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Magnetization and spin distribution of single sub-monolayers of MnTe in semiconductor
quantum wells
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The magnetization of single, ultrathin MnTe layers embedded in nonmagnetic quantum wells is studied by
magneto-optical spectroscopy as well as by numerical simulations. It is shown to be proportional to the
Zeeman splitting and thus it can be directly deduced from the magneto-optical experiments. The inverse of the
experimentally determined magnetization measured as a function of temperature clearly demonstrates devia-
tions from Curie-Weiss behavior due to the antiferromagnetic coupling between the Mn ions. By fitting this
temperature dependence, an approximate Mn diffusion profile is obtained for each sample. The fitting proce-
dure takes into account the antiferromagnetic coupling between the Mn ions as well as the exchange interac-
tions between the Mn ions and the photoexcited electrons. For this purpose we have numerically solved the
two-dimensional Ising model by a Monte Carlo method giving the magnetization of two-dimensional layers as
a function of magnetic field, temperature, and Mn concentration.
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I. INTRODUCTION

Continuous order-disorder phase transitions are cate
rized into universality classes depending on a small num
of parameters like the symmetry of the ordered phase or
dimensionalityof the system.1 Therefore the correspondin
order parameter, e.g., the magnetizationM in magnetic sys-
tems, is expected to behave fundamentally different in s
tems with different dimensionality. While in semiconducto
three-dimensional magnetic systems are wid
investigated,2 much less is known about two-dimension
~2D! magnetic arrangements due to several complicatio
2D magnetic system can be realized, e.g., by deposition
well ordered monolayer~ML ! or a submonolayer of mag
netic atoms atop a nonmagnetic substrate.3–6 Such an ar-
rangement is, however, not an ideal 2D system, because
faces are not completely flat and they are contaminated
defects. When the magnetic layer is buried under a cap la
the situation is even worse due to migration during grow
leading to a smeared distribution of the magnetic ions o
distances of several ML’s.7,8 In spite of these disadvantage
in semiconductor heterostructures buried magnetic mono
ers are of high interest because~i!, they can interact with the
spin of free carriers9 and thus they can be used for sp
manipulation and because~ii !, the insertion of magnetic
ML’s leads to different magnetic properties than observed
epilayers uniformly doped by magnetic ions.9,10Although 2D
ordered magnetic systems can be observed also
superlattices,11 in this work we use single magnetic layers
order to explicitly avoid interlayer coupling effects due
long-range magnetic dipole interactions.12–14

In particular, we investigate single sub-monolayers
zinc-blende~ZB! MnTe embedded in II-VI semiconducto
quantum wells. ZB MnTe forms a fcc Heisenberg syst
with strongly dominating antiferromagnetic nearest-neigh
exchange interaction. The ground state of bulk MnTe is t
0163-1829/2003/68~16!/165313~8!/$20.00 68 1653
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of a type-III antiferromagnet15 exhibiting a first-order mag-
netic phase transition at the Ne´el temperature ofTN
566.7 K.16 The Mn ions present in the quantum well exp
rience also spin-spin exchange interactions with photo
cited carriers in thes-like conduction band andp-like va-
lence band. Thissp-dinteraction leads to a strong increase
the exciton spin~Zeeman! splitting, which is directly propor-
tional to the magnetization.17,18 Therefore in our magnetic
semiconductor heterostructures the magnetization can
probed by magneto-optical spectroscopy.

For a quantitative analysis, the experimental data
compared with numerical results taking into account sp
spin interactions between neighboring magnetic ions as w
as sp-d exchange interactions. The latter are included b
fitting procedure whereas the first ones are exactly calcula
using a 2D spin-12 Ising model solved within a Monte Carlo
simulation. In particular, the temperature dependence of
magnetization is inspected in samples nominally contain
either a complete ML of MnTe or12 ML MnTe. Fitting the
experimental temperature dependencies of the magnetiza
allows us to determine the actual Mn distribution presen
the samples.

II. MAGNETIZATION OF A TWO-DIMENSIONAL, CUBIC
MnTe LATTICE

In this section we discuss the simulation of a purely tw
dimensional arrangement of magnetic ions with antifer
magnetic exchange interactions as a function of magn
field, temperature, and concentration of magnetic ions.
appropriate tool to calculate the ground-state energy
magnetization of ZB-MnTe in three dimensions would be
solve the Heisenberg model for spins arranged on a cu
lattice, by taking into account nearest-neighbor and ne
nearest-neighbor exchange interactions. The Hamiltonian
this problem is given by19
©2003 The American Physical Society13-1
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H5(
i j

Ji j « i« jSiSj2gsmBB(
i

« iSi , ~1!

whereJi j is the exchange integral between the magnetic i
at the sitesi and j with the spinSi andSj5

5
2 , gs52 is the

Lande factor of the magnetic ions,mB is the Bohr magneton
B represents the external magnetic field, and« i50 or 1 al-
lows us to change the population of sitei. As an approxima-
tion, we take into account only the nearest-neighbor
change interaction, and setJi j 5J. Furthermore, we are
interested in MnTe monolayers embedded in CdTe quan
wells with CdMgTe barriers. This allows us to make tw
further simplifications: On one hand, we treat a purely tw
dimensional lattice with magnetic Mn ions. On the oth
hand, we allow for the calculation of the magnetic orderi
at arbitrary magnetic field and temperature only two dir
tions of the Mn spins, which means that we use the Is
model instead of the Heisenberg model. The Ising mode
an appropriate description for our case, because the M
lattice embedded in the CdTe quantum well is considera
distorted due to the lattice mismatch of 2.3% between C
and MnTe. The larger lattice constant of CdTe causes
elongation of the MnTe unit cell in lateral directions~x and
y! and a shortening in thez direction. The exchange interac
tion, in turn, increases with decreasing distance, so it
comes stronger for thez component of the spins than for th
x and y components. Thus the MnTe layers in our samp
represent a 2D Heisenberg system with magnetic anisot
which was demonstrated to show an Ising-like behavior,
respective of how small the anisotropy is.20 Furthermore,
even without anisotropy 2D-Heisenberg systems chang
2D-Ising ones with increasing temperature.21

To discuss the consequences of the chosen approx
tions on the spin ordering it should be noted that witho
magnetic field and atT50 K, the ground state of bulk MnTe
corresponds to an antiferromagnetic~AF!-III spin arrange-
ment, which can be established only with finite values of
next-nearest-neighbor exchange interactionJ2 . Furthermore,
at least 4 ML’s MnTe have to be involved to end up with
complete AF-III spin arrangement, as shown in Fig. 1.
making the transition from the 3D to the 2D case there
two obvious possible spin configurations for a~100! oriented
monolayer MnTe:~i! all spins are oriented in the plane of th
magnetic layer, referred as theXY model, and~ii ! all indi-
vidual spins are pointing either upwards or downwards p
pendicular to the magnetic layer, establishing a 2D AF-I
dering. In the first case each Mn ion is surrounded by f
nearest neighbors~NN’s!, two with parallel and two with
antiparallel spins, and four next-nearest neighbors~NNN’s!,
again with two parallel and two antiparallel spins. For th
case the phase-transition temperature, evaluated within
mean-field approximation by

kTN5 2
3 S~S11!@z1J1 cosa1z2J2 cosb#, ~2!

with z1 , z2 , the number of NN’s and NNN’s,J1 (J2), the
exchange integrals for NN’s~NNN’s!, and a ~b! being the
angle between the corresponding spin directions, vanis
For the 2D AF-I ordering, in contrast, all four NN’s are a
16531
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tiparallel oriented in respect to the central spin as well as
all four NNN’s so that a finite Ne´el temperature of

TN5
8

3k
S~S11!@J12J2# ~3!

can be expected. Thus the 2D AF-I ordering, well appro
mated by the Ising model, is favorable in comparison to
XY ordering as long asJ2 is smaller thanJ1 , implementing
that in the 2D case neglectingJ2 does not affect the spin
ordering as it would be the case in 3D.

To calculate the ground-state energy and magnetizat
we perform a Monte Carlo simulation by using the Metrop
lis ~heat bath! algorithm.22 The simulation is performed for a
two-dimensional cubic lattice with a size up to 1503150
lattice sites and periodic boundary conditions. The magn
zation is calculated after each Monte Carlo step by summ
over all lattice spins whereas the energy is given by exp
itly summing over all terms in Eq.~1!. The energy and the
magnetization given in the figures below result from aver
ing the results obtained from many Monte Carlo steps. T
heat capacitycH is calculated from the variance (DE)2 of the
energy from one Monte Carlo micro state to the next,
using the fluctuation-dissipation theorem:

cH5
~DE!2

kBT2 , ~4!

with the Boltzmann constantkB and the temperatureT. Fur-
thermore, all results were checked to be independent f
the chosen lattice size and the results for Mn concentrat
in the two-dimensional latticexMn smaller than 100% were
averaged over 100 configurations with different random
occupied lattice sites. All simulations were started with
perfect antiferromagnetic ordering of the magnetic io

FIG. 1. Spin ordering of bulk MnTe~AF III ! and 2D MnTe
arrangements~2D AF-I andXYmodel!. The dashed arrows indicat
the next-nearest neighbors.
3-2
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whereas the final spin configuration is given after a suffici
number of Monte Carlo steps, when only small changes
energy are observed between subsequent steps.

Results of the Monte Carlo simulation performed for
100% Mn occupation of the two-dimensional lattice and
value of the exchange integral ofJ526.3kB for MnTe ~Ref.
23! are given in Fig. 2. As expected for an antiferromagne
system, the magnetization is found to be zero at low te
peratures and magnetic fields below a critical value of 45
In contrast, at a temperature of 150 K the magnetizat
shows a linear dependence on magnetic field, as expecte
a paramagnetic system. The borderline between antife
magnetic and paramagnetic regions in this magnetic-fie
temperature map can be observed clearly by inspecting
specific heat in Fig. 2~b!, which is expected to diverge at th
antiferromagnetic–paramagnetic phase transition. In
simulation, the specific heat shows just a maximum at
phase transition instead of infinity, due to the finite size
the chosen two-dimensional lattice. Without magnetic fie
this peak is observed around 90 K, a value which is subs
tially higher than the Ne´el temperature in bulk ZB MnTe. An
increase of the phase-transition temperature in thin M
layers with respect to bulk was indeed observed by neut
scattering experiments performed on superlattice sampl16

confirming our theoretical findings. The maximum incH as a
function of B in Fig. 2~b! gives the complete phase diagra

FIG. 2. Magnetization and specific heat for a purely tw
dimensional MnTe layer as function of temperature and magn
field. Here nearest-neighbor exchange interactions are taken
account.
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of the two-dimensional MnTe layer. It is worth noting th
the phase diagram and thus the calculated Ne´el temperature
depends not only on the choice of the exchange integraJ,
but is also influenced by exchange interactions with sec
and third nearest neighbors, neglected in the present sim
tion. The error by neglecting NNN interactions can direc
be estimated by the use of Eq.~3! to be smaller than 10%
sinceJ1 /J2 is in the order of 10,24 and because the contr
bution of NNN’s causing a reduction ofTN is partially can-
celed by finite higher terms proportional toJ3 andJ4 .25

As a next step, we repeated the simulation descri
above for Mn concentrations varying between 0 and 100
In Fig. 3, the critical temperatures are given as obtained fr
the maximum in the specific heat at zero magnetic field. T
maximum indicates the critical behavior of the magnetic s
tem. By decreasing the Mn concentration, the critical te
perature linearly decreases from 90 K at 100% occupatio
45 K at about 60%. Below this critical concentration again
linear decrease is observed, with a smaller slope, howe
This critical concentration of 60%, where clearly a knee o
curs in the concentration dependence of the critical temp
ture, is close to the theoretical percolation limit in a pure
two-dimensional, cubic system.26 So, above the critical con
centration the peak in the heat capacity can be ascribed t
antiferromagnetic-paramagnetic phase transition, whe
below this critical value no long-range spin ordering is po
sible. There, the critical enhancement of the heat capacit
caused by the breaking up of finite, antiferromagnetica
ordered clusters of magnetic ions causing deviations fro
purely paramagnetic Curie-Weiss behavior. To show in Fig
clearly that in the latter case no macroscopic phase trans
occurs, the corresponding data points are plotted by o
circles, in contrast to the phase-transition temperatures w
are shown by filled dots.

III. ZEEMAN SPLITTING IN QUANTUM WELLS WITH
INSERTED MnTe LAYERS

Due to the relatively small number of magnetic ions it
rather hard to directly probe the magnetization of a sin

ic
to

FIG. 3. Critical temperature as a function of the Mn concent
tion, obtained from the calculated maximum of the specific hea
zero field ~filled dots correspond to a phase transition while t
open circles indicate the breaking up of finite antiferromagnetica
coupled clusters!.
3-3
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G. PRECHTLet al. PHYSICAL REVIEW B 68, 165313 ~2003!
antiferromagnetic monolayer buried in a semiconductor h
erostructure by conventional magnetometers. The Zee
splitting induced bysp-dexchange interactions between t
spins of free carriers and the localized magnetic ions, in c
trast, can be clearly measured by magneto-optical spec
copy, even for quantum well samples containing a fraction
a ML MnTe. The Zeeman splittingDE of electrons in semi-
magnetic samples can be written as27

DE5(
i

^FuSi
zuF&AV0uce~Ri !u2, ~5!

where the electron wave function is separated into a pu
spin-dependent partF and a spatially dependent partc. Si

z is
the component of the Mn spin operator in direction of t
external magnetic field,A is the exchange constant, andV0
the volume of the unit cell, andRi represents the location o
the magnetic ions. For quantum wells, the electron w
function can be separated into a lateral and a vertical p
ce(r 5Ri)5we(Xi , Yi)je(Zi). In our samples with single
inserted Mn layers,Zi has the same value for all Mn ions
Therefore the Zeeman splitting is directly proportional to t
vertical part of the probability density at the location of t
magnetic ionsuje(Zi)u2. In an antiferromagnetic system th
expectation value of the spin is strongly varying from latti
site to lattice site, whereas variations of the wave function
photoexcited electrons in lateral direction take place
much larger length scales, comparable to the exciton B
radius. Therefore Eq.~5! can be approximated by using a
average value of the lateral dependence of the probab
density in front of the summation. The Zeeman splitting b
comes directly proportional to the magnetization of the la
Ml :

DE5AV0uje~ZMn!u2uwe~Xi ,Yi !u2(
i

^FuSi
zuF&

5Cuje~ZMn!u2Ml . ~6!

For the holes an analogous expression can be derived, h
ever, with another proportionality factorC, to account for the
larger value of the exchange integral. The exciton spin sp
ting probed in our experiments corresponds to the Zeem
splitting of the holes plus that of the electrons, so it is a
directly proportional toMl .

For a first check of our model, we compare the calcula
values of the magnetization of a two-dimensional Mn
layer with the exciton Zeeman splitting in bulk Cd12xMnxTe
described in the literature.17,28,29Both quantities are drawn a
function of the Mn concentration. They exhibit a similar d
pendence up to a concentration of 73%, as shown in Fig
even though the calculation is performed for a purely tw
dimensional system and the experimental data are obta
by extrapolating the values for bulk material to a field ofB
56 T. The maximum of both values is observed at a M
content around 20%. It should be noted that the theoret
values are normalized in order to fit the experimental d
which are taken at a temperature far below the critical te
perature for all Mn concentrations. There, the magnetiza
exhibits only a small dependence on the dimensionality
16531
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the magnetic system.30 The reason for the scattering of th
experimental data in Fig. 4, taken from different referenc
is caused by the slightly different sample temperatures ra
ing between 1.4 and 4.5 K.

Up to now, the concentration dependence of the magn
zation and thus of the exciton Zeeman splitting was
scribed by the use of a modified Brillouin functionB5/2,

DE5~b2a!N0xS0B5/2S 5/2gmB

kTeff
D , ~7!

introduced by Gajet al.17 with two phenomenological pa
rameters, the saturation spinS0 and an effective temperatur
Teff . Here a and b are the exchange integrals for the co
duction and the valence band,N0 is the number of unit cells
per unit volume, andx is the Mn concentration. Instead o
the saturation spin often rather an effective concentratiox̄
5xS0 /S is used as empirical parameter for fitting th
magnetic-field dependence of the exciton Zeeman splitt
Here we want to stress that~i! both effective quantities,Teff
and x̄, depend strongly on the actual Mn concentration, a
~ii ! we do not use these quantities in our model. Even wh
the concentration dependence of the exciton Zeeman s
ting is used to determine the dependence ofx̄ on the actual
concentrationx ~e.g., by assuming a constant value ofTeff),
Eq. ~7! is still not adequate to fit our experimental resul
because it does not allow us to describe any magnetic p
transition.

IV. SAMPLES AND EXPERIMENTAL DETAILS

We have determined the magnetization of quasi-tw
dimensional MnTe layers in two different samples. Bo
samples are 48-Å wide CdTe quantum wells w
Cd0.85Mg0.15Te barriers, grown by molecular-beam epita
on ~001! oriented Cd0.96Zn0.04Te substrates. Sample 1~S1!
contains a single ML MnTe in the center of the well, whi
two MnTe barriers with a half ML coverage and an equid
tant spacing within the well are embedded in sample 2~S2!.
The growth of the quantum wells was performed with a ve
slow rate of 8 s/ML in order to control the Mn incorporatio

FIG. 4. Comparison between the Zeeman splitting obtain
from experiments on bulk Cd12xMnxTe ~dots! and from the mag-
netization calculated for a purely two-dimensional system~line!.
3-4
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precisely. Each interface was smoothed by perform
growth interruptions under Te excess and the layer by la
growth was monitored by reflection high-energy electron d
fraction ~RHEED! oscillations.

For clarity, the conduction and valence band edges of
are indicated in Fig. 5, together with the electron and hea
hole ground-state energies and the corresponding wave f
tions. The calculation is performed using a valence-band
set of 0.33, with the effective masses for the electrons
me* 50.096m0 and the heavy holesmhh50.63m0 ,31,32and a
band gap for Cd12xMgxTe of EG5(1.60611.654x) eV,33

and for Cd12xMnxTe of EG85(1.60611.592x) eV ~Ref. 34!
(m0 is the free-electron mass!. Figure 5 clearly shows tha
the wave function of the electrons as well as that of the ho
penetrates to some extent into the magnetic MnTe layer.
to this penetration, optically generated excitons in the qu
tum well are able to interact with the localized magnetic io
in the MnTe barriers, leading to a drastic increase of
exciton spin~Zeeman! splitting in external magnetic fields
As shown above, the spin splitting is directly proportional
the magnetization of the sample. Thus the magnetizatio
single magnetic monolayers can be probed by magn
optical spectroscopy detecting the exciton spin splitting.

The magneto-optical experiments were performed in F
aday configuration where optical transitions are allowed o
for circular polarized light with positive or negativ
helicity.18 As light source for the photoluminescence~PL!,
and PL excitation~PLE! experiments, a tunable dye las

FIG. 5. Conduction band and valence band of sample S1,
has a 48-Å-wide CdMgTe/CdTe quantum well with nominally
ML MnTe in its center. The electron and heavy hole wave funct
are shown together with the corresponding ground-state energy
els.
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operating in the wavelength range between 620 and 800
was used in combination with a Fresnel rhombus as ac
matic polarizer. The samples were mounted in the center
split-coil magnet cryostat with a variable temperature in
allowing us to control the temperature at the position of
sample with an accuracy better than 0.5 K. For PL and P
measurements the excitation power was kept below 1 mW
avoid additional sample heating at the laser spot.

V. EXPERIMENTAL RESULTS AND DISCUSSION

In the following we present the results of the magne
optical experiments for samples S1 and S2. At a tempera
of 1.7 K both samples exhibit Gaussian-shaped PL lines w
a full width at half maximum of about 12 meV. For a ma
netic field of 3 T the PL spectrum of S1 is shown in Fig.
together with the PLE spectra obtained for excitation w
circularly polarized light with positive (s1) and negative
(s2) helicity, detected at the wavelength corresponding
the maximum of the PL spectrum. For both orientations
the polarization the excitonic transition between the grou
states of the electrons (e1) and the heavy holes (hh1) can be
clearly identified. At a field of 3 T this transition exhibits
Zeeman splitting of 16 meV. At higher energies addition
peaks are detectable in Fig. 6, caused either by an excit
transition involving the ground state of the light hole
(e1-lh1) or due to excitons corresponding to higher hea
holes states.

The energies of thee1-hh1 exciton transitions of sample
S1 and S2 as a function of magnetic field are given in Fig
for a temperature of 1.7 K. Although both quantum w
samples have the same well width and composition of
barriers and contain the same amount of Mn ions, the P
transition energies are found to be substantially differen
two respects:~i! At zero magnetic field, thee1-hh1 transition

at

v-

FIG. 6. Photoluminescence~PL! spectrum and PL excitation
~PLE! spectra of sample S1 obtained atT51.7 K andB53 T with
circularly polarized light. The PLE spectra allow us to determi
the transition energy between the electron ground statee1 and the
ground states of the heavy holeshh1 and light holeslh1 .
3-5
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energy of sample S1 is about 2 meV smaller than that of
~ii ! in magnetic fields, the Zeeman splitting of sample S2
more than twice as large as for S1, indicating a much hig
content of paramagnetic Mn ions of 2.4% in S2 as compa
to 0.9% in S1.35 So in both samples the fraction of parama
netic ions averaged over the quantum well region is clea
smaller than the total Mn content of 6%. Thus the reason
the different spin splitting is the antiferromagnetic coupli
between the magnetic ions, which is reduced in S2 where
Mn ions are distributed in two separate layers, in compari
to S1 that contains only one layer with the same amoun
magnetic ions. The different transition energies at zero fi
in turn, can be explained by the different barrier profiles
sample S2 and S1. The observed transition energies are
sistent with calculations where the barrier profiles are
proximated by a Gaussian function, taking into account
Mn distribution in growth direction by choosing a barri
width of 1.25 ML’s for S1.35

Basically, antiferromagnetically coupled Mn ions exhib
a completely different temperature dependence of their m
netization than paramagnetic ions. Therefore we study
temperature dependence of the exciton Zeeman splitt
probing the magnetization induced by the MnTe insertio
Obviously, the Zeeman splitting decreases with increas
temperature as it is directly seen from the PLE spectra in
8. There, thes2 polarized PLE spectra of sample S1 at 6
and 1.7 K are shown for three different temperatures. A
main feature the high-energy branch of thee1-hh1 transition
shows a 6-meV redshift when the temperature increases
15 to 35 K, being a direct consequence of the decrea
exciton Zeeman splitting, taking into consideration that
band gap of CdTe shrinks only 2 meV within this tempe
ture range.36

The temperature dependence of the inverse Zeeman s
ting (1/DE) of the e1-hh1 exciton transition is shown in
detail in Fig. 9. For sample S1, 1/DE increases linearly when
the temperature increases up to 50 K. At about 50 K, 1/DE
versusT levels off, up to a temperature of 100 K. Above th
temperature, the slope increases and again an almost l
dependence is observed~see Fig. 9!. In sample S1, the spin
splitting unambiguously could be observed by the PLE

FIG. 7. Zeeman splitting of thee1-hh1 exciton transition of
sample S1 and S2 deduced from PLE spectra.
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periments up to a temperature of 140 K. For sample S2
comparison, only one kink is detected at about 40 K in
otherwise linear temperature dependence of 1/DE ~see Fig.
10!. For both samples the temperature dependence of
inverse Zeeman splitting clearly deviates from a param
netic Curie-Weiss behavior predicting a linear increase
1/DE with increasing temperature. This deviation on o
hand confirms the presence of antiferromagnetically coup
Mn ions in both samples and on the other hand allows
determine quantitatively the Mn distribution profile i
growth direction for both samples.

In order to simulate the observed temperature depend
cies of the inverse Zeeman splitting two effects have to
taken into account:~i! the actual Mn distribution resulting
from the insertion of a single or12 ML MnTe due to diffusion
in growth direction, and~ii !, the increase of the exciton Zee
man splitting due tosp-dexchange interactions. To take int
account both effects, we approximate the Mn distributi

FIG. 8. s2 polarized photoluminescence excitation spectra
sample S2 at three different temperatures.

FIG. 9. Temperature dependence of the inverse Zeeman spli
of sample 1 at 1.7 K and 6 T obtained from the photoluminesce
excitation spectra~dots!. The lines are results of simulations pe
formed for different steplike MnTe distribution profiles.
3-6
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profile of the inserted layer by a steplike function consist
of 1 ML with high Mn concentration accompanied by 2 ML
with by far smaller Mn concentrations on each side. Such
arrangement allows us, e.g., to approximate an Gaussian
tribution, as indicated in Fig. 11. The inverse Zeeman sp
ting is then calculated by summing over the contributions
each individual layer, by

1

DE
5

const

( jM l j
uj~ZMn

j !u2 . ~8!

The inverse Zeeman splitting, calculated as function
temperature, sensitively depends on the chosen Mn distr
tion profile ~see curves in Fig. 9!. Best agreement with the
experimental data is obtained for a Mn distribution appro
mated by 1 ML with 90% Mn concentration with two neigh
boring ML’s with 8% Mn embedded inbetween two add
tional ML’s with 3% Mn. As can be seen, the simulatio
performed with other combinations of magnetic layers yi
qualitatively similar dependencies, but normalizing the
sults does not allow us to approximate the different slope

FIG. 10. Inverse Zeeman splitting measured and simulated
sample S2. The simulation deviates at low temperatures from
data points due to finite-size effects.

FIG. 11. Conduction-band edge of sample S1: The shown s
like Mn distribution profile gives the best agreement between
simulated temperature dependence of the inverse Zeeman spl
and the experimental ones. It can be well approximated by a Ga
ian profile~dotted line! with the same amount of Mn and a width o
1.25 ML’s.
16531
n
is-

t-
f

f
u-

-

-
of

1/DE as function ofT over the whole temperature rang
Similar to this, for the sample containing12 ML MnTe the
experimental data can be approximated well by using 1
with 40% Mn accompanied by two layers with 5%, but n
with other Mn distributions. Therefore fitting the temperatu
dependence of the inverse Zeeman splitting allow us to
termine the approximate Mn diffusion profile of the insert
magnetic layers. Indeed the combination of Cd12xMnxTe
ML’s determined for S1 is a good approximation for
Gaussian spin distribution with a width of 1.25 ML’s, a
determined in our previous work for the same sample35 by a
different method, again confirming the presence of ultrat
antiferromagnetic layers in our quantum well samples. T
spin distribution is rather narrow, considering the interfa
roughness parameter of about 7 Å asdetermined from x-ray
scattering experiments performed on CdTe/Mn
superlattices37 or by assuming a strictly exponential segreg
tion of the Mn ions during growth.38,39 For quasi-two-
dimensional Zn12xMnxSe layers digitally inserted in singl
ZnSe/Zn0.8Cd0.2Se quantum wells, however, already simil
narrow Mn distributions have been demonstrated8 and also
other numerical methods40 allowed us to simulate the inter
face between a diluted magnetic semiconductor and a n
magnetic quantum well by considering only contributio
from two magnetic monolayers.41,42 In addition to the Mn
distribution profile, from our simulated results the critic
temperature can be determined. For sample S1, it is foun
be around 70 K, in between the two kinks in the temperat
dependence of the inverse Zeeman splitting shown in Fig
whereas in S2 no phase transition occurs.

Finally we want to address the error of our method
neglecting the antiferromagnetic coupling to adjacent m
netic layers. An upper limit for this error is given just by th
number of neighbors in the adjacent layer, which accou
for about 15% of the determined Mn distribution profil
Certainly the error represents a upper limit, because
Mn-Mn interaction corresponding to a temperature of 6.3
is small compared to the temperature range which was u
for fitting the experimental data. Therefore it is roughly
large as the error obtained by neglecting in-plane interacti
involving second and third nearest neighbors, as it is d
cussed above.

VI. SUMMARY

The temperature-dependent magnetization of quan
well samples containing ultrathin layers of MnTe is studi
by polarization-dependent photoluminescence excitation
periments. For these samples, the inverse Zeeman split
which is proportional to the inverse magnetization, clea
shows a non-Curie-Weiss temperature dependence due t
tiferromagnetic coupling between the magnetic Mn ions.
particular, up to two kinks are observed in the otherw
linear temperature dependencies, which allows us to de
mine the critical temperature where the paramagne
antiferromagnetic phase transition takes place. Fitting the
perimental temperature dependencies enables us
determine an approximate Mn distribution profile, resulti
from the inserted MnTe sub-monolayers. For this purpo
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the temperature- and magnetic-field-dependent magne
tion of a purely two-dimensional arrangement of Mn io
was calculated by a Monte Carlo simulation. The increase
the exciton Zeeman splitting due tosp-d exchange interac
tions between localized magnetic moments and that of
free electrons is fully taken into account. The approxim
Mn diffusion profile, consisting of one two-dimension
layer with a Mn content of 90% and two neighboring laye
with 8%, and two further layers with 3% obtained for
sample nominally containing one single monolayer MnTe
su
m

n

W

ia

. B

.

on
m
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.
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.

ev
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.

16531
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in good agreement with previous diffusion profiles, deduc
from alternative experimental techniques.35
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