PHYSICAL REVIEW B 66, 075213 (2002

Role of magneti¢gnonmagnetic semiconductor interfaces
in magneto-optical properties of small-offset superlattices
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Zn, _,Mn,Se/ZnSe superlattice(SL’s) involving magnetic/nonmagnetic interfaces were investigated by
magnetoabsorption spectroscopy. The Mn concentration in the,Km,Se layers ranged from=0.10 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 thirfless than 18 AZnSe layers in the above Zn,Mn,Se/ZnSe multilayer structures.
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I. INTRODUCTION by the wave function of that state. For example, if the inter-
face is steplike the Zeeman splitting of an exciton in a deep
The study of semiconductor heterostructures constitutes monmagnetic quantum well between DMS barriers should be
continually expanding area of research, that has resulted ingmall because of the small penetration of the exciton wave
large number of developments both in fundamental physicfunction into the barriers. But if diffusion of Mn occurs
and in technology. Heterostructures necessarily involve interacross the interface into the well layer, the exciton wave
faces, and recently a number of papefpointed to the fact  function overlaps significantly with a larger number of mag-
that to understand semiconductor multilayer structures, ongetic ions, thus leading to a considerable enhancement of the
must go beyond the idealized picture that such interfaces argeeman splitting. Gagt al* studied the ground-state exciton

simply steplike. Structural studies, such as x-ray diffraction, ; relatively deep CdTe wells between CgMn, Te barriers,
electron microscop¥, or scanning tunneling microscop, and observed a pronounced Zeeman splitting enhancement,

support this conclusion. Specifically, these methods indicat%at they attributed to the diffusion of magnetic ions into the

that there occurs significant interdiffusion across the 'nterWeII region. Quantitative analysis of this effect made it pos-

face, resulting in graded rather than steplike composition . . T
profiles at the interface. Such a graded transition from on ible to map out_the CdTe/¢d,Mn,Te mterface prof_lle with
impressive detail. One should note that, with the discovery of

material to the other will in turn alter the potential profile, S ) -
thus affecting the electronic and optical properties of semiférromagnetism in semiconductors containing Mn the under-

conductor heterostructures. It is therefore important to havét@nding of the DMS/non-DMS interface has acquired added
the ability to estimate how elements are distributed when afimPortance since the operation of spin-based devices, such as
interface is formed. spin valves or spin injectors, will be highly sensitive to the
Recently a method was develofehat allows one to map interface properties.
the profile of an interface when it consists of a diluted mag- In this paper we describe the results of magneto-
netic semiconductofDMS) and a nonmagnetic semiconduc- absorption experiments on shallow-well ZnSe/ZgMn,Se
tor. DMSs are semiconducting alloys in which a part of thesuperlattices, whera very large fractionof the wave func-
crystal lattice is comprised of substitutionall magnetic ibhs. tion penetrates into the DMS barriers. This geometry is thus
The best known examples of such materials aye,Mn,VI particularly sensitive to interactions of the electronic states
alloys (e.g., Zn_,Mn,Se and C¢g_,Mn,Te). One of the re- with magnetic ions in the vicinity of the interface. In these
markable properties of these systems is that they exhibit exexperiments we were, furthermore, able to observe transi-
tremely large Zeeman splittings of the band edges due ttions involving excited stateswhose wave functions pen-
spin-spin exchange interaction betweendredectrons of the etrate into the interface region to an even higher degree than
Mn?" ions and thes- or p-band electrons. Quantum wells the ground states. The magnetic-field dependence of the tran-
and superlattices made up of DMS and non-DMS layers thusition energies involving those excited states will therefore
provide an excellent laboratory for studying interfaces, bebe especially sensitive to the shape of the band prégie
cause the Zeeman splitting of a given electronic state in sucpecially for narrow wellg allowing a more detailed mapping
a system will depend on the number of magnetic ions “seen’of the interface region.
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TABLE |. Sample description.
T=1.5K, o+ polarization
Sample  ZnSe layer Zn,_,Mn,Se layer X Number of

thickness(A) thickness(A) periods . . e
1 60 20 0.10 20 s ‘;\\\\ P el
2 25 25 0.10 20 £ I
3 80 40 0.10 20 N
4 40 60 0.10 20 3 ——3Tesla
5 40 80 0.10 20 < \K - -4Tesha
6 40 20 0.145 30 ) h TS Testa

a
7 30 30 0.145 30
8 80 40 0.145 30 2.740 27‘60 27‘80 28‘00 2.820 | 2;40 2.860
9 50 50 0.145 30 ' ' ’ : i ' )
Energy (eV)
10 40 60 0.145 30
11 40 80 0.145 30 FIG. 1. Absorption spectra for sample 5 observed at 1.5 K for
the o™ circular polarization at several magnetic fields.
II. EXPERIMENT the incident light and recording the transmitted intensity at

Two series of (ZnSe/zn_,Mn,Se superlattices were fixed values of the field. The strong absorption peak ob-
grown by molecular-beam epitaxy MBBn GaA$001) sub- served at the lowest ener@a;bele_da) corresponds to thesl
strates, after first depositing aydm ZnSe buffer layer. Struc- ground-state exciton transition, involving the first %pm_down
tural parameters describing the superlattices are listed ijeavy-hole superlattice statepin-down hhlJ,=—3) and
Table 1. The first seriegsamples 1-Bconsists of five 20- the first electron statéspin-downel; J,=—3), both at the
period superlattices with a Mn concentration of 10% ( center of the Brillouin zoneq=0). The peak immediately
—0.10) in the Zp_ Mn,Se layers. In the second series adjacent to itlabeledb) corresponds to thes2transition of
(samples 6-11the Mn concentration is slightly higher the sam'e'grognd-state exciton. Peaks !abelada |dent|f|eq'
(14.5%, and the number of periods is 30. The superlattice®S transitions involving higher superlattice states. Transitions
were designed with an eye toward understanding of the rol@ccurring at higher energigsear 2.80 eV and aboyerise

of interfaces, by varying the thickness ratio of the two con-fom the ZnSe buiffer layer. .
stituent materials from wide wells with narrow barriers to ~ The above identifications are made on the basis of the

narrow wells with wide barriers. The thicknesses of the lay-Pehavior of the absorption peak in an external magnetic field.
ers listed in the table are estimated from the growth time, "ansitions originating from the superlattice depend on the
assuming the same growth rates for all samples. In order tg'@gnetic field due to the large Zeeman shifts in the
determine the Mn concentration in the ZnMn,Se layers, ZM-xMn,Se layers, as will be discussed in Sec. IV, and
“companion” Zn,_,Mn,Se epilayers were grown for each transitions originating from the ZnSe buffer are f!eld '|nd'e-
sample series under the same MBE growth conditions akendent. Thls_prowdes a (_:on\_/enu_ant way of (_letIng!,llshlng
those used for the superlattices. between transitions occurring in different spatial regions of
For transmission experiments, the GaAs substrate was r&€ structure. _
moved from the samples by mechanical polishing, followed Figure 2 shows magnetoabsorption spectra for sample 5
by chemical etching. As the etchant we used a solution opPserved for several magnetic fields in the circular po-
NH,4OH in H,O, in a 1:10 ratio at 30 °C. In addition to re-
moving the remaining substrate material, the etching proces:
also removed the dislocation-rich region of the ZnSe buffer
near the ZnSe/GaAs interface. The magnetoabsorption ex
periments were performed in an optical cryostat(1.5 K)
equipped with a 6-T superconducting magnet. The light
source consisted of a halogen lamp and a 1-m monochro
mator. The monochromatic light was circularly polarized, so
as to distinguish transitions involving different spin states.
The transmitted light signal was detected by a photomulti-
plier tube, amplified by a lock-in amplifier, and sent to data- 4T
acquisition software for processing and analysis. |- T 5Tesla

T=1.5K, ¢ —polarization

Absorption (arb. units)

——3 Tesla

Ill. OVERVIEW OF EXPERIMENTAL RESULTS 2780 2790 2800 2.810 2.820 2.830 2840 2.850 2.860 2.870

) . Energy (eV)
Figure 1 shows magnetoabsorption spectra for sample 5

(see Table)l observed for several magnetic fields in thé FIG. 2. Absorption spectra for sample 5 observed at 1.5 K for
circular polarization, taken by sweeping the wavelength ofthe o~ circular polarization at several magnetic fields.
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larization. The peakKin the vicinity of 2.85 eV at 3 T, ex- TABLE II. Materials parameters used in the calculations. Values
hibiting a strong magnetic-field dependence, corresponds tof Noa andN,3 are taken from Ref. 15, and; and T, are deter-
the transition between spin-up hhl aet states at the edge mined from the observed Zeeman splitting.

of Brillouin zone of the superlattice. The strofigagnetic-

field-independentabsorption peaks observed at lower ener-Parameters ZnSe £8Mno.15€  ZrpgdVing 145€
gies originate from the ZnSe buffer layer. The spectra exhib- Band parameteréfrom Ref. 29
ited by the remaining samples used in this study are E, (V) 2802 2808 2818
qualitatively identical to those shown in Figs. 1 and 2. E, (eV) 297 297 297
A (eV) 0.403 0.403 0.403
IV. METHOD OF CALCULATION 1 4.3 4.3 4.3
The optical transition energy from theth heavy hole Y2 114 114 114
state to themth state in the conduction band of a superlattice Y3 1.84 1.84 184
is expressed as K 0.2 0.2 0.2
£ Evel £ g _ g8 @ Strain parameterfrom Ref. 25
e neomo a. (eV) ~3.35 ~3.35 ~3.35
whereEy®" is the band gap of the well materid, andE,, a, (ev) -1.25 -1.25 -1.25
are the confinement energies of the heavy hole and the elec- b, (eV) -117 -1.17 -1.17
tron states, respectively, afif,, is the binding energy of the ~ Cii (dyn/cn?)  8.88x10"  8.88x 10" 8.88x 10™
exciton.E, andE,,, were calculated using the transfer-matrix Cio (dyn/cnf)  527x10"  5.27x 10" 5.27x 101

algorithm based on an eight-bakdp model®® with the in-

. . . Magnetic parameters
clusion of the deformation-potential terffhin order to cal- g P

culate the transition energies in an external magnetic field, N,a (eV) — —0.293 —0.293
the k-p program was modified to include the exchange N,B (eV) — 0.88 0.88
Hamiltonian, which accounts for the interactions between the T, (K) — 2.15 2.15
band electrons and the localized Mn spins in the x (%) — 4.2 4.2

Zn,_,Mn,Se layers:*>1® The resulting Schidinger equa-
tion is a complicated & 8 matrix, and cannot be solved
analytically. To solve the problem, we use the so called “fi-Xe4, andT,. 2 HereN,« andN, g are the exchange integrals
nite element method*”—a numerical technique which has for the conduction and valence bands, respectively. The pa-
proven immensely useful in dealing with the electronic struc+ametersx.4 and Ty, introduced in Ref. 19 are useful in
ture of superlattices. This method has the advantage thatdescribing the Zeeman shift of the DMS band edges in the
great number of perturbations and experimental condition®in concentration range where the antiferromagnetic interac-
(such as strain, compositional profile, and magnetic fjeldstions between neighboring Mh ions becomes significant.
can be included with relative ease into the analysis. Eacln this model the Mn mole fraction is replaced by an ef-
physical region of the structure under consideration is reprefective Mn concentratiorx.;, and the temperatur€ in the
sented by a finite element, and the accuracy of modeling asBrillouin function is replaced by an effective temperature
whole can be increased by increasing the number of elements,.*? Both parameteréx.s and T,) for the companion epil-
representing that physical region. In our calculations we exayers were determined from the observed Zeeman splitting
ploit this property extensively for modeling the profile of the and are listed in Table 1l. Parameteqs; and T provide an

Mn concentration at the interface by using a sequence oémpirical measure of antiferromagnetic interactions between
elements with different Mn concentrations, as will be dis-the Mr?* spins in the DMS material. The relationship be-
cussed later. tweenxgy andx over the range &x<0.8 has been investi-

In our case, the model involves the following parametersyated by Fatalet al.,?° who performed numerical simula-
(all listed in Table I): the band parameters; the energy gaptions of the antiferromagnetic spin pairing between
Ey, the energy of thes-p interaction,E,; the spin-orbit neighboring magnetic ions. In Fig. 3 we show a plot of the
splitting A, parametersy;, v,, ys, and«, which describe effective Mn concentratiox.; as a function ofx obtained
interactions between thiég band and distant bands for both via a simulation that includes only nearest-neighbor pairing,
ZnSe and ZgMn, _,Se; and strain parametess, a,, b,, and we compare this to experimental data foy ZMn,Se
C11, andCy,. For the conduction- and valence-band offsetsepilayers obtained by us, showing that the agreement be-
(V. andV,), we have assumedollowing Klar et al!®) that  tween the calculated and experimental values.gfis excel-
20% of the band-gap difference between unstrained ZnSkent.
and ZnMn; _,Se is accommodated by the valence band. The Here one should note that at the DMS/non-DMS interface
well and barrier thicknesses are also included in the modethe number of antiferromagnetic neighbors surrounding a
and are treated in our calculations as adjustable parametersin?* ion is reduced. This reduction translates into a corre-
the fitting process. sponding reduction of antiferromagnetic pair population,

Our model also involves four magnetic parameters deleading to anenhancementf Zeeman splitting of the elec-
scribing the exchange interaction in DMS layedga, N3, tronic states. The dashed line in Fig. 3 showsgf calcu-
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0.06 : : : : : biaxial strain within the individual layers was calculated us-
ing the following strategy. Since the total thicknesses of all
005 |- | superlattices used in the present study exceed the critical
g thickness for the corresponding ZnSe{ZgVin,Se combina-
- A tions, we treated the structures as free-standing superlattices,
£ 004 // N Interface 1 with a common in-plane lattice constardag given by the
[ AN .
e I ~ / 1 equation
] / s
o 003 N |
£ \\\ ] ap=(a;d,+ayd,)/(d;+dy), 2
.g 0.02 | /\\ wherea; anda, are the lattice constants of bulk ZnSe and
é \\\ ] an_XMpXSe, respe_ctively, and, andd, are thei_r respective_
W o4 Bulk ~ i layer thicknesses in a given superlattice. This common in-
S~ plane lattice constarat, is now used to determine the biaxial
strain in a given layer
000 i i | n 11 L
0.0 0.2 0.4 0.6 0.8

=gy=(ap,—aj)/a,, 3
Mn concentration (x) exx=&yy=(ap—aj)/a, (€)

i.e., the strain in the ZnSe layer is obtained vatka,, and
FIG. 3. The relation betweexandx.s in bulk DMS's and at a  in the Zn,_,Mn,Se layer witha;=a,. The resulting strain is
DMS/non-DMS interface, shown as solid and dotted curves, respeczompressive for Zn ,Mn,Se layers and tensile for ZnSe
tively (after Ref. 16. The enhancement of paramagnetism at thelayers. Since the value af, depends on relative layer thick-
interface is clear for a Mn concentratiorsabove 0.10. The solid nesses, which vary from sample to sample, the strain condi-
dots correspond to experimental values obtained by the authors ontgyns will also show slight variations for different samples
series of Zp_,Mn,Se epilayers. within a series with the same Mn concentration.

The band and strain parameters for the constituent layers
lated for Zn_,Mn,Se/ZnSe interface by Fata#t al?®° The  of the superlattices were taken from the literature, and are
figure clearly shows thate is higher for an interface than listed in Table Il. Taking these as fixed, we fit the calculated
for the bulk forx~0.10 and higher. ground state exciton energies to the observed values in the

The term EEm in Eq. (1) is the exciton binding energy. absence of magnetic field, using the well and barrier thick-
Our superlattices are characterized by small offsets, such thaess ashe onlyadjustable parameters in the fitting process.
the depths of the quantum wells are smaller or comparable thh was sufficient to vary these thicknesses by not more than
EP... Such systems are difficult to analyze, because th&% of their nominal values listed in Table | to obtain good
methods developed for calculating exciton binding energieggreement between the measured and the calculated transi-
in deep quantum wells no longer apply, and variational methtion energies. For the calculations in the absence of magnetic
ods are tedious and subject to various approximaﬁbns_ field we assumed an abrupt interface, in order to minimize
Moreover, the exciton binding energies in our samples aréhe number of fitting parameters at this stage. Since the band-
expected to vary with magnetic field due to field-inducedgap difference between constituent materials is very small
changes in the barrier height. In order to evaluate excitorisee Table I}, the energy of the ground state transition is
binding energies and their magnetic-field dependence, wigirly insensitive to the shape of an interface profile justify-
have therefore resorted to an alternative approach—the s#g this assumption.
called ‘fractional dimensional analysi€¢—that appears par-  In Fig. 4 (center diagramwe show the schematic band
ticularly well suited to the present situation. The appeal ofalignment at zero magnetic field for the superlattices studied.
this method lies in the possibility of using the experimentally There are, of course, slight quantitative variations in the ini-
observed energy differenceE between the ¢ and % states  tial configuration from sample to sample due to slightly dif-
of an exciton observed on the sample in question, to establisigrent strain conditions. However, all superlattices have a
the exciton binding energy for that sample at any given valustaggered type-Il configuration 8=0 in both superlattice
of magnetic field, without the necessity of knowing the pre-series, the valence-band wells being in the DMS layers and
cise details of the potential profile of the superlattice, and it¢he conduction-band wells in the ZnSe layers. In both series
magnetic field dependence. The details of that approach aibe valence-band offsets are shall@v-7 me\j, while in the
given elsewheré® conduction band the offsets are deefarout 17 meV in the
first series and about 37 meV in the second

The above band alignment changes significantly in the
presence of a magnetic field due to the very large Zeeman

In order to interpret our data we first calculated thesplitting of the band edges in the ZnMn,Se layers, as
ground-state energy of the exciton for all samples at zershown in the left- and right-hand diagrams in Fig. 4. For
magnetic field. For the energy gap values of; ZfMn,Se  states with a spin-down orientatiéwhich correspond to ob-
layers in the two superlattice series we used the values deervations in ther ™ circular polarizatioh, the valence-band
termined from the spectra measured on the companion epitonduction-band edges move toward each other in the
ayers: 2.808 eV fok=0.10 and 2.818 eV fox=0.145. The Zn,; _,Mn,Se layers, resulting in an increase in the valence-

V. RESULTS: QUANTITATIVE ANALYSIS
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B#0,c" B=0 Bz0,o"
“Spin-down” “Spin-up”
DMS ZnSe DMS
X
1 | I] Iz Iz Il
ZnMnSe ZnSe ZnMnSe ZnMnSe ZnSe ZnMnSe ZnMnSe ZnSe ZnMnSe D, D/
DMS E ZnSe DMS
FIG. 4. Band alignment for the superlattices used in this study. < D: >
The center diagram shows the initial typefstaggereflconfigura- l l
tion at B=0, with holes confined in DMS layers and electrons in tlrhrl; 5 ;—’

ZnSe layers. When a magnetic field is applied, large Zeeman split-
ting of the band edges occurs in the DMS layer. As a result, the  £15 5 \odeling of the region near the interface between

alignment remains of type-Il for “spin-down” stategiagram on Zn,_Mn,Se and ZnSe, shown schematically in the form of a po-

the lefy, while for “spin-up” states(right) the band alignment tential profile for the conduction band. The top diagram shows an
transforms to type-I, such that holes and electrons are now bo'[Hbrupt interface. The bottom diagram simulates an interface with

confined in the ZnSe layers. The allowed ground-state optical trangraded MR* concentration extending over three monolayers. Re-

sitions corresponding to these configurations are shown by arrowiﬂonS D, and D, represent two monolayers corresponding to the

_ edge of the originali.e., abrupt conduction band well region; and
band offsetsup to 50 meV aB=5T), and a decrease of the I, andl, are the first two monolayers of the original barrier.

offset in the conduction band. However, the system still re-
tains its type-ll character for the spin-down orientation. Thissuperlattice represents the magnetically modified region of
results in very tightly confined holes in the DMS layers, andthe “original” Zn,_,Mn,Se layers. The detailed distribution
rather weakly localized electrons in the ZnSe layers. For thef x over these four monolayers, forming the graded inter-
spin-up orientation, however, the small initial valence-bandace, is modeled as follows. THe layer in Fig. 5 has the
offset of about 6 meV is very quickly overturned even at lowsame Mn concentration as the DMS barrier material itself
magnetic fieldat about 0.25 T. Above this field the ZnSe (no diffusion. However, we must treat this layer as the in-
layers become the confining layers for the holes as well aterface region because the ¥nions in that layer experi-
for the electrons; and the conduction electron wéliich ~ ence an asymmetric neighborhood, with a higher Mn concen-
were already in the ZnSe layérgrow deeper. Thus the sys- tration on one side and a lower one on the other. In our fitting
tem as a whole now exhibits @pe-I band alignmentthe  procedure we then assume that the Mn concentration in layer
ZnSe layers acting as wells in both bands for the spin-up2 is a fractiony of the value inl 1, due to outdiffusion into
carriers. regionD. Similarly, we take the Mn concentrationin D, to
While computing transition energies in the presence of arbe a fractiorz; of thatinl,, and in layeD, we takex to be
applied magnetic field, we assumed a graded interface ta fractionz, of the concentration ifD, .
account for diffusion of Mn ions across DMS/non-DMS in-  In performing the calculations in the presence of magnetic
terfaces. As was shown for a variety of DMS/non-DMS field we used the literature values of and g for bulk
heterostructurek;>1>26-29 My interdiffusion results in a Zn,_,Mn,Se(see Table ). We also used the same value of
marked enhancement of Zeeman splitting in those system3, as that obtained by fitting the Zeeman splitting in the
In the analysis, therefore, we carried out eight-bknd cal-  measured Zp ,Mn,Se “companion” epilayer of the corre-
culations in the presence of an magnetic field with the samsponding Mn concentration. Thus the only parameter requir-
parameters and layer thickness that gave us the best fit to tlireg adjustment in the calculations is the valuexgf for each
zero-field spectra, but using several different error-functiorof the sequence of monolayers used to model the diffusion
profiles to represent the interface region. In modeling theprofile near the interface. The calculations were carried out
system, we imposed the requirement that the diffusion profildor several different diffusion profiles. To obtain values of
should be the same in all samples, since they were all growRgg that correspond to the concentratiomssumed for each
under identical conditions; i.e., our goal was to find a com-layer making up the graded interface we used interface curve
mon concentration gradient that would account for the Zeein Fig. 3. We then varied the value »f; of the central DMS
man splittings ofall observed excitonic transitionis all 11 layer in order to achieve the best fit to the observed Zeeman
samplesn botho* and o~ polarizations. splitting of the ground-state exciton. However, certain physi-
The interface profile satisfying the above conditions iscal restrictions had to be imposed on the upper and lower
shown schematically in the lower panel of Fig. 5. We modellimits of that parameter. The upper limit is established by the
the interface in terms of 4 ML. The 2-ML-thick regioh highest value thake; can have at an interfadabout 0.052
(taken from what is nominally the ZnSe layer of the ideal-in Fig. 3). The lower limit for a given value ok is estab-
ized superlatticerepresents the ZnSe region into which Mn lished byx. of the bulk(dashed curve in Fig.)&ince—as
ions diffused from the adjacent DMS layer. The 2-ML-thick shown in that figure-x. of an interfacealwaysexceeds the
region| (taken from the Zp_,Mn,Se layers of the original bulk value at any giverx.
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2.84 2.84
r R
2.83 2.83 =
2.82 282 e o FIG. 6. Transition energies of
| L P ] the Zeeman-split ground state ex-
281 LA 2.81 ~ citon line atT=1.5 K for sample
. ( e Extenfied Interface ’ —_— Extenfied Interface | 6 [panel(a)] and sample $panel
i’, 280 e Step-like Interface 2g0 LN T Step-like Interface | (b)]. Points are experimental:
B solid curves represent theoretical
227 279 7 calculations obtained by assuming
I I ) an interface profile shown in Fig.
278 278 e | 5 (bottom), and using parameters
277 | 277 ] listed in Table Ill. For comparison
| | \ we also show the calculated re-
276 L 4 276L d Py sults when a steplike interface is
L ] r § assumeddotted curves
275 1 { | 1 2.75 1 | 1 |
0.0 1.0 2.0 3.0 4.0 5.0 0.0 1.0 2.0 3.0 4.0 5.0
Magnetic Field (Tesla) Magnetic Field (Tesla)

We ran the calculations in two iterative steps, keeping insamples 6 and 8 with calculations obtained by assuming a
the second iteration the.; value for the central DMS layer graded interface, as described in Sec IV. One can see that the
which we found in the first step, and making slight adjust-observed splitting is described quite satisfactorily by the cal-
ment in the values ok for interface regions, with the re- cyjations. For comparison we also show the calculated result
striction that these numbers must be the same for all samplgg,e, steplike interfaces are assuntddtted ling. Table il
within a given series. Our best fits are obtained with thesummarizes the values ot used for the interface layers

diffusion profilesy=50%, z, =60%, andz,=60%. For ex- which best describe the experimentally measured Zeeman
ample, for the series witlk=0.10 (samples 1-p the Mn o P y
splittings for all our samples.

concentratiorx is still 0.10 in layer ;, 0.05 in layer ,, 0.03
in layer D, and drops to 0.018 in laydd,. The thickness It should be noted that the values ®f; for all DMS
of the interface region affected by diffusion extends in ourregions lie between the physically allowed upper and lower
case over 3 ML, which is slightly larger than the 2 ML pro- limits, as described earlier. Two interesting facts emerge
posed by Gagt al* for the CdTe/C¢_,Mn,Te system, and from Table Ill. First, referring to Fig. 3, we see the general
smaller than the 4 ML proposed by Klat al® for the  trend that the wider the DMS layer, the closer isitg to the
ZnTe/Zn _,Mn,Te and the ZnSe/Zn ,Mn,Se systems. bulk (epilaye) value; but as the thickness of the DMS layer
It was pointed out by Gagt al* that diffusion of Mi?"  is reduced, it behaves increasingly like the interface. This

ions occurring during MBE growth_may be different for non- may be expected from the argument that, if the’Mions at
DMS layers grown on DMS materigh so-called “inverted”

interface, and for DMS layers grown on top of a non-DMS
material (“normal” interface), due to the lattice mismatch TABLE lIl. Effective Mn concentration in successive regions
between the two materials, which would automatically resulinear an interfac&.Because of the slow variation a&fg with x, we

in anasymmetridnterface profile. We also tried such asym- assume a single value & for both | regions, and one for both
metric potential profiles in our calculations. The agreementegions in Fig. 5.

between experiment and theory was, however, consistently

better in the case of symmetrically graded compositions juséample Zp_,Mn,Se ZnSe Xeff Xeft Xeff
described. layer layer (regionD*) (regionl*) (DMS)
Since layerd; andl, are taken from the “original” DMS thickness thickness
region, and layer®, andD, from the ZnSe layefsee Fig. A) R
5), the superlattice period itself remains unchanged. The
main effect of such grading is that the wells in both pms ! 20 60 3.2% 5.1% 5.1%
and non-DMS layers can no longer be viewed as simplé 25 25 3.2% 5.1%  4.1%
square wells, and approach a parabolic profile. It should b8 40 80 3.2% 5.1% 5.0%
noted that the consequences of such a near-parabolic profie 60 40 3.2% 5.1% 4.4%
of the wells should be more easily recognized in the case df 80 40 3.2% 5.1% 4.2%
thin wells than in wider ones, and that such grading should 20 40 4.0% 5.1% 5.1%
affect the energies of excited states to a much greater degrege 30 30 4.0% 5.1% 4.2%
than that of the ground state. 8 40 80 4.0% 5.1% 5.0%
- . 9 50 50 4.0% 5.1% 4.9%
A. Zeeman splitting of the ground-state transition 10 60 40 4.0% 5 1% 4.4%
In Fig. 6 we compare the Zeeman splittings of the ground-11 80 40 4.0% 5.1% 4.2%

state excitonic transitions observed experimentally for
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2.83 2.83 FIG. 7. Transition energies of

082 282 the Ze_eman-spllt ground state ex-
= L L citon line atT=1.5 K for sample
\"’; 2.81 2.81 2 [panel(a)] and sample Tpanel
= I i i ;
g 240 280 (b)]_. Points are experlment_al,
& L L solid curves represent theoretical

279 2.79 calculations obtained by assuming

278 278 an interface profile shown in Fig.

L L 5 (bottom), and magnetic param-

277 277 eters as described in the text.

2.76 2.76 -

275 275 ' ! ' '

0.0 1.0 2.0 3.0 4.0 5.0 0.0 1.0 2.0 3.0 4.0 5.0
Magnetic Field (Tesla) Magnetic Field (Tesla)

the interface make a larger contribution to the total averagereasingly affected by their magnetic counterparts across the
spin per Mn ion than those in the bulk of the DMS layer, ZnSe layer as that region becomes sufficiently narrow. The
clearly the relative number of such ions increases as théinal choices of the interface parameters for layBrand |
DMS layers become thinner, i.e., as its interface-to-volumdhat best reproduce the observed Zeeman splittingscare
ratio increases. This is especially obvious in the two super=0.027 and 0.038, respectively, for sample 2, ang

lattices with the thinnest DMS layersamples 1 and)¢ ~ =0.036 and 0.046, respectively, for sample 7. Figure 7
where the values of. for the interior of the DMS layer are Shows the fit for these two samples obtained with the above

equal to the values assigned to reglon parameters. Note that the modificationsxig relative to the

The second striking fact emerging from Table 1lI, how- values listed in Table IIl are larger for sample 2 than for
ever, is that when the ZnSe layers become very fhin th%ample 7. This is consistent with the fact that in sample 2 the

best-fit values ok for the DMS region no longer fit neatly neltiyggs ﬁfﬁ C:)Oestereteon E{‘ﬁghm%thg;’ssscﬁgg iug ggts'feerlg)rgfg'
into the scheme whergy; is inversely correlated with the ! upling betw ! y

. o . is expected to be stronger.
thickness of the DMS layer. This is clearly seen in the case In order to achieve good agreement between the calcula-

of samples 2 and 7, th? superlattices with the shorte;t pe_rioqﬁ)ns and the experimentally observed Zeeman splittings, we
(50 and 60 A, respectivelyOne should note that—since in also had to adjust the paramefBs for layers| and D in

these structures the nonmagnetic ZnSe layers are Vedamples 2 and 7. As mentioned in Sec. TV, provides a

thin—in which the distance betwee.n tberegions across the  measure of antiferromagnetic interactions between unpaired
ZnSe layer(see Fig. $is quite small: 18 A(circa, 6 ML) for (“loose”) spins. We achieved the best fit to the data for

sample 7, and 13 Acirca 4 ML) for sample 2. At this point  samples 2 and 7 by usink,=2.5 K, a value higher than that
one has to take a closer look at the physical assumptions @fsed in the case of all the other superlattices, and also of the
the model leading to the concept Bf;. The model used epilayers T,=2.15K). The fact that samples 2 and 7 re-
here, as mentioned previously, accounts only for the nearesguire higher values o, for layersl andD is again consis-
neighbor antiferromagnetic — interactioffs. However, in  tent with the picture of interacting “loose” spins across thin
samples where the thicknesses of the nonmagnetic layeEnSe layer. This result suggests that, when the distance sepa-
separating the DMS regions become very small, interactiongating the two Zp_,Mn,Se layers is reduced to or below 6
between the Mfi* ions from neighboring DMS layers may ML, we observe the onset of antiferromagnetic interactions
become significant. across the non-DMS layer. While the existence of Mn-Mn
While detailed theoretical work needs to be carried out tdnteractions across such distances may be surprigimge
ascertain the consequences of this effect quantitatively, wiese interactions are assumed to be of a short-range pature
have tried to at least qualitatively account for such increas&e note parenthetically that anomalously long-ranged
of Mn-Mn antiferromagnetic interactions. We therefore re-Mn-Mn interactions have also been reported in the context of
peated the calculation for samples 2 and 7 as follows. Wé@eutron scattering in ZnTe/MnTe superlatticesyhere Mn
fixed Xefi in the main DMS region to 5.1%, so as to remain ions from neighboring MnTe Iayers have been noted to dis-
consistent with our earlier observations of the inverse correPlay spectacular correlations across ZnTe spacers of similar
lation between the width of the Zn,Mn,Se layer and its thickness as the ZnSe layers in samples 2 and 7.
characteristickg. Then, in order to reproduce the experi-
mentally observed Zeeman splittings, we had to adjust the
progression ok for the layers comprising regior3 andl. We will now discuss Zeeman splitting of transitions in-
These are the regions where the Mn ions can become involving excited states, which we also observe in this series of

B. Zeeman splitting of higher-order transitions
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2.84 — . 284 —
(1,2), transition (@) ! : (2,1}, transition (b) ]
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\ —— Extended Interface ] F ——— Extended Interface ] FIG. 8. Magnetic field depen-
- ENL Step-fike Interface ] 282k ______ Step-like Interface B dence of trafsitions from s'tate hhl
X 1 . to e2 at g=1 [panel (8)]; and
i from hh2 toel at q=1 [panel
E 281 - 281+ (b)], both observed for sample 5.
= [ L Points are experimental; solid
% 280 [ 280 curves represent theoretical calcu-
L lations obtained by assuming the
079k 979 & graded interface profile shown in
r - Fig. 5 (bottom). For comparison
i C we also show the results calcu-
278 278 1 lated when a steplike interface is
i b assumeddotted curveps
277 i j ! i ] 277 L | ! | !
0.0 1.0 20 3.0 4.0 5.0 0.0 1.0 20 3.0 40 5.0

Magnetic Field (Tesla) Magnetic Field (Tesla)

experiments. Figure 1 shows the absorption spectra fdap between various combinations of initial and final states
sample 5 for ther™ circular polarization at different values using the eight-band-p model discussed in Sec. IV. The

of magnetic field. Consider the complex absorption line thatransitions which have a significant overlap in the energy
is made up of three individual, closely lying peaks just to therange of interest are hhte2 atq=1 (i.e., at the Brillouin

right of the ground-state exciton line. Of these, the lowestzone edgk designated as (1,2) and hh2—el atq=1, des-
energy peaklabeledb) is identified as the & ground-state ignated as (2,1). One should note here that the superlattices
exciton line. In order to identify the two distinct peaks la- discussed in this paper ammall-offsetsuperlattices, i.e.,
beledc in the figure, we calculated the wave-function over-they are structures whose excited states are characterized by

T | 1
(€2)1

6.7%

FIG. 9. The probability distribution of the
(hhl),, (hh2),, (e2),, and 1), states with
spin-down orientation, calculated at 5 Tesla for
sample 5. Transitions (hh1)}(e2); and
ZnSe ZnMnSe ZnSe ZnMnSe (hh2),—(el), are observed in the™ polariza-
tion. The dotted vertical line corresponds to the
nominal boundary between the 40-A ZnSe layer
(e1) and the 80-A ZnMnSe layer. The calculated prob-
ability of localization (in percent is given for
each layer.

0 20 40 60 80 100 120 0 20 40 60 80 100 12C

T T T T T

Probability (arb. units)

33.5%

BN

Distance (Angstroms)
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2.860 1 states atj= 1 for the spin-down orientation, calculated at 5 T
(1,1)4 transition i for sample 5. In the case of the (L;2yansition the initial
2855 L N (hh1) and the final €2) stategupper panelsare both mostly
: b localized in the 80 A-thick zp_,Mn,Se layer, and thus are
] not particularly sensitive to the shape of the interface profile.
28501 b However, the situation is quite different for the (2,1jan-

. sition for that sample. The probability densities of the initial
< 28451 7 (hh2) and the final €1) state are in that case quite substan-
o9 i 1 tial at the interfacésee the lower panel in Fig)9so that the
> 0840 [ ] magnetic-field dependence of the transition between those
o i two states is expected to be especially sensitive to the details
5 e E of the interface profile.

T The remaining samples examined in this study show simi-

_ ; lar behavior. Figure 10, for example, shows the energy of the
2.830 - Extended interface § transition between the spin-up hhl aet states at the edge
s Step-like interface of Brillouin zone[designated as (1,1) observed in sample
28256 ] 11 in the o~ circular polarization as a function of applied
] magnetic field. For this spin orientation the initially type-II

» 820 , , ‘ ‘ ‘ o band alignment transforms, as the field is increased, into a

L L .
0.0 1.0 2.0 3.0 40 5.0 type-l alignment(see Fig. 4, right-hand diagramwhere
C e wells in both the valence and conduction bands correspond
Magnetic Field (Tesla) to ZnSe layers. Again, the figure shows that the same ex-

FIG. 10. Magnetic-field dependence of the energy of transitiontendecj interface describes the Zeeman splitting of this

between spin-up hh1l arel states a=1, observed for sample 11 higher-order transition qujt_e well. T_he fact that_at higher
in the o~ polarization. Points are experimental, and the solid curveli€lds the calculated transition energies depart slightly from
represents the theoretical calculation obtained by assuming a grad€XPeriment can be explained by the increasing importance of
interface profile shown in Fig. Bbottom). For comparison we also  €Xciton binding energy corrections as the wells grow deeper,
show the results of calculation obtained by assuming a steplik@ feature that is not included in our calculations.
interface(dotted line. Again, the point we wish to emphasize is tliae same
interface profileyields energies in quantitative agreement
wide subbands separated by narrow minigaps. In this situawith all observed transitions in all eleven superlattices stud-
tion transitions which occur at the Brillouin zone center canied. The magneto absorption results reported here thus pro-
be readily distinguished from those occurring at the zonevide convincing evidence that in the case of
edgest31:32 ZnSe/Zn_,Mn,Se interfaces the interface profile is graded
When calculating the magnetic field dependence of the&ather than abrupt, the grading extending over a length of
(1,2); and (2,1) transition energies, we assumed the ex-about three monolayers.
tended interface depicted in the lower half of Fig. 5, with all
the parameters which best described the Zeeman splitting of VI. CONCLUDING REMARKS
the ground-state exciton in a given sample, i.e., without any
further adjustment of the parameters. In Fig&) &nd 8b)
we show the calculated (1,2and (2,1) transition energies

We have studied the Zeeman splitting of the ground-state
and higher-order excitonic transitions in a series of 11
. ; . ZnSe/Sn_,Mn,Se small-offset superlattices. Our quantita-

(solid curves and the experimental datgoints, respec- tive results have shown that the Zeeman splitting observed

tively, for the case of sample 5. For comparison we als . ; .
% P mpa 35901 all transitions in all eleven superlattices can be success-
show the calculated result when a steplike interface is asf-

sumed (dotted line. It is satisfying to note that the same ully explained by a common graded profile of the interface,

interface profile which describes the Zeeman splitting of thethat extends over a distance of about three monolayers. In the
P . ; piting course of this investigation we have also found evidence of
ground-state exciton also describes the magnetic-field behay-

; . g . ntiferromagnetic coupling between Mn ions in different su-
ior of the higher-order transitions. Of course some discrep- g Pling

ancy is expected, because in this case the calculations do ﬁrlat'uce layers across thifless than 18 A nonmagnetic

) ) L : Se regions.
include exciton binding energy corrections.

The difference in the results for the two interface profiles
is especially striking in the case of the (2,I)ansition. This
can be understood by looking at Fig. 9, where we plot the This research was supported by NSF Grant No. DMROO-
probability distribution of the(hhl), (hh2), (e2), and €1) 72897.
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