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Abstract

We investigated the structural and magnetic properties of MnxGe1�x, with 0.02 6 x 6 0.1. The MnxGe1�x samples were grown on
Ge(001)2 · 1 by molecular beam epitaxy, at a substrate temperature of 520 K. The samples were characterized in situ by reflection
high-energy electron diffraction and ex situ by high-resolution transmission electron microscopy, energy dispersive X-ray reflectivity
and magneto-optical Kerr effect. From microscopy images we evidenced on all samples the presence of Mn5Ge3 nanocrystallites in addi-
tion to the MnxGe1�x diluted magnetic semiconductor with an estimated Mn concentration x � 1.5%. The size and the density of the
Mn5Ge3 precipitates were found to increase with increasing the Mn concentration x. Magnetic analysis showed ferromagnetism with
a Curie temperature of 280 K for all samples.
� 2007 Elsevier B.V. All rights reserved.
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1. Introduction

Diluted magnetic semiconductors (DMS) [1,2] with high
carrier spin-polarization can be synthesized by molecular
beam epitaxy (MBE) in semiconductor layer structures
exhibiting a very rich magnetic behavior as a function of
the chemical composition [3]. Understanding and control-
ling the spin interactions as well as the roles of defects,
dimensionality, and semiconductor host are key elements
to develop efficient spin-based electronic devices. Different
theoretical models, based on the double exchange model
and Zener’s p–d exchange interaction, have been proposed

to explain ferromagnetic (FM) coupling among 3d impuri-
ties in semiconducting hosts [3–5]. All present theories,
however, do not correctly account for the observed magne-
tization, which is lower than what is expected from the esti-
mate of the local impurity moments. Several evidences
suggest that the magnetic properties of the DMS are often
significantly influenced by the presence of 3d impurities in
non-substitutional sites, as metal clusters, interstitial and
antisite defects, which cannot be sufficiently controlled or
suppressed in the growth process.

Magnetic Mn–Ge systems have recently attracted much
attention due to the possibility to elaborate DMSs with
high Curie temperatures (TC) (see Ref. [2]) and to integrate
them on Si devices. However, the question whether the fer-
romagnetism of Mn–Ge systems comes from DMSs or
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from magnetic precipitates [6,7] is still under intense de-
bate. It is interesting to note that Mn and Ge atoms can
combine to form various stable precipitates as a function
of temperature [6–13]. These precipitates can contribute
to the magnetic properties. The most stable precipitate is
Mn5Ge3 with a TC of 310 K [14]. Mn5Ge3 films grow epi-
taxially on Ge(111) [15], whereas formation of Mn5Ge3

precipitates takes place on Ge(0 01) if the substrate temper-
ature (TS) is high enough [10–13].

In this paper we report on a study of the structural and
magnetic properties of MnxGe1�x films, with x = 0.02�0.1,
grown by MBE on Ge(0 01)2 · 1 substrate. The growth
was investigated by high-resolution transmission electron
microscopy (HRTEM) and by selected-area electron dif-
fraction (SAED). Energy dispersive X-ray reflectivity
(EDXR) provided the roughness, thickness and scattering
length density (SLD) of the alloys. Magneto-optical Kerr
effect (MOKE) measurements have been used to explore
the magnetic properties of the MnxGe1�x alloys.

2. Experimental

The MnxGe1�x alloys (0.02 6 x 6 0.1) were grown on
the reconstructed Ge(0 01)2 · 1 surface by co-evaporating
Mn and Ge at a low growth rate using MBE Knudsen cell
sources and keeping the substrate temperature at 520 K. TS

was measured by an infrared pyrometer and the film thick-
ness by a quartz microbalance. Reflection high-energy elec-
tron diffraction was used in situ to monitor the growth of
the films. In order to perform ex situ measurements, a thin
Ge layer was deposited on the surface of the samples.
HRTEM cross-sectional images were collected with a

microscope (Jeo 2010F) having primary energy beam
E = 200 keV along the [110] direction. The energy disper-
sive reflectometer used consists of a non-commercial instru-
ment equipped with a standard X-ray tube with a W anode
and with an ultra pure Ge solid-state detector, cooled by an
electromechanical refrigerator and connected to an inte-
grated spectroscopy amplifier-multi channel analyzer sys-
tem [16]. The measurements were carried out in the
reflection geometry at a very low reflection angle in station-
ary conditions of the apparatus, since in EDXR no move-
ment is required to collect the reflection profiles.

MOKE hysteresis loops were measured in a magnetic
field up to 0.56 T in both polar and longitudinal geome-
tries, at various temperatures between 13 K and room tem-
perature, using s-polarized radiation (k = 1.6 lm) incident
on the film surface at an angle of 45�.

3. Results and discussion

3.1. HRTEM

Fig. 1 shows typical cross-sectional HRTEM images of
MnxGe1�x samples, with Mn concentration x = 0.02 (a),
0.04 (b), 0.06 (c) and 0.1 (d), grown on a Ge(0 01) substrate
held at TS = 520 K. The incident electron beam direction is
parallel to the {110} zone axis of the Ge substrate. The
nominal thickness of the MnxGe1�x films is 85 nm for
x = 0.02 and �40 nm for x = 0.04�0.1, values confirmed
by the EDXR measurements. Each film has been capped
with a �7 nm thick Ge layer. These thickness values are
in good agreement with those measured by HRTEM from
Fig. 1.

Fig. 1. HRTEM cross-sectional images of MnxGe1�x with Mn concentration x = 0.02 (a), 0.04 (b), 0.06 (c) and 0.1 (d). The white arrows point out the
film–substrate interface.
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All the images show the presence in the MnxGe1�x epi-
taxial film of droplet-shaped crystalline clusters. The drop-
lets were indexed as Mn5Ge3 precipitates by SAED
performed on MnxGe1�x for all Mn concentrations x.
SAED measurements showed the superposition of two dif-
fraction patterns identified as due to the Ge lattice for the
diluted MnxGe1�x film and to the Mn5Ge3 lattice for the
droplet-shaped regions (see Refs. [12,13]). These results
are in good agreement with recent findings [10] where, for
the growth on a Ge(0 01) substrate at TS = 495 K, Mn5Ge3

clusters were coherently incorporated in the MnxGe1�x

DMS matrix with an average Mn concentration of about
2%. In fact, it is well known that the substrate temperature
higher than 340 K [7,10] favors the formation of ferromag-
netic intermetallic precipitates, e.g., Mn5Ge3 [10–13].

The diffraction image in Fig. 2 is obtained by focusing the
electron beam in an area containing a crystallite in
MnxGe1�x with x = 0.1. Bright spots are clearly visible, cor-
responding to the germanium diamond structure, observed
in the [110] direction. The Mn5Ge3 diffraction cliché is
superimposed, in the axis zone ½11�23�. From that we deduce
that Geð3�11Þ planes are parallel to Mn5Ge3ð21�31Þ planes.
Fig. 3 corresponds to a HRTEM image of one crystallite
(x = 0.1) and its corresponding Fourier transform. The
same relationship is observed. No other precipitate phase,
for instance Mn11Ge8, has been identified in all samples.

HRTEM images (Fig. 1) show that the Mn5Ge3 clusters
have mean depth of (30 ± 10) nm (in the {0 01} direction),

and a maximum width of (60 ± 5) nm (in the {11 0} direc-
tion). The nanocrytallites observed extend up to the top
surface of the layer. Out of the clusters, the very good qual-
ity of the epitaxial growth is demonstrated by the perfect
alignment of the (11 1) planes in the substrate and in the
film, and by the absence of impurities and crystalline de-
fects at the interface. The mean size of the Mn5Ge3 clusters
is found to increase as a function of the Mn concentration
x. For x 6 0.04, the precipitation of Mn5Ge3 does not start
immediately at the substrate epilayer interface. Fig. 1a
shows that the onset of the precipitation takes place along
the growth axis after about 30 nm of MnxGe1�x epitaxial
film. Figs. 1b–d show that for x P 0.04 the formation of
crystallites takes place already at the interface.

In the epitaxial region no contrast is induced by the dilu-
tion of Mn in the Ge matrix, which suggests that Mn atoms
are mainly incorporated into the Ge crystalline lattice.

Although a quantitative determination of the Mn con-
centration x at the local MnxGe1�x area free from precip-
itates is quite difficult, a mean value of x can be
estimated by evaluating the ratio between the number of
Mn atoms incorporated into the Mn5Ge3 clusters and the
total number of Mn atoms deposited. We find a mean
Mn concentration of �1.5% in the diluted MnxGe1�x

matrix, a value in agreement with those reported from
spatially resolved energy dispersive X-ray spectroscopy
measurements [10] and from TEM analysis [12].

From these results, we conclude that MnxGe1�x lattice
swells up to a critical Mn concentration of �1.5% above
which Mn atoms segregate in Mn-rich nanocrystals, the
size of which increases with the nominal Mn concentration
x. A similar mechanism has been observed in the GaAsMn
DMS [17], in which Mn atoms segregate to the surface even
at low growth temperature (TS = 430 K) and low Mn
concentration.

3.2. EDXR

The reflectivity profiles (together with their fits) of the
Mn0.02Ge0.98 and Mn0.06Ge0.94 films are shown in Fig. 4
(the critical value kc of the wave vector below which total
reflection occurs, i.e. kc = 0.021 Å�1, is indicated in the fig-
ure). The modulation in the reflectivity results from the
interference of the X-ray beams reflected at the air-film
and film-substrate interfaces [18]. The larger modulation
due to the interface between the Ge capping layer and
the air is also detectable [19]. The Parratt model [20] for
the reflectivity of a film deposited on a substrate was used
to fit the experimental data. The general expression for the
reflected intensity depends on the scattering length density
(SLD), the average thickness, and the surface roughness of
the film [21]. In Fig. 4 the red line1 corresponds to the fit for
the MnxGe1�x film (more oscillating line) and the blue one
to that for the Ge capping film (less oscillating line). The

Fig. 2. (a) ED pattern of a cluster in Mn0.1Ge0.9 layer. (b) and (c)
represent standard diffraction pattern of Ge in [110] zone axis and
Ge3Mn5 in ½11�23� zone axis, respectively.

1 For interpretation of color in Fig. 4, the reader is referred to the web
version of this article.
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Parratt fit parameters, i.e. the average thickness d (Å), the
roughness r (Å) and the SLD (Å�2) of the MnxGe1�x films
for the experimental data are given in the inset. The aver-

age thicknesses determined in this way are consistent with
the values expected from the known deposition conditions.

Considering two films grown with a different Mn concen-
tration, the SLD values are q(Mn0.02Ge0.98) = (3.82 ± 5) ·
10�5 Å�2 and q(Mn0.06Ge0.94) = (3.85 ± 5) · 10�5 Å�2.
These SLD values, which depend also on the sample vol-
ume irradiated by the X-ray beam, do not correspond nei-
ther to a pure homogeneous MnxGe1�x alloy nor to pure
Mn–Ge precipitates, but to a combination of two contribu-
tions. Thus the EDXR results confirm the presence of two
phases (diluted MnxGe1�x, and Mn5Ge3) in the MnxGe1�x

film, as observed by HRTEM.

3.3. MOKE

We also investigated by MOKE measurements the mag-
netic properties of the MnxGe1�x films (0.02 6 x 6 0.1).
We used a polar geometry (H perpendicular to the plane)
since it provides higher Kerr rotations [typically one order
of magnitude higher than the longitudinal geometry (H
parallel to the plane)].

Fig. 5 shows the ferromagnetic hysteresis loops collected
at 12 K and 270 K for the Mn0.1Ge0.90 sample. Fig. 6a and b
give the remanence of the Kerr rotation and the coercive

Fig. 3. (a) HRTEM image of a clusters in Mn0.1Ge0.9 layer and (b) its calculated Fourier transform. (c) and (d) represent standard diffraction pattern of
Ge in [110] zone axis and Ge3Mn5 in ½11�23� zone axis, respectively.

Fig. 4. EDXR spectra on Mn0.02Ge0.98, and Mn0.06Ge0.94 samples grown
at 520 K. The continuous lines are fits to the Parratt model. The arrow
indicates the length of kc the wave vector below which total reflection
occurs.
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field as a function of temperature in the 13–300 K range.
From Fig. 6a, we derive a Curie temperature TC � 280 K.
All the MnxGe1�x samples exhibit a magnetic signal. This
magnetic signal is due to the precipitates present in the films
(see also Refs. [10,13]). The diluted MnxGe1�x films show
paramagnetic behavior as measured by SQUID magnetom-
etry and described in Ref. [13]. The signal increases with
increasing Mn concentration and it reaches a maximum
for x = 0.1. When the nominal Mn concentration x in the
MnxGe1�x film is above 0.1, the magnetic signal drops
due to the formation of Mn clusters, which destroy the fer-
romagnetism because of their antiferromagnetic properties.

4. Conclusions

In conclusion, we have reported the structural and mag-
netic properties of MnxGe1�x alloys, with 0.02 6 x 6 0.1,
grown on Ge(0 01) substrates held at 520 K, obtained from

HRTEM, SAED, EDXR, and MOKE measurements.
HRTEM images and SAED patterns show that all the
samples, the thicknesses of which have been determined
by EDXR in an independent way, contain Mn5Ge3 clusters
incorporated in the epitaxial MnxGe1�x film. The size of
these clusters increases with the Mn concentration. MOKE
experiments showed ferromagnetic order in all the
MnxGe1�x films with TC � 280 K.
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