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The structural, electronic, and magnetic properties of the Mn0.06Ge0.94 diluted magnetic semiconductor,
grown at 520 K by molecular-beam epitaxy on Ge�001�2�1, have been investigated. Diluted and highly
ordered alloys, containing Mn5Ge3 nanocrystals, were grown. The valence band photoelectron spectrum of
Mn0.06Ge0.94 shows a feature located at −4.2 eV below the Fermi level, which is the fingerprint of substitu-
tional Mn atoms in the Ge matrix. Magnetization measurements show the presence of a paramagnetic compo-
nent due to substitutional Mn atoms and of a ferromagneticlike component due to Mn5Ge3 nanocrystallites.
The Mn L2,3 x-ray absorption spectrum of this polyphase film shows no marked multiplet structure, but a
bandlike character.
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I. INTRODUCTION

Diluted magnetic semiconductors �DMSs� are a class of
materials where magnetic atoms are added to nonmagnetic
semiconductors.1,2 They are currently the object of intense
research for spintronics applications. In particular, Mn-doped
germanium is an attractive system because of its high Curie
temperature �TC� �see Refs. 2 and 3� and its compatibility
with the Si-based technology.

Due to the high reactivity between Mn and Ge, several
ferromagnetic �FM� precipitates, such as Mn11Ge8, Mn3Ge2,
and Mn5Ge3,4–7 can appear during the growth of MnxGe1−x,
substrate temperature, growth rate, and Mn concentration be-
ing the main ingredients determining the properties of Mn-
doped germanium.3,4,8,9 A separation between Mn-rich and
Mn-depleted phases was found in Mn0.06Ge0.94 single
crystals,4 as well as in MnxGe1−x alloys prepared by ion
implantation,10 and in MnxGe1−x films grown by molecular-
beam epitaxy �MBE� at high temperature ��520 K�.9,11,12

The role played by the Mn5Ge3 secondary phase in determin-
ing the FM properties at high temperature of MnxGe1−x films
has also been discussed.9–13

Very recently, a new phase with composition close to
Ge2Mn, i.e., corresponding to an unknown Ge-rich phase,
has been reported by Jamet et al.14 during the epitaxial
growth of Mn0.06Ge0.94 films. These authors found that the
Mn distribution was strongly inhomogeneous. They observed
the eutectoid growth of well-defined Mn-rich �Ge2Mn� nano-
columns surrounded by a Mn-poor matrix, the large magne-
tization at high temperature of their samples being consistent
with a TC greater than 400 K. Magnetotransport revealed a
large anomalous Hall effect up to room temperature, while a

giant positive magnetoresistance �MR� was measured with
no evidence of saturation. After this work, Li et al.15 ob-
served similar nanocolumns, although their composition,
structure, and spatial distribution were slightly different.
They found on Mn0.05Ge0.95 DMSs grown at 353 K a giant
positive MR directly correlated with the distribution of Mn
magnetic impurities. Postannealing at 473 K increases Mn
substitution in the host matrix above the threshold for
insulator-metal transition, maintaining the columnar mor-
phology and having a global ferromagnetism with conven-
tional negative MR. Li et al.15 did not observe either a TC

greater than 400 K or the giant orbital MR found by Jamet et
al.14 This reinforces the idea that the magnetic and transport
properties of these systems are highly sensitive to the dopant
location and distribution.

Park et al.3 and Li et al.8 reported magnetization measure-
ments as a function of temperature, respectively, for �60 nm
thick Mn0.02Ge0.98 and 70 nm thick Mn0.05Ge0.95 films, grown
at 353 K. The magnetic behavior in both samples shows
similarities, i.e., a kink near 110 K attributed in the first case
to a long-range magnetic transition based on hole-mediated
spin exchange interactions and in the second case to a short-
range magnetic transition inside spin clusters associated with
inhomogeneities in the Mn distribution. Li et al.8 also ob-
served hysteresis loops at 5 K in their sample, but no rema-
nence between 20 and 110 K, the transition temperature be-
tween the two regimes being 12 K. These authors concluded
for the presence of two magnetic transitions in the samples:
one at TC�12 K, which corresponds to the FM ordering
temperature for MnxGe1−x DMS, and another at TC

* �110 K
related to a FM ordering within spin clusters.
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Being element specific, x-ray absorption spectroscopy
�XAS� is a useful tool to understand the electronic structure
of the magnetic atom in the semiconducting host. However,
in spite of extensive works,4,16–19 there is no consensus as
concerns the line shape of the Mn L2,3 XAS spectrum
in DMSs. For instance, in �Ga1−xMnx�As and MnxGe1−x

DMSs,17,18 the rich multiplet structure, similar to that ob-
served in MnO �see, e.g., Ref. 20�, has been attributed to the
localized 3d states of Mn2+ ions in substitutional sites of the
host lattice. However, it has been shown recently for
�Ga1−xMnx�As and Mn0.025Ge0.975 DMSs that this multiplet
structure corresponds to Mn oxide16,22 or to nonmagnetic Mn
atoms on the surface.23

In this paper, we report a detailed structural and electronic
and magnetic study of MnxGe1−x and Mn5Ge3 films, grown
by MBE on Ge�001� and Ge�111�, respectively, using high-
resolution transmission electron microscopy �HRTEM�,
selected-area electron diffraction �SAED�, photoelectron
spectroscopy �PES�, XAS and x-ray magnetic circular di-
chroism �XMCD� at the Mn L2,3 edge, and superconducting
quantum interference device �SQUID� magnetometry. We
have previously reported preliminary results on the structural
and electronic and magnetic properties of such films in
which substitutional Mn atoms included into Ge matrix and
nanoscopic Mn5Ge3 crystallites with a mean size of 3 nm are
clearly identified in the MnxGe1−x films.11,13,21 Here, in the
light of spectroscopic data, we give a unified account of our
results concerning �1� the electronic properties of both
Mn0.06Ge0.94 DMS and Mn5Ge3 samples, as observed from
valence band �VB� PES, which clearly demonstrates in
Mn0.06Ge0.94 DMS the coexistence of Mn inclusions in the
Ge lattice and the formation of Mn5Ge3 alloy clusters; �2� the
comparison of the magnetic behavior between Mn0.06Ge0.94
containing Mn5Ge3 nanoclusters and Mn0.03Ge0.97 free from
such nanoclusters; �3� the two-dimensional XY behavior of
the Mn5Ge3 thin films; and �4� the role played by oxygen
contamination in defining the XAS/XMCD spectra of the
MnxGe1−x films.

II. EXPERIMENT

PES and XAS measurements were carried out in an ultra-
high vacuum �UHV� chamber �base pressure of 3
�10−10 mbar� using synchrotron radiation on the D1011
beamline at MAX-lab �Lund, Sweden� on samples prepared
in situ under a pressure not exceeding 5�10−10 mbar by
MBE on Ge�001�2�1 substrates held at 520 K, conditions
known to favor both the epitaxial growth of DMS, and the
formation of FM clusters.8,9,11 The same samples were used
later for the HRTEM, SAED, and SQUID measurements.
Mn5Ge3 films were also prepared by solid-state epitaxy7 by
depositing a few monolayers �ML� of manganese on
Ge�111�-c�8�2� and subsequent annealing at 730 K for
15 min. The epitaxy between the �0001� and �111� planes of
the film and the Ge substrate was evidenced by reflection
high-energy electron diffraction �RHEED� patterns, which
showed sharp ��3��3�R30° streaks with incident beam

along the �112̄� direction. This is in agreement with the for-

mation of Mn5Ge3 single crystals with a D88-type structure.7

The PES spectra were obtained with a total instrumental
resolution of 50 meV using a Scienta SES200 electron en-
ergy analyzer in integrated mode. The Mn L2,3 XAS spectra
were recorded in the total electron yield mode, with a total
energy resolution of 0.2 eV. XMCD measurements were
done in remanence on samples held at T�80 K and having
been submitted to an �1 kOe magnetic field.

III. RESULTS AND DISCUSSION

A. Growth

A cross-sectional HRTEM image of a 6 nm thick
Mn0.06Ge0.94 film, collected with a 200 keV beam along the
�110� direction, is shown in Fig. 1. The film is of perfect
crystallinity, as demonstrated by the alignment of the �111�
planes in the substrate and the film and by the absence of
impurities and crystalline defects at the interface, along �on
average� several hundreds of nanometers. In the epitaxial
region, which extends up to the surface, no contrast is in-
duced by the dilution of Mn in the Ge matrix, which suggests
that Mn atoms are mainly located in substitutional sites.
SAED provides further information on the film structure near
the interface.11 A detailed analysis of the diffraction spots
shows the superposition of two lattices �Ge and Mn:Ge�,
indicating a small difference between the lattice parameters
of the film near the interface and those of the substrate. This
can be attributed to the mismatch between the atomic vol-
umes of Mn and Ge.

The almost continuous film is interrupted by randomly
distributed 3 nm nanocrystalline Mn5Ge3 secondary phase
precipitates, as identified by SAED. Precipitates with other
Mn concentrations have not been detected. By studying the
size of the Mn5Ge3 precipitates on several MnxGe1−x samples
�0.005�x�0.10; 6 nm� thickness�85 nm� grown on
Ge�001� at 520 K, a 1.5%–2% Mn concentration has been
deduced. This value agrees with that �2%� reported from
spatially resolved energy-dispersive x-ray spectroscopy
measurements.9,12,14 The size and structural ordering of these
precipitates are found to increase with Mn concentration and
film thickness. All the samples show a part of epitaxial film

FIG. 1. Cross-sectional HRTEM image of a Mn0.06Ge0.94 film
grown on a Ge�001�2�1 substrate held at 520 K.
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free from precipitates, while the remaining part contains
Mn5Ge3 inclusions.11 On the basis of these findings, we con-
clude that the lattice strain associated with the Mn atoms in
substitutional sites controls and limits the growth of the di-
luted alloys. The MnxGe1−x lattice swells up to a critical
strain above which Mn atoms segregate in Mn-rich nano-
crystals. A similar mechanism has been observed in the
�Ga1−xMnx�As DMS.16

B. Photoemission

The presence of MnxGe1−x DMS at the surface of the
sample is further demonstrated by PES. Figure 2 shows the
VB spectra of Mn0.06Ge0.94 and Mn5Ge3 films recorded after
growth at photon energies h�=138 and 148 eV, respectively.
The VB spectra were collected immediately after the film
growth in order to prevent surface contamination. The ab-
sence of the O�1s� peak was carefully checked. There are
two important signatures in the spectrum. First, we empha-
size the presence of a peak at about −4.2 eV binding energy
�BE� in the VB spectrum of Mn0.06Ge0.94 �Fig. 2�a��. This
structure is very similar to that observed in Ga0.069Mn0.939As
�Ref. 24� and Mn0.06Ge0.94 �Ref. 4� and is attributed to Mn 3d
states hybridized with the band states of the semiconductor
host. Second, there is a weak electron emission at the Fermi
level �FL�, evidencing the presence of a metallic component
in the MnxGe1−x alloy. This VB PES spectrum is of major
importance because it demonstrates the coexistence of di-
luted Mn atoms in the Ge matrix with Mn5Ge3 clusters, in
agreement with the HRTEM measurements. Note that recent
calculations10 suggest that the peak at −4.2 eV in the VB is a
fingerprint of substitutional Mn atoms in a Ge matrix. The
VB spectrum of Mn5Ge3 �Fig. 2�b�� shows a clear cutoff at
the FL, as expected from its metallic behavior.25 Two fea-

tures are observed: one �A� at the FL and the other �B� at
�−2 eV BE. They are characteristic of the Mn 3d density of
states �DOS� in Mn5Ge3.25,26

In order to give a qualitative insight of Mn 3d DOS, we
show in Fig. 3 the difference between the VB PES spectra of
Mn0.06Ge0.94 and of a clean Ge�001�2�1 surface. The dif-
ference spectrum exhibits the two structures discussed above.
Now, the contribution of the Mn5Ge3 clusters is more clearly
seen in the vicinity of the FL. The contribution of the Mn 3d
DOS in Mn5Ge3 appears also as a shoulder at −2 eV BE.

C. Mn L2,3 x-ray absorption

The Mn L2,3 XAS spectra allow us to obtain further infor-
mation on the Mn electronic structure in the films. Despite
the UHV conditions used �see Sec. II�, the Mn0.06Ge0.94
samples, clean after growth, result in a partially oxidized
surface during the XAS data acquisition �a few hours�. So to
prevent surface oxidation and to study the Mn L2,3 XAS
spectrum of a clean Mn0.06Ge0.94 alloy, the in situ grown
samples were capped with �2 ML of germanium.

Figure 4 shows the Mn L3 XAS spectra of an uncapped
Mn0.06Ge0.94 film, of a capped Mn0.06Ge0.94 film, and of a
Mn5Ge3 film.

When compared to the XAS spectrum of the uncapped
sample, the XAS spectrum of the capped sample exhibits a
broad line shape with a reduced fine structure, similar to that
of the Mn5Ge3 spectrum. This reflects the hybridization be-
tween the Mn 3d states and the Ge 4s4p valence states, i.e., a
marked delocalization of the Mn 3d states. The spectrum of
the uncapped alloy has a more pronounced multiplet struc-
ture, strongly enhanced when the surface sample is exposed
to air �spectrum not reported�, corresponding to Mn atoms in
the d5 high-spin state characteristic of MnO �see, for in-
stance, Ref. 20�. The difference in surface contamination be-
tween the capped and uncapped samples is confirmed by
PES measurements: In the uncapped sample, the O�1s� spec-
trum splits into two components attributed to the GeO- and
MnO-like oxides, whereas only the GeO-like oxide, corre-
sponding to the contamination of the capping Ge layer, is
found on the capped film, which is now free of oxidized Mn
atoms.21 This result may appear at variance with a number of
previous XAS results.4,17,18 However, they are in line with

FIG. 2. VB PES spectra of �a� Mn0.06Ge0.94 and �b� Mn5Ge3

films.

FIG. 3. VB PES spectra of MnxGe1−x for x=0.06 and x=0
�clean Ge substrate�. The difference spectrum is given at the bottom
of the figure.
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recent findings for etched �Ga1−xMnx�As, MnxGe1−x films,
and Mn impurities deposited on Ge and GaAs surfaces.16,19,22

One should also note the absence in the L3 white line of the
prepeak expected from first-principles calculations to appear
when interstitial Mn atoms are present in the Ge lattice.18

This can be considered as a confirmation that the Mn atoms
diluted in the Ge host are substitutional. It is also interesting
to note that a broadening of the multiplet structure due to the
partial delocalization of the Mn 3d states is observed for di-
luted Mn impurities on a Ge surface, where the degree of
hybridization with Ge 4s4p states is presumably reduced in
comparison to the bulk impurity configuration.19,22

The XAS shape of the capped sample, even showing a
reduced multiplet structure with respect to the uncapped film,
is rather different from that of pure Mn5Ge3. The XAS line
shape we observe for the MnxGe1−x film should consist of the
contributions arising from substitutional Mn diluted in the
Ge host and from Mn included in the Mn5Ge3 nanocrystal-
lites. Although it is difficult to estimate quantitatively the
proportion between these two spectral components and to
attempt a decomposition, one can resort to simple arguments
to discuss their main qualitative features. HRTEM analysis
and magnetic results �see below� show that the diluted
sample strongly contributes to the whole film. Then, the dif-
ferences in shape and in width of the XAS spectra of clean
Mn0.06Ge0.94 and Mn5Ge3 films reveal differences in the Mn
hybridization states in these samples, confirming the pres-
ence of Mn atoms in the Ge matrix with an environment
different from those encountered in Mn5Ge3. This result is in
agreement with the VB PES spectrum of Mn0.06Ge0.94 re-
ported in Fig. 2�a�, which is determined by the electronic
DOS of both the diluted MnxGe1−x and the Mn5Ge3 alloys.

D. Magnetic properties

In order to correlate the structural and electronic structure
information with the magnetic properties, the films were in-

vestigated by SQUID magnetometry. Magnetization has been
recorded as a function of temperature �5 K�T�330 K� and
magnetic field �up to 20 kOe� applied parallel to the surface
of the film ��001� direction�. Figure 5 shows the temperature
dependence of the magnetization M for a Mn0.06Ge0.94 film.
A magnetic field of 1 kOe was applied parallel to the film
plane. The magnetization was measured �see Fig. 5� for in-
creasing temperature after zero-field cooling �ZFC� and then
for decreasing temperature at the same magnetic field �field
cooling �FC� process�. The ZFC curve shows three main fea-
tures associated with different types of contributions to the
magnetization: �i� First is a low temperature Curie-like be-
havior, revealing the presence of paramagnetic �PM� entities,
as confirmed by the Curie fit; this contribution is attributed to
the substitutional Mn atoms in the Ge host. �ii� Second is a
broad maximum at higher temperature, characteristic of a
blocking process of moments of magnetic nanoparticles with
a large size distribution; this contribution is associated with
FM Mn5Ge3 precipitates �TC�310 K in the bulk27� of dif-
ferent sizes �identified by SAED� having moments that block
progressively with decreasing temperature, giving rise to the
observed irreversibility �difference between FC and ZFC�.
Note that this bump is not observed �see the inset to Fig. 5�
in the ZFC curve characteristic of 6 nm Mn0.03Ge0.97 films
prepared at low temperature �353 K�, i.e., in which Mn5Ge3

precipitates are absent. �iii� Third is a small increase of mag-
netization above 290 K, indicating the tendency toward a
second broad maximum, probably due either to bigger FM
precipitates or to the Ge2Mn-like phase �TC�400 K� re-
cently discovered by Jamet et al.,14 too diluted to be detected
by SAED. Such a Mn-rich phase could explain �see inset to
Fig. 5� the weak increase in the ZFC magnetization observed
above �200 K in Mn0.03Ge0.97, as well as the downward cur-
vature observed in the FC magnetization above �250 K.
These results are coherent with the irreversibility observed
over the whole temperature range, confirming the occurrence
of moment blocking processes below 330 K �the highest
measuring temperature� and with the results of the M�H�
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FIG. 4. �Color online� Comparison between the shapes of the
Mn L3 XAS spectra of an uncapped Mn0.06Ge0.94 film �6 nm�, of
a Ge-capped Mn0.06Ge0.94 film �6 nm�, and of a Mn5Ge3 film
�25 nm�.

FIG. 5. Zero-field-cooled and field-cooled temperature depen-
dence of the magnetization for a Mn0.06Ge0.94 film measured with a
magnetic field H=1 kOe parallel to the surface of the film ��001�
direction�. The solid line is the Curie fit to the low temperature part
of the ZFC curve. The inset shows the corresponding curves for
a 6 nm thick Mn0.03Ge0.97 sample prepared at low temperature
�353 K�, which is free from Mn5Ge3 precipitates.
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measurements shown in Fig. 6. On the other hand, there is no
evidence of a clear TC for Mn5Ge3, probably because the
large size distribution of the precipitates determines a TC
distribution. Indeed, the low temperature measurements �Fig.
6�a�� show the coexistence of a saturating FM-like compo-
nent giving rise to a small bump at low fields, due to the
blocked moments of the Mn5Ge3 precipitates, and a nonsat-
urating PM component responsible for the linear variation at
higher field. This is more clearly observable at 10 K. The
FM contribution is better evidenced when the linear PM con-
tribution is subtracted from the M�H� curve �Fig. 6�a�, inset�.
The FM contribution is more evident at higher temperature
because of the decrease of the PM contribution. Indeed, the
magnetization curves at 40 and 300 K given in Fig. 6�b�
show a clear hysteretic behavior. The presence of a coercive
field even at 300 K �Hc=100 Oe�, well above the tempera-
ture range of the broad maximum in the M�T� curve, is co-
herent with the small increase of M observed above 290 K.

Figure 7 displays the reduced magnetization R=M�T� /M
�50 K� as a function of T of a Mn5Ge3 film. M�H� hysteresis
loops at 20 K�T�300 K show �the loop at 300 K is given
in the left inset� typical features of FM ordering, with a co-
ercive field of 300 Oe and a transition temperature TC
=303 K deduced from the peak temperature of dM /dT �right

inset�, close to that ��310 K� of bulk Mn5Ge3.27 Our value
of TC is slightly higher than that reported recently7 in similar
samples �TC=296 K�. We suggest that the Curie temperature
of Mn5Ge3 films is strongly dependent on the quality and
stoichiometry of the sample. From the measured value of the
magnetic moment at saturation and taking into account the
thickness of the film �30 nm�, an atomic magnetic moment
ms= �2.26±0.5��B is deduced, which is in good agreement
with the values obtained from the XMCD measurements re-
ported below and in Ref. 7. To have better insight into the
nature of the magnetic phase transition, we fitted �solid line
between the experimental points in Fig. 7� the magnetization
in the vicinity of TC to a M�T�=M0�1−T /TC�� law, valid
for the ferromagnets.28 We obtain a critical exponent
�=0.20±0.04, in satisfactory agreement with the
�3	2 /128��0.231 value, which is the universal signature of
finite-sized two-dimensional XY behavior,28 applicable to
layered magnets for which the hysteresis loop exists only in
the XY plane. This indicates that our sample is a single crys-
tal, as also seen from the RHEED patterns.

Finally, the magnetic behavior of a Mn5Ge3 film was also
studied by XMCD at the Mn L2,3 absorption edge. Figure 8
shows the XAS spectrum recorded for parallel �I+� and anti-
parallel �I−� alignments of the photon helicity with the mag-
netization. The XMCD signal �I+− I−� is shown in the lower
part of Fig. 8. The incidence angle of the photon beam was
set to 45° to probe both in-plane and out-of-plane compo-
nents of the sample magnetization. A remanent XMCD sig-
nal is observed at 80 K �see also Ref. 25�. We applied the
sum rules29 to calculate the orbital and spin magnetic mo-
ments in Ge3Mn5. It appears that the orbital moment contrib-
utes negligibly to the magnetism, in agreement with Ref. 30,
and that the average total magnetic momentum per hole
mtot= �Lz�+2�Sz� is equal to 2.34�B. This is in good agree-
ment with the average magnetic moment per Mn atom
ms= �2.6±0.5��B measured by SQUID at 5 K. At variance,
the flat XMCD signal obtained for Mn0.06Ge0.94 films shows
the absence of magnetic remanence, confirming the PM be-
havior of Mn atoms substitutionally included in a Ge matrix
at low concentration �x�1.5�.

FIG. 6. �Color online� M�H� loops of a Mn0.06Ge0.94 film: �a�
Loops at 5 and 10 K with −20 kOe�H� +20 kOe. The curve
given as an inset is obtained by subtracting a linear curve to the
M�H� behavior measured at 5 K. �b� Loops at 40 and 300 K with
−1 kOe�H� +1 kOe. The inset is the M�H� loop at 300 K with
−20 kOe�H� +20 kOe.

FIG. 7. Reduced magnetization R=M�T� /M�50 K� as a function
of temperature �Ha=200 Oe� for Mn5Ge3 /Ge�111�-c�8�2�. Insets:
M�H� loop at 300 K �left�; �1−T /TC�� fit of the M�T� curve near TC

�right�.
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IV. CONCLUSIONS

In conclusion, we prepared and investigated Mn0.06Ge0.94
single crystalline thin films. HRTEM and SAED measure-
ments give evidence of the presence of Mn5Ge3 nanocrystal-
line precipitates inside a DMS film. The substitutional char-
acter of Mn atoms in the Ge host is shown from VB PES

spectra, which exhibit at −4.2 eV binding energy a feature
characteristic of the Mn 3d states in a DMS, while these
states are located at −2 eV in Mn5Ge3. The Mn L2,3 XAS
spectrum of this polyphase sample presents a faint multiplet
structure and is similar to that observed for Mn5Ge3. The
XAS line shape is very sensitive to the surface oxidation of
the sample, upon which the multiplet structure is enhanced.
The combination of microstructural and magnetic studies al-
lowed us to identify the PM behavior of the Mn substitu-
tional atoms �1.5%� in the Ge lattice sites and to show that
the hysteretical behavior is due to the Mn5Ge3 nanoprecipi-
tates dispersed in the Ge host. This magnetic behavior of the
nanoprecipitates suggests that they can be used as a way to
tune the magnetic properties for engineering spintronic de-
vices.
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