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Magnetic-field-induced substructures in multiple quantum wells consisting of magnetic
and nonmagnetic semiconductor layers
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We have investigated multiple quantum well systems consisting of diluted magnetic (Zn12x2yCdxMnySe)
and nonmagnetic (Zn12xCdxSe) semiconductor wells, separated by nonmagnetic ZnSe barriers. By focusing
on interband transitions involving the lowest multiplet of states~i.e., the ground state split by interwell
interactions!, 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 identical~i.e., when they are in a resonant condition!.
The coupling between the wells is dramatically reduced in the presence of an external magnetic field, which
can change the depth of diluted magnetic semiconductor~DMS! 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 of equal~resonant!
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.
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I. INTRODUCTION

One of the most interesting characteristics of II-VI-bas
diluted magnetic semiconductors~DMS’s! is the giant Zee-
man splitting1,2 of electronic levels, which provides a rela
tively large tunability of the band edges by using an exter
magnetic field. This tunability has given rise to a large bo
of research on heterostructures, such as quantum w
~QW’s! and superlattices~SL’s!, consisting in part of DMS
layers.3–10 For example, in some structures of this kind t
zero-field valence-band offset can actually be overcome
the Zeeman shift of the valence-band edge in the DMS
ers, and the band alignment of the system can thus
changed from type I to type II~or vice versa! simply by
applying a magnetic field.11,12 Using this mechanism, on
can also produce so-called spin superlattices, in which
ferent spin states are localized in different layers of the str
ture in the presence of an external magnetic field.13–15

Most studies using the giant Zeeman splitting in DM
layers have been done either on single QW or on SL st
tures, and significantly less attention has been given
coupled multiple QW’s~specifically to QW systems consis
ing of more than two wells, such as triple or quintup
QW’s!.16–18At the same time there are many interesting a
important features characteristic of coupled multiple qu
tum wells ~MQW’s!, which can be very effectively investi
gated using DMS’s. For example, a striking feature
coupled QW’s is the wave-function distribution of their ele
tronic states, since in symmetric MQW’s wave functions
the lowest multiplet of states can be distributed within t
system in a rather surprising manner, some of the states
ing localized only in certain wells and almostentirely absent
in others. Such distribution of wave functions has alrea
been mapped out in magnetoabsorption measurements
PRB 610163-1829/2000/61~3!/2120~8!/$15.00
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ried out on MQW structures in which some layers consist
DMS’s.19 This interesting wave-function distribution, how
ever, occurs only in the case of strong coupling between
wells ~i.e., under resonant condition!. To maintain this con-
dition, in Ref. 19 the depth variation of DMS wells in a
applied field was restricted to a small range~less than 10
meV!, so that the system remained in nearly resonant co
tion through the entire experiment.

It is, however, also interesting to observe how the wa
functions redistribute themselves when the system chan
to off-resonant conditions~i.e., in the case of weak couplin
between the wells! and how the coupling varies in the pre
ence of large well depth variation. Even though some stud
of interwell coupling in coupled systems have been report
most of them have been done on double QW structures w
out involving DMS’s~i.e., without the advantage of continu
ous tuning!;20–25 and, more importantly, these studies f
cused primarily on the dependence of coupling strength
the properties of the separating barriers~i.e., on their width
and height!.26,27It is obvious that the strength of the couplin
between the wells is determined not only by the barrier pr
erties, but also by the relative alignment of the wells the
selves~i.e., whether or not the system is in a resonant c
dition!. Such dependence of coupling on the relative w
depth can be conveniently investigated in MQW’s involvin
DMS wells, in which the band gap can be continuously v
ied relative to non-DMS wells.28,29

To explore this issue, in the present study we us
symmetric MQW structures consisting of DM
(Zn12x2yCdxMnySe) and non-DMS (Zn12xCdxSe) wells,
separated by nonmagnetic ZnSe barriers. Our aim is to
plore the limit of strong Zeeman splitting, occurring at hig
magnetic field, when changes in the DMS well potenti
produced by the applied field are on the same scale as
2120 ©2000 The American Physical Society
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TABLE I. Sample description.

Sample Barrier Non-DMS well DMS well Lw Lb x y

TQW1 ZnSe Zn12xCdxSe Zn12x2yCdxMnySe 52 Å 20 Å 0.20 0.04
TQW2 ZnSe Zn12xCdxSe Zn12x2yCdxMnySe 38 Å 18 Å 0.20 0.04
QQW1 ZnSe Zn12xCdxSe Zn12x2yCdxMnySe 40 Å 20 Å 0.20 0.04
QQW2 ZnSe Zn12xCdxSe Zn12x2yCdxMnySe 40 Å 20 Å 0.21 0.04
W

m
lls
n
ub
t

e
w
th
o
t
a

on
he

b
n
re
a

es
-

,

in

ar
w

ed

y
a
he
in

an

o
le

i-
es

e
ter-

he
This
ive

ents

d in
-m
o-
e-
y a
nd
ss-

in
e

t

are
ple
he
ese

’s

.

e

well depth itself, leading to a transformation of the MQ
systems into symmetric combinations ofunequalwells. In
this case, the system naturally divides into two subsyste
having different well depths, one consisting of DMS we
and the other of non-DMS wells. While maintaining the co
dition of resonance within each subsystem, the two s
systems are now in off-resonant condition with respect
one another, the coupling between the two subsystems b
significantly reduced. Thus each subsystem exhibits its o
characteristic, nearly-independent behavior. By varying
magnetic field, we are able to continuously change the c
pling process within the system as a whole, allowing us
investigate the transition from strong coupling between
wells to the situation when the subsystem of DMS and n
DMS wells become almost totally uncoupled one from t
other.

II. EXPERIMENT

The structures used in this investigation were grown
MBE on a 2-mm ZnSe buffer layer, deposited directly o
GaAs ~100! substrates. Symmetric MQW structures we
fabricated using ZnSe layers for the barriers and nonm
netic Zn12xCdxSe and magnetic Zn12x2yCdxMnySe layers
for the wells. For triple QW’s two complementary structur
were fabricated, with the Zn12x2yCdxMnySe layers used ei
ther for the center well~sample TQW1! or for the two side
wells ~TQW2!. Similarly, two quintuple QW’s were grown
with DMS layers used either for the central well~QQW1! or
for the second and fourth wells~QQW2!. Similar dimensions
were used for the barriers and for the wells. After deposit
the MQW’s, the structures were capped by a 1-mm ZnSe
protective layer. Parameters for these multiple QW’s
given in Table I, and the structures are schematically sho
in Fig. 1, where the DMS and non-DMS wells are indicat
as darkly and lightly shaded regions, respectively.

Since the band-edge splitting shown b
Zn12x2yCdxMnySe layers in a magnetic field will play
central role in this study, it is important to discuss at t
outset the Zeeman splittings occurring in the DMS layer
some detail. It was shown that the effective spin of the m
ganese ions, which determines the Zeeman splitting
DMS’s, is practically independent of the host crystal30 ~i.e.,
it is essentially the same in Zn12yMnySe, Zn12yMnyTe, or
Cd12yMnySe for the samey). The Zeeman splitting in
Zn12x2yCdxMnySe layers withy'0.04 used in this work
will thus be very similar to that in Zn12yMnySe with y
'0.04. The Zeeman splitting of the band edge
Zn12yMnySe,y'0.04 for the conduction and the heavy-ho
band determined experimentally in earlier studies14 is shown
as a function of magnetic field in Fig. 2. This variation ind
cates how the depth of DMS wells in the MQW structur
s
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will change with field for the two spin orientations. Th
much larger Zeeman shift of the heavy-hole band, charac
istic of II-VI-based DMS’s, is clearly evident.

To perform optical transmission experiments on t
MQW samples, the GaAs substrate had to be removed.
was done by mechanical polishing, followed by select
chemical etching in 1:20 NH4OH:H2O2 solution at room
temperature. The interband magnetoabsorption experim
were performed in an optical cryostat (T>1.5 K! equipped
with a 6-T superconducting magnet. The light source use
the experiments was a halogen lamp together with a 1
monochromator. The monochromatic light was circularly p
larized, so as to allow the identification of transitions b
tween different spin states. The signal was detected b
photomultiplier tube and was sent to a lock-in amplifier a
a computer-controlled analyzer for data storing and proce
ing.

III. WAVE-FUNCTION DISTRIBUTIONS IN SYSTEMS
OF UNEQUAL WELLS

For a detailed description of the observed transitions
MQW’s, we need to know the correct potential profile of th
systems at all fields. Since Zn12x2yCdxMnySe well layers
contain 4% of Mn21, the well depth of these layers is in fac
slightly different from the nonmagnetic Zn12xCdxSe wells
even at zero magnetic field, due to the~slightly! different
band gap of Zn12x2yCdxMnySe and the~slightly! different
strain condition in that layer. Because these differences
small on the scale of the well depth, our triple and quintu
QW’s are very nearly resonant at zero and/or low field. T
eigenenergies and the corresponding wave functions of th

FIG. 1. Schematic diagrams for the symmetric multiple QW
~TQW1, TQW2, QQW1, and QQW2! consisting of
Zn12x2yCdxMnySe and Zn12xCdxSe wells, with ZnSe barriers
Shaded regions indicate wells~dark color for Zn12x2yCdxMnySe,
light color for Zn12xCdxSe wells!, and unshaded regions are ZnS
barriers.
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2122 PRB 61LEE, DOBROWOLSKA, FURDYNA, AND RAM-MOHAN
structures at zero field are thus very similar to the case
three or fiveidentical QW’s. This property allowed us to
treat these systems in Ref. 19 as consisting of essent
identical wells when the Zeeman splitting was small. Ho
ever, Zeeman splittings of the band edges in the DMS lay
at low temperatures can be so large that they may no lon
be treated as perturbations of the ‘‘original’’~i.e., zero-field!
well depths. At low temperatures even moderate fields~e.g.,
1 T! transform a given MQW system comprised of DMS a
non-DMS wells into a combination of unequal wells, esp
cially in the heavy-hole band. This results in a situati
where not all wells are in resonance with one another, wh
greatly affects both the nature of the coupling between
wells and the distribution of electron probability througho
the system.

When a magnetic field is applied, it is evident from Fig
that most of the potential variation in the DMS wells occu
in the heavy-hole band, while the conduction-band wells
perience considerably less change. At the same time,
conduction-band wells in our structures are much dee
than wells in the valence band~approximately 200 meV, as
compared to 50 meV atB50). Consequently, magnetic fiel
has relatively little effect on conduction-electron states a
on their wave-function distribution. In contrast, in the heav
hole band major changes take place in the DMS well pot
tial when the field is applied, due to thecombinedeffects of
a relatively small band offset and a much larger Zeem
splitting characteristic for that band. This results in very s
nificant, qualitative changes in the heavy-hole wave fun
tions of the MQW’s.

We will use the case of TQW1 to illustrate this behavio

FIG. 2. Calculated band-edge splitting of the conduction and
heavy-hole bands in Zn12yMnySe withy'0.04. The regions to the
left and to the right ofB50 show the behavior of the spin-up an
the spin-down band edges, respectively.Eg is the energy gap atB
50.
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The calculated band-edge profiles for the heavy-hole ban
B50 ~including the effect of strain! are shown for TQW1 in
the third row of panels in Fig. 3. The corresponding wa
functions for the three lowest heavy-hole states are a
shown in that row. AtB50 the lowest state (h1) is clearly
distributed over the three wells, while the second state (h2)
is localized only in the two side wells. The third state (h3) is
again distributed over the three wells.

The evolution of the potential profile for spin-up and spi
down heavy-hole states with increasing field is shown
TQW1 in the upper~first and second! and the lower~fourth
and fifth! rows of Fig. 3, respectively. We first consider th
spin-down states at high fields, where the central well
comes significantly deeper than the side wells, resulting
symmetric triple QW system with very unequal well depth
In this configuration the central well and the side wells a
no longer resonant with each other, and the coupling
tween them is dramatically reduced. We now have, eff
tively, a combination of a single~central! QW and a double-
resonant QW comprised of the side wells. The wave funct
of the h1 state then approaches the ground-state wave fu
tion of a single quantum well, localized only in the centr
DMS layer due to the significantly lower potential of th
layer compared to the side wells. Theh2 andh3 wave func-
tions, on the other hand, are mostly localized in the two s
wells, and are thus determined primarily by those wells. T
is not surprising for theh2 state, since that state originate
from one localized in the two side wells of the triple QW
with equal well depths.19 However, the wave function ofh3,
which was initially nearly equally distributed over the thre
wells, has now also redistributed itself primarily into the tw

e
FIG. 3. Progression of potential profile with magnetic field, a

corresponding wave functions for the heavy-hole band, for spin
and spin-down states in TQW1. The first, second, and third colum
correspond to the first, second, and third states of the ground-
triplet, respectively. Noticeable qualitative changes in heavy-h
localization occur in the first and the third states.
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PRB 61 2123MAGNETIC-FIELD-INDUCED SUBSTRUCTURES IN . . .
side wells. This process of wave-function redistribution a
its evolution can be readily probed in our experiment.

In contrast, the depth of the DMS well in TQW1 for th
spin-up state is significantly shallower at high magnetic fi
than that of the side wells, and the whole system now beg
to separate into a deep double-resonant quantum well o
nating from the side wells~for which the central well, no
longer in resonance, becomes part of the barrier! and a single
shallow central QW. Then the lowest stateh1 and the second
stateh2 become those of a double QW, localized equally
the two side wells~which in the case of TQW1 correspond
the non-DMS wells!, as shown in the first and second co
umns of the top panels in Fig. 3. Surprisingly, most of t
wave function for theh3 state is seen to localize in the ce
tral well, even though that well is at the highest potential

The complete qualitative redistribution of wave functio
of the h1 and h3 states in TQW1 in the large perturbatio
region can be produced continuously by varying an exte
magnetic field. Similar wave-function redistributions are o
tained for the other QW geometries used in this investi
tion. Thus in the case of TQW2~see Fig. 1!, potential varia-
tions occur in the two side wells as the magnetic field
applied. For spin-down states, the two side wells in
heavy-hole band in this sample become much deeper
the center well. In this case theh1 wave function transfers
almost entirely into the two side wells, eventually becomi
the same as theh2 wave function, only with opposite
parity—mirroring qualitatively the spin-up behavior of
TQW1. For spin-up states of TQW2, the two side wells b
come much shallower than the center well, and the w
function ofh1 becomes mostly localized in the center well
the field increases, resembling~not surprisingly! the spin-
down behavior of TQW1 discussed above.

Using similar arguments and referring to Fig. 1, it
readily seen that when the applied magnetic field is in
strong perturbation limit the QQW1 structure will split into
single QW and two identical pairs of resonant double QW
and QQW2 will separate into a resonant triple QW made
of non-DMS material and a resonant DMS double QW. T
splitting into subgroups will be manifested by characteris
optical behavior discussed below.

IV. OPTICAL TRANSITIONS IN MULTIPLE QW
SUBGROUPS

A. Triple quantum wells

Figure 4 shows transition energies for the TQW1 sam
as a function of applied magnetic field for the two circu
polarizations. The solid lines show transition energies ca
lated for TQW1, obtained by taking the Zeeman splitti
shown in Fig. 2 as the potential variation of the DMS wel
The calculations in Fig. 4 are done using thek•p model and
the ‘‘finite element method.’’31 The versatility of the latter
algorithm, and its suitability for investigating systems of th
type, was discussed in Ref. 27. Since the structures con
ered here have more layers~i.e., more elements! than double
QW’s, a great amount of computing time would be requir
if all eight bands were to be taken into account, as was d
for the double wells. Since our interest is to understa
trends, which such system display as the well depths begin
differ, and since we are dealing with a wide-gap semic
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ductor system where interactions with remote bands
weak, in the calculations we have used a single-band mo
This approach has the added advantage of keeping the p
ics of the system clearly in evidence. In order to allow co
parison with experimental data, we have also included
effect of strain and of the small but finite difference betwe
the band edges of the DMS and non-DMS wells at z
magnetic field. The parameters used have been discuss
Ref. 19, and the reader is referred to that reference for
tails.

Calculated energies for optical transitions involving t
ground-state triplet in the TQW1 configuration~i.e., DMS
layer in the center well! exhibit several interesting phenom
ena, that were not present in the small perturbation reg
discussed in Ref. 19. One of the most striking features is
asymmetry of the Zeeman shift between thes1 and s2

polarizations~i.e., the spin-down and spin-up transitions, r
spectively! exhibited by bothe1h1 ande3h3 transitions. For
the s1 polarization, thee1h1 transitions in the TQW1 con-
figuration show the largest Zeeman shift, indicating th
states involved in these transitions are much more locali
in the DMS wells than other states. For thes2 polarization,
however, thee1h1 transition shows considerably smalle
Zeeman splittings and quickly saturates at magnetic fie
higher than 0.75 T, indicating that now the states involved
this transition reside primarily in the non-DMS layers.
similar asymmetry of the Zeeman shift, but in the oppos
direction, is also observed for thee3h3 transition.

This asymmetric behavior of thee1h1 and e3h3 transi-
tions, which differ from their behavior in the small perturb
tion regime~where the Zeeman shift is approximately sym
metric!, results from the difference in the distribution of th

FIG. 4. Calculated energies of theDn50 transitions for TQW1,
plotted together with experimental results. The solid lines are
culated for actual structures used in the experiments, taking
account their detailed phyical properties~strain, exact band align-
ment atB50), as discussed in the text.
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2124 PRB 61LEE, DOBROWOLSKA, FURDYNA, AND RAM-MOHAN
wave functions for the spin-up and spin-down states~see Fig.
3!. This feature is characteristic of coupled MQW syste
made up of DMS and non-DMS combinations, includi
superlattices.12,13 In a single QW consisting of DMS mate
rial, the ground state is always localized in the well, ev
though the well depth changes with magnetic field for diff
ent spin states. In multiwell systems, however, the lowe
lying state seeks out wells of the lowest potential, to which
tunnels when the well depths change relative to one anot
Such wave-function transfer taking place in a triple Q
structure is clearly seen for theh1 andh3 states in the first
and the third columns of Fig. 3.

A fundamental feature of the TQW1 configuration can
appreciated by examining the three transition energies at
for boths1 ands2 polarizations. It is clear in that limit tha
two of the transitions are always close to each other, whi
third one is farther removed. The former resemble the t
lowest-energy transitions of a double QW, while the lat
behaves like the ground-state transition of a single QW. T
subgroupbehavior results from the significant reduction
the coupling between the central and the side wells. In tr
QW’s under resonant conditions, all wells are strong
coupled to one another, and the states of the lowest mult
are almost equally separated, as is the case for zero mag
field in Fig. 4. However, as the well moves away from su
groups resonance, their behavior becomes~nearly! indepen-
dent from each other. Then each subgroup of QW’s exhi
their own characteristics, without ‘‘feeling’’ the existence
the other QW’s. In the case of the TQW1 configuration t
system divides itself, due to the large potential variation
the DMS band edges with magnetic field, into a single Q
made of the DMS layer and a double quantum well cons
ing of non-DMS materials.

Since the ‘‘single QW subgroup’’ corresponds to t
DMS well, the state representing the single quantum w
behavior will always follow the magnetic shift of the DM
material. This behavior is clearly demonstrated in Fig.
where thee1h1 transition fors1 and thee3h3 transition for
s2 clearly follow the Zeeman shift characteristic of th
DMS layer and show a different behavior than the other t
transition lines. The transitions corresponding to the ‘‘dou
QW subgroup’’ shows a different characteristic behavi
The flatness of the energy versus field behavior of the
closely-spaced transitions reflects the fact that states pa
pating in these transactions reside in the non-DM
Zn12xCdxSe side wells. The difference in the transition do
blets for the two spin orientations (e1h1 and e2h2 for s2;
e2h2 and e3h3 for s1) arises from the fact that—eve
though the wells are identical—the behavior for the interw
coupling in this double QW subgroup is different for the tw
spin orientations is magnetic-field dependent. In particula
is clear from the larger separation exhibited by the transit
energies in thes1 polarization that the coupling through
barrier containing a deep well is stronger than that throu
the more ‘‘solid’’ barrier, as is the case fors2.

Experimental data observed for TQW1 in magnetotra
mission are shown by points in Fig. 4. The observ
magnetic-field dependences of the transitions agree qua
tively with the calculations. First, the calculated asymme
of the Zeeman splitting between transitions for thes1 and
s2 polarizations is indeed observed for thee1h1 transition.
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Furthermore, by careful inspection of experimental data,
can also see~especially for the low-field region in thes1

polarization! that the transitions for this triple QW divide
into subgroups in a continuous manner as the magnetis
increased, essentially corroborating the wave-function p
ture of this system under large perturbation.

Another noticeable feature observed in the TQW1 spe
is the disappearance of thee2h2 transition as it approache
the e1h1 transition for thes2 polarization and as it come
close to thee3h3 transition for thes1 polarization. This may
be due to the near merging of theh2 state withh1 for the
spin-up configuration and withh3 for the spin-down configu-
ration, respectively.

In the TQW2 configuration, the situation at zero magne
field is identical to the TQW1 case but becomes quite diff
ent when a magnetic field is applied, since now the two s
wells will undergo a change in the well depth. Calculat
results are shown for TQW2 as solid and dotted lines in F
5 for the observed and the not observed transitions, res
tively. The system also divides into two subgroups~a single
quantum well and a double quantum well! when a high mag-
netic field is applied. The band alignment of the system a
T is schematically shown by insets in the figure fors1 and
s2 polarizations. In this configuration, however, the doub
QW is now made of DMS layers, and the single quantu
well is non-DMS. Thus the two eigenstates related to
double quantum well will show large Zeeman shifts, wh
the eigenstate involving the single central QW will under
negligible Zeeman splittings. Such behavior is clearly see
Fig. 5, where two lines (e1h1 ande2h2 for the s1 polariza-
tion ande2h2 and e3h3 for the s2 polarization! move to-
gether, and one line (e3h3 for the s1 polarization ande1h1

FIG. 5. Calculated energies of theDn50 transitions for TQW2,
plotted together with experimental results. The solid lines are
culated for actual structures used in the experiments, taking
account their detailed physical properties~strain, exact band align-
ment atB50), as discussed in the text.
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for the s2 polarization! is significantly separated from thi
doublet, showing only a weak-field dependence.

The experimental absorption spectrum observed
TQW2 shows only two transitions at zero magnetic fie
~except for the light-hole transition at higher energy, whi
we do not discuss!, as shown in the figure. The two observ
peaks are attributed to thee1h1 ande2h2 transitions, i.e., to
the most probable transitions according to theDn50 selec-
tion rule. Here one also observes the asymmetry of the Z
man splitting of thee1h1 transition for the two polarizations
similar to that seen in TQW1. The distinctive feature
TQW2 is that thelargest Zeeman splitting is observed fo
thee2h2 transition, rather than for the ground-state transit
e1h1. This indicates that thee2 andh2 states are more local
ized in the two DMS side wells than the other states, as is
course, expected from Fig. 3. Furthermore, the Zeeman s
ting of thee2h2 transition in TQW2 is nearlysymmetric. The
reason for that is, as we saw, the wave functions of thee2
and h2 states are not allowed to leak to the central wel
even when the central well potential is significantly low
than the side well. These wave functions thus always rem
in the two side wells for both spin-up and spin-down sta
~as shown for theh2 state in the second column of Fig. 3!,
essentially reflecting the behavior of the band edges of
DMS material for the two spin orientations. This results
the observed symmetric Zeeman splitting of thee2h2 transi-
tion.

B. Quintuple quantum wells

In the quintuple QW’s, the QQW1 structure is very sim
lar to TQW1, because in both structures the central w
consists of a DMS layer. The calculated behavior ofenhn
transitions for QQW1 in a magnetic field is shown in Fig.
where thee1h1 transition~experiencing an asymmetric Zee
man splitting! ande2h2 transition~no Zeeman splitting! ex-
hibit almost identical behavior to that already seen in TQW
This similarity of transitions involving the lowest two state
(n51,2) in TQW1 and in QQW1 can be expected by co
paring wave functions of these states in triple and quintu
QW’s. Consistent with the tendency to separate into indep
dent subgroups at high magnetic field, the wells of
QQW1 system also divide into a single QW and apair of
double QW’s, both subgroups acting nearly independen
from each other. The band profiles of QQW1 at 5 T for bo
spin-up and spin-down states are shown schematically in
Fig. 6 as insets.

It is instructive to consider the calculated splittings sho
in Fig. 6 in some detail. First, there is a splitting due to t
interactionwithin each pair of double QW’s. This is respon
sible for the doublets (e2h2 , e3h3) and (e4h4 , e5h5) on the
right, and for the doublets (e1h1 , e2h2) and (e3h3 , e4h4) on
the left of the figure. These pairs of lines~which have a close
resemblance to the lines originating from the double Q
subgroup in Fig. 4! are further split by the resonant intera
tion between the two pairs of QW’s in Fig. 6.

One should notice that the energy splitting within the tw
doublets is different for the two spin states at high magn
field. For example, the splitting between thee1h1 ande2h2
transitions for spin-up states, on the left side of Fig. 6,
much smaller than for the other doublets. One can und
r
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stand this as follows. For thes1 polarization, the two side
double QW’s are coupled through a barrier containing adeep
center well, so that both lowest states can interact across
center well. Thus the coupling strength for both states will
similar and will result in almost the same energy splitting,
is indeed seen in the figure~compare the separation betwee
e2h2 ande3h3 and that betweene4h4 ande5h5). For thes2

polarization, however, the energy separation between tw
the transitions (e1h1 and e2h2), involving the lowest two
energies, is much smaller than that betweene3h3 ande4h4,
whose energy separation actually approaches that show
the double QW interaction for thes1 polarization. This is
because the coupling between the lowest state of the do
QW is significantly weaker than that between its higher sta
This difference in the degree of coupling results from the f
that for s2 the lowest states are separated by a ‘‘soli
barrier, while the upper states are separated by a ‘‘hollo
barrier, which increases the coupling. Such increased c
pling through a barrier containing a well~as distinguished
from a ‘‘solid’’ barrier! is actually evident in all of the sys
tems examined and provides a valuable physical insight
the interwell coupling process generally.

The QW subsystems become much more interesting in
QQW2 configuration, in which two of the wells consist o
DMS layers. As one would expect, QQW2 separates int
double and a triple QW at high magnetic field, while reta
ing the resonant condition within each subgroup. The beh
ior of the transitions, and the results calculated for the se
rated subgroups at 5 T, are shown in Fig. 7. It can be cle
seen that the splitting between transitions of coupled state
the double QW group is different for the two spin orient
tions at high magnetic fields: thee1h1 and e2h2 transitions

FIG. 6. Calculated energies of theDn50 transitions for QQW1,
plotted together with experimental results. The solid lines are
culated for actual structures used in the experiments, taking
account their detailed physical properties~strain, exact band align-
ment atB50), as discussed in the text.



W
in

th
om
te
’’
ul
d

r
e
-
ep
-

as

ig

te
is

th
he
di

th

n-
a-
g

he
y
st
for

of
te
ese

th
y

W

ly.
a

rly
’s

nd

r
rrier
an
he

re
he
ual
er
and

her
as

ted
the

ep

orn
.
e
the
ion
e in
ns
e
tion

re
a

ca
in
-

2126 PRB 61LEE, DOBROWOLSKA, FURDYNA, AND RAM-MOHAN
for thes1 polarization, and thee4h4 ande5h5 transitions for
the s2 polarization correspond to an effective double Q
made up of the DMS layers. However, the energy splitt
between thee1h1 ande2h2 transitions in thes1 polarization
is clearly smaller than that betweene4h4 ande5h5 transitions
for s2. Since the well and the barrier thicknesses remain
same, the difference in the energy splitting originates fr
the well depth. The double QW created by spin-up sta
(s2) is much shallower and is separated by a ‘‘hollow
barrier containing a deep well. As already noted, this res
in a stronger interwell coupling within the double QW an
thus in a larger splitting between the spin-upn54 and n
55 states. The spin-down (s2) double QW, on the othe
hand, feels a more ‘‘solid’’ barrier, thus resulting in a weak
coupling between then51 andn52 states. Similar consid
erations also account for the differences in the energy s
rations for thes1 ands2 transitions in the triple well sub
system of QQW2, seen in Fig. 7.

Notice that the Zeeman shift of the lowest (n51) transi-
tion for thes1 polarization in Fig. 7 is almost the same
that calculated for the highest (n55) transition fors2 and
that the very weak dependence on magnetic field of the h
est (n55) state transition for thes1 polarization is similar
to that of the lowest (n51) state transition for thes2 po-
larization. This behavior of the lowest and the highest sta
is actually common for all multiple QW’s investigated in th
study, as clearly seen in Figs. 4–7.

In the experiments, we were not able to observe all
transitions involving the lowest quintuplet of states in t
quintuple QW’s. Specifically, in neither of these samples
we observe transitions involving the highest (e5 and h5)
states. This may be due to the weak intensity and/or to

FIG. 7. Calculated energies of theDn50 transitions for QQW2,
plotted together with experimental results. The solid lines are
culated for actual structures used in the experiments, taking
account their detailed physical properties~strain, exact band align
ment atB50), as discussed in the text.
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possible overlap of these transitions with the light-hole tra
sition. However, it is in fact remarkable that we can sep
rately resolve most of the individual transitions originatin
from a multiplet of states that already approaches asuperlat-
tice subband. In both quintuple QW’s the asymmetry in t
Zeeman shift of thee1h1 transition is clearly observed, ver
similar to that shown by the triple QW’s. In addition, almo
complete lack of dependence on magnetic field is seen
two transitions in QQW1 (e2h2 ande4h4), and of thee3h3
transition in QQW2. Unfortunately, the lack of resolution
transitions involving the higher levels of the ground-sta
quintuplet does not warrant more detailed discussion of th
very interesting structures.

V. CONCLUDING REMARKS

We investigated symmetric multiple~triple and quintuple!
arrays of QW’s as a function of large variation of well dep
by means of using DMS layers for some of the wells. B
applying strong magnetic fields at low temperatures~1.5 K!,
we were able to investigate the transformation of the MQ
system into subsets of resonant quantum wells, withredistri-
bution of the wave function within each subset separate
For example, in triple QW’s the system separates into
single QW and a double QW with clearly identifiable, nea
independent behaviors; and in the case of quintuple QW
we similarly observed separation into either a single QW a
a pair of double QW’s~QQW1!, or a double QW and a triple
QW ~QQW2!. The results persistently show that, if two o
more wells are in resonance but are separated by a ba
that itself contains another well, the coupling is stronger th
if there was no well in the barrier; and the strength of t
coupling increases with the depth of the intervening~non-
resonant! well.

We note parenthetically that in studying MQW’s we a
automatically dealing with a configuration that begins t
process of forming a superlattice. When the wells are eq
~or nearly so!, the multiplet of states discussed in this pap
corresponds to a lowest superlattice subband, the lowest
the highest states of the multiplet corresponding to theq
50 and q51 points of such a superlattice subband ink
space. In the region of strong magnetic fields, on the ot
hand, the MQW’s studied in this paper can be viewed
analogous to a superlattice consisting oftwo kindsof wells.
Thus the separation of MQW properties into those associa
with subgroups of resonantly coupled wells illustrates
process of a subband splitting in such superlattices intotwo
modes—one related to the shallow, the other to the de
wells. As the deep wells~DMS layers ins1 configuration!
transform to shallow~DMS layers ins2), clear anticrossing
of the subbands is observed in the low-field region, as b
out by the calculated and observed behavior in Figs. 4–7

Finally, in comparing MQW’s and superlattices, on
should also point out an important difference between
two. In a superlattice every quantum well is by assumpt
identical, and thus the electron probability is also the sam
each well. In a MQW, on the other hand, the wave functio
are distributedunequallybetween the various wells, as w
have emphasized throughout this paper. However, inspec
of Fig. 2 in Ref. 19 will show that the wave functions a
~approximately! equal in the lowest and highest state of

l-
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given multiplet. Since in practice every superlattice is nece
sarily a MQW, it thus follows that the assumption of equiva
lent wells does indeed hold forq 5 0 ~lowest state of the
multiplet! andq51 ~highest state! for each subband; but that
it fails for 0 ,q,1. The consequences of this are uncle
~most optical properties of superlattices are determined
subbandextrema!, but studies of intermediate excited state
in MQW’s ~such ase2 ,h2 for triple QW’s or ei ,hi with i
52, 3, 4 in quintuple QW’s studied in this paper! provide an
r

o

r

l

J

J

.

.

s-
-

r
y

opportunity to investigate the behavior of superlattice sta
at intermediate values ofq within the SL Brillouin zone.
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