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d INFM-Dipartimento di Fisica, Università di L’Aquila, Via Vetoio-Coppito, I-67010 L’Aquila, Italy

Available online 19 May 2006
Abstract

We studied morphological and magnetic properties of Ge/MnxGe1�x/Ge(001)2 · 1, x = 0.02–0.04. Several MnxGe1�x alloys were
grown on Ge(001)2 · 1 by molecular beam epitaxy, as a function of substrate temperature and Mn concentration. The samples were
characterized in situ by RHEED, and ex situ by energy dispersive X-ray reflectivity (EDXR) and magneto-optical Kerr effect, (MOKE).
From RHEED analysis we found an optimal growth temperature Tepi = 523 K to achieve 2D epitaxial MnxGe1�x (x = 0.02–0.04) alloy
on a Ge(001) substrate. X-ray reflectivity measurements provided: the film roughness, the MnxGe1�x scattering length density, and the
average thickness for all samples. MOKE analysis showed ferromagnetism with Curie temperature TC = 270 K for samples grown at
Tepi = 523 K.
� 2006 Elsevier B.V. All rights reserved.

Keywords: DMS; RHEED; EDXR; MOKE
1. Introduction

Spin-based electronics uses the transport properties in-
duced by the electron spin. This approach opens a way to
a new generation of devices combining standard microelec-
tronics with spin-dependent effects that derive from the
interaction between the spin of the carriers and the
magnetic properties of the material [1]. Doping of semicon-
ductors by magnetic ions can produce magnetic semicon-
ductors [2,3] having transport properties dependent on
spin-carriers. For this reason, diluted magnetic semiconduc-
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tors (DMS), which are semiconductors doped by low con-
centration of magnetic elements, have attracted a lot of
interest during the last years.

The magnetic properties of DMS systems depend on
numerous parameters such as crystallographic structure,
cell strain, impurities concentration, and distance between
magnetic atoms. Begqvist et al. [4] have calculated the
interatomic exchange interactions in DMS using a first
principles theory, and then simulated the Curie tempera-
ture (TC) using a Heisenberg Hamiltonian with magnetic
atoms distributed randomly. They demonstrated that the
magnetic properties of DMS are dominated by short-range
interatomic exchange interactions that have strong direc-
tional dependence. They suggest that the magnetic ordering
of these materials is heavily influenced by magnetic perco-
lation and that the measured TC should be very sensitive
to details in the sample preparation. Calculations of
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Fig. 1. RHEED patterns along the [011] azimuth on: (a) Ge/
Mn0.04Ge0.96/Ge(001)2 · 1 grown at 523 K; (b) Ge/Mn0.02Ge0.98/
Ge(001)2 · 1 grown at RT.
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ferromagnetism in zinc-blend (and/or diamond) structure
DMS has been recently reported by Dietl [5]. They showed
TC evaluation above 100 K for several DMS.

The Mn–Ge system could be a good candidate for DMS.
Park et al. [6] have demonstrated ferromagnetic order on
MnxGe1�x samples obtained by epitaxial MBE growth,
with TC ranging between 25 and 116 K. When the growth
temperature of MnxGe1�x is above 70 �C, bulk phase pre-
cipitates such as FM Mn11Ge8, Mn5Ge3, Mn5Ge, with TC

near room temperature, were observed [6–8].
It is still not clear if the ferromagnetism comes from

DMSs or from magnetic precipitates. Recently, Kang
et al. [9] investigated the chemical distribution and the local
electronic structure of Mn0.06Ge0.94 single crystals by
scanning photoelectron spectroscopy (SPEM), X-ray
absorption spectroscopy (XAS), and photoemission spec-
troscopy (PES). They found that the DMS sample was
not uniform, but formed by stripe-shape microstructures,
which arise from the chemical phase separation of the
Mn-rich and Mn-depleted phases, and suggested that the
observed ferromagnetism in MnxGe1�x arise from phase-
separated Mn-rich phase.

In this paper we report a study of structural and
magnetic properties of MnxGe1�x films with x = 0.02 and
x = 0.04, grown by molecular beam epitaxy (MBE) on
Ge(0 01) substrates. The epitaxial growth was investigated
in situ by reflection high energy electron diffraction
(RHEED), and ex situ by energy dispersive X-ray reflectiv-
ity (EDXR). Roughness, thickness and scattering length
density (SLD) in alloys have been obtained ex situ by
EDXR. Ex situ magneto-optical Kerr effect (MOKE) mea-
surements have been used to explore the magnetic proper-
ties of the MnxGe1�x alloys.

2. Experimental

The clean Ge(0 01)2 · 1 surface was obtained by anneal-
ing the sample at about 1100 K by resistive heating, assur-
ing that the pressure remained below 2 · 10�10 mbar
during the heating. Several MnxGe1�x alloys (0.01 < x <
0.04) were grown on the Ge(0 01)2 · 1 surface by co-eva-
porating Mn and Ge at low growth rate, by MBE Knudsen
cell sources keeping the substrate temperature in the range
from RT to 580 K. The sample temperature was measured
by an infrared pyrometer, and the film thickness by a
quartz microbalance. In order to perform ex situ measure-
ments, a thin Ge layer covered the surface of the samples.
The energy dispersive reflectometer used consists of a non-
commercial instrument equipped with a water cooled X-ray
W anode tube (Philips, model PW2214/20) supplied with
58 kV and 30 mA and with an EG&G ultra pure Ge solid
state detector (SSD), cooled by an electro-mechanical
refrigerator (X-cooler) and connected to an integrated
spectroscopy amplifier-multi channel analyzer system (92
X spectrum master). The measurements were carried out
in the reflection geometry at very low reflection angle in
stationary condition of the apparatus, since in EDXR no
movement is required [10,11] to collect the reflection pro-
files [12,13].

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 RT, using
s-polarized radiation (k = 1.6 lm) incident on the film sur-
face at an angle of 45�.

3. Results and discussion

3.1. RHEED

Series of MnxGe1�x were grown by MBE on
Ge(00 1)2 · 1 by varying the substrate temperature (Ts)
from RT to 580 K, and the Mn concentration x from 0.01
to 0.04. RHEED patterns were used to qualitatively measure
the morphological properties of the surface samples, in order
to determine the optimal temperature, called in the following
epitaxial temperature Tepi, which gives the layer-by-layer
(2D) growth. All RHEED patterns were taken with a pri-
mary energy E = 12 keV along the [011] azimuth.

Fig. 1 reports two selected RHEED patterns of 255 Å
Mn0.02Ge0.98/Ge(0 01)2 · 1, and of 401 Å Mn0.04Ge0.96/
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Ge(0 01)2 · 1 films grown keeping the substrates at 523 K
and RT, respectively.

The RHEED pattern of Fig. 1(a) shows streaky funda-
mental and half-order diffraction features, which indicate
a 2 · 1 reconstructed surface [14]. This pattern is similar
to that obtained on Ge(001)2 · 1 clean surface, and shows
that the epitaxial growth of Mn0.02Ge0.98 alloy on Ge(00 1)
takes place in 2D modality. On the contrary, RHEED pat-
tern of Fig. 1(b) shows spotty-like structures. These struc-
tures are due to bulk scattering of the grazing electron
beam from islands of MnxGe1�x Mn-rich, or surface asper-
ities formed at RT. At substrate temperature of 523 K for
all Mn 0.01 < x < 0.04 concentration, the RHEED patterns
of MnxGe1�x/Ge(0 01) exhibit features similar to that
showed in Fig. 1(a). For temperatures lower than 523 K
and Mn concentration x = 0.01, 0.015 and 0.02, (1 · 1)
unreconstructed or amorphous MnxGe1�x films are
obtained.

So, these results indicate that for Mn concentrations
0.01 < x < 0.04, epitaxial growth is obtained around Tepi

temperature. MBE growth is controlled mainly by param-
eters like evaporation flux rates and substrate temperature,
which affect the surface atoms mobility. When the growth
rate R is low (in our case R = 4 Å/min), the change on
the growth modality can be mostly ascribed to the effect
of the substrate temperature. As the growth temperature
is lowered, the adatoms surface diffusion is reduced. If
new atoms impinge the surface before the previous atoms
have formed an ordered layer, they bury the imperfect
overlayer and the disorder increases as deposition goes
on. Single crystalline growth occurs at a temperature
around Tepi.

As measured by RHEED pattern, disordered (or amor-
phous) growth with decreased fractional-order spots takes
place below Tepi, with (1 · 1) unreconstructed pattern for
Mn concentration x = 0.02, and formation of islands for
x = 0.04. This behavior is often observed for homoepitax-
ial MBE growth. In the regime of low Mn concentration,
we can qualitatively consider MnxGe1�x/Ge(0 01) to be a
homoepitaxial growth, similar to Ge/Ge(0 0 1), or Si/
Si(0 01).

de Jong et al. [15] observed a (1 · 1) LEED pattern of
Si/Si(001) films thinner than 4 nm grown at RT, and Jona
[16] reported a (1 · 1) pattern of a 10 nm thick layer of Si/
Si(0 01) deposited below Tepi. The temperature-morphol-
ogy map for Ge(0 01) homoepitaxy is reported in Ref.
[17]. The diagram in [17] shows the growth modality of
MBE films as a function of substrate temperature and film
thickness. In the thickness range 100–500 Å and tempera-
ture range 373–523 K layer-by-layer growth is found. De-
crease of the temperature leads to the formation of a
mounded morphology [18], followed by a transition to
amorphous growth at the lowest temperatures.

Our Tepi is in good agreement with the value reported by
Aarts et al. [19] in Ge/Ge(001). The authors in [19] fol-
lowed the Ge homoepitaxy growth by RHEED oscillations
and photoemission, and found that around RT the half-
order spots in the diffraction pattern disappear within a
few layers, and the integral-order (1 · 1) becomes broader
and weaker but is still faintly visible after growth of about
50 layers.

3.2. EDXR

The reflectivity patterns, as a function of the radiation
wave number k, are the result of the interference of the
X-ray beam reflected at the air–film and film–substrate
interfaces [20]. They are characterized by a critical value
kc so that for k < kc, the X-ray radiation impinging on
the sample is totally reflected, while when k � kc the radia-
tion starts penetrating the sample and, as soon as k > kc,
the reflectivity decays more than exponentially with a
roughly sinusoidal modulation of the reflected wave ampli-
tude. The position of the critical edge (k = kc) depends on
the material density, while the surface roughness (defined
as the variance from the average thickness) mainly influ-
ences the decay of the reflectivity for k > kc. The wave-
length of the sinusoidal modulation of the reflectivity is
inversely related to the film thickness. Once the normaliza-
tion of the reflectivity spectra with respect to the spectral
distribution of the primary beam is accomplished, the Par-
rat model [21–23] for the reflectivity of a film on a substrate
was used to fit the experimental data. The general expres-
sion for the reflected intensity depends on the SLD, average
thickness and surface roughness of the film [24,25].

The fit of the reflectivity spectra using five free parame-
ters, one to normalize the observed intensities, the others to
obtain films average thickness, films roughness, and the
MnxGe1�x scattering length density. The determined aver-
age thicknesses are consistent with the values predicted by
the known deposition conditions. We only used as free
parameter the roughness of the MnxGe1�x/air, because
that one of the MnxGe1�x/substrate interface is considered
negligible. Moreover the Ge capping layer is not detectable
considering the k�1 range explored in the measurement,
and then it is not considered in the fitting.

From the fitting procedure the SLD of the MnxGe1�x

are deduced. The most precise procedure to determine
the SLD values from reflectivity measurements, performed
in the energy dispersive mode, is to collect several patterns
at different angles, each one giving a SLD value. The true
SLD is obtained by extrapolating each curve at ener-
gy = 0 keV. The measurements should be normalized for
geometry-induced intensity variation with angle caused
by incident beam [26]. In our case, the reflectivity measure-
ments were performed not varying the geometry, thus not
requiring such normalization. Furthermore, since the
experimental geometry remains unchanged (beam dimen-
sion, sample position, angle and energy), the extrapolation
procedure described above was not necessary, since, in the
present case, the final goal was a comparison among the
electron densities values.

The reflectivity profiles together with their fits of the Ge/
Ge0.98Mn0.02/Ge(0 01) films, grown at RT, at 423 K and at



Fig. 2. EDXR spectra on: Ge/Mn0.02Ge0.98/Ge for samples grown at (a)
RT, (b) 423 K, (c) 523 K and (d) Ge/Mn0.04Ge0.96/Ge grown at 523 K.
The continuous lines are the fits according to the Parratt model. The
arrows indicate the positions of the total reflection edges kc.

Fig. 3. (a) Kerr rotation performed on Ge/Mn0.04Ge0.96/Ge(001) grown
at 523 K. The full circles represent the experimental values, whereas the
line is a guide to the eye. (b) Hysteresis loop obtained at 13 K.
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523 K, and Ge/Ge0.96Mn0.04/Ge(0 01) grown at 523 K are
shown in Fig. 2(a)–(d). Despite the low optical contrast be-
tween the film and the substrate for all samples, the modu-
lation produced by the interference of the two beams
reflected at the film surface and at the interface are visible.
The Parratt fit parameters of the data are reported in
Fig. 2. Considering the two films grown at 523 K, but with
different Mn contribution, the SLD values are qfilm(c) =
3.97(8)E�5 and qfilm(d) = 3.50(8)E�5. These SLD values
do not correspond neither to pure homogeneous Mn–Ge
alloy, nor to pure MnGe precipitates, but probably to a
combination of two contributions. Further analysis, such
as transmission electron microscopy and X-ray absorption
spectroscopy, are in progress to elucidate this point.

3.3. MOKE

We investigated the magnetic properties of all Ge/
MnxGe1�x/Ge(0 01) films by MOKE measurements. We
found a magnetic signal only on the samples grown at
the higher temperature.

Polar geometry (H perpendicular to the plane) was used
for a detailed investigation, since it provides higher Kerr
rotations by typically one order of magnitude with respect
to the longitudinal geometry (H parallel to the plane). In
Fig. 3(a) we report the remanence of the Kerr rotation as
a function of temperature in the range of 13–300 K col-
lected on MnxGe1�x/Ge(0 01)2 · 1 with x = 0.04 grown
at T = 523 K, while Fig. 3(b) shows the ferromagnetic hys-
teresis loop collected at T = 13 K. From Fig. 3, we derive
the Curie temperature TC � 270 K. This value can be con-
sidered the highest values reported up to now in literature
[6,26–28]. As described in the introduction, Park et al. [6]
found TC = 116 K on MBE DMS MnxGe1�x samples
grown at temperature around 343 K. They pointed out that
higher temperatures could drive the formation of Mn-rich
precipitates. Recently, Kang et al. [9] suggested that the
magnetic properties of DMS Ge0.94Mn0.06 alloy comes
from stripe-shape Mn-rich microstructures chemically sep-
arated by a Mn-depleted phase, which constitutes most of
the sample. From our RHEED, and EDXR results, we
cannot exclude a Mn-rich phase due to microscopic MnGe
precipitates, which could be responsible of the observed
ferromagnetism.

Disordered or islanded growth may contain Mn–Mn
clusters, which destroy the ferromagnetism as they have
antiferromagnetic properties.

4. Conclusions

We have reported the structural and magnetic properties
of Ge/MnxGe1�x/Ge(0 01)2 · 1 alloys, with x = 0.02, 0.04,
obtained from RHEED, EDXR and MOKE measure-
ments. From RHEED patterns we have obtained Tepi =
523 K for 2D epitaxial growth, while from EDXR mea-
surements we have confirmed the films average thickness.
MOKE measurements have shown that only Ge/
MnxGe1�x/Ge(001)2 · 1 growth at Tepi have ferromag-
netic properties with TC � 270 K.
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