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The low dimensional structures containing I11-V ferromagnetic semi-
conductors were intensively investigated in the last few years because of the
variety of their potential applications. The aim of the present work was to
study the interlayer exchange coupling in the short period GaMnAs/GaAs
superlattices containing 16 or 8 GaMnAs monolayers. Samples with the mag-
netic layers corresponding to the mixed crystal composition with 5% or 6% of
Mn were grown by MBE technique and characterized by both high-resolution
X-ray diffraction and Raman scattering methods. Folded acoustic phonons
were observed for the first time for this particular quantum system in the
Raman scattering spectra. The interlayer exchange coupling in selected su-
perlattices was investigated by both elastic neutron scattering (diffraction)
and polarized neutron reflectivity measurements. Presence of the smooth
interfaces and the stability of the superlattice period were confirmed by
neutron reflectometry data. Ferromagnetic correlation of the magnetization
vector in subsequent GaMnAs magnetic layers was demonstrated by both
experimental methods.
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1. Introduction

GaMnAs belongs to the new class of diluted magnetic semiconductors based
on the III-V compounds. It has been obtained for the first time only a few years
ago [1]. The low dimensional structures containing ITI-V ferromagnetic semicon-
ductors have been intensively investigated in the last years because of their po-
tential applications in magnetic memories, spin valves and spin injection or quan-
tum computing devices. In particular, the superlattices (SLs) with the magnetic
GaMnAs layers and non-magnetic AlGaAs or InGaAs spacers are of special inter-
est. The disappearance of ferromagnetic properties of GaMnAs single layers has
been observed when the layer thickness decreases below a value equal to ~ 50 A
[2-5]. This opinion can be also found in the review papers (see e.g. [6]).

Very recently, the ferromagnetic properties of the short period (GaMnAs),, /
(GaAs), SLs (where 8 < m < 12,4 < n < 8) containing 7% of Mn have
been found in [7]. These findings demonstrated that a set of very thin GaMnAs
layers (with each separate layer thickness well below 50 A) can also exhibit fer-
romagnetic behavior. Results of recent Monte Carlo simulations of the ferro-
magnetism in GaMnAs/AlAs quantum well (based on the confinement-adapted
Ruderman-Kittel-Kasuya—Yoshida (RKKY) indirect exchange interaction) pre-
dict for the presence of the ferromagnetism in GaMnAs a layer thickness limit of
9 molecular layers (ML), corresponding to a thickness equal to & 25 A [8]. Results
of these simulations are in contradiction to the opinion given in [2-6] but, on the
other side, are in agreement with recent experimental data shown in [7].

The interlayer exchange coupling in structures grown on the basis of
GaMnAs has been found and reported in a few papers only. Most of those papers
concern the physical properties of trilayer structures. GaMnAs/AlGaAs/GaMnAs
trilayer properties were investigated in [9] by the magnetotransport and magne-
tization measurements. The thickness of the magnetic layers was equal to 300 A.
It was shown that carriers present in the non-magnetic layer mediate the cou-
pling between the two ferromagnetic layers which has a ferromagnetic character.
Similar results were obtained very recently in [10, 11]. Analysis of the properties
of MnAs/GaMnAs/MnAs trilayers demonstrates the presence of ferromagnetic or
antiferromagnetic coupling in dependence of the GaMnAs layer thickness [12-14].
Small ferromagnetic coupling was found for MnAs/GaAs/MnAs trilayer [15, 16].
Very recently the change of the character of the magnetic coupling was observed for
such trilayer, influence on the heating on the carrier concentration was suggested
as possible explanation of this effect [17]. The only superlattices investigated till
now were of GaMnAs/AlAs type [2, 4] and the ferromagnetic character of the
interlayer coupling has been suggested for this system.

There exists very limited information about the interlayer coupling for
GaMnAs/GaAs superlattices. Theoretical analysis predicted the oscillations of the
ferromagnetic coupling with the GaAs spacer thickness for this system [18]. Such
non-monotonic behavior in the magnetization properties of the short period SLs
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were really found recently for the system under consideration [19]. Very recently,
the interlayer exchange coupling in GaMnAs/GaAs SLs with a thick (50 A or
more) GaAs spacers was a topic of studies with the use of a neutron reflectometry
[20]. Thus, the aim of the present work was to study possible interlayer exchange
coupling in the short period GaMnAs/GaAs SLs by means of the neutron scat-
tering and neutron reflectometry measurements. Up to our knowledge the first
method has never been applied for a system based on III-V diluted magnetic
semiconductor.

2. Experimental details

Two types of samples (containing 16 or 8 GaMnAs ML) were grown for
the purpose above mentioned. Samples with the magnetic layers corresponding
to the mixed crystal composition with 4.5% or 6% of Mn have been grown by
the low-temperature modification of MBE technique directly on (001) oriented
semi-insulating GaAs substrate. Investigated SLs have 150 or 200 periods, the
thickness of pure GaAs spacer layer was equal to 4, 5, 6, 8, or 10 MLs. Detailed
information related to the GaMnAs/GaAs SLs growth can be found elsewhere [7],
an information about the growth of the single layers can be found, e.g., in [21].

All SLs were characterized by the high-resolution X-ray diffraction (HRXRD)
method. The rocking curves were measured for 004 X-ray reflex. Selected samples
with 8 GaMnAs MLs were also characterized by the Raman scattering. Raman
spectra were taken at room temperature in a wide spectral range (form 3 to
300 cm~1) using Jobin-Yvon U1000 spectrometer equipped with a S20 multiplier
and photon counting system.

In order to investigate the interlayer exchange coupling in selected SLs, both
elastic neutron scattering (diffraction) and polarized neutron reflectivity measure-
ments have been performed using the cold sources in Orphee reactor at Laboratoire
Leon Brillouin. SLs were placed in helium exchange gas, the lowest sample temper-
ature was equal to about 11 K. Part of the neutron measurements was performed
in the presence of external magnetic field (up to about 0.15 T for the scattering
experiments and up to a few T for the reflectometry measurements).

3. Results and discussion

High sample quality was demonstrated by different characterization methods
in spite of a very large number of period repetitions (equal to 150, 200, or 250 in
different SLs). In HRXRD spectra well-defined, narrow SLs satellites were observed
for all investigated samples which confirmed the SLs period stability and good
quality of the interfaces. All measured X-ray diffraction spectra were very well
reproduced by the results of numerical simulations, which enable us to determine
the values of some parameters describing the properties of investigated samples
(exact chemical composition, period, etc.).
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The Raman spectra taken for various short-period SLs show in the low-fre-
quency spectral range the sharp, not very intense structures. These structures were
identified as due to acoustic phonon (LA) folding. It is the first observation of such
folding in GaMnAs/GaAs SLs. It should be stressed that the folding above men-
tioned is an evidence of well-defined, sharp interfaces in investigated SLs because
the optical density of GaAs and GaMnAs containing a few percent of Mn only
is not very different. Observed folded acoustic mode frequency depended on the
SL period (on the corresponding to this period wave vector) and such dependence
was well described by the linear approximation resulting from the known acoustic
wave velocity in pure GaAs.

Apart from the GaAs optical phonon related lines some additional structures
were found in the high frequency part of the Raman spectra. These structures
resulted from the presence of arsenic in low-temperature (LT) GaAs. This arsenic
was introduced into the samples in the technology process. The Raman scattering
spectrum for a single, 0.5 micrometer thick LT-GaAs layer was also measured
for the comparison. Similar As-related structures were observed in this spectrum
which confirms our interpretation given above. Influence of the access of the As
in LT-GaAs on the Raman spectrum layers has been analyzed recently in [22, 23]
where more detailed discussion of this problem can be found. An example of the
Raman spectrum obtained for one of our samples is shown in Fig. 1.
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Fig. 1. Raman scattering spectrum taken at room temperature for GaMnAs/GaAs

superlattice with 8 magnetic and 8 non-magnetic MLs (details in the text).
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Fig. 2. Small angle neutron scattering spectra corresponding to two SLs with different
periods taken at T'=11 K (kl =1.55 A~! and 20’ collimations). Observed structure is
the satellite line due to the superlattice character of investigated samples. Open circles

— data for (GaMnAs)s/(GaAs)e SL, full squares — for (GaMnAs)s/(GaAs)io SL (in

both cases magnetic slabs contain about 6% of Mn).

Presence of the good quality interfaces and the stable SLs period was also
confirmed by neutron reflectometry data which show the smooth wave vector de-
pendence of measured signal. Small angle neutron scattering (diffraction) was mea-
sured in the vicinity of the wave vector corresponding to the position of the satellite
resulting from the superlattice character of investigated samples. Comparison of
the relevant spectra measured for two different samples 1s shown in Fig. 2. In
general, the total intensity of observed satellite 1s due to both the contribution
resulting from the neutron scattering on the chemical (crystal structure) periodic-
ity and the contribution resulting from the magnetic neutron scattering. Analysis
of the temperature dependence of this peak intensity enables one to check the
hypothesis about the presence of the ferromagnetic interlayer coupling at low tem-
peratures (Fig. 3). As one can see, this intensity slightly increases with decreasing
temperature at temperatures below about 30-35 K. It is an evidence of the cou-
pling above mentioned. Such coupling was found for SLs with 16 magnetic MLs
and 5 or 6 GaAs MLs, as well as for a system with 8 magnetic MLs only and
6 GaAs MLs. An application of the external magnetic field resulted in the slight
increase in the intensity of investigated satellite. An increase in this intensity equal
to about 10% was observed at the magnetic field close to 0.15 T. It means that
only a partial magnetic correlation of the magnetization vector exists in the sub-
sequent GaMnAs magnetic layers and the saturation effect could be obtained by
the application of the strong enough external magnetic field.
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Fig. 3. Intensity of the sattelite peak for (GaMnAs)io/(GaAs)s SL containing 6% of
Mn versus temperature. An increase in the neutron scattering intensity at temperatures

below about 35 K is due to the presence of ferromagnetic correlations between magnetic

slabs.

The presence of interlayer magnetic coupling and its ferromagnetic charac-
ter was also confirmed by means of the neutron reflectometry. No trace of possible
magnetic satellite due to the contribution of the antiferromagnetic coupling was
detected by both experimental neutron methods. At the present stage of our stud-
les 1t i1s difficult to verify the findings suggesting the oscillatory character of the
coupling as a function of the non-magnetic spacer thickness. More experimental
data corresponding to different superlattices are clearly required for such purpose.
This work is in progress and possible results will soon appear.
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