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1. Introduction

Magnetic semiconductors (MS) are promising
materials for spin electronic devices, e.g. MS

∗ Corresponding author. Tel.: +49-6421-2821353; fax:
+49-6421-282-7036.

E-mail address: wolfram.heimbrodt@physik.uni-marburg.de
(W. Heimbrodt).

layers may serve as spin-Flters or spin-aligners for the
spin injection into non-magnetic semiconductor lay-
ers. Besides the well investigated (II,Mn)VI diluted
magnetic semiconductors (DMS) with a strongly
enhanced paramagnetic behaviour [1,2] (Ga,Mn)As
was suggested as new material, which exhibits fer-
romagnetism with Curie-temperatures up to 100 K
for xMn ≈ 0:05. The advantage of (Ga,Mn)As (or
even (In,Mn)As [3]) over (II,Mn)VI DMS is their
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compatibility with current III–V electronics and
opto-electronics [4,5]. Up to now, the growth tech-
nique employed for obtaining heavily Mn-doped
GaAs has been exclusively low temperature MBE.
We demonstrate that (Ga,Mn)As can be success-
fully grown by metal-organic vapour-phase epitaxy
(MOVPE), which is also of interest for industrial
applications.
Currently, the sign of the p–d exchange integral

N0� between the localised Mn moments and the ex-
tended valence band states is intensively discussed in
experimental as well as theoretical work [6–11]. In
the present paper, we will show that the sign of N0�
depends on the growth conditions.

2. Experimental details

We have used bis-(methylcyclopentadienyl) man-
ganese ((MeCp)2Mn) as Mn-precursor, triethylgal-
lium and tertiarbutylarsine as Ga and As sources
for the MOVPE of the Ga1−xMnxAs system [6,12].
The Ga1−xMnxAs epitaxial layers were grown on
(1 0 0) GaAs substrates with a thin undoped GaAs
bu6er in a horizontal reactor system at substrate tem-
peratures in the range of 400◦C to 550◦C. The growth
rate was about 1 �m=h. The epitaxial layers have been
characterised by X-ray di6raction and transmission
electron microscopy (TEM). Both techniques reveal
the high structural quality of the Ga1−xMnxAs. The
magnetic and magneto-optical properties have been
investigated by superconducting quantum interfer-
ence device (SQUID) measurements, electron spin
resonance (ESR) measurements, magneto-optical
photoluminescence (PL) and PL excitation (PLE)
measurements in external Felds up to 7:5 T as well
as spin-; ip Raman spectroscopy (SFRS) in magnetic
Felds up to 14 T.

3. Results and discussion

Depending on the growth conditions the sam-
ples exhibit either paramagnetic or ferromagnetic
behaviour. In Fig. 1a the PL of a ferromagnetic
(Ga,Mn)As layer is compared to that of a paramag-
netic (Ga,Mn)As layer. The peaks at about 1:514 eV
are due to donor-bound excitons (D0X) and the peaks

Fig. 1. (a) Photoluminescence spectra of a ferromagnetic
and paramagnetic epitaxial layer. (b) Corresponding hh-exciton
Zeeman-splitting as a function of magnetic Feld B determined by
PLE. (c) Energy splitting versus B for di6erent samples. T =2 K.

at 1:495 eV are the well known carbon (CAs) free to
bound (FB) transition [13]. These excitonic emission
bands are partly bu6er related. The broad emission
bands (DAP) around 1:41 eV and the corresponding
LO-phonon replica consisting of two series of lines
originate from the (Ga,Mn)As layer. The high-energy
series is the free electron to acceptor transition,
whereas the weaker low-energy series must be as-
cribed to a donor–acceptor pair transition. The high
intensity of the bands prove that Mn is incorporated
as acceptor on cation sites.
The paramagnetic and the ferromagnetic samples

exhibit a strong s, p–d exchange interaction between
the localised magnetic moments of the Mn2+ ions and
the extended band states, which leads to the so-called
‘giant’ Zeeman-splitting at low temperatures. For the
heavy hole (hh) excitons the splitting can be calculated
in mean Feld approximation:

REexc = gexc�BB+ xMn · N0(�− �)SBS(&); (1)

where N0� and N0� are the exchange integrals of
the conduction band (CB) and valence band (VB);
S=5=2; BS(&) is the modiFed Brillouin function with
&=SgMn�BB=k(T +�); gexc is the excitonic g-factor,
�B is Bohr’s magneton, B is the external Feld; gMn ≈
2 and� is the Curie–Weiss parameter. Combining the
results of exciton Zeeman-spectroscopy and SFRS the
exchange integrals for the CB and VB can be deter-
mined separately. SFRS is sensitive to the exchange
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Fig. 2. (a) Spin-; ip Raman scattering spectra of the conduction band electrons for various magnetic Felds B. (b) Energy position of the
spin-; ip signal versus B.

integral of the CB only. The CB splitting is given by:

RECB = ge�BB+ xMn · N0�SBS(&); (2)

where ge is now the electron g-factor. In Fig. 2a
typical electron SFRS spectra are depicted. The
corresponding Raman-shifts are given in Fig. 2b
for a paramagnetic and a ferromagnetic sample at
various B-strengths. Using the ge = −0:44 for the
GaAs electron [14] and its B-dependence caused by
the non-parabolicity of the CB: g∗(B) = ge + gBB
with gB = 0:0035 T−1 [15] (dashed line in Fig. 2b),
it becomes evident, that N0� is positive in both
samples.
The hh-exciton splittings have been measured by

PLE in Faraday conFguration detection on the DAP
and are depicted in Fig. 1bfor the paramagnetic
and ferromagnetic samples as a function of B. It
can be seen, that the e6ective excitonic coupling to
the band states is ferromagnetic (�−¡�+) in the
case of the paramagnetic sample, but is antiferro-
magnetic (�+¡�−) in the case of the ferromagnetic
sample. These results have been conFrmed by study-
ing various other samples by PLE and by re; ection
measurements. The excitonic splitting caused by the
ferromagnetic coupling in the paramagnetic samples
is opposite to that of undoped GaAs [6,7] and also
opposite to that of all (II,Mn)VI DMS [1,2]. Since the

sign of N0� is unchanged (Fig. 2b), it follows, that
it is actually the VB exchange integral that changes
its sign with increasing Mn-content and leads to an
e6ective antiferromagnetic coupling of the excitons
in the ferromagnetic samples. It is worth mentioning,
that there was some confusion and debate in recent
papers about the sign of N0�. From magnetic circular
dichroism measurements it was concluded that the
p–d exchange integral of (Ga,Mn)As is antiferromag-
netic (N0�¡ 0) [8], whereas Szczytko et al. [9] and
the present authors in an earlier paper [6] reported
a positive N0�. Only recently an explanation of the
ferromagnetic-type splitting was given on the basis of
an antiferromagnetic p–d exchange interaction, tak-
ing into account the Moss–Burstein e6ect, resulting
from high hole concentrations [9,10]. However, the
hole concentration in our paramagnetic sample, deter-
mined by Hall-measurements, is about 1019 cm−3 at
300 K and less than 1016 cm−3 below 100 K. Thus,
the Fermi energy at 2 K is deFnitely above the VB
edge. Therefore the considerations in Refs. [9 and 10]
do not apply to our sample and we state, that in the
paramagnetic case N0� is positive.
In Fig. 1c the Zeeman-splitting for three samples is

depicted after subtracting the normal Zeeman contri-
bution (gexc�BB). The exciton g-value (gexc = 0:84)
has been determined from the hh-Zeeman splitting of
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Fig. 3. Temperature dependence of the remanence of a ferromag-
netic (Ga,Mn)As epitaxial layer. Inset: corresponding hysteresis
at T = 5 K.

an undoped GaAs-epilayer [6]. Again the opposite
signs of the exchange integrals for the paramagnetic
sample (curve 1) and for the ferromagnetic sample
(curve 3) are obvious. Curve 2 has been measured
on a sample with somewhat higher Mn-concentration
than the paramagnetic sample. From Eq. (1) one
would therefore expect a larger excitonic splitting.
However, the measured splitting is considerably
smaller. Even for that sample we can exclude from our
Hall-measurements a Moss–Burstein e6ect. In what
follows, we show that the sign reversal mechanism is
correlated with the occurrence of ferromagnetism.
Fig. 3 depicts a typical hysteresis at 5 K and the

remanence curve as a function of temperature of
a ferromagnetic (Ga,Mn)As-epilayer with high Mn
concentration measured by SQUID. It is worth point-
ing out, that the Curie temperature is above 300 K,
which is essential for applying this material in spin
electronics. The reason for the room temperature
ferromagnetism is the formation of microclusters of
Mn(Ga)As within the paramagnetic (Ga,Mn)As host
(see Fig. 4). The cluster size detected by bright-Feld
TEM investigations is about 80–100 nm in diameter
and about 150–200 nm in height. No dislocations are
observable in the entire layer structure. SpeciFc mi-
croscopic investigations are in progress to clarify the
structure, crystalline orientation and chemical com-
position of the clusters [16]. The formation of MnAs
clusters has been reported by various authors for
as-grown high-temperature MBE samples [17] as well

Fig. 4. Bright Feld TEM micrograph of a Mn(Ga)As clusters
within the paramagnetic (Ga,Mn)As host.

Fig. 5. ESR spectra of the ferromagnetic sample in dependence on
the angle between sample normal and magnetic Feld (0◦ to 180◦).
T = 50 K. Inset: Positions of the main peaks versus the angle
between the sample normal and magnetic Feld (−120◦ to 120◦).

as low-temperature MBE samples after post-growth
annealing [18,19].
Fig. 5 depicts typical ESR spectra measured on a

ferromagnetic sample using an X-band spectrometer.
Details will be discussed elsewhere. These signals are
not observable in our paramagnetic samples. A dis-
tinct feature of the ESR spectra is a strong anisotropy
detectable when changing the angle between the sam-
ple normal and B-axis. The inset shows the 180◦ sym-
metry of the anisotropy, which is caused most likely
by the easy axis of the sample magnetisation. It is in-
teresting to note, that we were also able to detect a
weak ESR signal of this kind for sample 2 of Fig. 1c,
although, for this sample, the ferromagnetism was not
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detectable by SQUID and no large clusters were de-
tected by TEM. We conclude, that this sample is at
the threshold of micro-cluster formation.
Correlating the information about the ferromag-

netism with the magneto-optical results allows one
to tentatively determine absolute values for the
exchange integrals in the paramagnetic and ferro-
magnetic case. The concentration-independent ratio
R = N0�=[N0(� − �)] can be determined very accu-
rately for each sample using Eqs. (1) and (2) in the
saturation range of the Brillouin-function, whereas for
a determination of absolute values of the exchange
integrals a very precise knowledge of the Mn concen-
tration xMn is needed. For the paramagnetic sample
used in Fig. 1 xMn was determined by SIMS measure-
ments to be about 0.001 in agreement with Hall-data.
In the case of the ferromagnetic sample, actual and ef-
fective Mn concentration need to be distinguished. As
we discuss the exchange splitting of the band states
of the (Ga,Mn)As host material and not the band-
structure of the ferromagnetic clusters, the e6ective
xMn is that within the host material and is of compa-
rable magnitude to that of the paramagnetic sample.
In what follows, we assume that the e6ective xMn

are 0.001 for the paramagnetic and the ferromagnetic
sample. The best Ft for the paramagnetic sample in
Fig. 1c yields xMnN0(�−�)=−2:5 meV, whereas the
respective Ft in Fig. 2 gives xMnN0�=2:3 ·10−2 meV.
Thus, we derive:

N0�
N0�

=
R

R− 1
∼= 0:01: (3)

This is a surprisingly small ratio for the absolute values
of the exchange integrals. In the case of the (II,Mn)VI
DMS the absolute value of the VB exchange inte-
gral N0� is known to be only about 4–5 times larger
than N0�. We tentatively deduce N0� =+2:5 eV and
N0�=+0:023 eV in the paramagnetic case. For the fer-
romagnetic sample, we obtain from Fig. 2b the same
xMnN0� as in the paramagnetic case, but a di6erent
xMnN0(� − �) from Fig. 1c. Using the experimen-
tal ratio N0�=N0� = −0:083 yields N0� = −0:28 eV
in the ferromagnetic case. Obviously, two di6erent
p–d coupling mechanisms must be present in the para-
magnetic and ferromagnetic regimes. Therefore, the
absolute values ofN0� can be considered only as lower
limits of the ‘pure’ exchange integrals, i.e. both values
might be partly compensated by the competing mech-

anism. The smaller exciton splitting of the sample 2
in Fig. 1c may be the result of a beginning compensa-
tion mechanism of the VB exchange integrals caused
by the occurrence of microscopic ferromagnetic clus-
ters. There is no or a much weaker compensation of
the CB exchange integral.

4. Conclusions

MOVPE growth of high quality (Ga,Mn)As layers
is possible. Excitonic transitions are observable even
at higher xMn. The reversal of sign of the VB exchange
integral N0� is monitored. At very low xMn, we Fnd
a ferromagnetic p–d coupling which becomes partly
compensated by an antiferromagnetic coupling with
increasing xMn. This compensation is related to the
formation of ferromagnetic Mn(Ga)As clusters.
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