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The structural, electronic, and magnetic properties of a MnxGe1−x alloy prepared through room-temperature
ion implantation �100 keV, 2�1016 ions/cm2� and subsequent 400 °C annealing have been investigated with
several experimental techniques. The as-implanted sample shows a quasi-Gaussian Mn concentration depth
profile with a projected range �peak Mn concentration x�12 at. /%� at 55 nm and end of range at 140 nm. The
structural investigation shows that the overall implanted Ge layer is amorphous. In particular, up to a depth of
60 nm, the implanted layer is also porous and oxidized, whereas the deepest implanted region �60–140 nm� is
purely composed of amorphous Ge with Mn atoms diluted in it. This sample manifests magnetic hysteresis up
to 20 K and a strong nonlinear S-shaped magnetic response up to 150 K. Upon annealing at 400 °C, the top
porous layer remains essentially amorphous, whereas partial reconstruction into Ge nanocrystals ��10 nm in
diameter� occurs in the 60–140-nm-deep implanted region. Part of the Mn atoms, mainly belonging to the top
porous layer, further diffuses toward the surface and forms chemical bonds with O contaminants, becoming
magnetically inactive. The other Mn atoms, mainly in the region between 60 and 140 nm from the surface,
remain trapped in the residual amorphous matrix or in the Ge nanocrystals, whereas formation of Mn-Ge
extrinsic phases �like Mn11Ge8 and Mn5Ge3� is excluded. The magnetic response of the annealed sample
originates from the existence of a soft and a harder magnetic component, assigned to the dilution of Mn atoms
in residual amorphous Ge and Ge nanocrystals, respectively. The hard component, attributable to a MnxGe1−x

diluted magnetic semiconductor in nanocrystalline form, manifests magnetic hysteresis up to above 250 K.

DOI: 10.1103/PhysRevB.74.085204 PACS number�s�: 75.50.Pp, 61.72.Tt, 81.07.Bc

I. INTRODUCTION

The use of materials that possess, at the same time, semi-
conductive and magnetic properties constitutes one of the
most promising research lines in the field of spintronics.1–5

Magnetic properties can be achieved in the zinc-blende struc-
ture semiconductors �conventionally used in microelectron-
ics and optoelectronics� through incorporation of transition-
metal �TM� impurities in a diluted phase.1 This new class of
materials, widely referred to as diluted magnetic semicon-
ductors �DMSs�, would allow the injection and detection of
spin-polarized currents.1 Moreover, unlike ferromagnetic
metals, they allow the control of the concentration and the
orientation of charge �and spin� carriers through the simple
application of an external bias,6 or through lighting.7

The main issue for a DMS is the effective dilution of the
TM magnetic dopants at the highest possible concentration
in order to achieve stable and effective magnetic properties
and spin-carrier polarization up to a Curie temperatures �TC�
as high as possible. The achievement of critical temperatures
above ambient conditions is obviously of fundamental inter-
est for technological applications. However, the request for a

dilution of TM atoms at high densities conflicts with the very
low solubility limit that nonhydrogenic TM impurities have
in III-V and group-IV conventional semiconductors, usually
of the order of 1018 cm−3 even at temperatures around
1000 K,1,8 whereas concentrations at least around 1020 cm−3

�few percents of the overall atomic density� are needed to
establish ferromagnetism.1 Therefore, TM impurities tend to
form dimers �i.e., couples of nearest-neighbor TM atoms�
with total null magnetic moments, or extrinsic precipitates
with host matrix elements.9,10 For this reason, a growth tech-
nique that works far from thermodynamical equilibrium is
required to achieve effective dilution. Among the several
out-of-equilibrium growth techniques, molecular beam epi-
taxy �MBE� performed at relatively low temperatures �some-
times well below 250 °C �Ref. 1�� has been by far the most
used and explored. Starting from the 1990’s, most of the
theoretical and experimental efforts have been focused on
III-V semiconductors, particularly on GaAs.11 Through Mn
�-doping of AlGaAs/GaAs heterostructures grown by MBE,
a TC up to 250 K has been reached.12

In recent years, significant attention has been focused on
the theoretical study and experimental realization of group-
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IV-based DMS �i.e., Si, Ge, SiGe�, for their obvious advan-
tage of a full compatibility with the mainstream silicon tech-
nology. In particular, Mn doping of Ge at high concentrations
�1–10%� is by far the most promising material.13 Theoretical
works clearly indicate that Mn plays a role in making the
doped Ge lattice a ferromagnet, particularly if the doping
takes place via Mn substitution of Ge atoms in the lattice. In
this case, Mn behaves as a double acceptor impurity in the
Ge matrix and the resulting high concentration of holes is
responsible for the exchange interaction between the Mn
magnetic impurities.14,15 Mn doping in Ge was first experi-
mentally studied by Woodbury and Tyler16 in samples pre-
pared through the diffusion technique and so with a very low
Mn atomic concentration �estimated around 10−6�. They car-
ried out an accurate characterization of the electric response
and verified the double acceptor behavior of Mn impurities.
However, neither microscopic nor magnetic characterization
was given of the material. More recently, Park and co-
workers reinvestigated MnxGe1−x alloys fabricated at high
Mn atomic concentration �x=0.006÷0.035� by means of
MBE, finding Curie temperatures up to 116 K.17 Many other
groups came into the arena of the study of the structural,
electronic, and magnetic properties of MBE fabricated
MnGe alloys: as a result, a quite systematic collection of
experimental data is now at hand as a function of Mn con-
centration and Ge substrate temperature during the MBE
growth �see, for example, Refs. 18–20�. Co-doping with Co
has been also explored,21 as well as doping with magnetic
atoms other than Mn �such as Cr in Ref. 22�. From all these
studies, it appears evident that homogeneous dilution of Mn
in the Ge lattice by MBE is really difficult to achieve. Typi-
cally, when a relatively high substrate temperature is used
during MBE growth �200–300 °C�, Mn atoms precipitate
into very stable Mn rich metallic clusters such as Mn11Ge8 or
Mn5Ge3. These clusters, ferromagnetic at room temperature,
are trivially responsible for the claimed room temperature �or
above� ferromagnetism of many MnGe alloys.10,23

An alternative and very promising nonequilibrium tech-
nique for the fabrication of DMS is given by the ion implan-
tation of TM species. This method has been carried out typi-
cally for III-V semiconductors �GaAs,24 InP,25 GaN,26–28 GaP
�Refs. 28 and 29��, and recently in the case of SiC �Refs. 28
and 30� and Si.31 Room-temperature ion implantation of Mn
in Ge has been performed by L. Liu and co-workers32,33 veri-
fying the presence of ferromagnetic response but with little
further work. Our group has focused its attention on a sys-
tematic study of the effects of ion implantation parameters
�dose and Ge substrate temperature� on the structural and
electronic properties of the ion-implanted Mn-Ge alloys, and
their influence on the magnetic response of the Mn-doped
thin film. Recently, for Mn ions implanted in Ge substrates
kept at 300 °C, we have reported the coexistence of dilution
in the Ge crystalline matrix and phase separation into Mn-
rich clusters.34,35 The density, size, and crystalline quality of
these Mn-rich precipitates increases with the implanted dose,
and metallic Mn5Ge3 clusters are obtained for the higher
dose rates. Mn5Ge3 precipitates dominate the magnetic prop-
erties of the samples, which manifest TC up to 270 K.35 The
same coexistence of dilution and phase separation has also
been verified in MBE-grown MnGe alloys.36 Here we focus

on Ge wafers implanted with Mn ions at room temperature
�RT�, which is the lowest limit of investigated temperatures.
For these samples, after annealing at 400 °C, dilution of Mn
atoms has already been demonstrated by x-ray absorption
spectroscopy measurements and their comparison with first-
principle calculations.37 In the present work we perform a
comprehensive analysis of the structural and electronic prop-
erties of RT Mn ion implantation in Ge, and we correlate
these characteristics with the observed magnetic response.
Many different experimental techniques have been employed
in order to ensure a cross-check of the obtained information
and to illustrate a complete as possible picture of the phe-
nomena that occurred. The morphology of the sample sur-
face, as altered by the ion implantation process, has been
analyzed through atomic force microscopy �AFM�. Channel-
ing Rutherford backscattering spectrometry �c-RBS�, trans-
mission electron microscopy �TEM�, and diffraction by
x-rays and electrons have been employed to study the struc-
tural properties of the implanted host Ge matrix and its crys-
talline quality. Elemental depth profile composition has been
obtained by core-level x-ray photoemission spectroscopy
�XPS� and electron dispersive analysis of x-rays �EDAX�.
Besides, soft x-ray photoemission has been employed to in-
vestigate the density of states in valence band. Finally, the
magnetic response of the samples has been studied through
magneto-optical Kerr effect �MOKE�, assuming a propor-
tionality between the magnetization M in the sample and the
rotation � of the polarization plane.38

As we shall see, RT ion implantation produces a com-
pletely amorphous host Ge layer with Mn atoms diluted in it,
with poor magnetic properties and a TC estimated around
20 K. Upon annealing at moderate temperature �400 °C�, a
layer of nanometric Ge crystallites is produced with signifi-
cant incorporation of Mn atoms �average atomic concentra-
tion x around 6%�, and total absence of Mn-rich metallic
precipitates. The magnetic response of such a polycrystalline
Mn-Ge alloy exhibits TC above 250 °C, which is remarkably
high compared to the ones reported at similar x values in
MBE-grown samples.

II. EXPERIMENTAL

�001�-oriented n-type Czochralski �CZ� Ge wafers, with a
nominal resistivity 10−3–10−2 � cm, have been implanted
with 100 keV Mn+ ions with a dose of 2�1016 ions/cm2.
The substrate has been maintained at room temperature dur-
ing the implantation process, with the �001� axis forming an
angle of 7° with respect to the impinging beam direction, in
order to avoid channeling phenomena. From TRIM Monte
Carlo simulation,39 the expected projected range Rp �i.e., the
depth of maximum concentration� for Mn ions at the chosen
beam energy is �55 nm and the end of the implantation
range is situated at �140 nm. Portions of the implanted wa-
fers have been subsequently annealed for 1 h in ultrahigh
vacuum �pressure �10−8 Pa� at temperatures ranging from
50 to 400 °C.

Tapping mode AFM measurements have been performed
ex situ in air with a Digital Dimension D5000 instrument
equipped with a Nanoscope IV controller, using a Si cantile-
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ver �300 kHz resonance frequency�. c-RBS measurements
have been carried out at the 7 MV-Van de Graaff CN Accel-
erator of the INFN Legnaro National Laboratories, using as a
probe a highly collimated beam of He+ ions, accelerated at
E0=2.2 MeV; backscattered particles are revealed with the
detector placed at 170° with respect to the incident beam
direction. Measurements have been carried out in alignment
conditions along �001� direction and in rotating random con-
figuration. Cross-sectional TEM, electron diffraction, and
EDAX measurements have been carried out using a Philips
CM200 microscope. X-ray diffraction �XRD� measurements
have been performed in grazing incidence geometry �inci-
dent angle of 1.0°� using a Siemens D-5000 diffractometer,
equipped with a Cu anode and a solid state detector for scat-
tered x-rays. A Göbel mirror is used to collimate the incident
x-ray beam and to select the Cu K� emission line �K�1 �
=1.5406 Å, K�2 �=1.5444 Å�. The background signal for
low 2� angles has been subtracted using a standard algo-
rithm. The wafers have been oriented in order to exclude the
presence of very intense diffraction peaks due to monocrys-
talline Ge substrate. An ESCA PHI 1257 apparatus has been
used for standard x-ray photoemission spectroscopy. Depth
profiles of implanted Mn impurities, host Ge atoms, and
other possible contaminants are obtained through a progres-
sive in situ sputtering by Ar+ ions �2 keV, 45° incidence with
respect to the sample surface, 1.8 nm/min etch rate40�. A
stoichiometric Mn5Ge3 thin film grown by MBE on Ge �111�
�Ref. 41� has been used as standard for absolute calibration
of a relative Mn/Ge cross section. Valence-band photoemis-
sion spectra have been measured at the vuv beamline42 of
ELETTRA synchrotron radiation facility in Trieste, using the
following settings: radiation energy of h�=120 eV, normal
emission mode, detector angular acceptance of 7°, and a
resolution energy of 20 meV. MOKE measurements have
been collected in the temperature range from 10 to 300 K.
Infrared radiation ��=2.00 �m� incident on the sample at an
angle of 45° with s-polarization has been used as a probe.
This wavelength has been chosen because it is just above the
Ge absorbing edge and so it allows a suitable penetration
inside the sample, much larger than the end of range of the
implanted layer. Hysteresis loops have been obtained by
varying the applied magnetic field in the range ±5600 Oe;
both polar and longitudinal geometry have been explored.38

III. RESULTS

A. Structural and electronic properties

Figure 1 reports the obtained AFM micrographs for as-
implanted and 400 °C annealed samples, together with the
corresponding height line profiles, taken on the indicated
paths. The high roughness of the surface in both samples is
clearly verified, the difference in height between highest
peaks and deepest valleys being about 35–40 nm. Height
histograms, not reported, show for both samples a Gaussian-
type distribution, with a FWHM of �14 nm, which can be
assumed as an estimate of the surface roughness. The cobble-
stonelike morphology of the surface is pointed out also in the
bright field plan-view TEM image, shown in the inset of Fig.
1�b�. The presence of a significant roughness is typical of a

high-dose ion implantation process and it is generally an
indication that a high degree of crystalline disorder, at worst
amorphization, occurred in the implanted layer due to colli-
sional cascades. The highly disordered material has an aver-
age lattice parameter greater than the one of the unimplanted
crystalline substrate. This turns out in a swelling of the ma-
terial and in an increased roughening of the surface, as it has
been verified for Ge �Ref. 43� and many other semiconduc-
tive targets �see, for example, Refs. 44–46�. A 400 °C an-
nealing process has no significant effect on surface morphol-
ogy, the degree of roughness remaining unchanged.

In Fig. 2 we report the �001� c-RBS spectra for the as-
implanted and the annealed samples in comparison with the
random spectrum for the as-implanted sample. A similar
spectrum is also found for the 400 °C annealed sample.
�001�-aligned and random spectra taken on a pure Ge CZ
wafer are also shown for comparison. Two main results can
be inferred from the obtained spectra. First of all, in random
configuration, around the Ge backscattering edge �KGeE0

=1767 keV� and at lower energy down to �1710 keV, the
Ge backscattering signal of the as-implanted sample is dis-
tinctly lower than in the pure Ge reference. This is an obvi-
ous consequence of the fact that near the surface not only Ge
but also implanted Mn atoms are present; moreover, as it will
be shown in the following, oxygen contaminants are also
present in the implanted layer. Anyway, the backscattering
signal from Mn atoms below the edge KMnE0=1647 keV is
masked by the yield of the heavier Ge host element. Most
importantly, approximately in the same energy range where
the signal of the random spectrum is lower than the Ge ref-
erence, the as-implanted and 400 °C annealed samples
present a peak in the �001� channeling yield, indicating a
very high degree of disorder in the implanted layer.47 For
lower backscattering energies, the ratio between the channel-

FIG. 1. AFM micrographs of �a� as-implanted sample and �b�
sample annealed at 400 °C. The corresponding height line profiles
taken along the white lines in the micrographs are reported below.
Inset in �b�: bright field plan-view TEM image of the annealed
sample �1�1 �m area�.
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ing and the random RBS signal remains constant, indicating
that, below the near-to-surface highly damaged layer, a good
crystalline quality region is present. The strong increase in
channeling yield, with respect to the unimplanted Ge refer-
ence also in this region, is due to the dechanneling of inci-
dent He+ ions that takes place in the near-surface defective
zone. The FWHM of the surface channeling peak, calculated
taking into account the dechanneling contribution to c-RBS
yield for the lower-energy side of the peak,47 amounts to
�55 keV. Assuming a stopping cross section and a density
equal to that of pure crystalline Ge �4.41�1022 at. /cm3�, the
corresponding thickness for the highly damaged layer is
�90 nm. Nevertheless, two main factors can significantly
increase this estimate. Indeed, the significant presence of el-
ements lighter than Ge, such as Mn and O, reduces the ion
stopping power. Moreover, an amorphous, or in any case,
highly damaged Ge layer is also expected to have a signifi-
cantly lower density �up to 25%� than the crystalline phase,48

the same lower density being responsible for the roughening
of the surface verified by AFM measurements, as it has been
already pointed out. Likely, these effects lead to a thickness
of the highly damaged region very close to the end of range
of the implantation estimated by TRIM simulation �140 nm�.
No significant differences between as-implanted and an-
nealed channeling spectra are evident. This indicates that
400 °C conventional thermal annealing has not induced an
epitaxial reconstruction of the implanted damaged layer.

A TEM cross section of the as-implanted sample is shown
in Fig. 3�a�, together with the EDAX spectra taken at two
different depths �marked by the squared regions in the fig-
ure�. The high roughening of the surface, already indicated
by AFM measurements, can be observed. From the obtained
image, three different regions can be clearly distinguished.
An upper region, extending from the surface to about 60 nm

depth, shows an indented structure with vertical channels.
These channels separate structures with a lighter gray color.
The second region extends from 60 to 140 nm and presents a
homogeneous darker contrast well distinguishable from the
lower substrate region. In the substrate layer, however, dark
contrast spots are present up to a depth of �230 nm, im-
mersed in the lighter matrix. The same three layered struc-
tures have been found in the past in Ge and compound semi-
conductor samples processed with room-temperature high-
dose ion implantation.44,49,50 The indentationlike structures in
the top part ��60 nm� of the implanted layer have been al-

FIG. 2. �001� c-RBS spectra for as-implanted MnxGe1−x �gray
solid line�, 400 °C annealed �black solid line�, single crystal CZ
Ge�001� �circles�. Rotating random spectra of as-implanted sample
�full dots� and single crystal �100� CZ Ge �empty squares�. Counts
are normalized to 10 �C of incident charge and 1 millisteradian of
detector solid angle. Backscattering edge for Mn �1647 keV� and
for Ge �1767 keV� are shown.

FIG. 3. �a� TEM cross section of the as-implanted sample. In-
sets: EDAX spectra taken on the two squared regions. Characteris-
tic Cu emission lines in the spectra are due to the copper grid. �b�
Atomic resolution magnification of the interfacial zone between the
amorphous implanted layer and the single crystalline substrate, in
the same cross-sectioned specimen of panel �a�. �c� TEM cross sec-
tion of the 400 °C annealed sample. Inset: electron-diffraction pat-
tern taken on the squared region in the image.
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ready shown in literature49 and they are assigned to the for-
mation of a thin porous film, a phenomenon that in many
�but not all� semiconductor targets usually accompanies the
amorphization and swelling of the implanted layer,44,49,50 and
that has recently attracted attention for possible technological
applications. The porosity of the first 60 nm can explain the
presence in this region of oxygen atoms as contaminants, as
verified by XPS measurements �see below�.

The interface at 140 nm likely corresponds to the end of
range of Mn ions and to the boundary between the implanted
and unimplanted layer. In fact, the EDAX spectra reveal the
presence of implanted Mn atoms only in the first
130–140 nm �as proved by the K� and K	 emission lines in
the upper inset of Fig. 3�a��, whereas no trace of Mn is
present immediately below the interface �lower inset of Fig.
3�a��. A high-resolution cross-sectional TEM image taken
across the 140 nm interface is shown in Fig. 3�b�. In the
deeper region a crystalline order is clearly evinced, whereas
atoms appear distributed in a disordered way in the layer
nearer to the surface. This indicates that the ion implantation
caused the amorphization of the processed layer up to a
depth of about 140 nm, corresponding to the end of range of
Mn atoms, while the good monocrystalline quality of the
substrate below is maintained. This picture is consistent with
the c-RBS measurements, taking into account the underesti-
mate of the amorphous layer thickness, as discussed above.
Dark spots in the substrate region, present up to �230 nm
from the surface, represent extended defects formed by the
coalescence of excess Ge interstitials generated by the high-
dose ion implantation process. Electron-diffraction measure-
ments, not shown, reveal the presence of well-defined dif-
fraction Ge spots in the crystalline substrate, whereas only
diffuse scattering can be found in the amorphous implanted
layer.

Figure 3�c� reports a TEM cross section of the sample
after 400 °C annealing. The same three-layered structure is
observed also in this case, indicating that no epitaxial re-
growth occurred as a consequence of the annealing proce-
dure. However, in the 60–140-nm-deep layer a granular
structure is clearly evident, in place of the homogeneous
dark contrast observed for the as-implanted sample �Fig.
3�a��. Granular structures barely appear also in the top po-
rous layer in the 30–60-nm-deep region. Electron diffraction
measurement has been carried out across the interface be-
tween the monocrystalline substrate and the implanted region
and is reported in the inset. It shows the diffraction spots
assigned to the crystalline Ge substrate, superimposed to dif-
fraction rings with the same exchanged momentum �
k�, in-
dicating the presence of Ge polycrystallites in the implanted
layer.51 Evidently, these Ge crystallites formed upon the an-
nealing at 400 °C by reconstruction of the initially amor-
phous implanted layer. According to the literature, annealing
at 400 °C should be sufficient for an epitaxial reconstruction
of the amorphous Ge implanted layer52 �whereas higher tem-
peratures are requested for solid phase epitaxy in the Si
case�, but this process is probably inhibited by the Mn dop-
ing or by the considerable amount of extended defects due to
excess interstitials below the end of range. Diffuse electron
scattering in the image also proves the presence of nonrecon-
structed amorphous Ge regions between the Ge nanocrystal-

lites. No diffraction patterns other than those relative to Ge
zinc-blende crystal are present. The formation of a polycrys-
talline layer explains the granular appearance in the deepest
region of the implanted layer and the absence of variations in
channeling-RBS yields between the as-implanted and the
400 °C annealed sample �Fig. 2�, since random-oriented
crystallites obviously cannot allow the channeling of imping-
ing ions. From the TEM image �Fig. 3�c�� we verify that the
polycrystalline reconstruction of the amorphous implanted
layer takes place principally in the region at 60–140 nm
from the surface. Only at few crystallites appear in the top �
0–60 nm implantation depth range� swelled, porous, and
oxidized �see below� layer, that essentially remains amor-
phous.

The transition from the amorphous to the polycrystalline
phase of the Mn-implanted Ge layer is also confirmed by
grazing incidence XRD measurements shown in Fig. 4,
where the spectra obtained for three different annealing tem-
peratures �200, 300, and 400 °C� are shown. As it can be
evinced, the transition takes place in the annealing tempera-
ture range between 200 and 300 °C. In the as-implanted �not
shown� and 200 °C annealed sample no diffraction peaks are
observed; after 300 and 400 °C annealing lines correspond-
ing to Ge �111�; �=27.28°, �220�; 2�=45.30°, and �311�;
2�=53.68° diffraction are a clear indication of polycrystal-
linity. As in the case of electron-diffraction measurements,
no peaks relative to Mn-Ge rich precipitates are present. On
the contrary, in samples prepared by high-temperature ion
implantation, the presence of Mn5Ge3 precipitates are dis-
tinctly indicated by x-ray diffraction patterns �for example,
by the �002� Mn5Ge3 peak at 35.45° shown in Ref. 34�. The
width of the diffraction peaks can be used to estimate the
average dimension of Ge nanocrystals through the Scherrer
formula:53 in the 400 °C annealed sample, the FWHM of the
Ge �111� diffraction peak results are 0.73°, corresponding to
an average Ge grain size of �11 nm.54

The results of the XPS depth profiling analysis for the
as-implanted and 400 °C annealed sample are summarized
in Fig. 5. The obtained Mn 2p3/2, Ge 3d, and O 1s XPS

FIG. 4. Grazing incidence �1°� XRD spectra for samples an-
nealed for 1 h at different temperatures: 200 °C �bottom�, 300 °C
�center�, and 400 °C �top�.
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spectra are reported as a function of depth �panels �a� and
�c��, as well as the corresponding atomic concentration depth
profiles for Mn, Ge, and O elements �panels �b� and �d��. In
the as-implanted sample �Fig. 5�b��, the Mn concentration
depth profile shows the quasi-Gaussian distribution typical of
single-energy ion implantation processes, with a slight posi-
tive skewness. The projected range is about 55 nm, in perfect
agreement with TRIM simulations, with a peak Mn atomic
concentration of �12%. Within the sensitivity of the tech-
nique, Mn atoms are revealed up to a depth of 120 nm,
slightly below the thickness of the amorphized implanted
layer �140 nm�, as revealed by TEM measurements.

XPS spectra reveal the presence in the implanted layer of
oxygen too. At the surface it has a concentration up to
�30%: its density rapidly decreases as a function of depth
and completely disappears around 45 nm. Likely, these O
atoms are adsorbed by the porous film due to exposure to air
after the ion-implantation process, as it usually happens in
porous semiconductors �see, for example, Ref. 55�. The ef-
fect of oxygen on the chemical state of Mn atoms is clearly
pointed out by the position and shape of the XPS Mn 2p3/2

spectrum �Fig. 5�a��. A detailed study of the shape of this
core level is out of the scope of this article, although some
clear features can be stressed. At the surface, the Mn 2p3/2
line is peaked at a binding energy of about 642 eV, the
chemical shift characteristic of MnO2 oxide. Below the sur-
face, a component peaked around 639 eV �corresponding to
the Mn metallic state� appears and progressively increases at
the expense of the oxidized one. Beginning from 45 nm,
where oxygen disappears, the Mn 2p3/2 line is firmly cen-
tered at 638.7 eV; the same binding energy has been found
for Mn diluted in GaAs both in neutral and singly negatively
charged states.56 The large asymmetry of the XPS line is due
to multiplet splitting and other final state effects.56 An oxi-
dized Ge component is present only at the surface, as dem-
onstrated by the shoulder around 32 eV �GeO2�, whereas be-
low the surface only the component for pure material is
found.

In Fig. 5�d� we report the XPS depth profiling analysis for
the 400 °C annealed sample. A strong diffusion of Mn at-
oms, mainly towards the surface, occurs during the annealing
at 400 °C. The preferential direction for diffusion is prob-

FIG. 5. XPS depth profile analysis of the as-implanted and 400 °C annealed sample. �a�, �c� Mn 2p3/2, Ge 3d, and O 1s core level spectra
as a function of reported sputtering depth d �nm� for as-implanted and annealed samples, respectively. Dashed vertical lines in the Mn 2p3/2

panel indicate the peak position for pure metallic Mn at 639.0 eV. �b�, �d� Concentration depth profiles for Ge �dashed-dotted�, Mn �solid�,
and O �dashed� elements for as-implanted and annealed samples, respectively.
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ably due to an increased mobility of Mn atoms in the porous
surface layer. Accumulation of Mn around 30 nm below the
surface gives rise to a peculiar two-peak distribution and it
can be attributed to a gathering effect by oxygen atoms.
However, a possible role of the Ge grain formation in diffu-
sion of Mn atoms and their accumulation around 30 nm is
debated in the Discussion.

A slight diffusion of O contaminants toward the bulk also
occurs; however, no trace of oxygen is present below
�60 nm. As a matter of fact, also in this case, the Mn 2p3/2
XPS lines �Fig. 5�c�� show that in the first 55 nm a great part
of Mn atoms is in an oxidized state, but at larger depth only
the component centered at 638.7 eV, compatible with diluted
Mn, is found.

The diffusion of Mn atoms has been studied in greater
detail performing XPS depth profiles in samples annealed at
temperature below 400 °C for the same time �60 min.�, as
shown in Fig. 6. The Mn profile remains unchanged up to
200 °C, but the annealing temperature of 300 °C is suffi-
cient to establish a diffusion rate similar to that found at
400 °C. This is consistent with the fact that amorphous-to-
polycrystalline Ge phase transition occurs in the range of
annealing temperatures between 200 and 300 °C.

Figure 7 reports the angle-integrated valence band �VB�
spectrum for the 400 °C annealed sample, obtained by soft
x-ray synchrotron radiation. This spectrum has been taken
after sputtering the external oxidized layer up to a depth
where the O 1s core level signal was not detectable. This
corresponds to a depth of about 60 nm inside the implanted
layer �see Fig. 5�d��. The spectrum shows negligible counts
at the Fermi level �calibrated on the Ta clips of the sample
holder� and a significant hump at 4.0 eV. These are undoubt-
edly spectroscopic signatures of Mn dilution in a crystalline
Ge matrix.34

B. Magnetic properties

MOKE hysteresis loops relative to as-implanted and
400 °C annealed samples are shown in Fig. 8. They have

been taken in polar geometry and in the temperature range
10–300 K. Similar results, but with worse signal-to-noise
ratio, have been found in longitudinal geometry �not re-
ported�, inferring that the samples are magnetically isotropic.
For both samples, the hysteresis loops have been collected in
two different plots, corresponding to different temperature
ranges, only for clarity. It is evident that the annealing treat-
ment induces a great modification of the magnetic properties,
which is obviously related to the change in the structural
characteristics examined in the previous section.

The as-implanted alloy at 10 K shows a small coercive
field ��350 Oe� and a relatively small remanence ��25% of
saturation value�; these two quantities rapidly decrease with
temperature and disappear at 50 K. However, a strong
S-shaped response continues to be evident up to about
150 K, with progressively smaller saturation. The hysteresis
loops can be fitted through a phenomenological expression
of the type

��H� = �SL�C�H ± HC�� , �1�

where � is the MOKE polarization rotation as a function of
the applied magnetic field H, �S is the saturation rotation, HC
is the coercive field, C is a constant proportional to the initial
magnetic susceptibility, and L is the Langevin function

L�x� = coth�x� −
1

x
. �2�

The reliability and good quality of the fitting procedure is
shown in panel �a� of Fig. 9 for the 10 K loop. The fact that
the magnetic response can be reproduced using only one
Langevin function suggests that a single structural compo-
nent is responsible for the ferromagnetic behavior of the
sample. Since no manganese oxide is ferromagnetic,57 and
the presence of Mn-Ge precipitates is excluded by x-ray- and
electron-diffraction measurements, the ferromagnetic behav-
ior of the sample up to �20 K and the subsequent strong

FIG. 6. Mn depth profiles as a function of annealing tempera-
ture: as-implanted, 50 °C, 100 °C, 150 °C, 200 °C, 300 °C, and
400 °C.

FIG. 7. Synchrotron radiation �h�=120 eV� angle-integrated va-
lence band photoemission spectra for the 400 °C annealed sample
after 60 nm Ar+ sputtering. A linear background subtraction has
been performed.
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nonlinear paramagnetic response must be ascribed to Mn at-
oms dispersed in the amorphous Ge implanted layer. Ferro-
magnetic properties in amorphous MnxGe1−x samples, as-
cribed to a spin-glass transition, was found by Hauser58 and
Yu et al.,59 although no proof of effective Mn dilution was
given. The behavior of the fitting parameters HC and MS as a
function of temperature is shown in Figs. 10�a� and 10�b�,
respectively �open squares in both cases�. Our results for the
as-implanted sample are very similar to those obtained on
MnxGe1−x amorphous films grown by deposition with similar
values for the atomic concentration x,59 where a coercive
field of a few hundreds of Oe is found only at the lower
temperatures, and a significant nonlinear behavior survives
up to about 150 K.

As already pointed out, 400 °C annealing radically
changes the magnetic response, as illustrated by the hyster-
esis loops shown in Figs. 8�c� and 8�d�. Coercive field and
remanence always have much greater values than in the as-
implanted sample at the same temperatures, and the magnetic
hysteresis continues to be present up to 250 K. The hyster-
esis loops in the range between 20 and 100 K present a low-
field narrowing. This is verified by the anomalous behavior

of the coercive field as a function of temperature, shown in
Fig. 10�a� �open circles�. The experimental coercive field
progressively decreases with T up to 100 K, but increases in
the range 100–150 K, from �200 Oe up to about 600 Oe
�see the inset in Fig. 8�d��. For higher temperatures, HC de-
creases as a function of T, until it disappears completely
around 300 K. The distorted shape of the hysteresis loops in
the intermediate range of temperatures and the anomalous
temperature dependence of the coercive field suggest that the
magnetic response in the annealed sample is due to more
than one structural component. Having in mind the cross-
sectional TEM image of this sample �Fig. 3�c��, in a first
hypothesis the presence of multiple magnetic contributions
could be ascribed to the top 60 nm porous layer, and to the
compact polycrystalline deeper region, respectively. How-
ever, in Fig. 10�a� we also report the experimental coercive
field of the 400 °C annealed sample after the sputtering of
the first 60 nm �open stars�, already studied in valence-band
photoemission measurements �Fig. 7�. The behavior of HC as
a function of temperature is quite similar to that of the non-
sputtered sample.

FIG. 8. On the left: MOKE hysteresis loops obtained in polar geometry for as-implanted sample in the ranges 10–50 K �a� and
90–150 K �b�. The inset in �a� shows a magnification of hysteresis loops at low fields in the temperature range 10–50 K. On the right:
MOKE hysteresis loops in polar geometry for the 400 °C annealed sample in the ranges 10–100 K �c� and 100–300 K �d�. In the inset in
�d� a magnification of the hysteresis loops at low fields for T=100, 150, and 200 K better illustrates the evolution of the coercive field with
temperature.
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This indicates that, actually, the layer between 60 and
140 nm is the only one responsible for the complex magnetic
behavior and, therefore, a multiple magnetic contribution
must be attributed to it. Actually, in the 60–140 nm deep
region, two structural phases exist for the host Ge matrix: Ge
nanocrystals and the surrounding amorphous Ge zones, both
containing diluted Mn impurities.

Accordingly, we try to fit the hysteresis loops of the an-
nealed sample as the sum of two magnetic components: a
hard component, having a non-vanishing coercive field, and
a soft component, with a paramagnetic behavior, whose co-
ercive field is therefore set to zero. Using a Langevin func-
tion for each of the two components, hysteresis loops are
fitted with the expression

��H� = �SHL�CH�H ± HC
* �� + �SSL�CSH� , �3�

where the parameters represent the extension of those in Eq.
�1� for the hard and the soft component. HC

* is the coercive
field for the hard ferromagnetic component. Figure 9�b�
shows an example of fitting for the hysteresis loop at 100 K.
The two components are able to reproduce the experimental
curves. In Fig. 10�a� we report the coercive field of the hard

component HC
* as a function of T �full triangles�. Differently

from the experimental coercive field HC, HC
* monotonically

decreases with T, as expected physically for a single mag-
netic component. For T�150 K, HC

* is always greater than
HC, the latter being reduced by the presence of the soft com-
ponent, which has a more abrupt shape �CS�CH�. Above
150 K, the hysteresis loop shape is more regular, and the
coercive field of the ferromagnetic hard component HC

* co-
incides to the overall experimental coercive field HC. This
clearly indicates that around 150 K the soft component dis-
appears and the magnetic response is only due to the hard
one. This is also verified by the temperature dependence of
the MOKE rotation saturations for the hard component, �SH
�full triangles in Fig. 10�b�� and the soft one, �SS �full circles
in the same panel�, obtained by the fitting procedure. In Fig.
10�b� we also show the sum of the two components �open
circles� that constitutes the total MOKE rotation saturation.
As expected from the comparison between HC and HC

* , the
soft component completely disappears above 150 K and the

FIG. 9. Fitting of the MOKE hysteresis loops for �a� as-
implanted sample at 10 K and �b� 400 °C annealed sample at
100 K. The hysteresis loop of the as-implanted sample is fitted with
only one Langevin function �Eq. �1��, whereas for the annealed
sample two Langevin functions, a hard component �dashed line�
and a soft one �dotted line�, are needed �see Eq. �3��.

FIG. 10. �a� Coercive field as a function of temperature for the
as-implanted sample �open squares�, the 400 °C annealed sample
�open circles�, the 400 °C annealed sample after the sputtering of
the first 60 nm �open stars�, the hard component HC

* in the 400 °C
annealed sample �see Eq. �3�� �full triangles�. �b� MOKE rotation
saturation as a function of temperature for the as-implanted sample
�open squares�, the 400 °C annealed sample �open circles�, and the
contribution of its soft �full circles� and hard �full triangles�
components.
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hysteresis loop can be well represented by the single hard-
component Langevin function. Due to Mn atoms dispersed in
amorphous Ge, the characteristics of the soft component are
similar to those of the as-implanted sample. As the latter, it
has a zero coercive field, except at low temperatures
�10–15 K�, and it also disappears at 150 K. Therefore, we
can interpret the soft magnetic component in the 400 °C
annealed sample as due to the diluted MnGe amorphous
phase. On the contrary, the hard component can be attributed
to the embedded diluted MnGe nanocrystals formed during
the annealing process. In spite of the decreased Mn concen-
tration due to the diffusion toward the surface, the dilution of
Mn atoms inside the Ge nanocrystals leads to much more
evident ferromagnetic properties in comparison with the di-
lution in amorphous Ge, and the magnetic hysteresis is evi-
dent up to 250 K, which can be assumed as the Curie tem-
perature for our system. This Curie temperature is much
greater than those �never exceeding �120 K generally found
in MnxGe1−x single crystals with similar Mn atomic concen-
trations x �Refs. 17, 18, and 20�.

IV. DISCUSSION

As already stressed in the Introduction, the fabrication of
a good quality and effective diluted magnetic semiconductor
is based on two different requests: �1� the presence of a suf-
ficiently high concentration x of TM atoms in diluted phase,
giving a Curie temperature TC linearly increasing with x; �2�
the presence of good crystalline quality in the host matrix,
lattice defects being able to seriously affect the magnetic
response, as well as the electrical properties, of the material.
The structural information obtained on the room-temperature
implanted MnGe alloys investigated in this work, if com-
pared with the results on the 300 °C implanted samples,34,35

clearly illustrates how it is hard to simultaneously satisfy
these two demands, at least in the case of group-IV
MnxGe1−x. In ion implantation, as well as in MBE and other
growth techniques, the good crystalline quality of the pro-
cessed layer is usually achieved by maintaining the substrate
at a high temperature during the process �dynamical anneal-
ing effect�. However, when dopants with very low solubility
are introduced, as in the DMS fabrication, the thermally en-
hanced mobility of atoms, that has a fundamental role in the
recombination of lattice damage, can also dramatically favor
the precipitation of solute atoms and the formation of extrin-
sic phases. This detrimental effect of temperature has been
verified both in ion-implanted34,35 and in MBE-grown10,36

MnGe samples, where it is possible to verify the formation
of Mn-rich precipitates �Mn11Ge8 ,Mn5Ge3� immersed in a
Ge matrix with a quite perfect crystalline quality and con-
taining an appreciable concentration of diluted Mn atoms.
On the other hand, in this paper we show that a growth
process at room temperature, due to the much lower atomic
mobility of the two species �Mn and Ge�, is effective in
avoiding the precipitation of Mn atoms in extrinsic phases,
but it is not able to preserve the crystalline order, the result-
ing implanted layer being completely amorphous. In spite of
the very high peak concentration of diluted Mn atoms �
�12% �, a magnetic hysteresis is present only up to �20 K,

as an effect of the absence of crystalline order. The use of
intermediate temperature could not be the simple strategy to
join high Mn dilution and crystalline perfection. As recently
shown by Sugahara et al.,20 the use of intermediate tempera-
tures causes the formation of amorphous MnGe inclusions
�with a Mn atomic concentration around 10–20 %�. Thus,
more sophisticated growth techniques could be requested to
achieve effective dilution and efficient spin-polarized cur-
rents.

Contrarily to what could be expected, in our RT implanted
sample, thermal annealing processes at 300–400 °C do not
induce the precipitation of extrinsic MnGe phases together
with the formation of Ge nanocrystals. Although Mn atoms
appear to be diluted in the two amorphous and nanocrystal-
line Ge phases, the first structure giving very poor magnetic
response, the annealed sample presents a magnetic hysteresis
up to 250 K, much greater than the Curie temperatures found
in MBE-grown MnxGe1−x with similar x atomic concentra-
tion. We believe that this enhanced magnetic response, with
respect to a bulk Ge DMS, has to be ascribed to a surface
effect. The UHV annealing induces a growth of the Ge crys-
tallites driven by the thermodynamical equilibrium. Accord-
ingly, due to the low solubility of Mn impurities, the Ge
polycrystalline reconstruction tends to exclude the substitu-
tional incorporation of Mn atoms �which is obtained only
with the use of out-of-equilibrium growth techniques�. A
great part of the Mn atoms in the Ge crystallites remain
segregated at the crystallite facets where they find more en-
ergetically favored sites �as demonstrated through ab initio
calculations by Profeta et al.60 for the Ge�111� surface and by
Zhu et al.61 for the Ge�100� surface�. Indeed, Ge crystallites
have an equilibrium crystal shape with a large fraction of
�111� and �100� facets,62 so the aforementioned grain bound-
ary segregation is very likely. The same segregation mecha-
nism probably plays an important role in the diffusion of Mn
atoms observed upon annealing. Mn diffusion results acti-
vated after 300 °C annealing �see Fig. 6�, and the formation
of Ge nanocrystals, starts from that temperature �see Fig. 4�.
Moreover, although a gettering effect of O atoms cannot be
excluded, after diffusion Mn impurities accumulate around
30 nm from the surface, which is the minimum depth at
which Ge grains formed upon annealing.

The surface magnetism has been studied in particular for
the Ge�111� surface in Ref. 60. There, Mn can occupy de-
generate S5, H3, and surface interstitial sites. Mn in the
former site �S5� gives no magnetic contribution, whereas Mn
interstitial or the H3 site has a total magnetic moment of
3.2�B, slightly above the value of 3.0�B found for substitu-
tional Mn in the bulk.15 This can favor segregation of Mn
atoms at the facets of Ge crystallites, increasing the number
of the surface-diluted magnetically active atoms. Thus, ac-
cording to this proposed mechanism, a surface-enhanced
magnetic response can be invoked to explain our observa-
tions for high Curie temperature in polycrystalline MnGe
alloy.

A comparison of the magnetic response of these RT im-
planted samples with that obtained by high-temperature
�300 °C� ion implantation35 can be fruitful, reflecting the
already discussed differences in the structural properties. The
magnetic response of the RT as-implanted samples, where
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Mn atoms are diluted into an amorphous Ge layer, presents
analogies with the lower dose �1�1016 ions/cm−2� 300 °C
implanted sample, where only amorphous MnGe clusters are
formed. Both samples present magnetic hysteresis only at the
lower temperatures, but a nonlinear magnetic S-shaped re-
sponse for a much wider temperature range. These similari-
ties can be ascribed to the fact that the same magnetic phase
�the amorphous MnGe alloy� is present in both samples, al-
though in two very different distributions and shapes �a thin
film in one case and nanosized particles in the other one�.
Presumably, in this case Mn atoms diluted in the Ge crystal
do not play a pivotal role in determining the magnetic char-
acter of this high-temperature implanted sample. Instead, for
300 °C Mn+ ion implantation at higher doses �2�1016 and
4�1016 ions/cm−2�, Curie temperatures TC, not too far from
room temperature, are found with a strong increase in the
coercive field and remanence/saturation ratio. This improve-
ment of the ferromagnetic properties cannot be simply as-
cribed to the greater amount of the incorporated Mn atoms,
but, as already stressed in the Introduction, to the formation
of precipitates with crystalline Mn5Ge3 structure. A short-
range crystalline order, with a consequent enhancement of
the ferromagnetic characteristics, is obtained in a RT im-
planted sample upon 400 °C UHV annealing, with the for-
mation of polycrystalline Ge matrix with Mn atoms diluted
in it. The improvement of ferromagnetic properties with re-
spect to a proper MnxGe1−x DMS is ascribed to an enrich-
ment of Mn density on the surface of Ge polycrystals and not
to a proper phase separation, as occurs in high-temperature
implanted samples.

V. CONCLUSIONS

In summary, we have reported a detailed investigation of
structural, electronic, and magnetic properties of Mn atoms
diluted in a completely disordered phase �amorphous Ge�
and in a phase with a short-range crystalline order �Ge nano-

crystals�. Room-temperature Mn ion implantation has been
exploited to perform both amorphization and Mn doping of a
Ge implanted layer �140-nm-thick�. The amorphization pro-
cess causes the roughening of the sample surface and is ac-
companied by the formation of a porous Ge film in the first
50–60 nm and by the relative adsorption of O contaminants.
From diffraction measurements, no indication exists for the
formation of crystalline MnGe precipitates. The Mn atoms,
essentially diluted in the Ge amorphous layer, induce poor
magnetic properties �TC�20 K�. 300 and 400 °C UHV an-
nealing treatments allow the reconstruction of the amor-
phized implanted layer in randomly oriented Ge nanocrystals
��10 nm in diameter� with the presence of surviving amor-
phous regions, instead of an epitaxial regrowth from the
crystalline substrate below. This phenomenon is accompa-
nied by a strong diffusion of Mn dopants mainly toward the
surface. A composite magnetic behavior results after anneal-
ing treatments. A proper fitting of the measured MOKE hys-
teresis loops has been interpreted in terms of two different
magnetic components: a soft one, with a behavior similar to
the magnetic response of the as-implanted layer—referable
to Mn atoms diluted in the surviving amorphous regions—
and a harder one that can be ascribed to a phase of diluted
Mn in the Ge nanocrystals. The corresponding Curie tem-
perature, higher than those usually found in MBE-grown
monocrystalline MnxGe1−x, can be attributed to a segregation
of Mn atoms at the surface of Ge nanocrystals, where their
presence is energetically favored in specific lattice sites �in-
terstitial and H3�. The high concentration of diluted and mag-
netically active Mn atoms on the nanocrystal surface is re-
sponsible for the enhanced magnetic properties with respect
to monocrystalline MnxGe1−x.
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