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Abstract—Planar and vertical hybrid structures, which combine ferromagnetic and semiconductor layers
are essential for implementation and study of spin transport phenomena in semiconductors, which is cru-
cial for the advancement and development of spintronics. We have developed approaches for the synthesis
of Fe3 + xSi1 – x epitaxial thin films and demonstrated the spin accumulation effect in multiterminal devices
based on Fe3 + xSi1 – x/Si. Fe3 + xSi1 – x/Ge/Fe3Si and Fe3 + xSi1 – x/Ge/Mn5Ge3 multilayer hybrid struc-
tures were synthesized on a Si(111) substrate, study of their structural, magnetic and transport properties
were performed. The effect of synthesis conditions on the growth of epitaxial structures and on their mag-
netic and transport properties was discussed. The results obtained may prove valuable in the development
and fabrication of spintronic devices.
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INTRODUCTION
The ongoing challenge of the miniaturization of

field-effect transistors (MOSFETs), which is nearing
its limits, can be overcome by switching to spintronic
devices, which principle of operation is based on the
spin degrees of freedom, offering the potential to
reduce overall power consumption, improve the speed
of RAM and expand the capabilities of data processing
[1–5]. The search for suitable ferromagnetic (FM)
materials for spintronic devices is a complex and
urgent task, since such materials must be compatible
with the silicon technology, which is currently domi-
nant in the semiconductor (SC) industry, have a high
transition temperature to the FM state (TC) and high
spin polarization of electrons, and meet a number of
other requirements as well. Such materials include
many Heusler alloys [6–13], for example Fe2MnSi,
Fe3Si, Co2FeAl, Co2FeSi, Co2Fe(Al,Si). Based on

such ferromagnets, both simple FM/SC epitaxial
structures and multilayer hybrid structures of various
compositions can be grown. Of particular interest are
three-layer FM/SC/FM hybrid structures are promis-
ing for vertical and planar devices of semiconductor
spintronics [14–17]. Electrical response from hybrid
structures can be easily controlled and tuned by exter-
nal influences like temperature, electrical bias, mag-
netic field [18, 19], optical irradiation [20, 21] and
other. We have developed approaches for the synthesis
of Fe3 + xSi1 – x epitaxial thin films and demonstrated
the spin accumulation effect in multiterminal devices
based on Fe3 + xSi1 – x/Si. Fe3 + xSi1 – x/Ge/Fe3Si and
Fe3 + xSi1 – x/Ge/Mn5Ge3 multilayer hybrid structures
were synthesized on a Si(111) substrate, studies of their
structural, magnetic and transport properties were
performed.
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SAMPLE SYNTHESIS 
AND EXPERIMENTAL DETAILS

All film samples were grown on Si(111) substrates by
molecular beam epitaxy at a base vacuum of 6 × 10–8 Pa.
Before loading into an ultrahigh vacuum (UHV)
chamber, a chemical treatment in air was performed
using a H2O2 : NH4OH : H2O solution in the ratio
1 : 1 : 1 and a 5% hydrofluoric acid solution (HF).
Immediately prior to the deposition of specific mate-
rials, the Si(111) substrates were annealed at a tem-
perature of 900°C to obtain a 7 × 7 surface reconstruc-
tion, which was monitored in situ using reflected high-
energy electron diffraction (RHEED). Details about
the stages of substrate preparation are described in
[22]. Individual materials (Fe, Si, Ge, Mn) were evap-
orated from separate sources at different rates to pro-
vide the required stoichiometry of binary compounds.
The deposition rates of individual materials were pre-
viously calibrated by laser ellipsometry. Knudsen cells
with indirect thermal heating of the crucible were used
as sources. The deposition of Fe3 + xSi1 – x iron silicide
layers was carried out using co-deposition from differ-
ent sources of iron and silicon in an atomic ratio of
3 : 1. The ratio of deposition rates Si : Fe ≈ 0.57 is stoi-
chiometric for Fe3Si. The fabrication of iron silicides
is a well-established technology, and the details of the
epitaxial synthesis of iron silicide with the DO3 struc-
ture were described in [22, 23]. During the growth of
Fe3 + xSi1 – x films, the substrate temperature was stabi-
lized for 30 min and was maintained at 150°С, for Ge
at 300°С, and for Mn5Ge3 at 390°С. The parameters
of the epitaxial films were controlled in situ using an
LEF 751M laser ellipsometer and RHEED. In total,
4 types of samples were synthesized: single-layer thin
films Fe3Si and Mn5Ge3 as well as multilayer structures
Fe3 + xSi1 – x/Ge/Fe3Si and Fe3 + xSi1 – x/Ge/Mn5Ge3.

Based on the obtained samples, multiterminal
structures of a special topology were prepared using
standard optical lithography and wet chemical etch-
ing. On the surface of the Fe3 + xSi1 – x, film, a protec-
tive mask was formed using photolithography, so the
area of the film covered with photoresist was protected
from the acid solution, and the rest of the film was
removed using a solution of hydrofluoric (HF) and
nitric (HNO3) acids in water (Н2О) with a component
ratio of 1 : 2 : 400, which provided an etching rate of
~52 Å/s for the stoichiometric composition of Fe3Si
iron silicide. Details on fabrication and features of the
chemical etching process are described in [23].

The microstructure of the samples was studied
using atomic force microscopy (AFM) and transmis-
sion electron (TEM) microscopy. X-ray diffraction
(XRD) analysis was done using PANalytical X’Pert
PRO diffractometer equipped with a solid-state detec-
tor PIXcel using CuKα radiation. The film surface
morphology was measured using AFM in the semi-
contact scanning mode (DPN 5000, NanoInk, USA)
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using probes with a curvature radius of ~6 nm
(CSG30, NT-MDT SI, Russia). AFM data processing
and image statistical analysis were performed using the
free software Gwyddion (version 2.51). Cross-section
TEM images of the films were obtained using a
focused ion beam (FIB) FB-2100 (Hitachi, Japan)
setup for electron microscopy studies. Static and
dynamic magnetic properties were studied using the
equipment of the Krasnoyarsk Regional Center of
Research Equipment of Federal Research Center
“Krasnoyarsk Science Center, Siberian Branch, Rus-
sian Academy of Sciences” Lakeshore’s 8600 Series
vibration sample magnetometer (VSM) and Bruker’s
ELEXSYS-E580 electron paramagnetic resonance
(EPR) spectrometer. The electrical resistance and
I‒V curves were measured using a precision multime-
ter Keithley 2634b SourceMeter in the temperature
range from 4.2 to 300 K provided by a helium flow
cryostat on homebuilt facility [24].

STRUCTURAL PROPERTIES STUDY 
WITH RHEED, TEM AND AFM

Single-layer epitaxial Fe3 + xSi1 – x iron silicide films
were studied in detail by transmission electron micros-
copy (TEM) (Fig. 1a) and atomic force microscopy
(AFM) [23]. Based on the final RHEED picture
(Fig. 1b) one can conclude that the Fe3 + xSi1 – x layer
on Si(111)7 × 7 was formed epitaxially and has a sin-
gle-crystal structure. Figure 1а shows typical TEM
images along the [110] axis for Fe3 + xSi1 – x. It can be
seen that the films are homogeneous and do not con-
tain grains of different orientations; the film surface
roughness is about ~2 nm. Furthermore, a clear and
smooth interface between the film and the substrate is
observed, without a diffusion layer. A typical AFM
surface morphology image is shown in Fig. 1c. AFM
topographic data show a small number of surface
defects. The root means square roughness (Sq)
parameter representing graininess is 0.86 nm. Rms
(Rq) value is 0.51 nm. The surface roughness (Sa) is
1.13 nm, which is consistent with the TEM results.

Three-layer hybrid structures Fe3 + xSi1 – x/Ge/
Fe3Si/Si(111) (Fig. 2a) with different germanium
thicknesses (4 and 7 nm) were synthesized by sequen-
tial deposition of iron and germanium silicide layers.
The entire synthesis process was controlled in situ
using RHEED. It can be seen from the diffraction data
(Figs. 2b, 2е) that the first Fe3Si layer on Si(111)7 × 7
has a single crystal structure. After obtaining the first
layer of silicide, the temperature of the sample was
increased to 300°С, and after its stabilization, a layer of
germanium was deposited (4 and 7 nm, respectively, we
will designate them as #Ge4 and #Ge7). Figures 2с, 2f
shows the RHEED data for the second layer and it can
be seen that the germanium layer also has an epitaxial,
single crystal structure. For sample #Ge7, the
RHEED pattern for the germanium layer is slightly
Y OF SCIENCES: PHYSICS  Vol. 87  Suppl. 1  2023
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Fig. 1. (a) TEM, (b) RHEED and (c) AFM data for Fe3Si/Si(111). The Rms (Rq) data are taken along the white dotted line.
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more pronounced, compared to the thinner layer on
#Ge4 sample. The third layer of the hybrid structure,
like the first one, consists of iron silicide and was
obtained under the same technological conditions.
The top layer of silicide formed better on a sample with
a thin germanium layer. The corresponding RHEED
pictures are shown in Figs. 2d, 2g. The RHEED pat-
tern for #Ge4 shows reflections in the form of dots
repeating the geometry of the diffractogram from the
first layer (Fig. 2d). However, for #Ge7, only reflec-
tions in the form of Debye rings are present (Fig. 2g).
This geometry of the diffractogram indicates the for-
mation of a nanocrystalline or polycrystalline struc-
ture of the film. These initial analytical results were
obtained directly in the UHV chamber, after which
more detailed studies were undertaken using AFM and
TEM, which are in unambiguous agreement with the
RHEED data. From TEM images (Figs. 2j and 2k) we
can see three distinct layers lying between Si(111) and
BULLETIN OF THE RUSSIAN ACADEMY OF SCIENCES
the protective layer. During this experiment, the thick-
nesses of the grown layers were refined (as noted in the
figure), which was 7 nm for the Fe3Si layers for both
#Ge4 and #Ge7 samples.

Figures 2h, 2i show typical AFM images of the
#Ge4 and #Ge7 surface topology. When scanning a
2 × 2 μm2 area, one can distinguish nanoscale depres-
sions on the surface of the iron silicide film. The den-
sity of depressions is different for #Ge4 and #Ge7,
which is confirmed by the statistics. Thus, for the
#Ge4 sample, the depressions are 17.3%, and for the
#Ge7 sample—43.1% of the projection area. RMS
roughness parameter Sq(#Ge4) = 1.5 nm. The surface
roughness Sa(#Ge4) = 1.1 nm. Rms(Rq) for #Ge4 is
0.97 nm. Parameters Sq(#Ge7) = 2.2 nm; Sa(#Ge7) =
1.9 nm; Rms(Rq) for #Ge7 is 1.5 nm. A significant
difference in the structures’ surface morphology
indicates different formation mechanisms for the
: PHYSICS  Vol. 87  Suppl. 1  2023
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Fig. 3. RHEED (a) TEM (b) and AFM (c) 2 × 2 μm2 (pseudo color scale range from –30 to 30 nm) for Mn5Ge3 epitaxial film.
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samples. Variation of the thermal history of the sam-
ples results in different levels of Ge atoms incorpora-
tion into Fe3 + xSi1 – x layers and causes variation of

residual stress [25].

Single-layer epitaxial Mn5Ge3 films were synthe-

sized on Si(111). Earlier, the successful synthesis of
Mn5Ge3 films on Si substrates has not been reported,

which is most likely due to a rather large lattice mis-
match (8%). By reducing the amount of manganese in
the composition, it was possible to reduce this mis-
match and grow a buffer layer depleted of manganese
with a smooth transition to a stoichiometric ratio of
5 : 3. As a result of optimizing the synthesis tempera-
ture and the composition of the buffer layer, it was
possible to achieve a stable growth of Mn5Ge3 with a

thickness of 165 nm on Si(111). Throughout the
growth process, reflexes in the form of vertical lines
remained in the RHEED pattern. Reflexes are clearly
observed in the final RHEED picture presented in
Fig. 3a which is an indicator of the formation of only
an epitaxial film up to the cessation of synthesis.

The RHEED and XRD data (not shown here) sug-
gest an epitaxial growth regime. In addition to
RHEED, AFM measurements were performed. As
can be seen from Fig. 3 RHEED and AFM correlate
well with each other, which is expected since both
methods are surface sensitive. AFM image presented
in Fig. 3с shows a typical surface with clearly visible
terraces of uneven lengths, with the morphology as in
[26] where Mn5Ge3 thin films were grown on Ge(111)

substrates. An analysis of 2 × 2 μm2 scans AFM statis-
tics shows that the RMS roughness (Sq) is rather low
(3.2 nm) which indicates the coalescence of 3D
islands at the initial stages of growth. The RMS (Rq)
parameter ranges from 0.08 to 0.31 nm, and for the
section marked with a white dotted line (Fig. 3с) is
0.09 nm. This clearly indicates a high surface homoge-
neity and the absence of large peculiarities. For exam-
ple, the RMS parameter for films in [26] is 0.76 nm.
The evolution of the RHEED intensity during deposi-
tion and the AFM data show that a step-flow growth
BULLETIN OF THE RUSSIAN ACADEM
mode is likely to occur. TEM image of the obtained
Mn5Ge3 film is presented in Fig. 3b. The cross-sec-

tional image demonstrates a sharp interface between
Mn5Ge3 and the buffer layer with a slope of 55.49

degrees relative to the Si(111) substrate.

Three-layer hybrid structures Fe3 + xSi1 – x/Ge/
Mn5Ge3/Si(111) were synthesized by combining the

growth technology of three-layer silicide-based struc-
tures and the obtained information about the features
of Mn5Ge3 growth. Figures 4a–4d shows pictures of

RHEED taken during the structure growth. For the
Mn5Ge3 film, epitaxy is clearly observed, as con-

firmed by long strikes on Fig. 4b. In the picture,
reflections in the form of dots appear from a thin Ge
layer (Fig. 4c), which may be indicative of the pres-
ence of non-continuous film regions. For the upper
Fe3 + xSi1 – x layer, the RHEED pattern is more typical

for transmission diffraction (Fig. 4d), which clearly
indicates a columnar microstructure of the film. Most
likely, Ge and Fe3 + xSi1 – x films are textured. The total

thicknesses for the films are about 100 nm for
Mn5Ge3, 7 nm for Ge, and 50 nm for Fe3 + xSi1 – x.

MAGNETIC AND TRANSPORT PROPERTIES

1. Fe3 + xSi1 – x/Si(111)

Using ferromagnetic resonance (FMR) technique
the presence of magnetic crystal anisotropy in epitax-
ial Fe3 + xSi1 – x thin films was established. Figure 5

shows the experimental and calculated azimuthal
angular dependences of the FMR resonance field in
polar coordinates. Based on the FMR data, the fol-
lowing parameters were calculated: saturation magne-
tization Ms = 995 G, uniaxial magnetic anisotropy

field Fua = 2.7 Oe, magnetic cubic anisotropy field

Fc = 0.9 Oe, film mosaicity parameter ∆θ = 0.15,

which is indicative of the high quality of the film. The
saturation magnetization of the Fe3Si film is larger

than that of similar films obtained on Si(111) (Ms =

800 G) [27] and GaAs(100) (Ms = 790 G) [28] sub-
Y OF SCIENCES: PHYSICS  Vol. 87  Suppl. 1  2023



FERROMAGNETIC SILICIDES AND GERMANIDES EPITAXIAL FILMS S137

Fig. 4. RHEED patterns for surfaces of (a) Si, (b) Mn5Ge3, (c) Ge and (d) Fe3Si layer.
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strates, and also very close to the saturation magneti-
zation of the Fe3Si, film obtained on a single-crystal

MgO(100) substrate (Ms ∼ 1000 G) [29]. The small

field values of magnetic uniaxial and unidirectional
anisotropy are indicative of a high magnetic homoge-
neity of the sample. However, the small field of mag-
netic cubic anisotropy can be caused by the mosaic
nature of the sample. The absolute value of the line-
width of the FMR spectrum can also serve as an addi-
tional parameter of film homogeneity. Thus, when the
magnetic field is oriented along the plane of the film,
ΔHpp is 18 Oe, which is only 1 Oe more than for the

Fe3 + xSi1 – x film grown on GaAs(100) [28].

Further, using the Fe3 + xSi1 – x/p(n)-Si, hybrid

structures selected in the course of complex character-
ization, Schottky diodes and multiterminal planar
devices were fabricated using lithography and liquid
etching. The impurity concentration for the substrates

was the same (p(n) = 2 × 1015 cm–3) in order to com-
pare the results of electron and hole spin-dependent
transport. For Fe3Si/p-Si structures, systematic stud-

ies of spin-dependent electron transport were carried
out using the three-terminal Hanle technique in a
wide temperature range (Fig. 6a). The calculated val-
ues of the spin lifetime τ (145 ps at 300 K) are in good
agreement with other experimental data for silicon
measured by the 3-terminal technique. For example,
for a structure with an epitaxial MgO(001) tunnel bar-
rier layer and an Fe(001) electrode, the lifetime in
highly doped p-Si is 133 ps at an injection current of
0.85 mA [30]. In [31] there are the lifetime values in
highly doped p-Si with an Al2O3 tunnel barrier for var-
BULLETIN OF THE RUSSIAN ACADEMY OF SCIENCES
ious ferromagnetic electrodes, which are 60, 110, and
270 ps for Fe, Co, and Ni80Fe20 electrodes, respec-

tively. The value of 470 ps is given in [32] for the M/SC
structure Fe3Si/n-Si with a Schottky tunnel barrier. It

is important to note that our Fe3Si/p-Si structure does

not have an insulating layer between the ferromagnet
and the semiconductor, and silicon has a rather high
resistivity (8 Ohm cm), which, according to the stan-
dard theory of spin diffusion [33] should strongly sup-
: PHYSICS  Vol. 87  Suppl. 1  2023
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Fig. 6. (a) Hanle curves for the Fe3Si/p-Si device at I12 = +500 μA and temperatures of 300, 200, and 120 K (symbols). Lorentz
fitting is shown by black solid lines. The inset on the right shows the dependence of the spin lifetime on temperature. (b) Energy
band diagram demonstrating the scheme of spin-polarized holes tunneling through the Fe3Si/p-Si transition through localized
interface states.
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press the spin signal due to the “conductivity mis-
match” problem. One of the transport mechanisms in
our structure is thermionic emission through the
Schottky barrier [34], which means the presence of a
spin-dependent tunneling resistance at the interface,
which removes the problem of “conductivity mis-
match”. However, for silicon with an impurity con-

centration of 1015 cm–3 the Schottky barrier width is
about 700 nm, and therefore it cannot be considered a
tunnel barrier. In this case, over-the-barrier charge
transfer occurs; therefore, the presence of the
Schottky barrier cannot be considered the main rea-
son why the spin accumulation effect is observed.

Dankert et al. [35] reported efficient spin injection
into silicon through a 736 nm wide Schottky barrier,
but with an additional SiO2 tunnel layer. The authors
BULLETIN OF THE RUSSIAN ACADEM
considered the mechanism of spin injection by means
of tunneling through interface states, the model of
which was proposed by them earlier. However, no
attempts have been made to detect such states experi-
mentally, for example, using optical or electrical spec-
troscopy techniques. Using the method of impedance
spectroscopy, we detected surface states in our struc-
ture with an energy of 40 eV from the top of the silicon
valence band [36]. Considering the presence of the
Schottky barrier and interface states, it is possible to
draw an energy band diagram of the Fe3Si/p-Si transi-

tion and propose a scheme for the transport of spin-
polarized holes, which determines the observed spin
signal. During the experiment, a negative bias voltage
was applied to the Fe3Si injection contact, so that the

device was in the hole extraction mode. Holes from
Y OF SCIENCES: PHYSICS  Vol. 87  Suppl. 1  2023
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Fig. 7. (a) Resistance vs temperature curve of the Fe3Si/n-Si microdevice measured between contacts nos. 2 and 3. The inset
shows the I–V characteristics for various contacts and temperatures. (b) Spin signal ΔV observed in 3-terminal geometry at room
temperature.
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the valence band with the major spin direction of the
Fe3Si electrode tunnel into Fe3Si through localized

levels of surface and interface states. The probability of
carrier tunneling with spin up and spin down depends
on the density of states (DOS) in the corresponding
subbands of the ferromagnet Dup(EF) and Ddown(EF).

Initially, DOS in the valence band of silicon for holes
with spin up Dup(EV) and holes with spin down

Ddown(EV) is the same. While at the Fermi level EF in

Fe3Si Dup(EF) and Ddown(EF) is different. Therefore,

hole transport from Si to Fe3Si is spin-polarized. If

Fe3Si has a positive spin polarization, that is, if

Dup(EF) – Ddown(EF) > 0, then the transport channel

with spin up predominates in our structure. We believe
BULLETIN OF THE RUSSIAN ACADEMY OF SCIENCES
that the extraction of spin up holes results in spin accu-
mulation of spin down holes in the silicon valence
band (Fig. 6b). It should be noted that the splitting of
the energy levels of the surface and interface states into
spin subbands is also possible, since the same reason-
ing about the tunneling probability is valid for them.

Study of the electron transport was performed, the
electric injection of a spin-polarized current into sili-
con in the Fe3Si/n-Si epitaxial structure was demon-

strated. First, the I–V characteristics between all con-
tacts (nos. 1–4) and the corresponding temperature
dependences of the resistance were measured
(Fig. 7a). The I–V characteristics for all the contacts
are linear (inset in Fig. 7a) in the temperature range
: PHYSICS  Vol. 87  Suppl. 1  2023
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from 4.2 to 295 K, hence it can be concluded that the
Fe3Si/n-Si contact is ohmic. Also, the temperature

dependence of the resistance measured between the
contacts nos. 2 and 3 (R23), is typical for silicon. This

proves the absence of potential barrier between Si and
Fe3Si. The ohmic contact between the metal and low-

doped silicon can be due to the formation of an inter-
mediate Fe3 + xSi1 – x layer enriched with silicon during

the initial stage of film growth. It should be noted here
that the synthesis conditions of Fe3Si films on the

Si(111) surface drastically affect the electrical proper-
ties of the interface.

The field dependences of local and non-local volt-
age ΔV were measured at a bias current I = 100 μA
using 3-T and 4-T experimental geometry (Fig. 7b).
The choice of a specific bias current value is due to the
simultaneous minimization of the Joule heating of the
sample and an increase in the signal-to-noise ratio of
the measured voltage ΔV. In both cases, the curves fit
well with the Lorentz function, which is indicative of
spin accumulation in silicon. Analysis of the experi-
mental data shows the spin lifetime τ(3 T) = 137 ps and
τ(4 T) = 134 ps. The calculated values are comparable
with other results obtained for silicon-based struc-
tures. For example, in the above-mentioned work by
Fujita [32], it was reported that in the Fe3Si/n-Si

structure with a silicon doping of 6 × 1017 cm–3, the
lifetime value is 470 ps. In our Fe3Si/p-Si structure,

τ = 145 ps. It is noteworthy that the dependence of the
spin signal amplitude on the electrical displacement is
observed. The measured 3-T voltage ΔV23 increases

with an increase in the injected current I12, which

implies that the efficiency of spin injection depends on
the electric bias [37]. At the same time, the calculated
lifetime varies only within the error for different values
of the current I12, which was expected. In papers

[38, 39] devoted to the study of structures based on

highly doped silicon (n ~ 1018 cm–3) and MgO tunnel
dielectric, the effect of electric bias on various spin-
dependent transport data was reported, such as the
efficiency of spin injection, the spin polarization of the
injected current, 3-T and 4-T voltage ΔV. As in our
case, there is a trend towards a decrease in the normal-
ized spin signal and, accordingly, the efficiency of spin
injection with an increase in the electric bias. It can be
assumed that this trend is valid in a wide range of non-

degenerate silicon impurity concentrations (1015–

1018 cm–3). Comparing our results for n- and p-Si, as
well as taking into account the literature data, we can
conclude that the spin lifetime and the magnitude of
the spin signal are affected to a greater extent by the
concentration of charge carriers than by their type.

2. Fe3 + xSi1 – x/Ge/Fe3Si/Si(111)

The magnetic properties of the Fe3 + xSi1 – x/Ge/

Fe3Si/Si(111) samples were studied. The difference in
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microstructure and degree of crystallinity should sig-
nificantly affect the magnetic properties, including
magnetization, coercive force, and anisotropy.
Indeed, the saturation magnetization (Fig. 8a for the
#Ge4 sample is higher by 40%. Сoercive force Hc for

this sample is 1.5 ± 0.2 Oe which is almost 3 times
lower, while for sample #Ge7 it is 4.1 ± 0.2 Oe. In
addition to significant differences in these parameters,
the #Ge7 sample demonstrates some magnetization
reversal features (arrows in Fig. 8a), which can be
related to the presence of additional ferromagnetic
phases, the formation of nonstoichiometric composi-
tions near the interfaces, or, most likely, the crystalline
imperfection of the Fe3Si layers. Like the magnetiza-

tion reversal loops, the FMR spectra differ for struc-
tures with 4 and 7 nm Ge layers. The spectra show two
distinct absorption lines corresponding to two layers of
Fe3 + xSi1 – x ferromagnetic films (Fig. 8b). It has been

established that the angular dependences of the reso-
nance field of the FMR spectra measured in the film
plane have a pronounced easy-axis anisotropy
(Fig. 8c), as well as an anisotropy corresponding to the
cubic crystal symmetry of Fe3Si, which indicates the

epitaxial ratio Fe3Si(111)||Ge(111)||Fe3Si(111)||Si(111).

Figure 8c also shows theoretical curve calculated tak-
ing into account uniaxial, four-fold and six-fold
anisotropy. One can see good agreement between the
experiment and calculated data. Analyzing the FMR
data, one should note the high calculated MS value for

the 1st line (1034 G for #Ge4 and 955 G for #Ge7),
which is comparable to high-quality Fe3Si epitaxial

films that were grown separately on various substrates
by our team and other authors [29].

Based on the synthesized structures, two-terminal
planar structures were fabricated, which schematics is
shown in the inset in Fig. 9a. The transport properties
of the synthesized structures were studied, the tem-
perature dependences of the resistance in Ge were
measured for films with different thicknesses. Note
that the contact remains ohmic up to 5 K, i.e., the I‒V
characteristics are linear over the entire temperature
range for both samples. The resistance R of the #Ge4
sample increases non-linearly with decreasing tem-
perature, increasing by about a factor of 3 at 5 K com-
pared to R at 300 K (left panel in Fig. 9a). At the same
time, the #Ge7 sample demonstrates a completely dif-
ferent behavior; upon cooling, its resistance first
decreases monotonically, reaching a minimum at
55 K, and then increases (right panel in Fig. 9a). Also,
the relative changes are very small, the ratio of the
minimum resistance to the room temperature resis-
tance Rmin/R300 is 0.95, that is, a 5% change. Over the

entire temperature range, the change is only 2.5%
(R5/R300 = 0.975). The R(T) curve for the #Ge4 sam-

ple is indicative of thermally activated conduction.
However, fitting in Arrhenius coordinates (ln(R) vs.
1/T) does not give a good linear approximation. The
best linearization is obtained using the expression R =
Y OF SCIENCES: PHYSICS  Vol. 87  Suppl. 1  2023
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Fig. 8. (a) Magnetization reversal loops and (b) FMR spectra for the Fe3 + xSi1 – x/Ge(4 nm)/Fe3Si and Fe3 + xSi1 – x/Ge(7 nm)/
Fe3Si structures. (c) Experimental (symbols) and calculated (line) angular dependences of the 1st line of the FMR spectrum for
the Fe3 + xSi1 – x/Ge(4 nm)/Fe3Si structure.
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Fig. 9. (a) Temperature dependences of the resistance of Fe3 + xSi1 – x/Ge(4 nm)/Fe3Si and Fe3 + xSi1 – x/Ge(7 nm)/Fe3Si struc-

tures, measured in 2 contact mode. (b) Fitting of R(T) curves for #Ge4 sample.
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R0exp(T0/T1/4) (Fig. 9b). This suggests that the hop-

ping type of conductivity with variable hopping length

(VRH) [40] prevails over the thermal delocalization of

carriers and their transfer to the conduction band of

germanium. The dominance of the VRH mechanism

is most likely due to the small thickness of the Ge

interlayer and, accordingly, the high density of defects.

Sample #Ge7 resistance is of degenerate semiconduc-

tor type. Taking into account very small changes with

temperature (R5/R300 = 0.975), we believe that the

decrease of resistance in the temperature range from
BULLETIN OF THE RUSSIAN ACADEM
300 to 55 K is related to an increase in the mobility of

charge carriers due to a decrease in electron-phonon

scattering. Low-temperature part of the curve, can’t

be approximated by standard functions, typical for

thermally activated conductivity (ln(R) ∼ 1/T), the

tunneling mechanism between granules in a granular

system (ln(R) ∼ 1/T1/2)  [[41]], or VRH (ln(R) ~

1/T1/4). It can be assumed that the increase in resis-

tance below 55 K can be caused by scattering on mag-

netic impurities, i.e., Kondo scattering  [42]. Fe impu-

rities are most likely present at least at the Ge/Fe3Si
Y OF SCIENCES: PHYSICS  Vol. 87  Suppl. 1  2023



FERROMAGNETIC SILICIDES AND GERMANIDES EPITAXIAL FILMS S143

Fig. 10. (a) Temperature dependences of magnetization for

Mn5Ge3 film and Fe3 + xSi1 – x/Ge/Mn5Ge3 structure.

(b) Magnetization reversal loops for Mn5Ge3 and

(c) Fe3 + xSi1 – x/Ge/Mn5Ge3.
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interfaces. Another explanation may be related to
quantum corrections to conductivity at low tempera-
tures [43].

3. Mn5Ge3/Si(111) 
and Fe3 + xSi1 – X/Ge/Mn5Ge3/Si(111)

The magnetic properties of the Mn5Ge3 film and

Fe3 + xSi1 – x/Ge/Mn5Ge3 structure were studied. For

Mn5Ge3, an ordering temperature TC of about 300 K is

observed (Fig. 10a). For previously synthesized films
on Ge substrates, TC is also about 300 K [44], which is

in good agreement with our samples. For bulk
Mn5Ge3, TC has been reported to be in the range from

296 to 304 K [45–48]. According to [49], an excess of
Mn can lead to an increase in the transition temperature.
While doping with silicon leads to a decrease of TC [47],

we can therefore exclude diffusion of Si from the sub-
strate into the film. It follows that the buffer layer can be
used as a diffusion barrier. The Fe3 + xSi1 – x/Ge/Mn5Ge3

structure exhibits a similar magnetization behavior,
except that above TC for Mn5Ge3, the magnetization is

non-zero, since TC for Fe3Si exceeds 800 K. It should

be noted that, despite the more complex technical
process for obtaining Mn5Ge3 as part of a three-layer

structure, including a longer exposure to an elevated
temperature, its TC remained unchanged, so there was

neither a change in the stoichiometry of the Mn5Ge3

film, nor doping with iron, which would inevitably
lead to an increase in TC [48]. The shape of field

dependence of the magnetization M(H) (Fig. 10b) is
typical of Mn5Ge3 films. In our case, the crystallo-

graphic c axis, which is the easy magnetization axis, is
directed normally to the film surface. At the same
time, a 165 nm-thick film has an easy-plane anisot-
ropy, resulting in a specific stripe domain structure
[49], which determines the shape of the loop. For the
Fe3 + xSi1 – x/Ge/Mn5Ge3 structure, a low-coercivity

loop from iron silicide is observed at 325 K (Fig. 10c).
At low temperatures, M(H) (Fig. 10c) repeats the fea-
tures of the Mn5Ge3 film loop. Additionally, during

magnetization, an inflection is observed near 300 Oe,
which cannot be unambiguously associated with either
silicide or germanide. It can be assumed that during
synthesis at one of the Fe3 + xSi1 – x/Ge or Ge/Mn5Ge3

interfaces, parasitic ferromagnetic phase was formed,
for example, FexGe with TC close to that of Mn5Ge3

[50].

For both samples, the temperature dependences of
the electrical resistance were measured, which are
shown in Fig. 11. As the temperature rises, the resis-
tance increases, which is typical for metals. At tem-
peratures around 220 K, an inflection is observed,
after which the resistance begins to decrease. This
effect can be due to current shunting by the substrate,
which was previously observed for various films,
including Fe3 + xSi1 – x epitaxial films grown on Si sub-
BULLETIN OF THE RUSSIAN ACADEMY OF SCIENCES
strates [23, 51–56]. As a result, if the substrate resis-

tance is lower than the film resistance, then the cur-

rent channel switches, i.e., the current begins to f low

predominantly through the Si substrate. The tempera-

ture of switching depends on the resistance of the film,
: PHYSICS  Vol. 87  Suppl. 1  2023
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Fig. 11. Temperature dependences of electrical resistance for Mn5Ge3 film (left panel) and Fe3 + xSi1 – x/Ge/Mn5Ge3 structure
(right panel).
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which is determined by its physical properties and thick-
ness. Based on the fact that the temperature of the peak
resistance is higher for Fe3 + xSi1 – x/Ge/Mn5Ge3, we can

conclude that the effective resistance of the three-
layer structure is lower than that of the Mn5Ge3 film.

CONCLUSIONS

Fe3Si/p(n)-Si hybrid structures were synthesized,

planar Fe3Si/p(n)-Si based devices were fabricated

using the lithographic technologies. A comprehensive
study of the electrical properties made it possible to
propose an interpretation of the spin accumulation
effect taking into account surface states in Fe3Si/p-Si

structures with a low-doped silicon substrate. Com-
paring the results for n- and p-Si, one can conclude
that the spin lifetime and the magnitude of the spin
signal are affected more by the concentration of
charge carriers than by their type.

Fe3 + xSi1 – x/Ge/Fe3Si three-layer structures were

grown on the Si(111) surface by molecular beam epi-
taxy, with Ge thicknesses of 4 and 7 nm. Systematic
studies of the structural, magnetic, and transport
properties of the synthesized samples have shown that
an increase in Ge thickness leads to a significant
change in the structural and magnetic properties of the
upper Fe3 + xSi1 – x layer and slight changes in the trans-

port properties of Ge. An increase in the Ge thickness
causes diffusion of atoms through the interfaces,
which significantly increases the lattice mismatch in
the Ge/Fe3 + xSi1 – x heterosystem due to the incorpo-
BULLETIN OF THE RUSSIAN ACADEM
ration of Ge atoms into the lower Fe3 + xSi1 – x layer. It

has been established that the angular dependences of the
resonance field of the FMR spectra measured in the film
plane have a pronounced easy axis type anisotropy, as
well as an anisotropy corresponding to the cubic crystal
symmetry of Fe3Si, which indicates the epitaxial ratio

Fe3Si(111)||Ge(111)||Fe3Si(111)||Si(111). The tempera-

ture dependences of the electrical resistance of 4 nm-
and 7 nm-germanium layers have a semiconductor
type, but are determined by different transport mech-
anisms, which is probably associated with different
concentrations of defects.

Using the buffer layer approach, Mn5Ge3 epitaxial

films were grown on Si(111). Fe3 + xSi1 – x/Ge/

Mn5Ge3/Si(111) structures were synthesized using the

technology of three-layer structures growth. Magnetic
characterization revealed that TC = 300 K corresponds

to bulk Mn5Ge3 and to films grown on Ge and GaAs.

Moreover, the TC values for the film and the three-layer

structure are the same, which rules out the Mn5Ge3 dop-

ing with silicon, germanium, or iron during diffusion
from other layers. For Fe3 + xSi1 – x/Ge/Mn5Ge3 above

300 K, there is clearly a low coercive signal from ferro-
magnetic iron silicide, which, along with the RHEED
data, indicates a good quality of the upper film. The tem-
perature dependences of the resistance for
Mn5Ge3/Si(111) and Fe3 + xSi1 – x/Ge/Mn5Ge3/Si(111)

demonstrate similar behavior, exhibiting the effect of
current channel switching above 200 K. We believe
that the discovered relation and features of the struc-
tural, magnetic, and transport properties of hybrid
Y OF SCIENCES: PHYSICS  Vol. 87  Suppl. 1  2023
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structures based on ferromagnetic silicides and germa-
nides will expand the methods for obtaining magnetic
epitaxial films and structures. Additionally, these
findings hold potential for advancing the field of spin-
tronics.
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