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Abstract
We report a systematic study of ferromagnetic resonance in granular
GaAs:Mn/MnAs hybrids grown on GaAs(001) substrates by metal–organic
vapour-phase epitaxy. The ferromagnetic resonance of the MnAs clusters can
be resolved at all temperatures below Tc. An additional broad absorption
is observed below 60 K and is ascribed to localized charge carriers of the
GaAs:Mn matrix. The anisotropy of the MnAs ferromagnetic resonance field
originates from the magneto-crystalline field and demagnetization effects of the
ferromagnetic MnAs clusters embedded in the GaAs:Mn matrix. Its temperature
dependence basically scales with magnetization. Comparison of the observed
angular dependence of the resonance field with model calculations yields
the preferential orientation and shape of the clusters formed in hybrid layers
of different thickness (150–1000 nm) grown otherwise at the same growth
conditions. The hexagonal axes of the MnAs clusters are oriented along the four
cubic GaAs space diagonals. Thin layers contain lens-shaped MnAs clusters
close to the surface, whereas thick layers also contain spherical clusters in the
bulk of the layer. The magnetic properties of the hexagonal MnAs clusters can
be tuned by a controlled variation of the cluster shape.

1. Introduction

Spin electronics and spin optoelectronics may be key technologies of the future, which
combine the merits of current semiconductor-electronic and magneto-electronic devices.
These technologies will provide new spin-dependent magneto-optical and magneto-electrical
devices [1]. The current interest in spintronic devices has started a quest for new
semiconductor-based magnetic materials such as ferromagnetic semiconductors [2] or
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semiconductor–ferromagnet hybrid structures [3]. Possible candidates, which may serve as
spin-aligner or spin-injector material and are compatible with III–V semiconductor technology,
are the ferromagnetic phases of the (Ga, Mn)As system. The Ga1−x Mnx As alloy is p-type and
exhibits ferromagnetism. Considerable progress has been made in the sample preparation of
this alloy and Curie temperatures of about TC = 175 K have been reported for GaAs delta-
doped with Mn [4] as well as for epitaxial layers of the Ga1−x MnxAs alloy with x up to
9% [5]. Nevertheless, the spin-dephasing times for holes are much faster than for electrons
and the observed Curie temperatures are still below room temperature. Therefore, the alloy is
currently not suitable for room-temperature spin applications although recent theoretical and
experimental studies suggest that room-temperature ferromagnetism is possible in high-quality
metallic Ga0.9Mn0.1As alloy samples [6]. Another interesting phase of this material system is
formed by ferromagnetic MnAs clusters embedded in a paramagnetic GaAs:Mn host matrix.
This hybrid system allows n-type doping of the matrix [7] and exhibits ferromagnetism above
room temperature due to the MnAs clusters. Furthermore, considerable progress has been made
in controlling the crystallographic properties of the MnAs clusters. This control comprises
the crystal structure of the nanoclusters (i.e. cubic zinc blende structure or hexagonal NiAs
structure) [8–10] as well as the orientation of the MnAs crystallographic axes with respect to
the surrounding GaAs:Mn matrix [11].

Recently, such granular ferromagnetic hybrid systems have attracted much atten-
tion [9, 12–28]. The reasons are manifold. First, these hybrids exhibit large neg-
ative and positive magneto-resistance effects whose origin is still not entirely under-
stood [19, 20, 23, 28]. Examples are current studies of the magneto-resistance behaviour
of GaAs:Mn/MnAs [15, 19, 20, 28], of GaAs:Er/ErAs [21], of GaAs:Mn/MnSb [22]
or of Ge:Mn/Mn11Ge8 and Ge:Mn/Mn5Ge3 [23, 26, 27]. Second, several studies of
GaAs:Mn/MnAs hybrids and optical semiconductor-device structures containing this hybrid
exhibit giant magneto-optical effects which should be applicable in optical insulator struc-
tures [13, 15, 29, 30]. Both the galvano-magnetic as well as the magneto-optical properties of
such granular ferromagnetic hybrid systems will be strongly determined by the ferromagnetism
of the clusters and their interaction with the electronic states of the host matrix. Therefore, it is
of interest to investigate the magnetic behaviour of the clusters themselves.

At present there are only very few detailed studies of the ferromagnetism of such MnAs
clusters [9, 31]. Recently, there were a few reports on ferromagnetic resonance (FMR) studies
investigating spin waves in ferromagnetic Ga1−x Mnx As layers and on deducing the magnetic
anisotropy of the layers [32–34]. We have previously shown that FMR is a useful tool
for determining the orientation of hexagonal MnAs clusters embedded in the GaAs:Mn host
matrix [31]. Due to the pronounced magneto-crystalline anisotropy of MnAs, the resonance
field of the FMR signal strongly depends on the orientation of the external magnetic field with
respect to a MnAs cluster. From the observed angular dependence the hexagonal MnAs [0001]
axis was found to be aligned parallel to the cubic GaAs [111] axis. In (Ga, Mn)As grown
on GaAs (111)A substrates the hexagonal axis of the magnetically dominant MnAs clusters is
aligned perpendicular to the plane of the substrate. On GaAs(001) substrates all four possible
orientations of the MnAs clusters in the GaAs:Mn matrix are detected.

Here, we will focus in particular on a set of granular GaAs:Mn/MnAs hybrid samples
grown by metal–organic vapour-phase epitaxy (MOVPE) for which we have demonstrated that
the transport properties are dominated by cluster effects [28]. We present a systematic FMR
investigation of GaAs:Mn/MnAs hybrids of different layer thickness 150 nm � d � 1000 nm
grown on GaAs(001) substrate. We will show that the FMR contains important information not
only on the orientation but also on the shape of the MnAs clusters formed in samples of different
layer thickness. We will discuss the relation between the observed magnetic anisotropy and the
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Figure 1. Transmission-electron microscope images of GaAs:Mn/MnAs layers of different
thickness (left: 150 nm, centre: 500 nm, right: 1000 nm). Three types of cluster shape labelled
A, B, C can be distinguished.

transport properties. Comparative transmission-electron microscope (TEM) measurements will
corroborate these results.

2. Sample preparation and characterization

Hybrid structures consisting of a paramagnetic GaAs:Mn matrix and ferromagnetic MnAs
clusters were grown by MOVPE as described in [35]. The layers were grown on GaAs(001)
substrates at a growth rate of 0.5 µm h−1, a V/III-ratio of 5, and a nominal Mn/Ga ratio of
24% in the gas phase. For all samples under investigation the growth temperature was kept at
500 ◦C. A series of four samples of different layer thicknesses (150, 300, 500 and 1000 nm),
but otherwise unaltered growth conditions was grown. Under these growth conditions, MnAs
clusters are formed within a GaAs:Mn matrix with Mn-doping levels of about 1019 cm−3.

To characterize the MnAs clusters formed during the MOVPE growth process further,
detailed TEM investigations were performed with a JEOL 3010 microscope. Three types of
MnAs cluster were found in the samples under study. Figure 1 exemplarily shows TEM images
of the samples #13080, #13076 and #13072 with layer thicknesses of 150, 500 and 1000 nm,
respectively. In the thin layer of 150 nm thickness (left image of figure 1), only one type of
cluster (referred to as type A) is detected. These clusters possess a lens-like shape and are
all situated close to the sample surface. A closer investigation yields average dimensions of
d‖ = 13 nm and d⊥ = 35 nm parallel and perpendicular to the surface normal, respectively.
The layer of 500 nm thickness (centre image of figure 1) contains, in addition to type A clusters,
two other cluster types. These are a type B of lens-shaped clusters with a bigger d‖/d⊥ ratio
than type A (i.e. closer to 1 but still smaller) and a type C with approximately spherical shape
(i.e. d‖/d⊥ ≈ 1). All three types of cluster are situated close to the surface for the 500 nm
layer. However, the clusters of type C are beginning to taper towards the surface, i.e. show a
tendency to be overgrown. This is further confirmed by the TEM image of the 1000 nm layer
(right image of figure 1). For this sample, clusters of type C can be found embedded in the bulk
of the layer whereas clusters of the other two types remain mainly located close to the surface.

Table 1 summarizes the types of cluster found in the four different layers. The dominant
type for each layer is indicated by a bold letter. It appears that with increasing layer thickness
in the MOVPE growth the shape of the dominant clusters changes from lens-shaped clusters of
type A to spherical clusters of type C. Type C appears to be the final stage of cluster formation.
Typical cluster densities are about 140 clusters per µm2, almost independent of the thickness
of the layer [28, 36]. Details of the actual formation process of the clusters and the overgrowth
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Figure 2. Right ordinate: temperature dependence of the magnetization for GaAs:Mn/MnAs layers
#13080 (d = 150 nm) and #13072 (d = 1000 nm) (measured at 1000 Oe) normalized to data of
MnAs single crystals taken from [38]. Left ordinate: corresponding magneto-crystalline anisotropy
of MnAs single crystals also taken from [38].

Table 1. Characteristic parameters of the studied GaAs:Mn/MnAs layers grown on GaAs(001)
substrates. The definition of the cluster types A, B and C is given in the text. The bold lettering
indicates the dominant cluster type in each layer.

Sample no Cluster types Thickness (nm)

#13072 A, B, C 1000
#13076 A, B, C 500
#13077 A, B 300
#13080 A 150

process are described elsewhere [35, 37]. In brief, layers of MnAs clusters (type A) are formed
at the surface, when the Mn concentration, which results from surface segregation, exceeds
a critical value. The MnAs clusters continue to grow by a process where Ga is transported
via diffusion to the bottom of the cluster, where GaAs:Mn with cubic zinc blende structure is
formed, while MnAs is dissolved there and Mn diffuses to the top of the cluster, where MnAs
is formed again. Thus, the cluster tends to remain located at the surface. During the growth
process a certain amount of Ga is incorporated into the MnAs cluster. This growth continues
until the cluster has reached a critical (final) size. Then the shape of the MnAs cluster changes
and the cluster becomes fully embedded in the matrix (type C). It is not quite clear whether
the shape transformation of the clusters from type A to type C is continuous or sudden shape
changes occur during the growth process as only three types of cluster are detectable by TEM
even for the thickest layer. The existence of a discrete number of cluster shapes is further
corroborated by the FMR studies discussed below.

The temperature-dependent magnetization of the GaAs:Mn/MnAs hybrid samples follows
the behaviour observed in pure MnAs [38] as shown exemplarily for the 150 nm layer #13080
and the 1000 nm layer #13072 in figure 2. All data have been normalized to the bulk
magnetization of 3.4 µB at low temperatures. The best agreement is found for the thin layer.
With increasing layer thickness deviations and a slight enhancement of the Curie temperature
up to about 340 K with respect to TC = 318 K of bulk MnAs [39] show up. This may
originate from different sources, e.g. strain or the single-domain character of the clusters, or
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Figure 3. Geometry for the angular dependence measurements. The MnAs cluster is modelled as
rotational ellipsoid with its symmetry axis parallel to the normal z of the GaAs(001) layer. The
hexagonal MnAs [0001] c-axis is aligned along the GaAs [111] direction. The shadowed plane
assigns the GaAs(110) plane of rotation.

the incorporation of a small fraction of Ga atoms into the clusters. As we will see, the shape
of the clusters, which changes with the thickness of the layers, plays an important role for the
effective anisotropy of the magnetization.

3. Model calculations

Before we present the experimental results in detail, we briefly introduce the theory of
ferromagnetic resonance [40] required to model the expected anisotropy of the resonance field.
We consider a ferromagnetic sample of magnetization M within an external static magnetic field
Hext. The effective magnetic field Heff acting on M includes the magneto-crystalline anisotropy
field Han determined by the lattice symmetry and the demagnetization field Hdem due to the
shape of the ferromagnetic sample:

Heff = Hext + Han + Hdem. (1)

Without damping, the magnetization M precesses around the direction of Heff with the Larmor
frequency ω = γ Heff. Here γ = gµB/h̄ denotes the gyromagnetic ratio with the g value, Bohr
magneton µB, and Planck constant h̄. This uniform precession can be driven on resonance by
a transverse magnetic microwave field h cos(ωt) ⊥ Hext.

In general the directions of the three contributions to the effective magnetic field are not
parallel to each other. Therefore it is useful to describe the resonance condition in terms of the
energy density U as (Smit–Suhl formula) [40](

ω

γ

)2

= 1

M2 sin2(θ)

[
∂2U

∂θ2

∂2U

∂ϕ2
−

(
∂2U

∂θ∂ϕ

)2
]

(2)

with the polar angle θ and the azimuth angle ϕ of the magnetization vector with respect to
the chosen coordinate frame. The full geometry of the problem is illustrated in figure 3. The
four possible orientations of the hexagonal c-axis of the MnAs cluster are given by the [111]
space diagonals in the cubic GaAs:Mn matrix. They are characterized by the polar coordinates
θc = 54.7◦ and ϕc = 0◦, 90◦, 180◦, and 270◦. Here the x-axis, which defines the zero
point for ϕ, is chosen along the [110] direction, along which the film is usually cleaved. The
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shadowed area indicates the (110) plane in which the external magnetic field is rotated during
a measurement described by spherical coordinates 0 � θH � 180◦ and ϕH = 0 or 180◦.
The other two rotation axes used in our experiments are the [110] axis (0 � θH � 180◦ and
ϕH = 90◦ or 270◦) and the [001] axis (0 � ϕH � 360◦ and θH = 90◦) forming an orthogonal
system with the [110] axis.

The right-hand side of equation (2) resembles the square of the effective field Heff =
−∇MU(θ, ϕ). The energy density is given by the sum of Zeeman UZee = −M · Hext,
anisotropy Uan and demagnetization Udem = M(NM)/2 energy with the demagnetization
tensor N. The resonance condition equation (2) has to be simultaneously fulfilled with the
equilibrium condition for the magnetization at (θ0, ϕ0), where the energy density has to attain
a minimum, i.e. the first derivatives of U with respect to θ or ϕ have to vanish and the second
derivatives have to be larger than zero.

To evaluate equation (2) the magnetization M is written in polar coordinates as Mx =
M sin θ cos ϕ, My = M sin θ sin ϕ, and Mz = M cos θ . The magnetic field Hext and the c-axis
direction c of the cluster are described analogously with the polar coordinates (H , θH , ϕH ) and
(c, θc, ϕc), respectively. Then the Zeeman energy reads

UZee = −M Hext[cos(ϕ − ϕH ) sin θ sin θH + cos θ cos θH ]. (3)

The uniaxial magneto-crystalline anisotropy is expressed by

Uan = Ku
{
1 − [cos(ϕ − ϕc) sin θ sin θc + cos θ cos θc]2

}
(4)

where we assume that the magneto-crystalline anisotropy energy can be confined to the
dominant uniaxial contribution Ku = K1 with respect to the crystallographic c-axis. This
is justified by the single-crystal investigations of de Blois and Rodbell [38] who found that
at 308 K the absolute value of the uniaxial contribution K1 = −5.75 × 106 ergs cm−3

is about four times larger than the higher-order terms K2 = +1.5 × 106 ergs cm−3 and
K3 = −1.15 × 106 ergs cm−3. Additionally, they determined the temperature dependence of
the sum of K1 + 2K2 + 3K3, which we show in figure 2 together with the magnetization data.
Assuming that 2K2 and 3K3 approximately cancel each other also for lower temperatures, this
yields a good estimate of the temperature dependence of K1. The corresponding anisotropy
field HA = K1(T )/M(T ) is approximately temperature independent with a value of about
HA = 16 kOe.

The different shapes of the clusters found by TEM can be approximated by rotational
ellipsoids. The rotation-symmetry axis of the lens-shaped clusters (type A and B) near the
film surface is oriented along the normal vector of the GaAs(001)-plane, which we choose as
the z-axis of our coordinate system. Hence, the demagnetization tensor is diagonal with the
components Nz ≡ N‖ ∝ 1/d‖ and Nx = Ny ≡ N⊥ ∝ 1/d⊥, which are determined by the
inverse diameter of the cluster parallel (d‖) and perpendicular (d⊥) to its rotational axis and
have to fulfil the normalization condition Nx + Ny + Nz = 4π . If the Cartesian coordinates
coincide with the principal axes of the ferromagnetic ellipsoid, the shape anisotropy is written
as

Udem = 1
2 M2(Nx sin2 θ cos2 ϕ + Ny sin2 θ sin2 ϕ + Nz cos2 θ). (5)

From these expressions (3)–(5) the first and second derivatives with respect to θ and ϕ are
calculated analytically and inserted into equation (2) and into the minimization conditions for
the free energy density U . For given values of M , Ku, Nx , Ny , Nz , θH , ϕH and ω the resonance
field Hres is determined from the simultaneous numerical solution of the resonance condition
and the minimization of U . The full angular dependence of the resonance field is obtained by
performing this procedure for all angles θH , ϕH of interest.
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4. Experimental results and discussion

The ferromagnetic resonance (FMR) measurements were performed with a Bruker ELEXSYS
E500 CW-spectrometer in a rectangular H102 cavity at X-band frequency (ν ≈ 9.35 GHz). The
temperature is varied by a helium continuous gas-flow cryostat (Oxford Instruments) working
in the temperature range 4.2 K � T � 300 K. The FMR spectra record the power Pabs

absorbed by the sample from the transverse magnetic microwave field as a function of the
static magnetic field H . The signal-to-noise ratio of the spectra is improved by detecting the
derivative dPabs/dH using a lock-in technique with 100 kHz field modulation. The GaAs films
were glued on a suprasil-quartz rod, which allowed the rotation of the sample around defined
crystallographic axes.

Figure 4 illustrates the FMR spectra and their anisotropy for the three characteristic sample
orientations. As one can see in the inset, the spectra consist of at least two resonance lines with
their resonance fields strongly dependent on the direction of the applied magnetic field. The
solid line represents a fit by the field derivative of two Lorentzian curves on a linear background
which accounts for microphone effects due to the field modulation technique. The main pictures
give an overview of the angular dependence of the spectra. They represent a two-dimensional
map of the dependence of the FMR signal on the magnetic field strength and orientation. The
grey scale illustrates the signal amplitude as indicated by the spectrum in the inset.

The rotation within the (110) plane shows two identical curves (‘one feature’) with a
periodicity of 180◦ each. They cross each other at 0◦ and 90◦, giving rise to a mirror symmetry
with respect to the GaAs [001] and [110] axes. Their minimum resonance field is located at
approximately 3 kOe; the maximum field is beyond the limit of the experimental setup. The
polar angles of these resonance maxima are near the GaAs [111] and [111] directions indicating
the hard magnetic axes of MnAs clusters grown with their hexagonal c-axis along these two
orientations. In the (110) plane, two more curves with the same symmetry become observable at
lower resonance field (2 kOe in the minimum). Finally, in the (001) plane, basically no signal
is noticeable except for those directions where the azimuthal angle hits the GaAs [110] and
[110] axes. Due to higher amplification compared to the other two frames, angle-independent
absorption lines show up at resonance fields of about 1.7 and 3.4 kOe. They originate from the
background of cavity and substrate.

For further discussion, the resonance positions have been determined for all layer
thicknesses and sample orientations. Most information can be obtained from the anisotropy
within the (110) plane which is shown in figure 5(a). The thinnest layer exhibits only one
resonance feature, the minimum of which is located at about 3.5 kOe. With increasing thickness
(300 nm), this feature is found at slightly lower resonance field (3 kOe) and a second one
appears at 1.9 kOe. The 500 and 1000 nm layers show a total of four features, with their
minimum fields between 0.9 and 3.5 kOe.

To describe the resonance features, simulations have been carried out which are based on
the model developed above. The magnetization and anisotropy constant are taken from [38].
The remaining fit parameters are the cluster shape, given by the ratio between height and width,
and the crystallographic orientation of the hard axis of the MnAs cluster in the GaAs matrix.
The latter is expected to be 54.74◦ due to the substrate orientation. This value has been used for
the simulations in figure 5(a). It turned out that it is possible to describe all observed resonance
features only by variation of the cluster geometry. The thin layer shows flat (‘pancake’) clusters
with an Nz :Nx ratio of 0.25. For the 300 nm layer, two cluster types are necessary to describe
the data: one with an Nz :Nx of 0.35 and another with 0.55. In the layers of 500 nm and
above, nearly spherical (Nz :Nx = 0.8) clusters can be found in addition to the pancake-like
ones. The determined Nz :Nx ratios between 0.25 and 0.8 are in good agreement with the TEM
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Figure 4. Angular dependence of the ferromagnetic resonance spectra in sample #13077 (d =
300 nm, T = 150 K) with the rotation axis parallel to GaAs [001] (magnetic field always within
the layer), [110] and [110] (substrate orientations) directions (upper, middle and lower frame,
respectively). Inset: typical spectrum at θ = 30◦ for rotation around the [110] axis (cf middle
frame). The grey scale indicates the signal amplitude.

pictures. The small, intermediate and large ratios correspond to the clusters of type A, B and
C, respectively.

The important result of this evaluation is the fact that only the shape of the clusters
determines the changes in the magnetic properties of the hybrid system. The magnetization and
its anisotropy are found to have the same values as bulk MnAs and therefore are independent
of the cluster shape and size. Comparing the shift of the resonance maxima with increasing
Nz :Nx , one nicely recognizes the competition between the magneto-crystalline anisotropy
and the shape anisotropy. The magneto-crystalline anisotropy is the dominant contribution
with the maximum of Hmax = 35.0 kOe at θ = 54.74◦ and analogous orientations. The
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(a) (b)

Figure 5. (a) Left side: angular dependence of the ferromagnetic resonance fields for all layer
thicknesses d under consideration at T = 150 K with the rotation axis parallel to the GaAs
[110] direction. The solid lines represent simulations for the Nx /Nz ratios given at the top for the
respective resonance minima marked by straight dotted lines. (b) Right side: angular dependence
of the ferromagnetic resonance fields for different layer thicknesses d (150, 300 and 1000 nm) at
T = 150 K with the rotation axis parallel to the GaAs [110] direction. The solid lines represent
simulations for the Nx /Nz ratios given at the top for the respective resonance minima marked by
straight dotted lines. The horizontal bars in the upper frame indicate the linewidth at the respective
resonance fields. The triangles in the middle frame mark the resonance positions at T = 300 K.

(This figure is in colour only in the electronic version)

shape anisotropy vanishes for spherical clusters, but it becomes evident for the pancake-shaped
clusters with the preferred direction θ = 0◦ and therefore shifts the maximum down to θ = 50◦
(Hmax = 35.5 kOe). At the same time the minimum resonance field is evidently shifted to
higher magnetic fields due to the competition of both anisotropy contributions as well.

Additional information and support of the above evaluation is obtained from the discussion
of the FMR in the (110) plane (depicted in figure 5(b)). The thin layer again shows only one
resonance feature with a minimum of around 3.5 kOe which now belongs to the other two
possible MnAs cluster orientations in the GaAs matrix (i.e. [111] and [111]). However, a slight
asymmetry is noticeable between the two curves. Furthermore, it turned out that a description
with the MnAs hard axis exactly aligned along the GaAs [111] direction θc = 54.74◦ was not
possible (dotted line). With a slightly increased angle (θc = 57◦; solid line), the description
becomes better on one side of the curves, but worse on the other side. This means that we have
a finite distribution of growth angles in this sample. With increasing layer thickness, the angle
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stabilizes at θc = 60◦, which gives a satisfactory description of all resonance features in both
the 300 and 1000 nm layer. It seems that the MnAs cluster growth with the c-axis along the
GaAs [111] and [111] direction is preferred in comparison with the other two crystallographic
directions. This is corroborated by the fact that in the thin layers (150 and 300 nm) the
resonance fields observed in the (110) plane yield a larger Nz :Nx than those in the (110) plane
of the same sample, i.e. the clusters of the former orientation are thicker and start to grow earlier
during the MOVPE growth than those of the latter orientation.

Returning to figure 4 the azimuthal angular dependence shown in the upper frame proofs
that there exist no preferred growth orientations for the MnAs clusters other than the GaAs
space diagonals. Only when we meet the projection of these space diagonals onto the (001)
plane, do distinct signals appear which from their resonance fields can be unambiguously
ascribed to the corresponding MnAs clusters. For the other angles the FMR signal is strongly
broadened and smeared out, thus revealing a finite distribution of the cluster axes and shapes.
Nevertheless, the discrete number of FMR features observed in all layers proves that there is
not a continuous distribution but some kind of quantization of the MnAs cluster shape, i.e. only
a few preferred diameter ratios between thin pancakes at the surface and overgrown spheres in
deeper regions exist.

The sharpness of the quantization of cluster shapes can be roughly estimated from the
linewidths. As exemplarily indicated in the upper right-hand frame of figure 5, the linewidth
of the signals increases from a few hundred Oe at low resonance fields (below 5 kOe) to some
kOe at high fields (10–16 kOe). With increasing linewidth deviations from the Lorentzian
line shape show up. This again suggests that the line broadening is dominated rather by
‘macroscopic’ cluster properties (orientation and shape) than by intrinsic relaxation. The width
of the shape distribution can quantitatively be estimated by performing simulations with slightly
varied Nz :Nx . Taking into account all Nz :Nx which yield resonance fields within the linewidth
of a given angle-dependent resonance feature, one finds that the width-to-height ratio of the
clusters varies by less than ±0.1.

Now we turn to the temperature dependence of the FMR in the GaAs:Mn/MnAs layers.
As already indicated in the middle frame of figure 5(b), the changes of the resonance-field
anisotropy with temperature can be reasonably described by taking into account the temperature
dependence of the magnetization. All other parameters are kept constant in the description of
the angular dependence at 300 K as compared to that at 150 K. The full temperature dependence
of the ferromagnetic resonance spectra is depicted in the left frame of figure 6 for the thin layer
with d = 150 nm. At first one can see that the ferromagnetic resonance positions practically
do not change below 150 K, corroborating the persistence of a nearly constant anisotropy down
to the lowest temperatures. Besides, one observes that below about 60 K a broad absorption
appears which extends as a dark shadow over the full accessible field range and increases with
decreasing temperature. The anisotropy of this broad absorption is illustrated in the right
frame at a temperature of T = 4 K. It is symmetric with respect to the normal of the layer
and is shifted to high fields above the accessible range of the magnet for the magnetic field
applied within the layer plane. At the same time the well known anisotropy of the thin lens-
shaped MnAs clusters is visible. Again, the angle-independent absorption lines observed at
resonance fields of about 1.7 and 3.4 kOe originate from the background of cavity and substrate.
With increasing layer thickness the broad absorption signal quickly weakens. Already in the
d = 300 nm layer one observes only a slight change of the background between 40 and 60 K.

At first glance one might assume that the broad absorption is due to an FMR signal of
the GsAs:Mn matrix itself, but this can be ruled out as the Mn concentration in the matrix
is smaller than 0.5%, i.e. the matrix remains paramagnetic down to the lowest temperatures
accessible in our experiment. Furthermore, we found that the paramagnetic resonance signal of
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Figure 6. Left frame: temperature dependence of the ferromagnetic resonance spectra in sample
#13080 (d = 150 nm, θ = 66◦). Right frame: corresponding angular dependence with the rotation
axis parallel to the GaAs [110] direction at T = 4 K. The grey scale indicates the signal amplitude,
as in figure 4.

Mn is too weak for detection in purely paramagnetic p-type GaAs:Mn layers of comparable
thickness (without MnAs clusters). To understand this broad resonance absorption at low
temperatures it is helpful to refer to the transport properties reported earlier [28]. There are
two competing mechanisms which govern the magneto-resistance leading to a change from a
positive magneto-resistance with a maximum at 60 K to a negative one at low temperatures. The
positive magneto-resistance at high temperatures indicates that the preferred spin orientation
of the charge-carrier holes is different in the ferromagnetic MnAs cluster with respect to the
paramagnetic GaAs:Mn matrix. At low temperatures the electrical resistivity in GaAs:Mn
layers with MnAs clusters is larger than in GaAs:Mn layers without clusters. This can be
explained by the trapping of the charge-carrier holes at the interface between the MnAs clusters
and the GaAs:Mn matrix. Application of an external magnetic field lifts the trapping and hence
results in a negative magneto-resistance. The hole trapping can also explain the additional broad
absorption signal. Each localized hole spin gives rise to paramagnetic resonance. Depending
on the position where they are trapped, the hole spins experience a broad distribution of local
fields due to crystal anisotropy and magnetization. These local fields add to the external field
and give rise to different resonance conditions for each hole. Hence the absorption is broadened
at least over the full range of magnetic fields between zero and the anisotropy field. Finally it
is important to note that both the observed magneto-resistance behaviour and the additional
low-temperature signal are best visible for the thinnest layer and are strongly suppressed with
increasing layer thickness, which supports the correlation between both effects.

5. Conclusions

Ferromagnetic resonance was used to study the magnetic properties of MOVPE-grown
paramagnetic–ferromagnetic granular hybrid layers (thickness 150 nm � d � 1000 nm)
consisting of ferromagnetic MnAs clusters embedded in a paramagnetic GaAs:Mn matrix.
The angular and the field dependence of the observed ferromagnetic resonance curves of the
MnAs clusters can be modelled using the classical equation of motion for the magnetization
and accounting for Zeeman, magneto-crystalline anisotropy and demagnetization effects. All
MnAs clusters grow with their hexagonal c-axis approximately along the cubic GaAs [111] and
the three corresponding directions. The differences of the resonance behaviour observed for
the various samples under study can be entirely described by the variation of demagnetization
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factors due to different dominant cluster shapes. Assuming a rotational ellipsoidal shape of
the clusters allows one to fit the resonance curves by varying the height-to-width ratio of the
axes of the ellipsoid. With increasing layer thickness the dominant cluster shape changes
from a lens shape to a spherical shape. The latter shape appears to be the final stage of
the shape transformation of the clusters for the MOVPE growth conditions used. These
results are corroborated by transmission-electron microscope studies on the same samples.
The temperature dependence of the magnetic resonance spectra reveals an additional broad
absorption signal below 60 K, which can be ascribed to hole spins localized at the interface
between MnAs clusters and GaAs:Mn matrix. The analysis demonstrates that the magnetic
properties of the mesoscopic hexagonal MnAs clusters can be tuned by controlling the shape
of the clusters in the growth process.
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