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Ge:Mn = 20:80 and are investigated at temperatures from 50 to 500 °C. It is established that after annealing
at ~120 °C, the ferromagnetic MnsGes phase is the first phase to form at the 20Ge/80Mn interface. As the anneal-
ing temperature increases to 300 °C, the weak magnetic MnsGe, + MnsGe phases simultaneously begin to grow
and they become dominant at 400 °C. Increasing the annealing temperature to 500 °C leads to the formation of
the ferromagnetic phase with a Curie temperature T¢ ~ 350-360 K and magnetization 14-25 kA/m at room
temperature. The X-ray diffraction study of the samples shows the reflections from the MnsGe; phase, and the
photoelectron spectra contain the oxygen and carbon peaks. The homogeneous distribution of oxygen and car-
bon over the sample thickness suggests that the increased Curie temperature and magnetization are related to
the migration of C and O atoms into the MnsGes lattice and the formation of the Nowotny phase MnsGesC,O.

The initiation temperature (~120 °C) is the same in the MnsGes phase with the solid-state reactions in the Ge/Mn
films as well as in the phase separation in the GexMn; _ 4 diluted semiconductors. Thus, we conclude that the
synthesis of the MnsGes phase is the moving force for the spinodal decomposition of the GeyMn; _  diluted
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semiconductors.
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1. Introduction

An important goal in spintronics is to create media with high-
efficiency spin injection into nonmagnetic semiconductors. Ferromag-
netic materials are the main candidates for spin injection sources.
Their drawback, however, is that nonmagnetic layers form during
deposition onto Si and Ge substrates. In recent years there has been
keen interest in the synthesis of MnsGes thin films as spin injection
sources [1-3]. The ferromagnetic MnsGes phase has a Curie tempera-
ture above room temperature (Tc = 304 K) as well as sufficiently
high spin polarization (P = 42 4 5%) [4]. This phase is grown on
Ge(111) substrates by solid phase epitaxy (SPE), with the deposition
of Mn at room temperature followed by annealing [2,3,5-11]. Thus, in
the epitaxial MnsGes/Ge(111) samples, the ferromagnetic MnsGes
compound can potentially be applied as a source of spin injection into
the Ge layer.
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The properties of the materials that are important in practical appli-
cations are high magnetization, high Curie temperature, and thermal
stability. A promising approach to enhancing the Curie temperature is
to form the MnsGesC, compound by doping the MnsGes with carbon
[5-7,12-17]. As shown in Gajdzik et al. [17], Tc grows with the doping
level and attains its maximum value Tc = 442 K at x > 0.5. The SPE
growth technique is a special case of the initiation of the solid-state
reaction between Mn and Ge at the Ge/Mn interface [18-20]. It is
noteworthy that the ferromagnetic MnsGes phase forms not only from
the solid-state reactions in the Ge/Mn samples, but also during the
low-temperature (~120 °C) spinodal decomposition in Mn,Ge; _
(x < 0.05) diluted semiconductors [21-26]. Recently, we have shown
the sequential formation of the MnsGes; and Mn;;Geg phases in
polycrystalline 80Ge/20Mn nanofilms having 80Ge:20Mn atomic
composition at initiation temperatures of ~120 and 300 °C, respectively
[18].

Investigations continue to examine the scenarios and mechanisms
underlying the chemical interaction of Mn and Ge and the formation
of the ferromagnetic Mn,Ge; _ » phases at low temperatures. Informa-
tion is lacking regarding the effect of gasses on the synthesis of the
MnsGes compounds and their magnetic characteristics. To analyze the
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formation of the magnetic phases in the Mn-Ge system, it is necessary
to thoroughly investigate the regularities of the solid-state reactions
between elemental Mn and Ge.

In this study, we investigate phase formation in 20Ge/80Mn film
samples after annealing at temperatures up to 500 °C in a vacuum at a
residual pressure of 10™% Pa. We demonstrate the formation of
the 20Ge/80Mn — (~120 °C) MnsGe; — (~300 °C) (MnsGe, +
Mn;Ge) — (~500 °C) MnsGe;C,Oy phase sequence. Then, we
present the magnetic characteristics of the MnsGe3;C,0, phase and
discuss general mechanisms in the formation of the MnsGes phase
during solid-state synthesis in Ge/Mn films and phase separation in
Gex Mn; _ 4 diluted semiconductors.

1.1. Experimental details

Initial 20Ge/80Mn bilayers are obtained by the sequential thermal
deposition of Mn and Ge layers onto glass substrates in a vacuum at a
residual pressure of 10~ ° Pa. The substrates are degassed at 350 °C
with the subsequent deposition of Mn layers at 200 °C. The top Ge
layers are deposited at room temperature to prevent a reaction between
Ge and Mn during deposition. In these experiments, we use samples
with a 20Ge:80Mn (hereafter, 20Ge/80Mn) atomic composition and a
total thickness of 0.5 um. The initial 20Ge/80Mn samples are annealed
in a vacuum at a residual pressure of 104 Pa at temperatures from 50
to 500 °C, with a pitch of 50 °C and 30 min exposure at each tempera-
ture. The in-plane M-H hysteresis loops were used to measure the
magnetization. The saturation magnetization Ms is measured on an
MPMS-XL SQUID magnetometer (Quantum Design) in magnetic fields
up to 5 T. The formation phases are identified using a DRON-4-07
diffractometer (CuK, radiation). X-ray photoelectron spectra (XPS)
are obtained on a SPECS photoelectron spectrometer (Germany) with
the use of an X-ray tube for exciting Mg Ko radiation spectra
(1253.6 eV). The relative concentrations of the elements are deter-
mined by plain X-ray spectra recorded at the transmission energy of
20 eV on a PHOIBOS 150 MCD9 hemispherical energy analyzer using
empirical sensitivity coefficients. Narrow scans are detected at the
analyzer transmission energy of 8 eV. The spectra are decomposed
using the Gaussian-Lorentzian line shape after nonlinear Shirley
background subtraction. Surface etching by argon ions is performed
with a SPECS PU-IQE 12/38 scanning gun at an accelerating voltage of
5 kV and an ion current of 15 pA; this corresponds to a surface layer
scattering rate of 1-1.5 nm/min. The thicknesses of the Ge and Mn
layers are determined by X-ray fluorescence analysis. The resistance is
measured by a standard four-probe method. All measurements are
performed at room temperature.

2. Results and discussion

The diffraction patterns of the initial 20Ge/80Mn films contain a-Mn
reflections (Fig. 1a). The absence of Ge reflections suggests that the top
Ge layer grew with fine grains. After annealing at 150 °C, the Mn
reflections vanish and the ferromagnetic MnsGes phase reflections
arise. This phase becomes dominant after annealing at 250 °C
(Fig. 1b). As the annealing temperature increases above 250 °C, the
MnsGes phase reflections vanish and new peaks arise that have angular
positions and intensities strongly dependent on the heating rate,
annealing time, and even minor variations in the composition. Most of
the peaks correspond to the weak ferromagnetic K-MnsGe, [ICDD
PDF35-1409] and &-MnsGe [ICDD PDF65-6715] phases that become
dominant after annealing at 400 °C. A typical X-ray diffraction pattern
is shown in Fig. 1c. At annealing temperatures above 400 °C, some of
the X-ray patterns contain the peaks from the &,-MnsGe [ICDD PDF65-
6514] phase that formed due to the &€ — &, transition [27]. The
unindexed diffraction peaks possibly correspond to the metastable
Mn,Ge; _ x phases with a high Mn content, or to the nonequilibrium
Mns3Ge structures [28-30]. The peaks of the non-reacted k-MnsGe,,
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Fig. 1. X-ray diffraction patterns of the 20Ge/80Mn film system: (a) initial sample, (b)
sample annealed at 250 °C, (c¢) 350 °C, and (d) 500 °C.

€-MnsGe, and €;-Mn3Ge phases remain after annealing at 500 °C;
furthermore, weak MnO reflections arise, and the MnsGes phase
peaks arise again. The X-ray diffraction patterns of some of the samples
contain only the MnsGejs reflections (Fig. 1d).

The annealing temperature dependence of the magnetization of the
20Ge/80Mn films (Fig. 2a) shows that there are three temperatures
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Fig. 2. Annealing temperature dependences of (a) saturation magnetization Ms and (b)
resistance R of the 20Ge/80Mn bilayer. The top of the figure shows the temperature
boundaries of the existence of the 20Ge/80Mn film system and the MnsGes; and
MnsGesC, Oy phases.
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(250 °C, 350 °C, and 500 °C) at which magnetization reaches an
extreme. The experimental magnetization values are scattered; this is
likely due to the fact that, apart from the stable phases forming in the
Mn-rich side of the Mn-Ge system, the metastable Mn,Ge; _ x phases,
their structural modifications, and their composition inhomogeneity
are induced by annealing.

The initial 20Ge/80Mn samples remain nonmagnetic up to an
annealing temperature of 120 °C. The magnetic measurement data
show that, after annealing at 120 °C, the samples are characterized by
insignificant magnetization. This magnetization strongly grows after
annealing at 250 °C. This trend is indicative of the intermixing of the
Ge and Mn layers and the solid-state synthesis of a ferromagnetic
phase with an initiation temperature T3 ~ 120 °C. When annealing at
temperatures above 300 °C, the decrease in the saturation magnetiza-
tion Ms is related to the formation of weak magnetic compounds with
an initiation temperature 13 ~ 300 °C. Surprisingly, upon annealing at
temperatures above T3 ~ 400 °C, the saturation magnetization Mg
strongly increases, and at 500 °C, reaches its maximum value
14-25 kA/m Fig. 2(a). The evolution of the saturation magnetization
with varying annealing temperatures is consistent with the formation
of the ferromagnetic MnsGes phase with an initiation temperature
T ~ 120 °C, and the weak magnetic k-MnsGe;, and e-Mn3Ge phases
above T3 ~ 300 °C.

Fig. 2b shows the annealing temperature dependence of the samples'
resistance.

As the temperature increases, the resistance 20Ge/80Mn films
change insignificantly and decrease rapidly above ~120 °C. This
indicates that there are no significant changes at the Ge/Mn interface
up to ~120 °C. The intense intermixing of the Ge and Mn layers and
the formation of MnsGes are observed above 120 °C. This is in agree-
ment with the X-ray diffraction patterns, which do not change up to
120 °C, and with XPS studies, in which the migration of Mn atoms
into the upper Ge layer is observed at annealing temperatures only
above 120 °C. As the annealing temperature further increases, the
resistance has its minimum at 150-200 °C and weakly varies in the
range 270-370 °C. This is due to the synthesis of the MnsGe, and
MnsGe phases, which completes at 400 °C. The resistance drop above
370 °C corresponds to the repeated formation of the MnsGes phase.
Upon cooling from 500 °C, resistivity smoothly increases with
decreasing temperature; this is a typical feature of semiconductor
conduction.

The temperature dependences of the saturation magnetization
(Fig. 3) confirm the sequential formation of the ferromagnetic MnsGe;
and weak magnetic MnsGe, and MnsGe phases in the 20Ge/80Mn
films after annealing at 250 and 400 °C, respectively. The shape of the
dependence Ms(T) after annealing at 250 °C (Fig. 3a) indicates the
presence of the only magnetic phase with a Curie temperature
Tc ~ 300 K; this is typical of the MnsGes phase [3]. The insignificant
magnetization of the samples after annealing at 400 °C (Fig. 3b) is due
to the remainder of the MnsGes phase and the low magnetizations of
the e-MnsGe, £,-Mn3Ge [27,31], and k-MnsGe;, [31] phases. After
annealing at 500 °C, the samples with high magnetization have a
Curie temperature Tc ~ 350-360 K (Fig. 3¢).

The high Curie temperature (Fig. 3b) and the diffraction reflections
of the MnsGes phase (Fig. 1c) indicate the effect of the residual gasses
on the magnetic properties of the 20Ge/80Mn samples after annealing
at 500 °C. It is known that, in C-doped MnsGes films, the saturation
magnetization at room temperature and the Curie temperature grow
with carbon concentration. At carbon concentrations x ~ 0.6 —0.7
in MnsGesCy films, the Curie temperature of the latter reaches
Tc ~ 360-450 K [12-17]. The doping of amorphous Ge; _ xMny films
with nitrogen and oxygen impurities improves their magnetic and
electrical properties [32]. Ab initio calculations predict the effect of
oxygen atoms on the electrical and magnetic properties of Mn-doped
Ge [33]. Hydrogenation of the amorphous Ge; _ yMny films significantly
enhances their saturation magnetization and coercivity [34].
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Fig. 3. Temperature dependences of saturation magnetization Ms measured in a magnetic
field of 0.5 T for the 20Ge/80Mn film system after annealing at (a) 250 °C, (b) 350 °C, and
(c) 500 °C. Insets show in-plane M-H hysteresis loops for MnsGes; and MnsGesC,Oy
phases.

We investigate the composition and chemical state of Mn, Ge, O, and
C over the film depth by applying XPS coupled with Ar + sputtering.
XPS study of initial 20Ge/80Mn bilayers reveals the presence of
Ge and the absence of Mn after an etching to a depth of 20-30 nm
(the spectra are not shown). Fig. 4 presents the relative concentrations
of the elements as functions of sputtering time and core-level spectra of
the 20Ge/80Mn samples after annealing at 500 °C. After eliminating the
oxidized and contaminated surface layer, the distribution of Mn, Ge, O,
and C is almost homogeneous, at least to a depth of 50-60 nm
(Fig. 4a). At the same time, with the sample annealed at 400 °C, the
carbon and oxygen are localized only on the surface (the spectra are
not shown). The elemental spectra also change insignificantly with
depth. The main contributor to the Mn 2p spectra is the broadband of
the multiplet structure typical of MnO (Fig. 4b) [35-38]. This is
confirmed by the atomic ratio Mn/O, which is close to unity, and by
the oxygen spectrum with a main line near 530.7 4+ 0.1 eV. The line O
1s at about 532 eV corresponds to the atoms bound with the oxidized
Ge atoms (Fig. 4c) [39]. In the manganese spectrum, there is also a
component (or components) with a binding energy of 639-640 eV
and a relative intensity of 30%; this can be attributed to germanides
and manganese carbide (Fig. 4b). In the Ge 3d spectrum (the Ge 3d
core level), the line with a binding energy of 29.4 eV corresponds to
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Fig. 4. XPS depth profiles and Mn 2p, Ge 3d, O 1s, and C 1s spectra for the 20Ge/80Mn sample after annealing at 500 °C, (1) before and (2) after Ar* sputtering for 12 min.

manganese germanide. The spectrum contains the contribution with a
binding energy of ~31.1 eV related to carbon diffused into the MnsGes
compound (Fig. 4d) [17]. The Mn/Ge ratio of the corresponding lines
with binding energies of 640 and 29 eV is approximately 2.5, which is
somewhat higher than that of the MnsGes; compound (1.67). This is ap-
parently explained by the presence of the unreacted phases of the
MnsGe, and Mn3Ge compositions and manganese carbide. In the C 1s
spectrum, apart from the line of carbon contaminations (285.0 eV),
there is a band of graphitized carbon (284.5 eV) and a line typical of
carbides (283.2 eV) (Fig. 4e). Carbon is present in the samples even
after prolonged ion etching to a depth of ~50 nm. The obtained XPS
and magnetic data confirm that carbon and oxygen inclusions contained
in the 20Ge/80Mn sample are incorporated into the MnsGes lattice after
annealing at 500 °C; this significantly affects the magnetic properties.
The XPS data are consistent with X-ray and magnetic results that
show the formation of MnsGes; and MnO after annealing at 500 °C. It
is known that MnsGes belongs to the Nowotny phases [40], in which
impurity atoms such as C, N, and O are incorporated into MnsGes inter-
stitial sites with no significant change in the lattice parameter. Indirect
evidence of the incorporation of C atoms and the formation of the

C-doped MnsGes films is seen in the lattice compression compared to
the MnsGes lattice. The lattice parameters determined from the diffrac-
tion lines are ¢ = 5.013 nm and a = 7.164 nm. The ratio c/a = 0.700
coincides with the value for the MnsGesCy 75 films [17]. The C-doping
effect has been intensively studied, whereas there is a lack of data in
the literature on the effect of oxygen impurities on the magnetic prop-
erties of the MnsGejs films. Calculations show that magnetic properties
strongly degrade and can be even suppressed as the oxygen content
increases [33]. An experimental study of the Geg99Mngg; Nanowires
containing Mn-0 structures yields the Curie temperature Tc > 300 K,
which is higher than that of the MnsGes phase. However, the nature
of this ferromagnetic behavior is not clearly understood [41]. The
above arguments support the idea that not only C but also O impurity
atoms, incorporated into the octahedral interstitial sites of the MnsGes
lattice with the formation of the MnsGe3C,Oy phase, can change the
Curie temperature and saturation magnetization. Therefore, we believe
that the formation of the ferromagnetic MnsGe;C,Oy clusters is the real
nature of the observed magnetization and Curie temperature growth in
the 20Ge/80Mn films after annealing at 500 °C. Based on the above
structural and magnetic results, we propose the following physical
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picture of phase formation in 20Ge/80Mn samples upon annealing at
temperatures up to 500 °C. At ~120 °C, the ferromagnetic MnsGes
phase first forms at the Ge/Mn interface, and the fraction of this phase
grows as the temperature increases to ~250 °C. Upon annealing at
~250 °C, only the MnsGes phase and the unreacted Mn layer remain
in the sample. Above 250 °C, the solid-state reaction between MnsGes
and Mn begins and leads to the sequential formation of the weak
magnetic MnsGe; (71.43%Mn) and MnsGe (75%Mn) phases:

MnsGe; + Mn ®MnsGe,, MnsGe, + Mn®Mn;Ge. (1)

This makes the sample weakly magnetic after annealing at 350 °C.
Upon annealing at temperatures above 400 °C, the gas impurities —
mainly C and O, which have so far been chemically inert - start
interacting with Mn. Oxygen penetrating into the MnsGe, and Mns;Ge
lattices partially oxidizes Mn to MnO. This causes the reaction back to
reaction (1) and there is secondary formation of the ferromagnetic
MnsGes phase. Similar to the C-doping of the MnsGes films, the forma-
tion of the MnsGe3C,0y clusters occurs via carbon and oxygen migration
to the MnsGes lattice, which increases magnetization and the Curie
temperature of the sample. Note that the films were annealed in a
vacuum at a residual pressure of 10~* Pa. At this condition residual
oxygen contamination can actively participate in the formation of
oxides. However, the effect of oxygen contamination on the synthesis
of the MnsGes phase cannot be prevented even in an ultra-high vacuum
[32,42,43].

It is known that solid-state reactions in thin films occur at low
temperatures. As the annealing temperature increases, only one (first)
phase forms at the interface. Further increases in temperature lead to
the formation of a phase sequence. To date, the formation of the first
phase and phase sequence and the temperatures of their initiations
have not been grounded, although several models have been proposed
[see 44-47 and references therein]. Recently, we demonstrated the
formation of the 80Ge/20Mn — (~120 °C) MnsGe; — (~300 °C)
Mn,;Geg phase sequence upon heating to 400 °C [18]. It can be seen
that the MnsGes phase forms first at the Ge/Mn interface, independent
of the Ge and Mn film thicknesses. This conclusion is consistent with the
results reported in Wittmer et al. [48]. The initiation temperature of the
solid-state synthesis of the MnsGes phase (~120 °C) is close to the
temperature of the spinodal decomposition of the Mn; _ ,Gey
(x> 0.95) solid solution. These results in the formation of MnsGes
precipitates embedded in the Ge-rich matrix [21-26]. Our previous
work clearly suggests that many thin film solid-state reactions start at
temperatures of solid phase transformations. In particular, solid-state
reactions in Ni/Fe and Fe/Cu films start at temperatures of ~620 K and
~850 °C, which correspond to the temperatures of eutectoid decompo-
sitions in Ni-Fe [49] and Cu-Fe [50] systems, respectively. The experi-
mental coincidence of these temperatures suggests the presence of
common chemical mechanisms for the solid-state synthesis of MnsGes
and phase separation in the Mn; _ 4Ge, films. Above 120 °C, strong
chemical interactions between Mn and Ge lead to the formation of the
first MnsGes phase, independent of whether Mn and Ge atoms are in a
solid solution or in Ge/Mn bilayers. It should be emphasized that during
the formation of the MnsGes phase in the spinodal decomposition,
the atoms migrate a distance of several nanometers, while in the
solid-state synthesis they migrate to a depth comparable with the
thickness of a Mn or Ge layer (i.e., over 200 nm). These results provide
an unprecedented view of the solid-state reaction between Mn and Ge
and its position in the nature of the spinodal decomposition of the
Mn; _ 4Gey solid solution.

We believe that the MnsGes phase is thermodynamically stable at
low temperatures. Above 300 °C, the MnsGes phase transforms to
Mn;Geg in a solid-state reaction with the Ge layer [18], or to MnsGe;
and MnsGe in reactions with Mn, according to Reaction (1). These
results contradict the data reported in previous studies [6-8,51], in
which the authors suggest that the MnsGes phase is unstable and can

be stabilized during epitaxial growth on Ge (111) substrates. The
MnsGes phase also forms first during the sequential deposition of Mn
and Ge onto the Ge and Mn layers, respectively, at temperatures
above 120 °C. The doping temperature of Ge under Mn implantation
can exceed the initiation temperature of 120 °C. Therefore, one can
expect the formation of MnsGes, Mn;;Geg, MnsGe,, and MnsGe
nanoclusters upon Mn implantation in Ge wafers and subsequent
annealing. Yoon [52] reported the formation of the MnsGes phase
through the implantation of Mn into Ge quantum dots with subsequent
annealing at 650 °C. The polycrystalline MnsGe, phase is formed by
implantation of Mn into (001) Ge wafers and pulsed laser annealing
with a pulse duration of 300 ns [53].

3. Conclusions

We performed a systematic study of the solid-state reactions
between Mn and Ge films with the nominal atomic ratio 80Mn:20Ge at
temperatures from 50 to 500 °C. It is established that above 120 °C, the
ferromagnetic MnsGes phase grows at the Ge/Mn interface to 250 °C.
Only the MnsGes phase and the residual Mn layer are present in the re-
action products. Upon annealing at temperatures above 250 °C, the
MnsGes phase starts to react with Mn with the sequential formation of
the MnsGe, and MnsGe phases. These make the sample weakly magnet-
ic. The repeated occurrence of magnetization and the MnsGes reflections
are observed upon annealing at 400 °C. The photoelectron spectra and
magnetic measurements indicate the migration of C and O into the
Mn;Ge lattice and the formation of the Nowotny phase MnsGe3C,0y
with the Curie temperature Tc ~ 350-360 K and the high saturation
magnetization Ms ~ 14-25 kA/m at room temperature.
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