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a b s t r a c t

Mn5Ge3 films are promising materials for spintronic applications due to their high spin polarization and a
Curie temperature above room temperature. However, non-magnetic elements such as oxygen, carbon
and nitrogen may unpredictably change the structural and magnetic properties of Mn5Ge3 films. Here,
we use the solid-state reaction between Mn and GeO thin films to describe the synthesis and the
structural and magnetic characterization of Mn5Ge3(Mn5Ge3Oy)-GeO2(GeOx) nanocomposite materials.
Our results show that the synthesis of these nanocomposites starts at 180�С when the GeO decomposes
into elemental germanium and oxygen and the resulting Ge atoms immediately migrate into the Mn
layer to form ferromagnetic Mn5Ge3 nanoclusters. At the same time the oxygen atoms take part in the
synthesis of GeOx and GeO2 oxides and also migrate into the Mn5Ge3 lattice to form Mn5Ge3Oy Nowotny
nanoclusters. Magnetic analysis assumes the general nature of the Curie temperature increase in carbon-
doped Mn5Ge3Cx and Mn5Ge3Oy films. Our findings prove that not only carbon, but oxygen may
contribute to the increase of the saturation magnetization and Curie temperature of Mn5Ge3-based
nanostructures.

© 2018 Elsevier B.V. All rights reserved.
1. Introduction

In recent years, the synthesis features and structural, electronic
and magnetic properties of ferromagnetic Mn5Ge3 films have been
intensively studied for future applications in spintronics [1e5]. An
important advantage of Mn5Ge3 is a sufficiently high spin polari-
zation [6,7] and epitaxial growth on Ge(111) and Ge(001) substrates
by solid-phase epitaxy [8e11]. Thus, in epitaxial Mn5Ge3/Ge(111)
and Mn5Ge3/Ge(001) samples, the ferromagnetic Mn5Ge3 com-
pound can potentially be used as a source of spin injection into the
Ge layer [8e11]. Mn5Ge3 has Curie temperature only slightly above
room temperature (TC¼ 304 K), and a common method of
increasing the Curie temperature is the doping of Mn5Ge3 by C, O
[8,9,12,13]. For epitaxial Mn5Ge3Cx films the Curie temperature
increases with the carbon concentration and reaches a maximum
TC¼ 460 K at x ~0.6e0.7 [13]. The homogeneous distribution of
synin).
oxygen and carbon in Mn5Ge3 films obtained in a vacuum of
10�6 Torr suggests that the increase in the Curie temperature and
magnetization is due to the migration of C and O impurities to the
Mn5Ge3 lattice and the formation of the Nowotny phase of
Mn5Ge3CxOy [14e16]. Experimental studies have shown that N, C
and O impurities, which are present even in ultra-high vacuum,
migrates into the Mn-Ge nanostructures during precipitation or
annealing and change the magnetic and electrical properties
[17e20]. Calculations show, as a result of the reactivity of manga-
nese, that at high oxygen concentrations the structural and mag-
netic properties of Mn-doped germanium are greatly reduced or
even suppressed [21]. However, the effect of oxygen on the
chemical interaction of Mn with Ge is still poorly understood.

Herein, we report the synthesis of ferromagnetic
Mn5Ge3(Mn5Ge3Oy)-GeO2(GeOx) nanocomposite films containing
ferromagnetic Mn5Ge3 and Mn5Ge3Oy nanoclusters embedded into
dielectric GeO2 and GeOx matrices via a solid state reaction be-
tween the GeO and Mn layers. A schematic illustration of the re-
action in the Mn/GeO bilayer after annealing up to 300�С is
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presented in Fig. 1. Annealing studies of the Mn/GeO bilayers
demonstrate the start of a reduction-oxidation reaction at 180�С,
producing the decomposition of GeO into Ge and germanium ox-
ides GeO2(GeOx), along with a solid-state reaction between the Mn
and Ge that occurs simultaneously. The final reaction products at
300�С are ferromagnetic Mn5Ge3 and Mn5Ge3Oy nanoclusters
embedded in a GeO2(GeOx) matrix.
2. Experimental details

2.1. Sample preparation

The initial Mn/GeO films were obtained by the successive
thermal deposition of the GeO and Mn layers onto 0.18mm thick
chemically pure glass substrates at a residual pressure of 10�6 Torr.
Previously, the substrates were degassed at 350 �C for 1 h, which
was followed by the deposition of the GeO layers at a temperature
of 180 �C. The X-ray photoelectron spectroscopy (XPS) studies show
the formation of highly stoichiometric GeO films by the thermal
deposition method. The top Mn layer was deposited at room
temperature to prevent a reaction between the Mn and GeO during
the deposition. The nominal thicknesses obtained from cross-
sectional transmission electron microscopy (TEM) were 100 nm
for Mn and 300 nm for GeO (this structure is denoted as A-Mn/GeO
further in the text). The Mn(50 nm)/GeO(100 nm) bilayers and
Mn(20 nm)/GeO(30 nm) films on NaCl(001) were prepared for
magnetic and TEM studies (B-Mn/GeO further in the text),
respectively. Film thicknesses were determined by X-ray fluores-
cent analysis or cross-sectional TEM image. The TEM studies show
the differences in structural changes between A-Mn/GeO and B-
Mn/GeO during annealing up 300 �C.
2.2. Synthesis

The initial Mn/GeO bilayers were annealed at temperatures
between 50 and 500 �C at 50 �C intervals. The samples were held at
each temperature at a pressure of 10�6 Torr for 1 h. X-ray fluores-
cence (XRF) was used to determine the film thickness of the GeO
and Mn film thicknesses and the volume fraction of Ge in the GeO
film. This allowed us to estimate the full volume of the synthesized
Mn5Ge3 nanoclusters after annealing in GeO/Mn films to find the
saturation magnetization Ms and the perpendicular anisotropy
constant K⊥.
Fig. 1. Solid-state synthesis of Mn5Ge3(Mn5Ge3Oy)-GeO2(GeOx) nanocomposites. (a)
Schematic illustration of the synthesis of ferromagnetic Mn5Ge3(Mn5Ge3Oy)-GeO2(-
GeOx) nanostructures by annealing the A-Mn/GeO bilayers up to 300 �C. Above the
initiation temperature Tin ~180 �C, GeO decomposes into elemental Ge and O. Simul-
taneously the Ge and O atoms migrate into the Mn layer for the synthesis of the
ferromagnetic Mn5Ge3(Mn5Ge3Oy) nanoclusters and Ge with O forms the GeO2(GeOx)
matrix.
2.3. TEM characterization

The cross-sectional samples for investigation by TEM were
prepared using a focused ion beam (FIB, Hitachi FB2100) at 40 kV.
During sample preparation, the tungsten layer was deposited on
the surface of the film by the decomposition of gaseous W(CO)6, in
order to protect the surface of interest from milling by the Gaþ ion
beam. TEM investigations were carried out using a Hitachi HT7700
TEM at 100 kV (W source) equipped with a scanning TEM system
and a Bruker Nano XFlash 6Т/60 energy dispersive X-ray (EDX)
spectrometer. The obtained Mn/GeO and GeO films were separated
from the substrate, placed on a molybdenum TEM grid and
annealed at 300 �C for 1 h.

2.4. XPS studies

X-ray photoelectron spectra were collected using a SPECS in-
strument (Germany) equipped with a PHOIBOS 150 MCD 9 hemi-
spherical analyzer at a pass energy of 20 eV for survey spectra and
8 eV for narrow scans. The Mg K-line (1253.6 eV) of a dual anode X-
ray source was used for excitation. Sample etching with Arþ ions
was performedwith a PU-IQE 12/38 scanning source operated at an
accelerating voltage of 5 kV and ion emission current of 15 mA,
which corresponds to a scattering rate of ~1 nm/min. Surface con-
centrations of elements were determined from the survey spectra
using the empirical relative sensitivity factors embedded in the
CasaXPS program. The high-resolution spectra were fitted with
Gaussian-Lorentzian peak profiles after Shirley background
subtraction.

2.5. Magnetic and resistivity measurements

Saturation magnetization Ms and Curie temperature TC mea-
surements were performed on a vibration magnetometer with in-
plane magnetic fields up to 2 kOe. We also measured the satura-
tion magnetization Ms and the perpendicular anisotropy constant
K⊥¼ 2pMs

2±DK⊥ using a torque magnetometer with a sensitivity
of 3.76� 10�9 Nm in the applied field range of 0e18 kOe at room
temperature. The value of DK⊥ in thin films was associatedwith the
presence of in-plane strains and grain growth textures [22,23].

3. Results

3.1. Solid state reactions in Mn/GeO bilayers

3.1.1. Temperature characterization of solid-state reactions in Mn/
GeO films

Fig. 2 shows the saturation magnetization Ms(Ts) (a) and elec-
trical resistance R(Ts) (b) of the A-Mn/GeO bilayers as a function of
annealing temperature Ts. Up to ~180 �C, the Mn/GeO samples
remained nonmagnetic, which implies the absence of mixing and
the formation ofmagnetic phases on theMn/GeO interface (Fig. 2a).
With an increase in the annealing temperature above ~180 �C, the
saturation magnetization Ms appears in the Mn/GeO films and
reaches a maximum value after annealing at 300 �C. This clearly
indicates the onset of a solid-state reaction above the initiation
temperature Tin ~180 �C between the Mn and GeO layers and the
synthesis of one or more ferromagnetic phases. The volume frac-
tion of these phases in the reaction products increases up to 300 �C.
After annealing above 300 �C, the degradation of the ferromagnetic
phases reduced themagnetization, which dropped to zero at 400 �C
(Fig. 2a). Fig. 2b shows the temperature dependence of the elec-
trical resistance R(Ts) of the Mn/GeO film sample, which was heated
at a rate of 4 �C/min to 500 �C and cooled to room temperature. The
slow increasing of electrical resistance R(Ts) above Tin ~180 �C is
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consistent with the start of the solid phase reaction between the
Mn and GeO layers, which finished at 300 �C. After annealing at
350 �C the resistance R(Ts) slowly decreased during cooling down to
room temperature. The insignificant increasing of the resistance
(about 2.5 times) and the metallic-like temperature dependence of
R(Ts) explicitly indicates that after annealing at 350 �C the A-Mn/
GeO samples contains a residual Mn layer (inset in Fig. 2b). The
strong growth of electrical resistance R(Ts) above 350 �C is un-
doubtedly associated with the formation of a nonconducting ma-
trix. At decreasing temperature from 500 �C to room temperature
the resistance R(Ts) increases, which is a typical feature of semi-
conductor samples (Fig. 2b).

The diffraction pattern of the starting Mn/GeO bilayers con-
tained reflections from the Mn layer and did not change up to the
initiation temperature Tin ~180 �C (Fig. 3a). The absence of re-
flections from the GeO layer suggests amorphous or nanocrystal-
line growth. After annealing at 250 �C, reflections from the pure Mn
decreased and reflections from the ferromagnetic Mn5Ge3 phase
appear (Fig. 3b). The intensity of the Mn5Ge3 reflections increased
up to 300 �C (Fig. 3c), began to reduce above 300 �C and vanished
completely after annealing above 400 �C (Fig. 3d). The formation of
the ferromagnetic Mn5Ge3 phase matches well with the occurrence
of magnetization in the 180e300 �C temperature interval and dis-
appears after annealing at 400 �C (Fig. 2a). The findings suggest that
a disproportionation reaction (1), producing Ge nanoclusters
embedded into a GeO2 matrix and a solid-state reaction between
Ge and Mn (2) simultaneously start in the Mn/GeO interface above
180 �C and completely finish after annealing at 300 �C.

2GeO / Ge0 þ GeO2 (1)

3Ge0 þ 5Mn / Mn5Ge3 (2)

The disproportionation reaction (1) of GeOx into elemental Ge0

and GeO2 composite obtained by vacuum annealing is commonly
Fig. 2. Determination of the initiation temperature Tin ~180 �C of the reaction between
the Mn and GeO layers. (a) The saturation magnetization Ms of the A-Mn/GeO bilayers
as a function of annealing temperature Ts. The synthesis of the ferromagnetic
Mn5Ge3(Mn5Ge3Oy) nanoclusters in the Mn/GeO bilayers starts at Tin ~180 �C and
above 300 �C the Mn oxidation inhibits the magnetism in the sample. (b) Electrical
resistance of the A-Mn/GeO bilayers heated up to 500�С and cooling to room tem-
perature as a function of the temperature measurement Ts. The inset shows the R(Ts) of
the Mn/GeO bilayers heated up to 300�С and then cooled to room temperature. The
metallic resistance is a consequence of the unreacted Mn layer on the top of the
sample.

Fig. 3. Structural characterization of the A-Mn/GeO bilayers. X-ray diffraction patterns
of the as-deposited A-Mn/GeO bilayers (a) and after annealing at 250�С (b), 300�С (c),
400�С (d), 500�С (e).
used in Ge nanostructure synthesis [24e26]. Above 300 �C new
peaks of Ge and MnO appeared in addition to the Mn5Ge3 re-
flections and became dominant peaks above 400 �C (Fig. 3d and e).
This suggests the structural degradation of ferromagnetic Mn5Ge3
by oxidation of Mn above 300 �C and as a result the phase sepa-
ration of Mn5Ge3 into elemental Ge0 and MnO nanoclusters.

Thus, magnetic, resistance and X-ray studies designated two
temperature features: the initiation temperature of the reaction
between Mn and GeO is Tin ~180 �C and the oxidation of Mn in
Mn5Ge3 nanoclusters, which is contained in the reaction products,
occurs in the 300e500 �C temperature interval.
3.1.2. Magnetization studies
In order to characterize the magnetic properties of Mn/GeO

samples after annealing at 250 �C and 300 �C the temperature de-
pendences of the saturation magnetization Ms (Fig. 4a) and hys-
teresis loops (Fig. 4b) of B-Mn/GeO films were measured. Both
dependences indicate the formation of the Mn5Ge3 phase with a
Curie temperature TC1 ~ 300 K [14e16] and a second ferromagnetic
phase with TC2 ~ 360e400 K. Recently, we reported that in the
250e300 �C temperature interval the migration of С and O
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impurity atoms into the octahedral interstitial sites of the Mn5Ge3
lattice leads to the formation of the Nowotny phase Mn5Ge3CxOy,
with a Curie temperature TC ~350e400 K when annealing Mn/Ge
bilayers [14,15] and Ge/Ag/Mn trilayers [16]. After annealing at
300 �C the magnetization increased relative to annealing at 250 �C
due to the increase of the volume fraction of the Mn5Ge3 and
Mn5Ge3Oy nanoclusters in the sample. This is in good agreement
with X-ray studies which show an increase in the intensity of the
Mn5Ge3 reflections after annealing at 300 �C (Fig. 3b and c). Table 1
compares well-known Mn5Ge3 materials with the values of Ms and
TC from the obtained Mn5Ge3(Mn5Ge3Oy) films.

The measurements of the perpendicular anisotropy constant
K⊥¼ 2pMs

2 ± DK⊥ using a torque method show that DK⊥ ~0, which
indicates the lack of in-plane strains and a grain growth texture in
the Mn5Ge3(Mn5Ge3Oy) nanoclusters. Hysteresis loops after
annealing at both 250 �C and 300 �C (Fig. 4b) possess the ratio Mr/
Ms¼ 0.55 (where Mr is magnetic remanence) similar to the
StonereWolfarth curve with Mr/Ms¼ 0.5, which describes a
random assembly of noninteracting single-domain ferromagnetic
particles with uniaxial anisotropy [27]. It is known that the mag-
netocrystalline anisotropy constant for Mn5Ge3 K1¼3.0� 105 erg/
cm3 [28] and the exchange stiffness parameter Aex¼ 1.4� 10�7 erg/
cm [29], which therefore implies that the exchange length Lex ¼
Fig. 4. Temperature dependence of the saturation magnetizations of Mn5Ge3(Mn5-

Ge3Oy)-GeO2(GeOx) nanocomposite films. (a) Temperature dependences of the satu-
ration magnetization Ms measured for the B-Mn/GeO bilayer after annealing at 250 �C,
and 300 �C, have clearly demonstrated the existence of the Mn5Ge3 (TC ~ 300 K) and
Nowotny Mn5Ge3Oy (TC ~ 360e400 K) ferromagnetic phases. (b) Hysteresis loops of the
B-Mn/GeO bilayer after annealing at 250 �C, and 300 �C. Both hysteresis loops are
consistent with the Stoner-Wohlfarth model, where the Mn5Ge3(Mn5Ge3Oy) nano-
clusters form a set of noninteracting uniaxial particles with randomly oriented easy
axes.
(Aex/K1)1/2 is ~6.8 nm. From amagnetic point of view, it follows that
theMn5Ge3(Mn5Ge3Oy) nanoclusters separated by a distance of less
than 6.8 nm are exchange-coupled with each other and form
Stoner-Wohlfarth particles.

Thus, magnetic studies of the B-Mn/GeO samples suggest that
the final products of reactions (1), (2) contain an ensemble of
noninteracting Stoner-Wohlfarth particles which are separated by a
distance of more than 6.8 nm and embedded into a germanium
oxide matrix.

3.1.3. Cross section TEM studies
Cross-sectional studies were performed in order to better un-

derstand the origin of the formation of ferromagnetic Mn5Ge3
(Mn5Ge3Oy)-GeO2(GeOx) nanocomposites in the A-Mn/GeO
bilayer during annealing up to 500 �C. Fig. 5 shows the cross-
sectional TEM images for the initial Mn(50 nm)/Ge(300 nm)
bilayer (a) and after annealing at 200 �C (b), and 300 �C (c). The
initial Mn/GeO bilayer structure is clearly illustrated by TEM
(Fig. 5a). EDS results reveal a homogeneous distribution of Mn and
Ge in the Mn(50 nm) and GeO(300 nm) layers, respectively, (these
results are not given) and this is consistent with XRD data (Fig. 3a).
However, after annealing up to 500 �C the EDS elemental mapping
reveals the inhomogeneous Mn, Ge and O distribution along
perpendicular directions of the Mn/GeO interface. After annealing
at 200 �C (Fig. 5b) and 300 �C (Fig. 5c) the cross-sectional TEM
images were conditionally divided in to three layers and in Table 2
the average distributions of Mn, Ge and O are given. The analysis of
the Mn, Ge and O distributions (Table 2) does not show a Mn
migration into the GeO layer but instead suggests a Ge migration
into the Mn layer. The TEM image of the Mn(50 nm)/GeO(300 nm)
film after annealing at 300 �C (Fig. 5c) reliably demonstrates the
doubling of the Mn-based layer thickness due to the migration of a
considerable quantity of Ge atoms which arises due to reaction (1)
in the Mn layer. This finding agrees well with our previous studies
and suggests that Ge is the dominant diffusing species in the
Mn5Ge3 synthesis [16]. An increase in the annealing temperature
up to 500 �C leads to the oxidation of the Mn5Ge3 and Nowotny
Mn5Ge3Oy nanoclusters and further increases in the Mn-based
layer as shown in Fig. 5. The cross section results affirm the XRD
and magnetic data that the formation of the ferromagnetic Mn5Ge3
and Nowotny Mn5Ge3Oy phases in the reaction products occurs
after annealing at 300 �C.

The results of the cross section studies complete the XRD and
magnetic data and suggest that the reaction in Mn/GeO starts with
the disproportionation reaction (1), producing elementary Ge0,
which migrates into the Mn layer and forms the ferromagnetic
Mn5Ge3 and Nowotny Mn5Ge3Oy nanoclusters. Above 300 �C, as a
result of the oxidative activity of manganese, Mn5Ge3 and
Mn5Ge3Oy decompose into a mixture of semiconductor Ge0 and
dielectric MnO components.

3.1.4. TEM characterizations
The Mn(20 nm)/GeO(30 nm) films were used to obtain further

insight into the structural differences in the formation of
Mn5Ge3(Mn5Ge3Oy) nanoclusters in A-Mn/GeO and B-Mn/GeO
Table 1
Comparative data of the phases Mn5Ge3, Mn5Ge3Cx, Mn5Ge3CxOy, and Mn5Ge3
(Mn5Ge3Oy) obtained in this paper.

Phase Ms (emu/cm3) Tc (K)

Mn5Ge3 200 [8,9] 300 [8,9]
Mn5Ge3Cx 600 [8,9] 460 [8,9]
Mn5Ge3CxOy 250 [16] 400 [16]
Mn5Ge3 (Mn5Ge3Oy) 600 [this work] 400 [this work]



Fig. 5. A direct evidence of the low-temperature synthesis of Mn5Ge3(Mn5Ge3Oy)-
GeO2(GeOx) in A-Mn/GeO bilayers. TEM image of the cross-section of the A-Mn/GeO
bilayers: (a) as-deposited, (b) after annealing at 200 �C and (c) 300 �C. After annealing
above 180 �C the GeO undergoes disproportion and Mn5Ge3(Mn5Ge3Oy)-GeO2(GeOx)
nanostructures are formed at the Mn/GeO interface. The EDS element mapping of the
Mn, O and Ge in layers of the as-deposited and after annealing at 200 �C and 300 �C
samples are presented in Table 2. (d) The thickness of the reaction product layer as a
function of the annealing temperature up to 500 �C.

Table 2
The EDS element mapping of the Mn, O and Ge of the as-deposited (a) and after
annealing at 200 �C (b) and 300 �C (c) A-Mn/GeO bilayers.

N� Layer Chemical elements
(at.%)

Mn Ge O

(а) Mn 99 0 1
GeO 0 50 50

(b) Mn 98 0 2
GeO2(GeOx)þ
Mn5Ge3 (Mn5Ge3Ox)

60 42 8

GeþGeO2(GeOx) 0 50 50
(c) MnþGeO2(GeOx)þMn5Ge3 (Mn5Ge3Ox) 60 35 5

GeO2(GeOx)þ
Mn5Ge3 (Mn5Ge3Ox)

30 60 10

GeþGeO2(GeOx) 0 50 50
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samples during annealing up 300 �C. Fig. 6 shows a typical TEM
image (a) and the selected area electron diffraction pattern (SAED)
(b) of the B-Mn/GeO film after annealing at 300 �C. The average
atomic numbers for the GeOx and GeO2 phases are lower than the
atomic numbers of Mn and Ge, thus the GeO and GeO2 regions
appears brighter than the Mn region on the TEM image (Fig. 6a).
The d-spacing obtained from the SAED pattern (Fig. 6b) indicates
the possible presence of a MnO phase besides the expected Mn5Ge3
and Mn5Ge3Oy phases, as illustrated in Table 3. Fig. 6c, shows the
part of the SEM image on which EDS analysis was done. Elemental
maps in Fig. 6d and e reveal that Ge and Mn are the elemental
constituents of the Mn5Ge3(Mn5Ge3Oy) nanocomposite material.
The elemental mapping of Ge, as seen in Fig. 6d, reveals an
increased concentration of Ge in two large nanoparticles and is
quite homogeneous in the rest of the study area. The mapping of
Mn is shown in Fig. 6e, which demonstrated that all of the Mn is
distributed homogeneously. The TEM observations (Fig. 6a,c) indi-
cate that the Ge-rich nanoparticles have an out-of-round shape
with a grain size of 50e80 nm and intercluster distances of
150e300 nm and good uniformity in the reaction product. It is
important to bear in mind that nanoparticles with a size below
20 nm are not observed in the TEM image. Since the B-Mn/GeO
films become ferromagnetic after annealing at 300 �C, it follows
that the size of the Mn5Ge3(Mn5Ge3Oy) nanoparticles is less than
20 nm. Typical ferromagnetic nanoparticles with a size below
20 nm are in the superparamagnetic state and do not exhibit a
magnetic hysteresis loop. However, the appearance of hysteresis
loops (Fig. 4b) suggests that the Mn5Ge3(Mn5Ge3Oy) nanoparticles
are separated by distances less than the exchange length
Lex¼ 6.8 nm and are exchange-coupled with each other through
the GeO2(GeOx) matrix. The aggregations of these Mn5Ge3
(Mn5Ge3Oy) nanoparticles can be considered as a Stoner-Wohlfarth
ensemble of noninteracting particles, which exhibit a magnetic
hysteresis loop (Fig. 4b).

Thus, these results indicate the creation of nanocomposites in
the B-Mn/GeO samples that largely consist of very small
Mn5Ge3(Mn5Ge3Oy) nanoparticles with dimensions less than
20 nm and a small number of Ge-rich nanoparticles with sizes of
50e80 nm embedded into the GeO2(GeOx) matrix. Based on these
findings, we suppose that the interface layer in the A-Mn/GeO
samples (Fig. 5c) is the same as the B-Mn/GeO layers and contains
Fig. 6. (a) TEM image, (b) SAED pattern of the Mn5Ge3 (Mn5Ge3Oy)-GeO2(GeOx) film
after annealing of B-Mn/GeO bilayers at 300 �C, (c) TEM image area of elemental
mapping, (d) Ge element mapping, (e) Mn element mapping. The TEM and Ge element
mapping, show the presence of Ge-rich nanoparticles in the B-Mn/GeO bilayers after
annealing at 300 �C.



Table 3
Indexing the diffraction reflections SAED pattern of the Mn5Ge3(Mn5Ge3Oy)-
GeO2(GeOx) film after annealing at 300 �C in (Fig. 6b).

N� Mn5Ge3 NaCl MnO

1 e 200 e

2 211 e 200
3 112 220 e

4 202 e 311
5 213 e e

6 331 e e

Fig. 7. (a) Schematic illustration of the disproportional reaction (1), including the start
at 180 �C and the increase up to 300 �C in the volume fraction of the Ge nanoclusters
embedded in the Ge oxide matrix. (b) Comparison of optical spectra of as-deposited
GeO film (solid), GeO after annealing at 300 �C (dashed line) and Ge film having a
corresponding thickness (dotted line); contribution of glass substrate is extracted from
all spectra. The optical densities of Ge and GeO after annealing at 300 �C coincide at
400 nm, therefore this wavelength was used for finding the dependence given in (c).
(c) The dependence of the optical density at 400 nm of as-deposited GeO film as a
function of annealing temperature. The maximal increase of the optical density at
300 �C means a maximal content of Ge nanoclusters in the sample, and a strong
decrease of optical density above 400 �C means the oxidation of Ge to GeO2.
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Mn5Ge3(Mn5Ge3Oy) nanoparticles in a GeO2(GeOx) matrix. The
TEM studies show the formation of ferromagnetic Mn5Ge3(Mn5-
Ge3Oy)-GeO2(GeOx) films, fromwhich it follows that an easy way to
fabricate Mn5Ge3(Mn5Ge3Oy)-GeO2(GeOx) nanocomposite films of
different thicknesses is by annealing the (B-Mn/GeO)n multilayers
at 300 �C.

3.2. Structural evolution of GeO films upon thermal annealing

3.2.1. Thermal annealing effect on optical properties of GeO thin
films

To understand the reaction mechanism between Mn and GeO
the decomposition of amorphous GeO into Ge and GeO2 according
to reaction (1) was investigated by annealing up to 500 �C, and the
schematic illustration is presented in Fig. 7a. Fig. 7b shows the
optical density of as-deposited GeO, GeO after annealing at 300 �C
and Ge films having a corresponding thickness excluding the
contribution of a glass substrate. The optical density at wavelengths
ranging from 300 to 900 nm of the as-deposited Ge and GeO after
annealing at 300 �C almost coincide. The minor difference between
them is the result of the presence of GeO2 in the annealed sample.
The dependence of the optical density at 400 nm of as-deposited
GeO film as a function of annealing temperature is presented in
Fig. 7c. Optical density of GeO film does not change up to ~180 �C,
which evidences the lack of phase transformations in GeO film. The
strong increase in the optical density above 180 �C clearly demon-
strates the onset of the disproportionation reaction (1) with the
initiation temperature Tin¼ 180 �C. The highest amount of released
elemental Ge0 in the annealed (Ge0þGeO2) sample is reached at a
temperature of 300 �C; this is evident from the maximization of the
optical density at a wavelength of 400 nm (Fig. 7c). As can be seen
from Fig. 7c, further increases in the annealing temperature above
300 �C leads to a decrease of the optical density which approaches
zero at 500 �C. This indicates the complete oxidation of germanium
at 500 �C and the formation of GeO2, which has a high transparency
in the visible range. Our findings are in good agreement with pre-
viously published results of the formation of Ge nanoclusters in
GeO film by annealing [30e35] and an important contribution is
the detection of the low initiation temperature Tin¼ 180 �C of re-
action (1).

3.2.2. XPS of as-deposited of GeO and after annealing at 300 �C
Fig. 8a shows the photoelectron Ge 3d spectra of as-deposited

GeO film (1, 2) and the film annealed at 300 �C (3, 4) collected
before (1, 3) and after etching with Arþ ions (2, 4). The binding
energy of the main Ge 3d peak at ~31 eV, and the O/Ge atomic ratio,
which was somewhat higher than 1 and decreased to 1 after Arþ

etching, indicate that a nearly stoichiometric GeO oxide was
fabricated in the as-deposited sample; some enrichment of the
surface with oxygen was due to the outermost GeO2 which is
inevitably produced after exposure to the atmosphere [36] (Fig. 8b,
Supplementary Table S1). The spectrum from the sample annealed
at 300 �C (Fig. 8a) contained contributions with binding energies of
32.6, 30.7, and 29.5 eV, which correspond to GeO2, GeO, and
metallic Ge0, respectively [37,38]. This corroborates with the
disproportionation of GeO via reaction (1). For both samples, the
Arþ sputtering largely removed the surface GeO2 and any excessive
oxygen so the atomic O/Ge ratio approached ~1 but also caused the
additional decomposition of GeO and shifts of the Ge2þ peaks due
to the formation of the non-stoichiometric oxides GeO1-x and
GeO1þx [36e38] (Fig. 8a). Similar trends can also be monitored in
the O 1s spectra (Supplementary Fig. S1, Supplementary Table S1).

Thus, the XPS findings agree with the assumption that the as-
deposited films were composed of GeO oxide, which dispropor-
tionates above 180 �C, and the reaction products were Ge nano-
clusters embedded into a GeO2(GeOx) matrix.



Fig. 8. (a) X-ray photoelectron Ge 3d spectra of as-prepared GeO film (1,2) and the
nanocomposite Ge-GeO2(GeOx) film annealed at 300�С (3,4). (b) Relative concentra-
tions of Ge and O derived from the XPS; the data suggest that the reaction products
also contain substoichiometric GeOx in addition to GeO, GeO2 and Ge.

Fig. 9. (a) TEM image of as-deposited GeO film, (b) TEM image and (c) the corre-
sponding SAED pattern of the GeO film after annealing at 300 �C. The TEM and SAED
data confirms the presence of Ge nanocrystals in the uniform amorphous GeO2(GeOx)
matrix established on the basis of EDS and XPS analysis.
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3.2.3. TEM images
Fig. 9 shows a typical TEM image of the as-deposited GeO film

and after annealing at 300 �C. The initial GeO films possessed a
sand-like microstructure, which indicates that the size of the GeO
nanograins is very small (<5 nm) (Fig. 9a). The average atomic
numbers for the GeO2 and GeOx phases are lower than the atomic
number of Ge, thus the GeO2 and GeOx region appears brighter than
the Ge region on the TEM image (Fig. 9b) and EDS analysis confirms
that the observed nanoparticles are germanium rich. After
annealing at 300 �C the TEM image clearly shows the formation of
Ge nanoparticles of out-of-round shape with an average grain size
of ~60 nm and these findings are in good agreement with previ-
ously published results [34,35]. It is important to note that the
constituent part of Ge nanoparticles has a size below 20 nm, which
is not observed in the TEM image. Fig. 9с shows the SAED pattern of
the GeO film after annealing at 300 �C which exhibited faint
diffraction rings corresponding to d-spacing of 3.25, 2.0, 1.7 and
1.3 Å, which represent diffraction from the (111), (220), (311), (331)
planes of Ge and there are no reflections from either GeO2 or GeOx.
This clearly confirm the synthesis of polycrystalline Ge nanocrystals
in an amorphous GeO2(GeOx) matrix.

Thus, the XPS and TEM observations indicate that the as-
deposited films were stoichiometric GeO oxides, which undergo
the disproportionation reaction (1) above the initiation tempera-
ture ~ 180 �C, and after annealing at 300 �C the reaction products
were Ge nanoclusters with an average diameter ~ 60 nm embedded
into a GeO2(GeOx) matrix.
4. Discussion

From magnetic measurements it follows that the anomalous
part of the perpendicular anisotropy constant DK⊥ ~0. Conse-
quently, the increase of TC in Mn5Ge3Oy nanoclusters cannot be
explained by the effect of in-plane strains and the grain growth
texture. The similarity of temperature dependences of the
magnetization curves and the insignificant difference in the Curie
temperatures TСof theMn5Ge3 (Mn5Ge3Oy) and C-dopedMn5Ge3Cx
films indicate a general mechanism of an increase of TC compared to
the Mn5Ge3 samples. This suggests that, similar to how C modifies
the electronic structure of C-dopedMn5Ge3Cx [12,13], the exchange
interaction initiated by the intermediate O-ions between MnII-MnII
in Mn5Ge3Oy increases the TC value. These assumptions can explain
the differences in TC for Mn5Ge3Oy films between annealing tem-
peratures of 250 �C and 300 �C (Fig. 4a). Increasing the temperature
increases the rates of reactions (1), (2) and the migration of oxygen
atoms into the interstitial voids of the MnII octahedra. This leads to
an increase of the oxygen concentration in the Mn5Ge3Oy nano-
clusters and consequently, an increase of TC up to ~360 K and
~400 K after annealing at 250 �C and ~300 �C, respectively. This is in
good agreement with increase of TC up to ~370 K and ~430 K in
Mn5Ge3Cx when the carbon concentration reaches values of x¼ 0.1
and x¼ 0.6, respectively [13]. This assumption also agrees with the
increase of TC in sputtered Mn5Ge3 layers containing C and O im-
purities produced by the reactive diffusion of Mn and Ge layers
[2,14,15] and in dilute Ge1-xMnx amorphous thin films grown by
molecular beam epitaxy on a Ge (001) substrate [17].

As is known, thin-film solid-state reactions start when the
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temperature of a sample Ts exceeds the initiation (formation)
temperature Tin(Ts> Tin). For metallic thin-film reactions the initi-
ation temperature Tin can be below room temperature or even
below 90 K [16,39]. Recently we showed that the initiation tem-
perature of the Mn5Ge3 compound is equal to Tin(Mn5Ge3) ~ 120 �C
[14e16] and the Ge is the sole diffusing species [16]. As pointed out
above the reaction between theMn and GeO layers starts at Tin(Mn/
GeO)¼ 180 �C which coincides with the initiation temperature
Tin(GeO / Ge þ GeO2)¼ 180 �C of the disproportionation reaction
(1) that produces Ge and GeO2, which exceeds the initiation tem-
perature of Mn5Ge3 (Tin ~120 �C). This result and the analysis of
magnetic and structural data propose the hypothesized scenario for
the synthesis of Mn5Ge3 e GeO2 nanocomposite films. As the
annealing temperature in the (Mn/GeO) bilayer increases above
180 �C due to reaction (1) the GeO decomposes into elemental
oxygen and germanium, which uniformly occur throughout the
entire volume of the GeO film. At the same time strong chemical
interactions arise between the Mn and Ge atoms and, because Ge is
the sole diffusing species, the Ge atomsmigrate directly into theMn
layer via the Mn/GeO interface and formMn5Ge3 nanoclusters with
sizes less than 20 nm. However, Ge nanoclusters arising far from
the Mn/GeO interface can grow, reaching 50e80 nm (Fig. 6a,c). An
important point is that the same nanoclusters are formed in GeO
films after annealing at 300 �C (Fig. 9b). The oxygen released during
reaction (1) not only participates in the synthesis of the Ge oxides
(GeOx, GeO2), but also migrates into the Mn5Ge3 lattice and forms
Nowotny Mn5Ge3Oy nanoclusters. Above 300 �CMn is oxidized and
forms a stable MnO oxide. As a consequence of this the Mn5Ge3 and
Mn5Ge3Oy decomposes into elemental Ge and MnO and after
annealing above 450 �C the reaction products contain Ge, MnO,
GeOx and GeO2 phases.

Our results demonstrate the important role of oxygen in the
control of the magnetic properties of the Mn5Ge3-GeO2 nano-
composites. These nanocomposites combine both the magnetic
properties of the Mn5Ge3 and Mn5Ge3Oу nanoclusters and the
dielectric characteristics of the GeOx and GeO2 oxides, providing a
new room-temperature functional material.

5. Conclusion

To summarize, the solid-state reactions in the Mn/GeO bilayers
were investigated in the temperature range from 50 to 500 �C. The
mixing of the Mn and GeO layers and the synthesis of the ferro-
magnetic Mn5Ge3 and Mn5Ge3Oу phases at the Mn/GeO interface
start above the initiation temperature Tin ~180 �C and the Mn5Ge3
and Mn5Ge3Oу fraction volume increase after annealing up to
300 �C. Although the actual scenarios for the migration of oxygen
atoms to the Mn5Ge3 lattice remain unknown, the analogous
temperature dependences of the saturationmagnetizations and the
close Curie temperatures clearly indicate the same mechanisms for
increasing the Curie temperature in the Mn5Ge3Cx and Mn5Ge3Oy
films. Annealing above 300 �C leads to the oxidation of Mn in the
Mn5Ge3 and Mn5Ge3Oy nanoclusters with the formation of the
MnO and elemental Ge and Ge oxides. Furthermore, the thin-film
solid-state Mn/GeO reactions can be considered as a low-
temperature technique to synthesize high-Curie temperature and
high magnetization Mn5Ge3(Mn5Ge3Oy)-GeO2(GeOx) nano-
composite films.
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