportunity to investigate the behavior of superlattice states

sarily a MQW, it thus follows that the assumption of equiva- at intermediate values af within the SL Brillouin zone.
lent wells does indeed hold far = O (lowest state of the

multiplet) andg= 1 (highest statefor each subband; but that

it fails for 0 <g<1. The consequences of this are unclear ACKNOWLEDGMENTS
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