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The thin-film solid-state reaction between elemental Ge and Mn across chemically inert Ag layers with
thicknesses of (0, 0.3, 1 and 2.2 um) in Ge/Ag/Mn trilayers was studied for the first time. The initial samples
were annealed at temperatures between 50 and 500 °C at 50 °C intervals for 1 h. The initiation temperature of
the reaction for Ge/Mn (without a Ag barrier layer) was ~ 120 °C and increased slightly up to ~ 250 °C when the
Ag barrier layer thickness increased up to 2.2 pm. In spite of the Ag layer, only the ferromagnetic MnsGes
compound and the Nowotny phase were observed in the initial stage of the reaction after annealing at 500 °C.
The cross-sectional studies show that during MnsGe; formation the Ge is the sole diffusing species. The

magnetic and cross-sectional transmission electron microscopy (TEM) studies show an almost complete
transfer of Ge atoms from the Ge film, via a 2.2 ym Ag barrier layer, into the Mn layer. We attribute the driving
force of the long-range transfer to the long-range chemical interactions between reacting Mn and Ge atoms.

1. Introduction

Although thin films have been widely used in advanced electronic
devices, the atomic migration during thin-film solid state reactions
continues to be the subject of many investigations [1-5]. Numerous
studies of solid-state reactions in nanofilms showed that there are three
fundamental features that strongly distinguish them from bulk sam-
ples:

(i) Formation of only the first phase at the film interface at a certain
temperature Tj, called the initiation (formation) tempera-
ture T;,. As the annealing temperature increases, other phases
can occur and form the phase sequence [3-8].

(i) The threshold of the reaction, characterized by intense intermix-
ing at the interface and the formation of compounds, arises at
temperatures above the initiation temperature Ty, [3—5].

(ili) Migration of the dominant diffusing species through the interface
during the first phase formation [5,9,10].

The formation of only the first phase among the equilibrium phases,
the low initiation temperatures that can be below room temperature
[11,12] or even below 90 K [13-16] and the migration of the dominant
diffusing species are unique, unexplained features of solid-state reac-
tions in nanofilms. As discussed above, the initiation temperature Tj, is
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the threshold temperature. This means that there is no reaction below
Ti, and the reaction initiates just as the temperature of a sample
overcomes Tj,. The analysis of solid-state thin film reactions for many
bilayers showed that the initiation temperatures Tj, often coincide with
the solid-state phase transformation temperatures Tg, including the
order-disorder phase transitions [17], eutectoid decompositions
[18,19], martensitic transformations [19-24], eutectic reactions [25],
the superionic transition [26], and spinodal decomposition [27-29].
The equality Ty, = Tk indicates the common chemical nature that
controls both solid-state transformations and solid-state reactions in
thin films.

When atomic mixing and formation of new phases at the interface
start above Ty,, various physical characteristics of the film samples,
such as electrical resistance, magnetization, transparence optique, heat
release etc., begin to radically change. Therefore, the initiation
temperature Ty, can be found using the dependence of these char-
acteristics on the sample temperature. At high heating rates the
measurement of temperature precedes the measurement of reaction
characteristics and as a result the measured Tj, can overestimate the
value of the real initiation temperature T;,. Therefore low heating rates
(<10 °C/min) are required for finding the exact Tj, value.

In recent years, characteristics of the ignition and self-propagation
of reactions in reactive multilayer films were intensively investigated
[1,2]. Above the initiation temperature T;, the reaction starts by
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sluggish atomic migration of reagents across the total interface
(diffusion regime). At high heating rates, when the rate of heat
generation Qeaction Overcomes the rate of heat loss Qioss (Qreaction >
Quoss), the temperature of the multilayer film strongly increases and
above the ignition temperature T;, the reaction jumps into a self-
propagating mode. Therefore, the initiation temperature Ty, is always
less than the ignition temperature Tj; (Ti, < Tig). Recently, Frits et al.
showed that, similar to Tj, the ignition temperature Tj; is a threshold
temperature, because in hot plate experiments the multilayers do not
ignite when the specimens are heated to temperatures just 1 °C below
Tig [30].

The ferromagnetic MnsGes phase is the first phase which arises at
the non-ferromagnetic Ge/Mn interface above the initiation tempera-
ture T, ~ 120 °C. The Mn;sGes phase has been widely investigated as a
promising compound for spintronic devices as it has a Curie tempera-
ture above room temperature (Tc=304 K), sufficiently high spin
polarization (P=42 +5%) and it grows on Ge(111) and Ge(001)
substrates by solid phase epitaxy [31-38]. The MnsGes phase also
forms during low-temperature (~120 °C) spinodal decomposition and
this can explain the ferromagnetic formation in Mn,Ge;_, dilute
semiconductors [39-45]. Recently we have shown that the initiation
temperature T;,(Ge/Mn) in Ge/Mn bilayers coincides with the spinodal
decomposition temperature Tx=120 °C of a solid solution in the Ge-Mn
system [28,29]. This clearly demonstrates that the same chemical
interactions underlie both the solid state reactions in Ge/Mn bilayers
and spinodal decomposition in the Ge-Mn system.

We deposited chemically inert silver layers (diffusion barriers) of
different thicknesses between the Ge and Mn films to investigate the
features of the MnsGes synthesis. However, only results for thicknesses
of 0, 0.3, 1 and 2.2 um for the Ag layer are presented in the paper.
Silver was chosen as the interlayer material because it does not react
chemically with Ge and Mn and does not form stable phases with these
elements. According to the phase equilibrium diagrams, Ag does not
mix with Ge up to the eutectic temperature 651 °C [46]. The experi-
mental data reported confirms the absence of mixing on the Ag/
Ge(111) interfaces up to 660 °C [47]. The Mn/Ag superlattices with a
Ag buffer layer (~2.2 nm) show very sharp interfaces [48]. Our cross-
sectional TEM studies show that annealing treatments for 1 h at 300 °C
and 500 °C corroborate the lack of significant mixing at the Ag/Ge and
Ag/Mn interfaces. Therefore the formation started in the nonmagnetic
Ge/Mn and Ge/Ag/Mn films with annealing temperatures above the
initiation temperature Tj, ~120 °C of the ferromagnetic phase, having a
Curie temperature Tc ~304 K are associated only with MnsGes synth-
esis.

In this article, we report a systematic study of the migration of Ge
atoms, via chemically inert Ag barriers of thicknesses 0, 0.3, 1 and
2.2 um, to a Mn layer for the formation of the MnsGez phase. Basic
findings consist of the appearance of strong long-range chemical
interactions above the initiation temperature T;, ~ 120 °C, at which
the synthesis of the MnsGes phase starts even if the reacting Mn and Ge
atoms are separated by a distance about 10* greater than an ordinary
chemical bond length.

2. Experimental details
2.1. Sample preparation

The initial Ge/Ag/Mn and Mn/Ag/Ge films were obtained by the
successive thermal deposition of Mn, Ag, Ge, and Ge, Ag, Mn, layers,
respectively, onto Si(001) and chemically pure glass substrates having a
thickness of 0.18 mm in a vacuum at a residual pressure of 107 Torr.
The thicknesses of the chemically inert Ag barrier layers were 0.3 um
for Ge/Ag/Mn (hereafter, Ge/0.3 um Ag/Mn) and 1, 2.2 um for Mn/
Ag/Ge (hereafter, Mn/1umAg/Ge and Mn/2.2umAg/Ge, respectively).
For comparison, we analyzed a reference sample of Ge/Mn without the
interlayer. Previously, the substrates were degassed at 350 °C for 1 h.
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All layers except the top layer are deposited at 250 °C. The top layer
deposited at room temperature to avoid solid-state reactions between
Mn and Ge during deposition. In the experiments we used samples
with an approximate 0.6Mn:0.4Ge stoichiometry and a total thickness
of ~ 400 nm. Films 0.2umMn/0.4umAg/0.2umGe were obtained for
visual observation of the reaction. Film thicknesses were determined by
X-ray fluorescent analysis or cross-sectional transmission electron
microscopy (TEM) image.

2.2. Synthesis

The initial Ge/Mn bilayers and Ge/0.3umAg/Mn, Mn/1umAg/Ge,
Mn/2.2 um Ag/Ge trilayers were annealed at temperatures between 50
and 500°C at 50°C intervals. The samples were held at each
temperature at a pressure of 107 Torr for 1 h.

2.3. TEM characterization

The cross-sectional samples for investigation by TEM were pre-
pared using a focused ion beam (FIB, Hitachi FB2100) at 40 kV to a
thickness of about 70—80 nm. The samples on Si(001) substrates were
prepared by single beam FIB because they possess less accumulation of
charge than glass substrates and have low beam drift during prepara-
tion.

In order to protect the surface of interest from milling by the Ga+
ion beam during sample preparation, a W layer was deposited in the
FIB by dissolution of the W(CO), gas. 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 6T/60 energy
dispersive X-ray (EDX) spectrometer. The imaging and EDX spectro-
scopy line scans and mapping were carried out in scanning TEM mode
with an electron probe of diameter ~ 30 nm.

2.4. XPS studies

X-ray photoelectron spectra were collected using a SPECS instru-
ment (Germany) equipped with a PHOIBOS 150 MCD 9 hemispherical
analyzer at a pass energy of 20 eV for survey spectra and 8 eV for
narrow scans. The Mg K line (1253.6 V) of a dual anode X-ray source
was used for excitation. Sample etching with Ar" ions was performed
with a PU-IQE 12/38 scanning source operated at an accelerating
voltage of 5 kV and ion emission current of 15 pA, which correspond to
a scattering rate of ~1 nm/min. Relative concentrations of elements
were determined from the survey spectra using empirical sensitivity
coefficient. The high-resolution spectra were fitted with Gaussian-
Lorentzian peak profiles after Shirley background subtraction.

2.5. Magnetic measurements

Saturation magnetization Mg and Curie temperature T¢c measure-
ments were performed using superconducting quantum interference
device (SQUID) magnetometer in-plane magnetic fields H =0.5 kOe.
We also measured the saturation magnetization Mg and the perpendi-
cular anisotropy constant K. =2nMg? + AKL using a torque magnet-
ometer with a sensitivity of 3.76:10™° Nm in the applied field range of
0-18 kOe at room temperature. The value of AK. in thin films was
associated with the presence of in-plane strains and the grain growth
textures [49,50].

3. Results
3.1. Magnetization measurements
Fig. 1 shows the change of the saturation magnetizations Mg of Ge/

Mn (without barrier Ag layer) and Ge/0.3umAg/Mn, Ge/1umAg/Mn,
Ge/2.2umAg/Mn films as a function of the annealing temperature. The



V.G. Myagkov et al.

300
| |o-d(Ag)=0

&S 250 e-d(Ag)=0.3 ym
€ 200 |o-d(Ag)=1pm
35 -d(Ag)=22
E 150 | L& (Ag) pm
(0]
~ 100
= 50

0 1 1 1 1 1 J

0 100 200 300 400 500

T(C)

Fig. 1. Temperature dependence of the saturation magnetizations of Ge/Mn and Ge/
0.3umAg/Mn, Ge/1lumAg/Mn, Ge/2.2umAg/Mn films. All non-ferromagnetic Ge/Mn,
Ge/0.3umAg/Mn, Ge/1pmAg/Mn and Ge/2.2umAg/Mn samples after annealing above
initiation temperatures T;,®/M® ~ 120 °C, T;,0/0-3nmAe/Mn _ 150 oC T, Ge/thmAs/Mn _
200 °C and T;,0%/22#mAs/Mn _ 95() °C possess saturation magnetizations which grow with
increasing annealing temperatures. These results have clearly demonstrated the low-
temperature reaction between Ge and Mn across the Ag buffer layer up to 2.2 pm and the
synthesis of the ferromagnetic MnsGes.

initial Ge/Mn bilayer and Ge/0.3 um/Ag/Mn, Ge/1umAg/Mn and Ge/
2.2umAg/Mn trilayers remain nonmagnetic up to annealing tempera-
tures of ~120 °C, ~150 °C, ~200 °C and ~250 °C, respectively. In all
samples the magnetization strongly grows above the initiation tem-
peratures TinGe/Mn ~ 120 OC, TinGe/O.Sum Ag/Mn _ 150 OC, TinGe/lumAg/Mn
~ 200 °C, T;,G¢/22HmAg/Mn _ 95() °C and this clearly demonstrates the
onset of intense intermixing of the Ge and Mn atoms and the formation
of ferromagnetic MnsGes.

3.2. Solid state synthesis of MnsGes in the Ge/Mn bilayers

The X-ray diffraction (XRD) patterns of the initial Ge/Mn bilayers
contained a-Mn reflections (Fig. 2a). The absence of Ge reflections
suggests that the top Ge layer grew with fine grains. In Ge/Mn bilayers
the synthesis of the ferromagnetic MnsGe; phase starts above Ty, %%/™®
~ 120 °C and is evident in XRD patterns (Fig. 2a) and magnetic
measurements (Fig. 1). The annealing temperature dependence of the
magnetization of the Ge/Mn bilayer contains bending (Fig. 1), which is
associated with the MnsGes; finish at ~ 300 °C [28,29]. Further
evidence for the existence of the MnsGes phase after annealing at
300 °C is provided by temperature dependence of the saturation
magnetization shown in Fig. 2b, which indicates the formation of the
Mn;sGes phase with a Curie temperature Tc! ~ 300 K and a second
phase with T¢? ~ 400 K ( Fig. 2b). Fig. 2b shows that, after annealing at
500 °C, the phase with T¢? ~ 400 K had a saturation magnetization Mg
~ 250 emu/cc at room temperature and reflections of the MnsGes
phase. Recently, we reported that annealing 60Mn/40Ge and 80Mn/
20Ge bilayers above 300 °C leads to incorporating C and O impurity
atoms into the octahedral interstitial sites of the MnsGes lattice with
the formation of the Nowotny phase MnsGe3CiOy, which has a
saturation magnetization (Mg ~ 180-320 emu/cc) and a Curie tem-
perature Tc ~ 350-360 K [28,29]. It follows that MnsGesCOy is the
main phase formed in the Ge/Mn bilayer after annealing at 500 °C.
However, secondary ferromagnetic phases, such as Ge;Mn [51], DOas-
Mn3Ge [52], hexagonal MnsGe [53], a-Mn structured MnzGe [54],
unknown Mn3Ge [55] and Geg7Mng 3 [56] can arise and possess Curie
temperatures higher than the T of MnsGe; and provide a contribution
to the overall magnetic moment and Curie temperature of the reaction
products. Also, interphase exchange interactions can lead to an
increase of the overall T, making it higher than the T¢ of MnsGes
and modifying the temperature dependence of magnetization after
annealing at 500 °C (Fig. 2b).

3.3. Solid state synthesis of MnsGes in the Ge/0.3umAg/Mn trilayer

The TEM image and the compositional profiles in EDX mode for the
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Fig. 2. Characteristics of the MnsGes synthesis in Ge/Mn bilayers. (a) X-ray diffraction
patterns of Ge/Mn bilayers in as-prepared and after annealing at 300 °C and 500 °C. (b)
Temperature dependence of the saturation magnetization Mg after annealing at 300 °C
and 500 °C. The applied in-plane magnetic field was H =0.5 kOe.

initial Ge/0.3pmAg/Mn trilayers have been obtained; and the scanning
line is indicated by the solid line in Fig. 3. A trilayer structure which
contained the Ge, Ag, and Mn layers is clearly illustrated by TEM and
EDX scan results (Fig. 3a) and conform to the XRD data (Fig. 3d). In
contrast to the Ge/Mn bilayer, magnetization of the Ge/0.3umAg/Mn
trilayer starts at T;,G¢/0-3wmAs/Mn _ 900 °C, sharply grows up to 300 °C
and reaches the magnetization magnitude of the Ge/Mn bilayer
(Fig. 1). XRD patterns and magnetic measurements unambiguously
indicate the formation of MnsGez with Tc ~ 300 K after annealing at
300 °C (Fig. 3d). The TEM image and EDX line scan results of the Ge/
0.3umAg/Mn film after annealing at 300 °C shown in Fig. 3b reliably
demonstrates the presence of a considerable quantity of Ge atoms in
the Mn layer and this proves that Ge is the dominant diffusing species
in the MnsGes synthesis. EDX analysis gives the average value of the
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Fig. 3. A direct evidence of the low-temperature synthesis of the MnsGes in Ge/0.3 umAg/Mn trilayers. TEM image of the cross-section Ge/0.3umAg/Mn bilayers: (a) as-prepared, (b)
after annealing at 350 °C and (c¢) 500 °C. Compositional profiles of Ag, Ge and Mn of these samples along the scan line shown in the TEM image of the cross-section. (d) X-ray diffraction
patterns of Ge/0.3umAg/Mn trilayers in as-prepared and after annealing at 300 °C and 500 °C. (e) Temperature dependence of the saturation magnetization Mg after annealing at

300 °C and 500 °C. The applied in-plane magnetic field was H =0.5 kOe.

atomic concentration ratio of Mn and Ge near the Mn/Ag interface as
about 1.8 which is more than 1.66 for the MnsGes phase. This is strong
evidence that even at 500 °C almost all atoms from the Ge film
migrated into the Mn film without considerable losses of Ge atoms in
the Ag buffer layer and Ge is the sole diffusing species in the MnsGes;
synthesis (Fig. 3¢). Increasing the annealing temperature above 300 °C
up to 500 °C did not produce a change in the XRD pattern and it still
contained MnsGez peaks (Fig. 3d). The magnetization and Curie
temperature increased (Fig. 3e) approximately to the value of the Ge/
Mn bilayers (Fig. 1). This is consistent with the results of the Ge/Mn
bilayers and suggests the Ge/0.3umAg/Mn also relates the formation of
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the Nowotny phase and the secondary ferromagnetic phases to this
temperature interval.

3.4. Solid state synthesis of MnsGes in the Ge/2.2 umAg/Mn trilayer

In a similar way, the 1 pmGe and 2.2 umGe buffer layers thick-
nesses did not change the scenario of the synthesis of the MnsGes
phase. For the Ge/2.2 umAg/Mn trilayer XRD pattern of the as-
prepared sample contained strong reflections of the Ag layer and a
Mn (330) peak and no peaks from the finely-dispersed Ge layer
(Fig. 4a). The analysis of the XRD pattern and magnetic measurements
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Fig. 4. A direct evidence of the low-temperature synthesis of the MnsGes in Ge/2.2 pmAg/Mn trilayers. (a) X-ray diffraction patterns of Ge/2.2 umAg/Mn trilayers in as-prepared and
after annealing at 300 °C and 500 °C. (b) Temperature dependence of the saturation magnetization Mg after annealing at 300 °C and 500 °C. The applied in-plane magnetic field was
H=0.5 kOe. Cross-sectional TEM image of the phase evolution in the Ge/2.2umAg/Mn trilayers: (c) as-deposited, (d) after annealing at 350 °C and (e) 500 °C. Compositional profiles of
Ag, Ge and Mn of these samples along the scan line shown in the TEM image of the cross-section.

show the formation of the Mn;Ge; phase with a Curie temperature T¢ ~
300 K and the Nowotny phase or the secondary ferromagnetic phases
with Tc ~ 350 K after annealing at 300 °C and 500 °C, respectively
(Fig. 4b). Like the samples with 0.3 um Ag and 1 um Ag buffer layer
thicknesses the TEM image and the compositional profiles in EDX
mode of as-prepared Ge/2.2umAg/Mn films contained the trilayer Ge/
Ag/Mn structure (Fig. 4¢) and after annealing at 300 °C and 500 °C
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show that Ge is the sole dominant diffusion species and form the
MnsGej phase at the Ag/Mn interface (Fig. 4d,e). An important point is
that after annealing at 300 °C and 500 °C the intensity and full-width at
half-maximum of Ag peaks were practically unchanged. This clearly
demonstrates that the migration of Ge does not alter the structure of
the Ag layer. Since the saturation magnetization of the Ge/2.2 umAg/
Mn trilayer versus annealing temperatures is smaller than that of the
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(a)

Fig. 5. The direct visualization of the solid state reaction between Mn and Ge across a Ag
buffer layer. (a) Photo of the top of the Mn surface of the 0.2 pmMn/0.4 umAg/0.2 pmGe
trilayer before and after annealing at 500 °C. (b) Schematic illustration of the synthesis of
Mn;GesOy at the Mn/Ag interface by the migration of Ge atoms from the bottom Ge layer
across the Ag barrier into the top Mn layer.

Ge/Mn bilayer (Fig. 1), this suggests insignificant losses of Ge atoms in
the Ag buffer layer. For all samples the saturation magnetization
measurements by the torque method show a very low additional part
of the perpendicular anisotropy AKL ~ 0. These points assume to an
absence of the growth texture and in-plane strains in the synthesized
Mn;5Ges layers.

3.5. Synthesis imaging

Reactions between Mn and Ge via a Ag buffer layer can be seen by
the naked eye. For this purpose a 0.2 um-Ge layer having the form of a
disk is prepared on the glass substrate. After that the 0.4 pm Ag and
0.2 um Mn layers were sequentially deposited. Fig. 5a shows the
modification of the visual image of the upper Mn surface and, on the
basis of XPS studies, Fig. 5b represents a schematic illustration of the
synthesis of MnsGesOy, in the Mn/0.4 pmAg/Mn trilayer after anneal-
ing at 500 °C. We investigated the composition and chemical states of
Mn, Ge, Ag, and O over the depth (~ 200 nm) of the top part of the
0.2 yumMn/0.4 umAg /0.2 umGe sample that was observed on the
visual image of the MnsGes layer after annealing at 500 °C (Fig. 5).
Fig. 6 presents (a) the X-ray photoelectron spectrum, (b) the relative
concentrations of the elements as functions of sputtering time and
core-level spectra of the 0.2 umMn/0.4 umAg/0.2 umGe sample after
annealing at 500 °C. After eliminating the oxidized and contaminated
surface layer, the distribution of Mn and O is almost homogeneous, at
least to a depth of 50—60 nm (Fig. 6b). The elemental spectra also
change significantly with depth. Below 50—60 nm thickness the X-ray
photoelectron spectrum contains Ge, Ag, Mn and O lines and the
concentrations of Ge and Ag elements increase with depth up to 120-
150 nm (Fig. 6b).

The main contributor to the Mn 2p spectra is the broadband of the
multiplet structure typical of MnO (Fig. 6¢). This is confirmed by the
atomic ratio of Mn/O, which is close to unity, and by the oxygen
spectrum with a main line near 530.3 eV (Fig. 6d). In the manganese
spectrum, there is also a component (or components) with a binding
energy of 639-640 eV that can be attributed to germanides (Fig. 6¢). In
the Ge 3d spectrum (the Ge 3d core level), the line with a binding
energy of 29.4 eV corresponds to the manganese germanide (Fig. 6e).
The Mn/Ge ratio of the corresponding lines with binding energies of
640 and 29.4 eV is approximately 4.0, which is higher than that of the
Mn;Gez compound (1.67). This is apparently explained by the presence
of the manganese oxide MnO and the Nowotny MnsGe3Oy phase. In the
silver spectrum, the component with a binding energy of 368.3 eV can
be attributed to the metallic silver Ag (Fig. 6f).

As noted above, the Ge migration does not alter the structure of the
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barrier Ag layer, which implies the absence of bulk diffusion and
suggests Ge transport along the grain boundaries, dislocations, or
pinholes. It is known that the formation of pinholes (ranging up to
150 nm) is a result of rapid atomic diffusion during solid-state
reactions [50—52]. Therefore it is reasonable to suggest that pinholes
(density of pinholes > 10° cm™2) are the basic tracks of Ge migration
via the Ag barrier layer into the Mn layer. As a result, the rapid Ge
migration can induce sizeable interface roughness in pinhole regions
without changing the surface relief between pinholes and take Ag
atoms with the Ge into the Mn layer. This reaction mechanism can
explain the contradiction between the XPS and TEM results. The TEM
results between pinholes show Mn/Ag and Ag/Ge interfaces with width
up to 50 nm during the migration of Ge atoms into the Mn layer via the
Ag barrier layer (Fig. 3a,b,c, Fig. 4¢,d,e). However, the main factor that
increases the interface width is the atomic mixing obtained by ion beam
etching while preparing the cross section samples rather than by the
interface reactions. Since the size of the analysis area in XPS is much
larger than in TEM, it includes a considerable number of pinholes, and
therefore the XPS data shows the presence of silver within the
Mn;Ge3Oy layer (Fig. 6b).

In summary, the 0.2 umMn/0.4 pmAg/0.2 umGe sample, after
annealing at 500 °C, contains the top MnO(50—60 nm) layer and the
Nowotny MnsGesOy, (120-150 nm) phase at the Mn/Ag interface. This
result explains the visualization of the Mn5;GesO, layer via the top (50—
60 nm)-MnO layer in the 0.2umMn/0.4umAg/0.2umGe sample after
annealing at 500 °C (Fig. 5).

4. Discussion

As discussed above, the Mn-Ge phase diagram, without MnsGes,
contains many ferromagnetic compounds that are stable at room
temperature [54-59]. For all thicknesses (0, 0.3, 1, 2.2 uym) of the Ag
layer used in this study, as the annealing temperature increased, only
the MnsGej3 intermetallic compound was observed during the initial
stage of the reaction and other phases were not detected. This clearly
demonstrates that the formation of the first Mns;Ges phase in the Ge/
Ag/Mn trilayers is independent of the distance between the Ge and Mn
reacting layers up to 2,2 um and only depends on the temperature,
which must be above the initiation temperature Ty, ~ 120 °C.

The TEM image and the compositional profiles in EDX mode of as-
prepared Ge/2.2umAg/Mn films after annealing at 300 °C show that
Ge is the sole diffusing species. This demonstrates the dominating Ge
atomic transfer across the buffer Ag layer into the Mn layer and the
formation of the MnsGes phase at the Ag/Mn interface. An important
point is that the low initiation temperature T;, ~120 °C between Mn
and Ge only insignificantly increases up to Ty, ~250°C with the
increasing of the buffer Ag layer thickness up to 2.2 um. This difference
may be the result of a small annealing time, which was only 1 h hour in
our experiments. At such low temperatures, the diffusion coefficients in
metal have very low experimental values and therefore they have not
yet been identified. This assumes the non-diffusion nature of the
atomic transfer of Ge atoms across a buffer Ag layers and is in line
with our previous studies, which indicate the exceptional role of long-
range chemical interactions during thin-film solid-state reactions [60—
64]. Previously, we showed that 2.3 pm-Ag and 1 pm-Ag buffer layers
do not prevent thin-film reactions of Pd with Fe and Ni with Fe,
respectively [60,61]. In addition, we have reported the solid-state
synthesis of the CuAul ordered phase in epitaxial Au/Co(001)/Cu(001)
trilayers where Au and Cu atoms react via inert 2.5 pm-Co(001) layers
[62]. Therewith, inert 2.5 pm-Fe and 0.85 pm-Fe layers do not prevent
low-temperature reactions of Cd with Au (T;, =120 °C) [63] and Cu
with B-CuZn (Tj, =250 °C) [64], respectively.

On the basis of these results, we propose the hypothesized scenario
for the synthesis of the MnsGe; compound in Mn/2.2 umAg/Ge
trilayers. Above the initiation temperature Ty, ~ 120 °C, strong
chemical interactions arise between Mn and Ge atoms for the forma-
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Fig. 6. The XPS date for 0.2 pmMn/0.4 pmAg/0.2 pmGe sample after annealing at 500 °C and Ar* sputtering for 180 min (a) XPS spectra, (b) and XPS depth profiles, (c) Mn 2p, (d) O

1s, (e) Ge 3d, (f) Ag 3d spectra.

tion of the MnsGe; phase. These interactions break the weak chemical
bonds in the Ge layer, generate directional transfer of Ge atoms via a
chemically inert Ag layer into the Mn layer and form the MnsGejs layer
at the Ag/Mn interface. It is significant that magnetic and cross-
sectional TEM studies show almost complete transfer of the Ge film via
a 2.2 um Ag layer into the Mn layer, which is not possible for diffusion-
controlled reactions. In this study, a Ag layer with thickness up to
2.2 um was used, but the minimal thickness of the Ag layer which
suppresses the reaction between Ge and Mn was not specified.
Therefore, the detailed mechanism of long-range reacting atoms
transfer requires further investigations.

5. Conclusion

The interfacial reaction between Mn and Ge films starts at ~ 120 °C
and the ferromagnetic MnsGes compound forms first in the reaction
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products. The insertion of chemically inert Ag layers up to 2.2 pm in
thickness between the Mn and Ge films doesnot change the synthesis of
the Mn;Ge; phase. With increasing thicknesses of the Ag barrier layers
up to 2.2 um, the initiation temperature of the reaction increases up to
~ 250 °C. Cross-sectional studies showed that Ge was the sole diffusing
species in MnsGes in all experiments. Analysis of the magnetic and
cross-sectional TEM studies show the trivial loss of Ge atoms during
their migration from the Ge film via an inert 2.2 ym Ag barrier layer
into the Mn layer. Our studies reveal the existence of pm-range atomic
transfer of the reacting atoms at low temperatures, at which diffusion is
negligible; therefore we propose that the long-range chemical interac-
tions control the atomic transfer, structural rearrangements and
synthesis phases in the solid state.
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