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Spin electronics and spin optoelectronics are key
technologies of the future. They will provide new
spin-dependent magneto-optical and magneto-electri-
cal devices [1]. Possible candidates, which may serve
as a 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 Ga;_,Mn,As alloy is p-type and exhibits fer-
romagnetism. However, as the spin dephasing times
for holes are much faster than for electrons and the
observed Curie temperatures 7¢ < 150 K, the alloy is

* Corresponding author. Tel.: +49-6421-2822118; fax: +49-
6421-2827036.

E-mail address: thorsten.hartmann@physik.uni-marburg.de
(Th. Hartmann).

not suitable for room-temperature spin applications.
Another phase of this material system is ferromag-
netic MnAs clusters embedded in a paramagnetic
Ga;_,Mn,As host matrix. This hybrid system al-
lows n-type doping of the matrix and, in addition,
exhibits ferromagnetism above room temperature due
to the MnAs clusters. Therefore, it is of interest to
investigate the magnetic behaviour of the clusters
themselves and their interaction with the electrons of
the host matrix. Here, we present systematic angular
and temperature-dependent electron-spin-resonance
(ESR) studies of Ga;_,Mn,As with MnAs clusters
grown in situ by metal-organic vapour-phase epitaxy
(MOVPE). De Boeck et al. [2] have reported previ-
ously on the formation of ferromagnetic MnAs nano-
clusters (5-30 nm in diameter) due to post-growth



thermal annealing of Ga;_,Mn,As alloys grown by
low-temperature molecular beam epitaxy. Recently,
such clusters have attracted much attention (e.g. Refs.
[3-8D).

(Ga,Mn)As samples with and without MnAs clus-
ters can be obtained by MOVPE [9-11]. In what
follows, we focus on two 1 pum thick Ga;_,Mn,As
samples with MnAs clusters grown on (001) and
(111) GaAs substrates, respectively, at about 500°C
and high Mn-fluxes. Under these conditions, MnAs
clusters are formed in situ within a Ga;_,Mn,As host
with x &~ 0.1%. They are situated close to the surface
and their size ranges between 50 and 200 nm. Despite
the different crystal structures, the clusters are incor-
porated nearly dislocation-free into the Ga;_,Mn,As
matrix [10]. ESR measurements were performed at
X-band frequencies using a Bruker ELEXSYS E500
CW spectrometer equipped with a continuous-flow N,
cryostat.

Ferromagnetic resonances are observed in the ESR
spectra of both cluster samples even above room tem-
perature. Due to the hexagonal symmetry of MnAs,
the ESR signals show a strong angular dependence.
Figs. 1a and 2a show a typical series of ESR spec-
tra obtained at 7 = 200 K for the (111) and (001)
samples, respectively. The samples were rotated with
respect to Hex; as follows: the axis of rotation (per-
pendicular to H.y) was chosen perpendicular to the
GaAs [111] direction for the (111) sample and
parallel to the GaAs [110] direction for the (001)
sample. The magnetic resonance fields Hges (symbols
in Figs. 1b and 2b) can be derived by fitting the spec-
tra with the first derivatives of asymmetric Lorentzian
line shapes [12]. In the fit of the angular-dependent
spectra of the (00 1) sample, we have only accounted
for the strongest resonance. Two additional weaker
resonances are also observed as discussed below.
Assuming that the clusters are spherical uniaxial fer-
romagnets, the angular dependence of Hges can be
described by [13]
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Fig. 1. Angular dependence of the ESR signal in samples on GaAs
(111) substrate. The spectra in (a) are shifted for clarity. The
angular steps are 5° in all graphs.

where Hy is the “anisotropy field” which is an empir-
ical parameter. ¥ and )y are the angles between the
axis of anisotropy and H.y and the magnetisation M,
respectively. y is the gyromagnetic ratio for a g-factor
of 2. wy =2nv, where v=9.35 GHz is the microwave
frequency. The model neglects demagnetisation
effects and higher-order contributions to the anisotropy.
The theoretical curves (solid lines in Figs. 1b and 2b)
agree well with the experimental ones. Four important
results are derived: (i) the crystallographic orientation
of the clusters with respect to the matrix is the same
for both samples, i.e. MnAs [0001] || GaAs [111].
This agrees with the crystal orientation reported for
MnAs nanoclusters [8]. But it is different from those
reported for MnAs thin films [14]; (ii) the easy axis
of magnetisation is perpendicular to MnAs [000 1]
for both samples, which is also common for MnAs
bulk [15] and thin films [14]; (iii) at 200 K, the
values of Hy are —1.3 and —0.58 T for the (111)
and the (001) samples, respectively; (iv) all the
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Fig. 2. Angular dependence of the ESR signal in samples on GaAs
(001) substrate. The spectra in (a) are shifted for clarity. The
angular steps are 10° and 5° in (a) and (b), respectively.

clusters in the (111) sample are oriented with the
c-axis parallel to the growth direction. All magnetic
moments will align in one direction in the plane of
the layer for small Hey. In contrast, the c-axis of
the clusters in the (001) sample have four possi-
ble orientations along the equivalent GaAs [111]
directions resulting in four, usually different direc-
tions of the magnetisation with respect to a small
H.y. This is reflected by the occurrence of more
than one ferromagnetic resonance at most angles
in Fig. 2b. Another angular dependence of Hpes
for the (111) sample is shown in Fig. lc, where
the sample was rotated about the c-axis with Hey
perpendicular to the c-axis. An anisotropy with a
60° periodicity corresponding to the six-fold sym-
metry of the hexagonal plane of MnAs is observed.
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Fig. 3. Temperature dependence of the ESR signal in samples on
GaAs (111) substrate. The spectra in (a) are shifted for clarity.
The temperature steps are 4 K in (a) and 2 K in (b) and (c).

This in-plane anisotropy is at least by one order of
magnitude smaller than the uniaxial anisotropy.

Figs. 3a and 4a show temperature-dependent ESR
results. All measurements were performed with Hey
parallel to the easy axis of magnetisation (in the case
of the (00 1) sample for one of the four possible ori-
entations of the clusters). Figs. 3c and 4b depict the
fitted resonance fields Hges. Only one resonance is
visible in the case of the (111) sample. The corre-
sponding resonance field Hg¢s increases with temper-
ature. Using Eq. (1) the anisotropy field H5 can be
derived from Hg.s at each temperature. H, decreases
as expected with decreasing ferromagnetism (Fig.
3b). The derived resonance fields Hges for the (00 1)
sample show a more complex temperature depen-
dence (Fig. 4b). Three resonances are visible in this
geometry. Two originate from the two cluster orienta-
tions with the c-axis in the plane of rotation, whereas
the third originates from the remaining two degener-
ate cluster orientations with the c-axis out of the plane
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Fig. 4. Temperature dependence of the ESR signal in samples on
GaAs (00 1) substrate. The spectra in (a) are shifted for clarity
and the temperature steps are 4 K. In (b), the temperature steps
are 2 K below 285K and are 1K in the vicinity of the phase
transition.

of rotation. An abrupt reduction of Hges of the three
resonances occurs at about 290 K. Both samples re-
main ferromagnetic up to 330 K. The change of Hges
suggests that a structural phase transition might occur
at 290 K. This would be in contrast to MnAs bulk ma-
terial, where the magnetic phase transition coincides
with a structural phase transition from hexagonal
o-MnAs to orthorhombic -MnAs at T¢ [15]. Also, no
change of signal is observed at 290 K for the (111)
sample. Another possibility might be the decreasing
anisotropy with increasing temperature. Below 290 K,
the resonances at the higher fields originate from clus-
ters, whose easy magnetisation axis are not parallel
to Hex (at least for He < 1.6 T) due to the strong
magnetic anisotropy. Above 290 K, the anisotropy is
probably reduced such that all magnetic moments can
align almost parallel to H.y. Therefore, the required
Hy to reach the ferromagnetic resonances is abruptly
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reduced. Further experiments are needed to fully
clarify this behaviour. The Curie temperature 7¢ ~
330 K observed in both samples is slightly increased
compared to 7¢c ~ 318 K of MnAs bulk material or
thin films [15]. Possible explanations are the strain
state or the single-domain character of the clusters,
or the incorporation of a small fraction of Ga atoms
into the clusters.

In conclusion, we have shown that (Ga,Mn)As-
based hybrids consisting of a Mn-doped GaAs
matrix with oriented MnAs clusters might be suit-
able for spin-electronic devices for operation above
room temperature. From the point of view of the
magnetic properties, the (111) samples offer ad-
vantages compared to the (001) samples. Further
experiments to investigate possible applications are
needed.
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