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Magneto-optical Kerr effect in short-period CdTe/MnTe superlattices
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Magneto-optical Kerr effect~MOKE! studies of biaxially strained~CdTe!n /~MnTe!n superlattices gives
evidence of an antiferromagnetic ordering as well as of paramagnetic behavior~bulk MnTe is an antiferro-
magnet withTN'70 K!. With increasingn, paramagnetic behavior becomes dominant in the MOKE signals,
apparently caused by the lack of spin ordering at the~CdTe!/~MnTe! interfaces for wider CdTe wells. Apart
from the magnetic properties, the MOKE signals also yield information on the electronic interband transitions
involving heavy-hole and electron subbands, centered in the CdTe quantum wells.@S0163-1829~98!06416-9#
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I. INTRODUCTION

Magnetic semiconductor quantum structures have fo
increasing interest in recent years, because strong spin
interactions lead to interesting magneto-optical and mag
totransport phenomena.1–4 Among those semiconductors
structures based on II-VI compounds have particularly b
studied quite intensively. However, while the electron
and magnetic properties of CdTe/Cd12xMnxTe,
ZnSe/Zn12xMnxSe, or ZnSe/Zn12xFexSe quantum-well and
superlattice structures have been investigated q
thoroughly,5–9 the amount of information on the superlattic
consisting of binary compounds like CdTe/MnTe or ZnS
MnSe is still much more sparse.

In the following we will concentrate on the CdTe/MnT
system as a model quantum structure system fo
diamagnetic/antiferromagnetic layer sequence. It is w
known that for proper growth conditions MnTe can be o
tained in its metastable cubic zinc-blende modification~fcc
lattice!, if it is grown epitaxially on fcc substrates. The e
ergy gap of CdTe bulk material is 1.606 eV,10 and the gap of
MnTe epilayers was precisely measured by luminesce
(Eg53.3 eV! ~Ref. 11! and optical reflectance experimen
on thick MnTe films (Eg'3.2 eV!.12 It has been establishe
that CdTe/Cd12xMnxTe superlattices are of type I,13 and it is
supposed that CdTe/MnTe superlattices are of type I as w

The magnetic properties of zinc-blende MnTe were inv
tigated by Ando, Takahashi, and Okuda who measured
magnetic susceptibility and magnetic circular dichroism14

The magnetic structure was ascertained by neu
diffraction.15 It turned out that cubic MnTe is a close rea
ization of a Heisenberg fcc antiferromagnet with dominat
nearest-neighbor~NN! exchange interactions. The localize
spins of the Mn21 ions are antiferromagnetically ordered
~100! planes, as recently shown for cubic MnTe epilayers
neutron diffraction experiments~AFM-III structure!.15 Per-
pendicularly to these sheets, antiferromagnetic N
interaction is partially frustrated. The resulting stro
ground-state degeneracy can be partially removed by la
distortions in superlattices. Indeed, in CdTe/MnTe super
tices, incommensurate helical antiferromagnetic doma
570163-1829/98/57~16!/9988~7!/$15.00
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were found.16 The phase transition between antiferroma
netic and paramagnetic phases has been observed at ap
mately 70 K, with some variations depending on stra
in a homogeneous MnTe epilayer, and at about 85 K
MnTe/ZnTe superlattices.15

It has been reported that the magnetic behavior m
change if the magnetic layer thickness approaches the
dimensional limit. Sawickiet al. investigated a series o
~CdTe)n /~Cd0.5Mn0.5Te)m superlattices with constantn516
andm varying from 5 to 20.17 In superconducting quantum
interference device magnetization experiments, a reduc
of the spin-glass freezing temperature with decreasing th
ness of the magnetic barrier was measured. But a trans
to a spin-glass state was observed in every investiga
sample.

In Cd0.5Mn0.5Te/Cd0.89Mn0.11Te superlattices, the Rama
line connected with the magnon excitations at low tempe
ture was not observed, although it is present in bulk samp
of Cd0.5Mn0.5Te. In the superlattices, only Raman parama
netic lines were detected.18

A transition from antiferromagnetic to paramagnetic b
havior in very thin films was also observed by Awschalo
et al.19 Measurements of the magnetic susceptibility in thi
epitaxial layers of Cd12xMnxTe at low temperatures show
well-defined cusp in magnetic susceptibility vs temperat
associated with the spin-glass transition similar to that
bulk material. However, very thin epilayers of Cd12xMnxTe
with comparable Mn contentx exhibit a monotonic paramag
netic behavior, which is explained by a frustration of t
antiferromagnetic coupling in thin layers, because the nu
ber of nearest neighbors is reduced.20,21 Additionally, for a
discussion of paramagnetic behavior in superlattices,
should have in mind interface effects like intermixing a
roughness as discussed for the CdTe/Cd12xMnxTe system,
e.g., by Gaj and co-workers.22,23 High-resolution transmis-
sion electron microscopy on MnTe layers showed that th
is an increased interface broadening for the growth of Cd
on MnTe with increasing MnTe layer thickness.23,24 The re-
duction of magnetic nearest neighbors reduces the antife
magnetic spin ordering, particularly in the first MnTe atom
layers close to the CdTe interfaces.
9988 © 1998 The American Physical Society
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57 9989MAGNETO-OPTICAL KERR EFFECT IN SHORT-PERIOD . . .
Direct observation of the spin ordering in CdTe/MnT
superlattices is obtained in neutron-diffraction experimen
Indeed, not only conclusive evidence of antiferromagne
ordering was found, but also strong indications of magne
interactions between the MnTe layers across the CdTe
ers. The diffraction peaks for the antiferromagnetic inter
tion are accompanied by satellite peaks, and the helical
ordering depends sensitively on the number of MnTe a
CdTe monolayers.25,26 This magnetic coupling across th
CdTe layers also stabilizes the antiferromagnetic orderin
the first MnTe atomic layers, and compensates for its abo
discussed reduction the more effectively the thinner
CdTe layers are.

Recently, polaronic effects in CdTe/MnTe structures w
suggested to occur as well,27 and Quazzazet al. showed that
the electron paramagnetic resonance spectra of isol
Mn21 ions, which diffused into the CdTe layers of CdT
MnTe multiple-quantum-well structures with constitue
layer thicknesses of about 12 nm, yield a direct measur
the strain.

In the present work, we describe an optical method for
investigation of the evaluation of magnetic interactions
~CdTe!n /~MnTe!n superlattices with increasingn. Since the
GaAs substrate is not transparent in the spectral regio
interest around 2 eV, instead of transmission experime
~Faraday effect!, magneto-optical experiments using the r
flected light were carried out. We show that magneto-opt
Kerr effect ~MOKE! experiments, which probe the intera
tion of the wave function of the carriers confined in the Cd
wells with the magnetic species, give relevant information
the spin ordering.

II. THEORETICAL BACKGROUND

The magneto-optical Kerr effect denotes the rotation
the polarization plane of linearly polarized light, when it
reflected from matter in a magnetic field, which is align
parallel to the propagation of the incident light. The rotati
angleQ depends on the spin splitting of the optical tran
tions. In the spectral range used in our experiments, in
band transitions dominate. The different phase shifts oc
ring at reflection for the two circular components of t
reflected light lead to the rotation of the linearly polariz
wave.29

The spin splittings of the conduction and valence ba
contain information about the magnetization of the samp
Whenever the probability to find a charge carrier at the
tice location of a Mn21 ion is finite, exchange interactio
between the spin of the localized electrons and the mo
carriers will contribute to the spin splitting of the band ele
trons and holes. Therefore, the spin levels of the mobile
riers do not only split in the external magnetic field~Zeeman
effect!, but in addition they split proportionally to the mag
netization.

The index of refraction for the two circular polarization
s1 and s2 of radiation with photon energyE can be de-
scribed near an excitonic transition in a magnetic field b
single-oscillator model according to

ñ 6
2 5«6~E,B!5«`1

F0
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E0
6(B) are the excitonic transition energies for left- an

right-hand circularly polarized light,F0 denotes a constan
proportional to the oscillator strength,G6(B) is a phenom-
enological damping constant, and«` is the high-frequency
dielectric constant. In the limit of small damping Eq.~1!
corresponds to Eq.~2! of Ref. 28. In~semi!magnetic materi-
als, the excitonic transition energies for left- and right-ha
circularly polarized light contain a contribution proportion
to the magnetizationM (B,T) of the sample:30

DE5E0
1~B!2E0

2~B!5DE0~B!1DE@M ~B,T!#. ~2!

Due to Eq.~1!, the magneto-optical effects show strong s
natures in the frequency dependence of the angle of rota
at fixedB at the interband transition energiesE0

6(B), which
are a function of the magnetization of the sample@see Eq.
~2!#. Thus the dependence of the MOKE signal on magne
field or temperature yields information on the magnetizat
of the sample.

In the present samples, the splitting of the excitonic tra
sition energies of left- and right-hand circularly polarize
light is much smaller than the linewidth of the exciton
transitions. Therefore the rotation angle depends linearly
the splitting of these transitions.

Since in our experiments the light can penetrate the
perlattice and the buffer layer and is partially reflected by
various interfaces, one cannot observe pure MOKE~reflec-
tion from surface!. Multiple reflections combined with the
Faraday effect of the traversing light lead to interferen
fringes in the Kerr angle of the thin samples.

Knowing the indices of refraction for all layers and bo
circular polarizations, the phase shifts occurring with refle
tions at all the interfaces as well as with penetration throu
the individual layers are obtained. Using the matrix form
ism as described by Nies and Kessler,31 the total magneto-
optical effect in transmission as well as in reflection can
calculated.

The line shapes of the resonances due to interband tra
tions strongly depend on the relative energetic positions
excitonic resonances and interference maxima arising f
the above-mentioned multiple reflections. Figure 1 shows
amples for calculated line shapes occurring for the sa
layer thicknesses but slightly different resonance energie
is obvious that strong changes in the line shape occur
careful line-shape analysis must be performed to find
correct resonance positions as well as amplitudes of the
natures.

In the CdTe/MnTe superlattices the strongest signatu
are due to interband transitions between heavy-hole and e
tron subbands in the CdTe wells. These transition ener
can be extracted after a line-shape analysis directly from
measured spectra. The wave functions of the involved st
penetrate into the MnTe barriers. Thus information on
magnetic properties, particularly of the first MnTe laye
close to the CdTe/MnTe interfaces is obtained.

III. EXPERIMENTAL DETAILS

All samples were grown on@001#-oriented GaAs with a
combined method of molecular-beam epitaxy and atom
layer epitaxy.32 A relaxed buffer layer of ZnTe~'1 mm
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9990 57POHLT, HERBST, PASCHER, FASCHINGER, AND BAUER
thick! ensures that the superlattices also grow in@001#
direction.32 For the growth of the CdTe and MnTe layers
the superlattice, a method as described in Ref. 32 was
sen: the CdTe layers were grown by atomic layer epitaxy
the 0.5-ML/cycle modus. The MnTe layers were grown
the conventional molecular-beam-epitaxy modus, but mo
toring the fluxes with a quadrupole mass spectrometer wi
feedback loop for the shutter control. As previously show
this growth method yields comparatively well-defined sho
period superlattices with much less intermixing than tho
obtained by conventional molecular-beam epitaxy~for fur-
ther details, see Ref. 32!. All samples contain nominally
equal thicknesses of CdTe and fcc MnTe of 2, 4, 6, 8, and
ML each. The CdTe and MnTe layers in these short-per
superlattices, with the number of double layers ranging fr
about 70 to 300, grow approximately strain symmetriz
High-resolution x-ray-diffraction data already show superl
tice satellite peaks for samples with the smallest numbe
monolayers. The simulations of the x-ray data using dyna
cal diffraction theory revealed that the maximum deviati
of the MnTe layer thicknesses from their nominal values
this series of samples is less than 10%.32,33

The detection of very small rotation angles of the pol
ization direction can be achieved by using differential me
ods. One method uses two orthogonally polarized com
nents of the linearly polarized wave separated behind
sample by a polarizing beam splitter. They are focused o
two detectors. If the light is linearly polarized along the 4
direction with respect to the axis of the beam splitter,
difference between the intensities of the two compone
vanishes. A rotation of the polarization plane then can
determined from the difference of the two intensities.34

We have improved this experimental setup by using
photoelastic modulator switching the polarization of the
cident beam by 90° at a frequency of 114.4 kHz. Behind
sample an analyzer is adjusted to 45° with respect to
incident polarizations. In addition, the light was chopped
about 500 Hz. One detector is then sufficient for both

FIG. 1. Theoretical MOKE line shapes calculated regard
Fabry-Perot-like interferences in the multilayer structure. Excito
transitions atE151.985 eV~lower trace! and E252.05 eV ~upper
trace!. The geometry of the sample is equal in both cases.
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detection of the difference of the intensities of the orthog
nally polarized waves and the measurement of the total
tensity~using two lock-in amplifiers!. If there is no ellipticity
of the light reflected from the sample, one can calculate
angle of rotation from both signals. For small angles a
small ellipticities, the signal depends linearly on the an
and only quadratically on the ellipticity, so it is rather inse
sitive to ellipticity.

The experiments were carried out using a supercond
ing magnet equipped with a variable-temperature insert.
windows of the cryostat are exposed to the strong magn
field. Owing to Faraday effect, they induce a rotation of t
polarization plane of about 15° (B56.8 T,l5500 nm!. The
Kerr rotation due to the sample is of the order 0.01°. T
best way to separate the sample rotation from the high w
dow background is to measure the MOKE signal as it
pends on the wavelength. The variation of the window ro
tion with the wavelength of the light is small compared to t
amplitudes of the signatures due to interband transiti
within the samples. Therefore, in two independent meas
ments the rotation due to the windows and the sample ca
separated.

IV. RESULTS AND DISCUSSION

A. Interband transition energies

Figure 2 shows the experimentally determined interba
transition energies in high magnetic fields of 6.8 T~full
circles!, as well as the approximation with a Kronig-Penn
calculation~diamonds!. In contrast to photoluminescence e
periments, with the magneto-optical Kerr effect, higher su
band transitions in the superlattice can also be detected. T
are also depicted in Fig. 2.

For the calculation it was assumed that 80% of t
energy-gap difference occurs as conduction-band offset
is the case in CdTe/Cd12xMnxTe structures.35 The effective
masses of MnTe were calculated according to the extrap
tion formula also given in Ref. 35. Regarding the uncerta
ties in band offsets and effective masses, there is a satis
tory agreement between the calculations and
experimental data. But, despite the fact that the calcula
neglects the exciton binding energy, the calculated transi

g
c

FIG. 2. Measured optical transition energies at 6.81 T in
samples: full circles. Kronig-Penney calculation (B50): diamonds.
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57 9991MAGNETO-OPTICAL KERR EFFECT IN SHORT-PERIOD . . .
energies in most cases are too low. However, the lim
accuracy of a Kronig-Penney calculation and the uncert
ties of the MnTe effective masses do not allow one to cal
late band offsets from the remaining discrepancy betw
calculated and observed transition energies.

B. Magnetic properties

At zero magnetic field, no magneto-optical dichroism
expected. However, the experimental recording displaye
Fig. 3 clearly shows small but existing MOKE signals wi
an interference structure. This cannot be explained as a
sequence of any magnetic ordering, because it still exists
temperature of 100 K, far above the transition temperat
reported in literature for MnTe.

An experimental result as shown in Fig. 3 can be cau
either by rotation of the plane of polarization or by elliptici
of the reflected light. The latter is less probable, because
detection method is rather insensitive to ellipticity. Assu
ing that a rotation of the polarization is caused by strain
the epilayers@dSL'0.4mm, dZnTe51 mm ~Ref. 32!#, one can
approximately explain the experimental data~see calculated
line without noise in Fig. 3!. In a phenomenological mode
calculation we described the observed rotation by a split
of the indices of refraction for left- and right-hand circular
polarized light to be 2.531024. The periodicity of the inter-
ference fringes indicates that the dominating Fabry-Pe
resonator is built by the superlattice and the buffer togeth

There is an additional signature marked by ‘‘E0’ ’ in Fig.
3. This transition can be reproduced in the theoretical sim
lation @see Eq.~1!# assuming an exciton in the CdTe laye
with E051.982 eV,F052 meV, andG57.3 meV. The regu-
lar structure stops abruptly at about 2.38 eV, the energy
of the ZnTe buffer. This proves our above mentioned
sumption that the effective resonator includes the bu
layer.

Figure 4 shows MOKE measurements as a function
photon energy for various~equidistant! magnetic fields.
There exists a structure at about 1.98 eV which drastic
grows in amplitude with increasing magnetic field. T

FIG. 3. MOKE spectrum of the sample with 8-ML CdTe an
MnTe (B50 T, T51.8 K!. Line without noise: Simulation assum
ing un12n2u52.531024 in the epilayers, probably due to strain
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growth in amplitude of the interference fringes is just abou
factor of 2. This indicates that most of the effect on MOK
owing to the spin splitting, occurs within the exciton line
width. The amplitudeDQ of the interband signature contain
information about the magnetization of the sample@see Eq.
~2!#. The fact that the line shape does not change drastic
with increasing magnetic field demonstrates that the splitt
of the excitonic interband transitions is indeed much sma
than the excitonic linewidth.

The analogous curves for the other samples were m
sured as well. The magnetic-field dependence of the am
tudes of the resonance signatures at 1.8 K is plotted in Fig
In the sample with 2 ML of each material, the amplitud
depends linearly on the magnetic field. With increasing la
thicknesses one observes an enhanced Brillouin function
bending of the corresponding curves, which is a clear in

FIG. 4. MOKE spectra of the sample with 8-ML CdTe an
MnTe atT51.8 K. Uppermost trace:B50; lowest trace:B56.8 T;
equidistantB steps~vertical offsets for clarity!. Note the evolution
of the E0 signature at about 1.98 eV, resulting from the lowe
interband transition.

FIG. 5. Magnetic-field dependence of the amplitudes of theE0

signatures in the MOKE spectra (T51.8 K! normalized to the value
at 7 T for all samples. The solid lines are fitted Brillouin functio
@see text: Eq.~3!#.
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cation for paramagnetic behavior. To quantify the param
netic contribution to the total rotation, we have fitted t
function

DQ5mFB1
b

m
BJS glJmBB

k~T1T0! D G ~3!

to the experimental data, wherem andb are free parameters
gl is theg factor of the localized Mn21 electrons (gl52). BJ
is a modified Brillouin function.36 J5 5

2 accounts for the Mn
magnetic moment, andT0 describes a small antiferromag
netic coupling of the more or less isolated Mn ions, resp
sible for the paramagnetic behavior.36 b/m is the relative
weight of the Brillouin functionBJ . This parameter shows
rapid increase with increasing layer thickness~see Table I!,
indicating an increasing paramagnetic behavior of the lo
ized Mn21 electrons in the interface regions of the superl
tice where the mobile carriers, which cause the MOKE s
nal, can be found. In Table I we also list the fit results forT0.
There is a slight increase ofT0, with decreasing layer thick
ness observed. It should be noted that the experimental
cannot be described by a modified Brillouin function witho
the term linear inB. Such a model works well with sample
with larger periods, but fails for samples with smaller pe
ods.

The existence of disordered Mn21 ions, especially nea
the interfaces between MnTe and CdTe, is in agreement
resonance coherent Raman experiments, where a Ra
paramagnetic peak was observed in addition to the Ra
antiferromagnetic resonance, e.g., in the sample with
ML.37

The linear part of the magnetic-field dependence of
rotation angles can be caused either by the normal Zee
splitting of the mobile carriers in the diamagnetic Cd
quantum wells or the antiferromagnetic part of the susce
bility at low temperature. However, in diluted magne
Cd12xMnxTe with higher Mn concentration, a nearly line
increase of the magnetization with the magnetic field
also been observed.38 However, thetemperature dependenc
of the rotation angles is different for these effects. The Z
man splitting of the spin levels is expected to be const
with temperature, while the magnetization of an antifer
magnet shows a cusp at the transition temperature betw
antiferromagnetic and paramagnetic phases.

Figure 6 shows the temperature dependence of the am
tudes of the interband signatures in the Kerr spectra for
samples with 2, 4, 6, and 10 ML in a high magnetic field
6.8 T. For the sample with the widest period~10 ML!, only
paramagnetic behavior in the region of the charge carrier
observed. The solid line is a fitted Brillouin function (T0

TABLE I. Fit results of Eq.~3! on experimental data accordin
to Fig. 5. The estimated accuracy of the parameters is610%.

Sample 10/10 6/6 4/4 2/2

m(t/T) 0 0.032 0.075 0.143
b 1.04 0.83 0.58 0
T0 ~K! 2.0 3.15 6.45
b/m ~T! →` 26.0 7.7 0
-

-

l-
-
-

ata
t

-

th
an

an
8

e
an

i-

s

-
t

-
en

li-
e

f

is

50, since temperatures are high compared to the result
Table I!. In the sample with the smallest period~212 ML!,
however, no paramagnetic behavior at all is present at
temperature. The maximum of the Kerr amplitude and th
of the magnetization indicates a transition temperature
about 75 K. The temperature dependence of the MOKE a
plitude~and of the magnetization deduced from it! is in sharp
contrast to the one observed for a diluted magnetic mate
Using just optical data, one can compare the MOKE d
with the spin splitting of free electrons~e.g., photoexcited in
undoped material!, which also has a contribution propo
tional to the magnetization. We measured this spin splitt
in a bulk Cd0.6Mn0.4Te sample by coherent Raman scatt
ing, and found that it decreases according to a Curie-W
law for T>20 K and is constant forT,20 K.39 This behav-
ior is in contrast to the uppermost curve in Fig. 6. This co
parison between the magnetic behavior of the CdTe/Mn
~2/2 ML! sample and the Cd0.6Mn0.4Te bulk material is clear
experimental evidence that the MOKE signal in the 2
sample is not dominated by randomly oriented spins in
intermixed region at the interfaces, but rather that, with t
magneto-optical method, we observe an antiferromagn
ordering of the Mn spins across the thin CdTe layers, due
interlayer coupling. The latter results in a suppression of a
paramagnetic signal in the thinnest superlattice sample.
thermore, we note that the temperature dependence of
magnetization deduced from Fig. 6 for the 2/2 sample
different from published data for bulk like MnTe.14,17 We
apparently observe a behavior well known for the susce
bility in parallel fields (x i) of an antiferromagnet. The latte
fact demonstrates the orientation of the Mn spins due
strain.

The other two samples exhibit a gradual transition b
tween the two extreme cases observed with the 10/10 and
samples, respectively. The solid lines again are fitted B
louin functions with the experimental data between 60 a
90 K not taken into account. However, we note that there
a systematic deviation of the experimental points from
Brillouin functions in the range of the phase-transition te
perature for the 4/4 and 6/6 samples. This indicates that

FIG. 6. Temperature dependence of the amplitudes of theE0

signatures in the MOKE spectra (B56.8 T! for different samples.
The solid lines are fitted Brillouin functions~see text!. Dotted lines
are a guide for the eye.
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57 9993MAGNETO-OPTICAL KERR EFFECT IN SHORT-PERIOD . . .
wave functions of the mobile electrons and holes over
with two regimes in the MnTe layers, i.e., paramagnetic a
antiferromagnetically ordered regions.

For an understanding of these observations, it has to
considered that the experiment probes the magnetization
to the Mn ions located within the regions with nonvanishi
expectation probabilities of mobile carriers. In Fig. 7, w
plot the normalized difference of the square of the wa
functions at the interfaces and in the center of the Mn
layers~for the calculations, we used a Kronig-Penney mo
as described in Sec. IV A!. It is seen that with the 10/10
sample the probability to find an electron in the center
MnTe is practically zero. Consequently the MOKE sign
yields information on the magnetization of the Mn ions at t
interface which is mainly paramagnetic~see Sec. I!.

In order to check this assumption, magnetization meas
ments with the 10/10 sample have been performed.40 A
quantitative analysis of these data shows that 11% of the
ions contained in the sample, that means one ML per su
lattice period, are not antiferromagnetically ordered. T
Curie-Weiss temperature, fitted to the paramagnetic con
bution to the magnetization arising from these ions, is 4.5
in fairly good agreement with the value ofT0 resulting from
the MOKE data~see Table I!. In contrast to MOKE, magne
tization probes the entire sample, regardless of the expe
tion probabilities to find electrons in the respective laye
Thus, in the magnetization experiment, the antiferromagn
phase transition is also observed at a temperature of a
50 K.

With decreasing layer thickness, the wave functions p
etrate more and more into MnTe, and in the 2/2 sample
than a 20% difference between the expectation probabil
at the center and the interface occurs. Accordingly, anti
romagnetic coupling within the MnTe layers increasing
shows up from the 10/10 to the 2/2 samples in the MO
data. But, more than that, with decreasing CdTe thickn
the interface regions of the MnTe also become increasin

FIG. 7. Normalized difference of probabilities to find electro
and holes, respectively, at the CdTe/MnTe interfaces and in
MnTe-barrier center: P5(uc interfaceu 22uccenteru 2)/(uc interfaceu 2

1uccenteru 2) ~Kronig-Penney model! vs number of MnTe and CdTe
monolayers.
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ordered due to the interlayer coupling, resulting in a co
plete suppression of paramagnetism in the 2/2 sample.

We are well aware of the fact that the molecular-bea
epitaxy-grown samples exhibit monolayer fluctuations. A
first glance these fluctuations should change the magn
properties of CdTe/MnTe superlattices considerably. Ho
ever, as the neutron diffraction data have shown, the ant
romagnetic interactions through sufficiently thin diamagne
CdTe layers are so strong as to orient effectively all spins
the 3d electrons of the Mn ions, whether these reside
completely filled or partially filled atomic Mn layers at th
interfaces. However, with increasing CdTe layer thickne
these interactions weaken, and the frustrated antiferrom
netism evolves into a paramagnetic behavior in the parti
filled layers.

Microscopic information on the interface roughness co
be obtained from x-ray standing-wave studies, which
known to be sensitive to the position and the disorder of v
thin layers~less than a monolayer to several monolayers; s
e.g., Ref. 41!. However, such experiments on multilayers a
not easily interpreted, and quantitative analysis is usu
restricted to single buried layers. On the other hand, for m
netization and neutron diffraction measurements, Cd
MnTe multilayers are required by the signal-to-noise ratio

V. CONCLUSION

We have shown that the magneto-optical Kerr effe
yields information on both the magnetic behavior and int
band transition energies. As far as the magnetic behavio
concerned, one has to bear in mind that, with MOKE int
actions of the carrier wave functions with the magnetic io
in the barriers are probed. From neutron-scattering data
well established that, in all the samples investigated, anti
romagnetic ordering is present. Whether in the MOKE sig
this antiferromagnetic behavior shows up or not depe
sensitively on the penetration of the wave function into t
barriers. With increasing numbers of MnTe monolayers,
tiferromagnetic behavior is less and less pronounced. F
thermore, it is evident that the antiferromagnetic interlay
coupling across the CdTe layers is stronger the thinner
wells are. Consequently, then52 sample exhibits strong
antiferromagnetic features in the MOKE signal, which a
absent for then510 sample. The decreasing antiferroma
netic interlayer coupling apparently strongly influences
spin order at the CdTe/MnTe interfaces. For then510
sample in this interface region, the antiferromagnetic ord
ing is absent, and a strong paramagnetic signal results. In
samples between these two extreme cases, a coexisten
ordered and disordered areas occurs, and consequently
antiferromagnetic and paramagnetic behaviors are prese
the MOKE signal, clearly seen in the temperature dep
dence of the amplitudes.
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