
01609

PHYSICAL REVIEW B 66, 075213 ~2002!
Role of magneticÕnonmagnetic semiconductor interfaces
in magneto-optical properties of small-offset superlattices
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Zn12xMnxSe/ZnSe superlattices~SL’s! involving magnetic/nonmagnetic interfaces were investigated by
magnetoabsorption spectroscopy. The Mn concentration in the Zn12xMnxSe layers ranged fromx50.10 to
0.14, resulting in small band offsets between barriers and wells of the SL’s. The data were analyzed using the
eight-bandk•p model and the finite element method, taking into account interdiffusion of elements across the
interface. We found that the Zeeman shifts of the ground- and excited-state transitions observed in all super-
lattices can be successfully explained by a single common profile of the graded interface, that extends over
about three monolayers. In addition, the data revealed the presence of antiferromagnetic coupling between Mn
ions across thin~less than 18 Å! ZnSe layers in the above Zn12xMnxSe/ZnSe multilayer structures.
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I. INTRODUCTION

The study of semiconductor heterostructures constitut
continually expanding area of research, that has resulted
large number of developments both in fundamental phy
and in technology. Heterostructures necessarily involve in
faces, and recently a number of papers1–8 pointed to the fact
that to understand semiconductor multilayer structures,
must go beyond the idealized picture that such interfaces
simply steplike. Structural studies, such as x-ray diffractio9

electron microscopy,10 or scanning tunneling microscopy,11

support this conclusion. Specifically, these methods indic
that there occurs significant interdiffusion across the in
face, resulting in graded rather than steplike composit
profiles at the interface. Such a graded transition from
material to the other will in turn alter the potential profil
thus affecting the electronic and optical properties of se
conductor heterostructures. It is therefore important to h
the ability to estimate how elements are distributed when
interface is formed.

Recently a method was developed4 that allows one to map
the profile of an interface when it consists of a diluted ma
netic semiconductor~DMS! and a nonmagnetic semicondu
tor. DMSs are semiconducting alloys in which a part of t
crystal lattice is comprised of substitutionall magnetic ions12

The best known examples of such materials are II12xMnxVI
alloys ~e.g., Zn12xMnxSe and Cd12xMnxTe!. One of the re-
markable properties of these systems is that they exhibit
tremely large Zeeman splittings of the band edges due
spin-spin exchange interaction between thed electrons of the
Mn21 ions and thes- or p-band electrons. Quantum wel
and superlattices made up of DMS and non-DMS layers t
provide an excellent laboratory for studying interfaces,
cause the Zeeman splitting of a given electronic state in s
a system will depend on the number of magnetic ions ‘‘se
0163-1829/2002/66~7!/075213~10!/$20.00 66 0752
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by the wave function of that state. For example, if the int
face is steplike the Zeeman splitting of an exciton in a de
nonmagnetic quantum well between DMS barriers should
small because of the small penetration of the exciton w
function into the barriers. But if diffusion of Mn occur
across the interface into the well layer, the exciton wa
function overlaps significantly with a larger number of ma
netic ions, thus leading to a considerable enhancement o
Zeeman splitting. Gajet al.4 studied the ground-state excito
in relatively deep CdTe wells between Cd12xMnxTe barriers,
and observed a pronounced Zeeman splitting enhancem
that they attributed to the diffusion of magnetic ions into t
well region. Quantitative analysis of this effect made it po
sible to map out the CdTe/Cd12xMnxTe interface profile with
impressive detail. One should note that, with the discovery
ferromagnetism in semiconductors containing Mn the und
standing of the DMS/non-DMS interface has acquired ad
importance since the operation of spin-based devices, suc
spin valves or spin injectors, will be highly sensitive to th
interface properties.

In this paper we describe the results of magne
absorption experiments on shallow-well ZnSe/Zn12xMnxSe
superlattices, wherea very large fractionof the wave func-
tion penetrates into the DMS barriers. This geometry is th
particularly sensitive to interactions of the electronic sta
with magnetic ions in the vicinity of the interface. In thes
experiments we were, furthermore, able to observe tra
tions involving excited states, whose wave functions pen
etrate into the interface region to an even higher degree
the ground states. The magnetic-field dependence of the
sition energies involving those excited states will therefo
be especially sensitive to the shape of the band profile~es-
pecially for narrow wells!, allowing a more detailed mappin
of the interface region.
©2002 The American Physical Society13-1
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II. EXPERIMENT

Two series of ~ZnSe/Zn12xMnxSe superlattices wer
grown by molecular-beam epitaxy MBE! on GaAs~001! sub-
strates, after first depositing a 1-mm ZnSe buffer layer. Struc
tural parameters describing the superlattices are listed
Table I. The first series~samples 1–5! consists of five 20-
period superlattices with a Mn concentration of 10%x
50.10) in the Zn12xMnxSe layers. In the second serie
~samples 6–11! the Mn concentration is slightly highe
~14.5%!, and the number of periods is 30. The superlatti
were designed with an eye toward understanding of the
of interfaces, by varying the thickness ratio of the two co
stituent materials from wide wells with narrow barriers
narrow wells with wide barriers. The thicknesses of the la
ers listed in the table are estimated from the growth tim
assuming the same growth rates for all samples. In orde
determine the Mn concentration in the Zn12xMnxSe layers,
‘‘companion’’ Zn12xMnxSe epilayers were grown for eac
sample series under the same MBE growth conditions
those used for the superlattices.

For transmission experiments, the GaAs substrate wa
moved from the samples by mechanical polishing, follow
by chemical etching. As the etchant we used a solution
NH4OH in H2O2 in a 1:10 ratio at 30 °C. In addition to re
moving the remaining substrate material, the etching proc
also removed the dislocation-rich region of the ZnSe bu
near the ZnSe/GaAs interface. The magnetoabsorption
periments were performed in an optical cryostat (T>1.5 K)
equipped with a 6-T superconducting magnet. The li
source consisted of a halogen lamp and a 1-m monoc
mator. The monochromatic light was circularly polarized,
as to distinguish transitions involving different spin stat
The transmitted light signal was detected by a photomu
plier tube, amplified by a lock-in amplifier, and sent to da
acquisition software for processing and analysis.

III. OVERVIEW OF EXPERIMENTAL RESULTS

Figure 1 shows magnetoabsorption spectra for samp
~see Table I! observed for several magnetic fields in thes1

circular polarization, taken by sweeping the wavelength

TABLE I. Sample description.

Sample ZnSe layer
thickness~Å!

Zn12xMnxSe layer
thickness~Å!

x Number of
periods

1 60 20 0.10 20
2 25 25 0.10 20
3 80 40 0.10 20
4 40 60 0.10 20
5 40 80 0.10 20
6 40 20 0.145 30
7 30 30 0.145 30
8 80 40 0.145 30
9 50 50 0.145 30
10 40 60 0.145 30
11 40 80 0.145 30
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the incident light and recording the transmitted intensity
fixed values of the field. The strong absorption peak o
served at the lowest energy~labeleda! corresponds to the 1s
ground-state exciton transition, involving the first spin-dow
heavy-hole superlattice state~spin-down hh1;Jz52 3

2 ! and
the first electron state~spin-downe1; Jz52 1

2 !, both at the
center of the Brillouin zone (q50). The peak immediately
adjacent to it~labeledb! corresponds to the 2s transition of
the same ground-state exciton. Peaks labeledc are identified
as transitions involving higher superlattice states. Transiti
occurring at higher energies~near 2.80 eV and above! arise
from the ZnSe buffer layer.

The above identifications are made on the basis of
behavior of the absorption peak in an external magnetic fi
Transitions originating from the superlattice depend on
magnetic field due to the large Zeeman shifts in t
Zn12xMnxSe layers, as will be discussed in Sec. IV, a
transitions originating from the ZnSe buffer are field ind
pendent. This provides a convenient way of distinguish
between transitions occurring in different spatial regions
the structure.

Figure 2 shows magnetoabsorption spectra for samp
observed for several magnetic fields in thes2 circular po-

FIG. 1. Absorption spectra for sample 5 observed at 1.5 K
the s1 circular polarization at several magnetic fields.

FIG. 2. Absorption spectra for sample 5 observed at 1.5 K
the s2 circular polarization at several magnetic fields.
3-2
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larization. The peak~in the vicinity of 2.85 eV at 3 T!, ex-
hibiting a strong magnetic-field dependence, correspond
the transition between spin-up hh1 ande1 states at the edg
of Brillouin zone of the superlattice. The strong~magnetic-
field-independent! absorption peaks observed at lower en
gies originate from the ZnSe buffer layer. The spectra exh
ited by the remaining samples used in this study
qualitatively identical to those shown in Figs. 1 and 2.

IV. METHOD OF CALCULATION

The optical transition energy from thenth heavy hole
state to themth state in the conduction band of a superlatt
is expressed as

Enm5Eg
well1En1Em2Enm

B , ~1!

whereEg
well is the band gap of the well material,En andEm

are the confinement energies of the heavy hole and the e
tron states, respectively, andEnm

B is the binding energy of the
exciton.En andEm were calculated using the transfer-matr
algorithm based on an eight-bandk•p model,13 with the in-
clusion of the deformation-potential term.14 In order to cal-
culate the transition energies in an external magnetic fi
the k•p program was modified to include the exchan
Hamiltonian, which accounts for the interactions between
band electrons and the localized Mn spins in t
Zn12xMnxSe layers.1,15,16 The resulting Schro¨dinger equa-
tion is a complicated 838 matrix, and cannot be solve
analytically. To solve the problem, we use the so called ‘
nite element method’’17—a numerical technique which ha
proven immensely useful in dealing with the electronic str
ture of superlattices. This method has the advantage th
great number of perturbations and experimental conditi
~such as strain, compositional profile, and magnetic fie!
can be included with relative ease into the analysis. E
physical region of the structure under consideration is rep
sented by a finite element, and the accuracy of modeling
whole can be increased by increasing the number of elem
representing that physical region. In our calculations we
ploit this property extensively for modeling the profile of th
Mn concentration at the interface by using a sequence
elements with different Mn concentrations, as will be d
cussed later.

In our case, the model involves the following paramet
~all listed in Table II!: the band parameters; the energy g
Eg , the energy of thes-p interaction,Ep ; the spin-orbit
splitting D, parametersg1 , g2 , g3 , and k, which describe
interactions between theG8 band and distant bands for bo
ZnSe and ZnxMn12xSe; and strain parametersac , av , bv ,
C11, andC12. For the conduction- and valence-band offs
~Vc andVv!, we have assumed~following Klar et al.18! that
20% of the band-gap difference between unstrained Z
and ZnxMn12xSe is accommodated by the valence band. T
well and barrier thicknesses are also included in the mo
and are treated in our calculations as adjustable paramete
the fitting process.

Our model also involves four magnetic parameters
scribing the exchange interaction in DMS layers:Noa, Nob,
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xeff , andT0 .12 HereNoa andNob are the exchange integra
for the conduction and valence bands, respectively. The
rametersxeff and T0 , introduced in Ref. 19 are useful i
describing the Zeeman shift of the DMS band edges in
Mn concentration range where the antiferromagnetic inter
tions between neighboring Mn21 ions becomes significant
In this model the Mn mole fractionx is replaced by an ef-
fective Mn concentrationxeff , and the temperatureT in the
Brillouin function is replaced by an effective temperatu
T0 .12 Both parameters~xeff andT0! for the companion epil-
ayers were determined from the observed Zeeman split
and are listed in Table II. Parametersxeff andT0 provide an
empirical measure of antiferromagnetic interactions betw
the Mn21 spins in the DMS material. The relationship b
tweenxeff andx over the range 0,x,0.8 has been investi
gated by Fatahet al.,20 who performed numerical simula
tions of the antiferromagnetic spin pairing betwe
neighboring magnetic ions. In Fig. 3 we show a plot of t
effective Mn concentrationxeff as a function ofx obtained
via a simulation that includes only nearest-neighbor pairi
and we compare this to experimental data for Zn12xMnxSe
epilayers obtained by us, showing that the agreement
tween the calculated and experimental values ofxeff is excel-
lent.

Here one should note that at the DMS/non-DMS interfa
the number of antiferromagnetic neighbors surrounding
Mn21 ion is reduced. This reduction translates into a cor
sponding reduction of antiferromagnetic pair populatio
leading to anenhancementof Zeeman splitting of the elec
tronic states. The dashed line in Fig. 3 shows ofxeff calcu-

TABLE II. Materials parameters used in the calculations. Valu
of Noa andNob are taken from Ref. 15, andxeff andTO are deter-
mined from the observed Zeeman splitting.

Parameters ZnSe Zn0.90Mn0.10Se Zn0.86Mn0.14Se
Band parameters~from Ref. 24!

Eg ~eV! 2.802 2.808 2.818
Ep ~eV! 29.7 29.7 29.7
D ~eV! 0.403 0.403 0.403

g1 4.3 4.3 4.3
g2 1.14 1.14 1.14
g3 1.84 1.84 1.84
k 0.2 0.2 0.2

Strain parameters~from Ref. 25!

ac ~eV! 23.35 23.35 23.35
av ~eV! 21.25 21.25 21.25
bv ~eV! 21.17 21.17 21.17

C11 ~dyn/cm2! 8.8831011 8.8831011 8.8831011

C12 ~dyn/cm2! 5.2731011 5.2731011 5.2731011

Magnetic parameters

Noa ~eV! — 20.293 20.293
Nob ~eV! — 0.88 0.88

To ~K! — 2.15 2.15
xeff ~%! — 4.2 4.2
3-3
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lated for Zn12xMnxSe/ZnSe interface by Fatahet al.20 The
figure clearly shows thatxeff is higher for an interface than
for the bulk forx'0.10 and higher.

The termEnm
B in Eq. ~1! is the exciton binding energy

Our superlattices are characterized by small offsets, such
the depths of the quantum wells are smaller or comparab
Enm

B . Such systems are difficult to analyze, because
methods developed for calculating exciton binding energ
in deep quantum wells no longer apply, and variational me
ods are tedious and subject to various approximation21

Moreover, the exciton binding energies in our samples
expected to vary with magnetic field due to field-induc
changes in the barrier height. In order to evaluate exc
binding energies and their magnetic-field dependence,
have therefore resorted to an alternative approach—the
called ‘fractional dimensional analysis’22—that appears par
ticularly well suited to the present situation. The appeal
this method lies in the possibility of using the experimenta
observed energy differenceDE between the 1s and 2s states
of an exciton observed on the sample in question, to estab
the exciton binding energy for that sample at any given va
of magnetic field, without the necessity of knowing the p
cise details of the potential profile of the superlattice, and
magnetic field dependence. The details of that approach
given elsewhere.23

V. RESULTS: QUANTITATIVE ANALYSIS

In order to interpret our data we first calculated t
ground-state energy of the exciton for all samples at z
magnetic field. For the energy gap values of Zn12xMnxSe
layers in the two superlattice series we used the values
termined from the spectra measured on the companion
ayers: 2.808 eV forx50.10 and 2.818 eV forx50.145. The

FIG. 3. The relation betweenx andxeff in bulk DMS’s and at a
DMS/non-DMS interface, shown as solid and dotted curves, res
tively ~after Ref. 16!. The enhancement of paramagnetism at
interface is clear for a Mn concentrationsx above 0.10. The solid
dots correspond to experimental values obtained by the authors
series of Zn12xMnxSe epilayers.
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biaxial strain within the individual layers was calculated u
ing the following strategy. Since the total thicknesses of
superlattices used in the present study exceed the cri
thickness for the corresponding ZnSe/Zn12xMnxSe combina-
tions, we treated the structures as free-standing superlatt
with a common in-plane lattice constantsap given by the
equation

ap5~a1d11a2d2!/~d11d2!, ~2!

wherea1 anda2 are the lattice constants of bulk ZnSe a
Zn12xMnxSe, respectively, andd1 andd2 are their respective
layer thicknesses in a given superlattice. This common
plane lattice constantap is now used to determine the biaxia
strain in a given layer

«xx5«yy5~ap2ai !/ap , ~3!

i.e., the strain in the ZnSe layer is obtained withai5a1 , and
in the Zn12xMnxSe layer withai5a2 . The resulting strain is
compressive for Zn12xMnxSe layers and tensile for ZnS
layers. Since the value ofap depends on relative layer thick
nesses, which vary from sample to sample, the strain co
tions will also show slight variations for different sample
within a series with the same Mn concentration.

The band and strain parameters for the constituent la
of the superlattices were taken from the literature, and
listed in Table II. Taking these as fixed, we fit the calculat
ground state exciton energies to the observed values in
absence of magnetic field, using the well and barrier thi
ness asthe onlyadjustable parameters in the fitting proce
It was sufficient to vary these thicknesses by not more t
5% of their nominal values listed in Table I to obtain goo
agreement between the measured and the calculated tr
tion energies. For the calculations in the absence of magn
field we assumed an abrupt interface, in order to minim
the number of fitting parameters at this stage. Since the ba
gap difference between constituent materials is very sm
~see Table II!, the energy of the ground state transition
fairly insensitive to the shape of an interface profile justif
ing this assumption.

In Fig. 4 ~center diagram! we show the schematic ban
alignment at zero magnetic field for the superlattices stud
There are, of course, slight quantitative variations in the
tial configuration from sample to sample due to slightly d
ferent strain conditions. However, all superlattices have
staggered type-II configuration atB50 in both superlattice
series, the valence-band wells being in the DMS layers
the conduction-band wells in the ZnSe layers. In both se
the valence-band offsets are shallow~6–7 meV!, while in the
conduction band the offsets are deeper~about 17 meV in the
first series and about 37 meV in the second!.

The above band alignment changes significantly in
presence of a magnetic field due to the very large Zeem
splitting of the band edges in the Zn12xMnxSe layers, as
shown in the left- and right-hand diagrams in Fig. 4. F
states with a spin-down orientation~which correspond to ob-
servations in thes1 circular polarization!, the valence-band
conduction-band edges move toward each other in
Zn12xMnxSe layers, resulting in an increase in the valen

c-
e

n a
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band offsets~up to 50 meV atB55 T!, and a decrease of th
offset in the conduction band. However, the system still
tains its type-II character for the spin-down orientation. T
results in very tightly confined holes in the DMS layers, a
rather weakly localized electrons in the ZnSe layers. For
spin-up orientation, however, the small initial valence-ba
offset of about 6 meV is very quickly overturned even at lo
magnetic fields~at about 0.25 T!. Above this field the ZnSe
layers become the confining layers for the holes as wel
for the electrons; and the conduction electron wells~which
were already in the ZnSe layers! grow deeper. Thus the sys
tem as a whole now exhibits atype-I band alignment, the
ZnSe layers acting as wells in both bands for the spin
carriers.

While computing transition energies in the presence of
applied magnetic field, we assumed a graded interfac
account for diffusion of Mn ions across DMS/non-DMS i
terfaces. As was shown for a variety of DMS/non-DM
heterostructures,1–5,15,26–29 Mn interdiffusion results in a
marked enhancement of Zeeman splitting in those syste
In the analysis, therefore, we carried out eight-bandk•p cal-
culations in the presence of an magnetic field with the sa
parameters and layer thickness that gave us the best fit t
zero-field spectra, but using several different error-funct
profiles to represent the interface region. In modeling
system, we imposed the requirement that the diffusion pro
should be the same in all samples, since they were all gr
under identical conditions; i.e., our goal was to find a co
mon concentration gradient that would account for the Z
man splittings ofall observed excitonic transitionsin all 11
samplesin both s1 ands2 polarizations.

The interface profile satisfying the above conditions
shown schematically in the lower panel of Fig. 5. We mo
the interface in terms of 4 ML. The 2-ML-thick regionD
~taken from what is nominally the ZnSe layer of the ide
ized superlattice! represents the ZnSe region into which M
ions diffused from the adjacent DMS layer. The 2-ML-thic
region I ~taken from the Zn12xMnxSe layers of the origina

FIG. 4. Band alignment for the superlattices used in this stu
The center diagram shows the initial type-II~staggered! configura-
tion at B50, with holes confined in DMS layers and electrons
ZnSe layers. When a magnetic field is applied, large Zeeman s
ting of the band edges occurs in the DMS layer. As a result,
alignment remains of type-II for ‘‘spin-down’’ states~diagram on
the left!, while for ‘‘spin-up’’ states ~right! the band alignment
transforms to type-I, such that holes and electrons are now
confined in the ZnSe layers. The allowed ground-state optical t
sitions corresponding to these configurations are shown by arr
07521
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superlattice! represents the magnetically modified region
the ‘‘original’’ Zn12xMnxSe layers. The detailed distributio
of x over these four monolayers, forming the graded int
face, is modeled as follows. TheI 1 layer in Fig. 5 has the
same Mn concentration as the DMS barrier material its
~no diffusion!. However, we must treat this layer as the i
terface region because the Mn21 ions in that layer experi-
ence an asymmetric neighborhood, with a higher Mn conc
tration on one side and a lower one on the other. In our fitt
procedure we then assume that the Mn concentration in la
I 2 is a fractiony of the value inI 1 , due to outdiffusion into
regionD. Similarly, we take the Mn concentrationx in D1 to
be a fractionz1 of that in I 2 , and in layerD2 we takex to be
a fractionz2 of the concentration inD1 .

In performing the calculations in the presence of magne
field we used the literature values ofa and b for bulk
Zn12xMnxSe ~see Table II!. We also used the same value
T0 as that obtained by fitting the Zeeman splitting in t
measured Zn12xMnxSe ‘‘companion’’ epilayer of the corre
sponding Mn concentration. Thus the only parameter req
ing adjustment in the calculations is the value ofxeff for each
of the sequence of monolayers used to model the diffus
profile near the interface. The calculations were carried
for several different diffusion profiles. To obtain values
xeff that correspond to the concentrationx assumed for each
layer making up the graded interface we used interface cu
in Fig. 3. We then varied the value ofxeff of the central DMS
layer in order to achieve the best fit to the observed Zeem
splitting of the ground-state exciton. However, certain phy
cal restrictions had to be imposed on the upper and lo
limits of that parameter. The upper limit is established by
highest value thatxeff can have at an interface~about 0.052
in Fig. 3!. The lower limit for a given value ofx is estab-
lished byxeff of the bulk ~dashed curve in Fig. 3! since—as
shown in that figure—xeff of an interfacealwaysexceeds the
bulk value at any givenx.

y.

it-
e

th
n-
s.

FIG. 5. Modeling of the region near the interface betwe
Zn12xMnxSe and ZnSe, shown schematically in the form of a p
tential profile for the conduction band. The top diagram shows
abrupt interface. The bottom diagram simulates an interface w
graded Mn21 concentration extending over three monolayers. R
gions D1 and D2 represent two monolayers corresponding to t
edge of the original~i.e., abrupt! conduction band well region; and
I 1 and I 2 are the first two monolayers of the original barrier.
3-5
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FIG. 6. Transition energies o
the Zeeman-split ground state ex
citon line atT51.5 K for sample
6 @panel~a!# and sample 8@panel
~b!#. Points are experimental
solid curves represent theoretic
calculations obtained by assumin
an interface profile shown in Fig
5 ~bottom!, and using parameter
listed in Table III. For comparison
we also show the calculated re
sults when a steplike interface i
assumed~dotted curves!.
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We ran the calculations in two iterative steps, keeping
the second iteration thexeff value for the central DMS laye
which we found in the first step, and making slight adju
ment in the values ofxeff for interface regions, with the re
striction that these numbers must be the same for all sam
within a given series. Our best fits are obtained with
diffusion profilesy550%, z1560%, andz2560%. For ex-
ample, for the series withx50.10 ~samples 1–5!, the Mn
concentrationx is still 0.10 in layerI 1 , 0.05 in layerI 2 , 0.03
in layer D1 , and drops to 0.018 in layerD2 . The thickness
of the interface region affected by diffusion extends in o
case over 3 ML, which is slightly larger than the 2 ML pr
posed by Gajet al.4 for the CdTe/Cd12xMnxTe system, and
smaller than the 4 ML proposed by Klaret al.3 for the
ZnTe/Zn12xMnxTe and the ZnSe/Zn12xMnxSe systems.

It was pointed out by Gajet al.4 that diffusion of Mn21

ions occurring during MBE growth may be different for no
DMS layers grown on DMS material~a so-called ‘‘inverted’’
interface!, and for DMS layers grown on top of a non-DM
material ~‘‘normal’’ interface!, due to the lattice mismatch
between the two materials, which would automatically res
in an asymmetricinterface profile. We also tried such asym
metric potential profiles in our calculations. The agreem
between experiment and theory was, however, consiste
better in the case of symmetrically graded compositions
described.

Since layersI 1 andI 2 are taken from the ‘‘original’’ DMS
region, and layersD1 andD2 from the ZnSe layer~see Fig.
5!, the superlattice period itself remains unchanged. T
main effect of such grading is that the wells in both DM
and non-DMS layers can no longer be viewed as sim
square wells, and approach a parabolic profile. It should
noted that the consequences of such a near-parabolic p
of the wells should be more easily recognized in the cas
thin wells than in wider ones, and that such grading sho
affect the energies of excited states to a much greater de
than that of the ground state.

A. Zeeman splitting of the ground-state transition

In Fig. 6 we compare the Zeeman splittings of the grou
state excitonic transitions observed experimentally
07521
n

-

les
e

r

lt

t
tly
st

e

le
e

file
of
ld
ree

-
r

samples 6 and 8 with calculations obtained by assumin
graded interface, as described in Sec IV. One can see tha
observed splitting is described quite satisfactorily by the c
culations. For comparison we also show the calculated re
when steplike interfaces are assumed~dotted line!. Table III
summarizes the values ofxeff used for the interface layer
which best describe the experimentally measured Zee
splittings for all our samples.

It should be noted that the values ofxeff for all DMS
regions lie between the physically allowed upper and low
limits, as described earlier. Two interesting facts eme
from Table III. First, referring to Fig. 3, we see the gene
trend that the wider the DMS layer, the closer is itsxeff to the
bulk ~epilayer! value; but as the thickness of the DMS lay
is reduced, it behaves increasingly like the interface. T
may be expected from the argument that, if the Mn21 ions at

TABLE III. Effective Mn concentration in successive region
near an interface.* Because of the slow variation ofxeff with x, we
assume a single value ofxeff for both I regions, and one for bothD
regions in Fig. 5.

Sample Zn12xMnxSe
layer

thickness
~Å!

ZnSe
layer

thickness
~Å!

xeff

~regionD* !
xeff

~region I* !
xeff

~DMS!

1 20 60 3.2% 5.1% 5.1%
2 25 25 3.2% 5.1% 4.1%
3 40 80 3.2% 5.1% 5.0%
4 60 40 3.2% 5.1% 4.4%
5 80 40 3.2% 5.1% 4.2%
6 20 40 4.0% 5.1% 5.1%
7 30 30 4.0% 5.1% 4.2%
8 40 80 4.0% 5.1% 5.0%
9 50 50 4.0% 5.1% 4.9%
10 60 40 4.0% 5.1% 4.4%
11 80 40 4.0% 5.1% 4.2%
3-6
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FIG. 7. Transition energies o
the Zeeman-split ground state ex
citon line atT51.5 K for sample
2 @panel~a!# and sample 7@panel
~b!#. Points are experimental
solid curves represent theoretic
calculations obtained by assumin
an interface profile shown in Fig
5 ~bottom!, and magnetic param
eters as described in the text.
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the interface make a larger contribution to the total aver
spin per Mn ion than those in the bulk of the DMS laye
clearly the relative number of such ions increases as
DMS layers become thinner, i.e., as its interface-to-volu
ratio increases. This is especially obvious in the two sup
lattices with the thinnest DMS layers~samples 1 and 6!,
where the values ofxeff for the interior of the DMS layer are
equal to the values assigned to regionI.

The second striking fact emerging from Table III, how
ever, is that when the ZnSe layers become very thin,
best-fit values ofxeff for the DMS region no longer fit neatly
into the scheme wherexeff is inversely correlated with the
thickness of the DMS layer. This is clearly seen in the c
of samples 2 and 7, the superlattices with the shortest per
~50 and 60 Å, respectively!. One should note that—since i
these structures the nonmagnetic ZnSe layers are
thin—in which the distance between theD regions across the
ZnSe layer~see Fig. 5! is quite small: 18 Å~circa, 6 ML! for
sample 7, and 13 Å~circa 4 ML! for sample 2. At this point
one has to take a closer look at the physical assumption
the model leading to the concept ofxeff . The model used
here, as mentioned previously, accounts only for the nea
neighbor antiferromagnetic interactions.20 However, in
samples where the thicknesses of the nonmagnetic la
separating the DMS regions become very small, interacti
between the Mn21 ions from neighboring DMS layers ma
become significant.

While detailed theoretical work needs to be carried ou
ascertain the consequences of this effect quantitatively,
have tried to at least qualitatively account for such incre
of Mn-Mn antiferromagnetic interactions. We therefore r
peated the calculation for samples 2 and 7 as follows.
fixed xeff in the main DMS region to 5.1%, so as to rema
consistent with our earlier observations of the inverse co
lation between the width of the Zn12xMnxSe layer and its
characteristicxeff . Then, in order to reproduce the expe
mentally observed Zeeman splittings, we had to adjust
progression ofxeff for the layers comprising regionsD andI.
These are the regions where the Mn ions can become
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creasingly affected by their magnetic counterparts across
ZnSe layer as that region becomes sufficiently narrow. T
final choices of the interface parameters for layersD and I
that best reproduce the observed Zeeman splittings arexeff
50.027 and 0.038, respectively, for sample 2, andxeff
50.036 and 0.046, respectively, for sample 7. Figure
shows the fit for these two samples obtained with the ab
parameters. Note that the modifications inxeff relative to the
values listed in Table III are larger for sample 2 than f
sample 7. This is consistent with the fact that in sample 2
D layers are closer to each other, so that the antiferrom
netic coupling between the Mn21 ions across the ZnSe laye
is expected to be stronger.

In order to achieve good agreement between the calc
tions and the experimentally observed Zeeman splittings,
also had to adjust the parameterTo for layers I and D in
samples 2 and 7. As mentioned in Sec. IV,To provides a
measure of antiferromagnetic interactions between unpa
~‘‘loose’’ ! spins. We achieved the best fit to the data
samples 2 and 7 by usingTo52.5 K, a value higher than tha
used in the case of all the other superlattices, and also o
epilayers (To52.15 K). The fact that samples 2 and 7 r
quire higher values ofTo for layersI andD is again consis-
tent with the picture of interacting ‘‘loose’’ spins across th
ZnSe layer. This result suggests that, when the distance s
rating the two Zn12xMnxSe layers is reduced to or below
ML, we observe the onset of antiferromagnetic interactio
across the non-DMS layer. While the existence of Mn-M
interactions across such distances may be surprising~since
these interactions are assumed to be of a short-range na!,
we note parenthetically that anomalously long-rang
Mn-Mn interactions have also been reported in the contex
neutron scattering in ZnTe/MnTe superlattices,30 where Mn
ions from neighboring MnTe layers have been noted to d
play spectacular correlations across ZnTe spacers of sim
thickness as the ZnSe layers in samples 2 and 7.

B. Zeeman splitting of higher-order transitions

We will now discuss Zeeman splitting of transitions i
volving excited states, which we also observe in this serie
3-7
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FIG. 8. Magnetic field depen-
dence of transitions from state hh
to e2 at q51 @panel ~a!#; and
from hh2 to e1 at q51 @panel
~b!#, both observed for sample 5
Points are experimental; solid
curves represent theoretical calc
lations obtained by assuming th
graded interface profile shown in
Fig. 5 ~bottom!. For comparison
we also show the results calcu
lated when a steplike interface i
assumed~dotted curves!.
f
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d by
experiments. Figure 1 shows the absorption spectra
sample 5 for thes1 circular polarization at different value
of magnetic field. Consider the complex absorption line t
is made up of three individual, closely lying peaks just to t
right of the ground-state exciton line. Of these, the lowe
energy peak~labeledb! is identified as the 2s ground-state
exciton line. In order to identify the two distinct peaks l
beledc in the figure, we calculated the wave-function ove
07521
or

t
e
t-
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lap between various combinations of initial and final sta
using the eight-bandk•p model discussed in Sec. IV. Th
transitions which have a significant overlap in the ene
range of interest are hh1→e2 at q51 ~i.e., at the Brillouin
zone edge!, designated as (1,2)1 ; and hh2→e1 atq51, des-
ignated as (2,1)1 . One should note here that the superlattic
discussed in this paper aresmall-offsetsuperlattices, i.e.,
they are structures whose excited states are characterize
or

e
er
b-
FIG. 9. The probability distribution of the
(hh1)1 , (hh2)1 , (e2)1 , and (e1)1 states with
spin-down orientation, calculated at 5 Tesla f
sample 5. Transitions (hh1)1→(e2)1 and
(hh2)1→(e1)1 are observed in thes1 polariza-
tion. The dotted vertical line corresponds to th
nominal boundary between the 40-Å ZnSe lay
and the 80-Å ZnMnSe layer. The calculated pro
ability of localization ~in percent! is given for
each layer.
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wide subbands separated by narrow minigaps. In this si
tion transitions which occur at the Brillouin zone center c
be readily distinguished from those occurring at the zo
edges.16,31,32

When calculating the magnetic field dependence of
(1,2)1 and (2,1)1 transition energies, we assumed the e
tended interface depicted in the lower half of Fig. 5, with
the parameters which best described the Zeeman splittin
the ground-state exciton in a given sample, i.e., without
further adjustment of the parameters. In Figs. 8~a! and 8~b!
we show the calculated (1,2)1 and (2,1)1 transition energies
~solid curves! and the experimental data~points!, respec-
tively, for the case of sample 5. For comparison we a
show the calculated result when a steplike interface is
sumed~dotted line!. It is satisfying to note that the sam
interface profile which describes the Zeeman splitting of
ground-state exciton also describes the magnetic-field be
ior of the higher-order transitions. Of course some discr
ancy is expected, because in this case the calculations d
include exciton binding energy corrections.

The difference in the results for the two interface profi
is especially striking in the case of the (2,1)1 transition. This
can be understood by looking at Fig. 9, where we plot
probability distribution of the~hh1!, ~hh2!, (e2), and (e1)

FIG. 10. Magnetic-field dependence of the energy of transit
between spin-up hh1 ande1 states atq51, observed for sample 11
in thes2 polarization. Points are experimental, and the solid cu
represents the theoretical calculation obtained by assuming a gr
interface profile shown in Fig. 5~bottom!. For comparison we also
show the results of calculation obtained by assuming a step
interface~dotted line!.
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states atq51 for the spin-down orientation, calculated at 5
for sample 5. In the case of the (1,2)1 transition the initial
~hh1! and the final (e2) states~upper panels! are both mostly
localized in the 80 Å-thick Zn12xMnxSe layer, and thus are
not particularly sensitive to the shape of the interface profi
However, the situation is quite different for the (2,1)1 tran-
sition for that sample. The probability densities of the init
~hh2! and the final (e1) state are in that case quite substa
tial at the interface~see the lower panel in Fig. 9!, so that the
magnetic-field dependence of the transition between th
two states is expected to be especially sensitive to the de
of the interface profile.

The remaining samples examined in this study show si
lar behavior. Figure 10, for example, shows the energy of
transition between the spin-up hh1 ande1 states at the edg
of Brillouin zone @designated as (1,1)1# observed in sample
11 in thes2 circular polarization as a function of applie
magnetic field. For this spin orientation the initially type-
band alignment transforms, as the field is increased, in
type-I alignment~see Fig. 4, right-hand diagram!, where
wells in both the valence and conduction bands corresp
to ZnSe layers. Again, the figure shows that the same
tended interface describes the Zeeman splitting of
higher-order transition quite well. The fact that at high
fields the calculated transition energies depart slightly fr
experiment can be explained by the increasing importanc
exciton binding energy corrections as the wells grow dee
a feature that is not included in our calculations.

Again, the point we wish to emphasize is thatthe same
interface profileyields energies in quantitative agreeme
with all observed transitions in all eleven superlattices st
ied. The magneto absorption results reported here thus
vide convincing evidence that in the case
ZnSe/Zn12xMnxSe interfaces the interface profile is grad
rather than abrupt, the grading extending over a length
about three monolayers.

VI. CONCLUDING REMARKS

We have studied the Zeeman splitting of the ground-s
and higher-order excitonic transitions in a series of
ZnSe/Sn12xMnxSe small-offset superlattices. Our quantit
tive results have shown that the Zeeman splitting obser
for all transitions in all eleven superlattices can be succe
fully explained by a common graded profile of the interfac
that extends over a distance of about three monolayers. In
course of this investigation we have also found evidence
antiferromagnetic coupling between Mn ions in different s
perlattice layers across thin~less than 18 Å! nonmagnetic
ZnSe regions.
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