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Abstract—Using X-ray absorption near edge structure spectroscopy, extended X-ray absorption fine struc-
ture spectroscopy, atomic force microscopy, and Rutherford backscattering spectroscopy, the features of the 
microstructure and elemental composition of Si/GeMn magnetic systems obtained by molecular beam epi-
taxy and containing quantum dots are studied. Intense mixing of Ge and Si atoms is found in all samples. The 
degree of mixing (diffusion) correlates with the conditions of synthesis of Si/GeMn samples. For these sys-
tems, direct contacts of germanium atoms with manganese atoms are characterized and the presence of inter-
stitial manganese with tetrahedral coordination and substitution of manganese for germanium and silicon in
the lattice sites is found. The presence of stoichiometric phases Ge8Mn11, Ge3Mn5 is not detected. The cor-
relations of the Ge, Si, and Mn coordination numbers in the Ge environment are determined both with the 
Mn flux value (evaporator temperature) and with the temperature at which quantum dots are grown, as well 
as with other synthesis conditions. The manganese concentration in the samples is determined.

1. INTRODUCTION
1.1. Ferromagnetic Semiconductors

The discovery of ferromagnetic (FM) semiconduc-
tors and the study of their physical properties have
long attracted attention of researchers due to their
unique magnetic and optical properties and a wide
range of possible applications [1–3]. Recently, studies
of new FM semiconductors have been carried out,
which may enable the use of potential advantages of
new functional elements from low power dissipation
materials. This possibility can be realized in such sys-
tems due to their unique ability to control ferromag-
netism by an electric field [4]. Great efforts have
already been made along these lines to create and
study such new materials. The Ge/Si heterostructures
doped with manganese attracted particular attention
because of their compatibility with modern silicon
microelectronics technology and the possibility of
having a higher Curie temperature TC than tempera-
tures characteristic of AIIIBV group materials [4].

Recently, great progress has been made in solving
fundamental problems of the growth of high-quality
germanium films doped with manganese. New man-
ganese-doped germanium structures with controlled
ferromagnetism at room temperature are very promis-
ing for creating such functional elements as magneto-
resistive memory, field sensors, spin transistors,
reconfigurable logic devices, and elements for quan-
tum information processing. However, there are prob-
lems as well: Experimental results show that manga-
nese is poorly soluble in germanium and prefers to
agglomerate to form intermetallic compounds with
fairly low FM transition temperatures [4]. Si/GeMn
systems containing the layers of quantum dots are very
promising for solving these problems [4, 5]. For such
structures, the FM behavior at rather high tempera-
tures (above 400 K) and the absence of the stoichio-
metric Ge3Mn5 and Ge8Mn11 phases, which are
formed during the synthesis of homogeneous films
and have significantly lower FM transition tempera-
tures have been established [4]. Using secondary ion
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mass spectrometry (SIMS), it was shown that in
Si/GeMn systems containing quantum dots with a 2%
manganese content, a GeMn alloy is formed, but in a
10% sample a substantial part of manganese is mixed
with silicon to form silicides [5]. Similar Si/GeMn
samples with different topology, magnetic impurity
content, and preparation conditions were synthesized
for our studies by molecular epitaxy.

A promising goal of the research is to determine the
optimal composition of the Si/GeMn system that pro-
vides the most pronounced magnetic properties.

1.2. EXAFS Spectroscopy for Calculation 
of Similar Structures

When calculating the energy spectrum of nanosys-
tems and interpreting experimental results related to
its features, as well as when designing elements with
specified electronic properties, it is necessary to take
into account the peculiarities of their local structure.
It is known that local distortions of the structure in
thin layers and nanoclusters cannot be reliably deter-
mined by traditional X-ray diffraction or electron dif-
fraction methods due to the absence of long-range
ordering in such systems. Extended X-ray absorption
fine structure (EXAFS) and X-ray absorption near
edge structure (XANES) spectroscopies using power-
ful synchrotron radiation sources provide a unique
opportunity to solve the problems of this sort [6, 7].
These methods, which are the main in this work, make
it possible to determine the parameters of the local
environment of atoms: interatomic distances, coordi-
nation numbers, symmetry and the type of atoms in
the neighborhood, Debye–Waller factors, determine
the shifts of electronic levels, and also estimate the
charge states of atoms.

It should be noted that recently a number of papers
have reported successful applications of EXAFS and
XANES to study semiconductor heterosystems con-
taining semiconductor germanium nanoclusters
(quantum dots) in silicon [8–15] (including our works
[14, 15]), for which the existence of a discrete energy
spectrum of charge carriers localized in these systems
has been reliably determined.

We are unaware of work using EXAFS or XANES
in which such systems containing quantum dots with
magnetic impurities were studied, because in this case
one has to investigate a thin (1–5 nm) surface layer
with a small (a few percent) content of magnetic impu-
rity.

In several studies [4, 5, 16–18] of structures
obtained under similar conditions of growth (germa-
nium quantum dots doped with manganese impurities
obtained in a single epitaxy process), the direct inter-
action of Ge and Mn atoms was not characterized and
microstructure parameters (interatomic distances and
coordination numbers for Ge–Mn) were not deter-
mined. In samples of this sort, the number of manga-

nese atoms that are in direct contact with germanium
atoms is very small and probably insufficient for
obtaining reliable information. Only Gunnella et al.
[19] who carried out the synthesis of multilayer GeMn
samples with a thickness of 40 nm by two methods
(with sequential and simultaneous epitaxial deposition
of Ge and Mn layers in the absence of silicon layers
and without quantum dots) detected the direct inter-
action of Ge and Mn atoms was detected and Ge–Mn
distances by the analysis of EXAFS MnK spectra.
According to their work, it is most likely that the man-
ganese atoms at its low concentrations (of about 10%)
are located in the sites of the Ge crystal lattice, as well
as in the interstices of the Ge cubic lattice with coor-
dinates (1/4; 1/4; 3/4) with a tetrahedral environment.
The position of Mn atoms in the interstices of the Ge
lattice with coordinates (3/8; 5/8; 3/8) with a hexago-
nal environment is unlikely according to [19]. In this
work, we use the results of model calculations of
experimental MnK EXAFS spectra for MnGe clusters
to determine interatomic distances in the nearest
neighborhood of Mn. The two most probable posi-
tions of manganese atoms are: (1) the substitution for
the Ge atom: the closest Mn1–Ge distance is 2.44 Å;
(2) the interstitial position in the tetrahedral environ-
ment: the Mn2–Ge distances of 2.44 and 2.82 Å.

At higher concentrations, manganese can form a
noticeable amount of structural phases with germa-
nium (Ge3Mn5 (TC ≈ 296 K), Ge8Mn11 (TC ≈ 270 K)
[16, 19]) or agglomerate into metal clusters [16] in the
form of nanowires or nanoscale filaments [5]. How-
ever, it should be noted that, according to [5], at man-
ganese concentrations of up to 10%, up to 75% of Mn
atoms are found in germanium quantum dots, and at
concentrations above 10%, manganese atoms diffuse
into the strained overlaying covering silicon layer and
into the strained (stretched in the plane of growth)
layer of silicon under the quantum dots of germanium.

2. SYNTHESIS OF STRUCTURES
Structures with SiGe quantum dots with different

Mn contents were grown in a molecular beam epitaxy
(MBE) setup equipped with an electron beam evapo-
rator for Si and crucibles for Mn and Ge. After the
standard chemical cleaning procedure, the Si(100)
substrates were loaded into the chamber of the MBE
setup. Then, the surface of the loaded samples was
cleaned by removing the protective layer of SiO2 at a
temperature of 750°C in a weak f low of Si. To avoid
the undesirable influence of possible residual surface
contamination on the formation of structures, for all
the samples, a buffer layer of silicon, 100 nm thick, was
deposited at a temperature of 500°C on a clean sub-
strate surface. Germanium layers were deposited on
substrates with a grown Si buffer layer with simultane-
ous Ge and Mn flow: manganese at different substrate
temperatures in the range from 400 to 550°C. The rate
of Ge deposition was about 0.1 Å/s. The amount of
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deposited Ge was 7.5 monolayers (ML) in samples
32–35 and 8 ML in samples 44–48, and the amount
of manganese varied from one sample to another by
changing the rate of Mn deposition.

Figure 1 shows the diagrams of the synthesized
structures. The concentration of Mn in the samples
depends on the synthesis temperature and the Mn
deposition rate during the synthesis, which are given
in Table 1. The values of the percentage of Mn,
obtained from Rutherford backscattering experiments,
for samples 32, 33, 34, and 35 are approximately 22, 8,
4, and 11%, respectively. Under the indicated condi-
tions of synthesis, the joint deposition of Ge and Mn
on the silicon surface led to the formation of three-
dimensional GeMn nanoislands (quantum dots).
According to the data obtained by atomic force
microscopy (AFM), an increase in the manganese
content in the studied structures leads to an increase in
the size of quantum dots and a decrease in their den-
sity (Fig. 2a). It follows from the AFM data that man-
ganese plays the role of a surfactant, whose presence
on the surface of the growing film leads to an increase
in the surface diffusion coefficient and to the enlarge-
ment of the islands and a decrease in their density. The
effect is similar to an increase in the growth tempera-
ture. At high concentrations of manganese (higher
than 20%), a catalytic effect manifests itself: manga-
nese accumulates on one side of the island and stimu-
lates growth in this direction, leading to the formation
of nanowires on the surface of structures (Fig. 2b).

In all samples, the layer of quantum dots GeMn
was covered by a silicon layer with a thickness of about
20 nm. When quantum dots are covered with silicon,
the Ge/Si interface can loosen. Therefore, in samples
32–35 of the first series, quantum dots were covered
with a thin (2 nm) protective silicon layer at a tempera-
ture of 200°C, after deposition of which a high tem-
perature 400°C silicon layer 20 nm thick was depos-
ited. In samples 44–48 of the second series, the low-
temperature layer was absent.

3. EXPERIMENT AND SIMULATION
3.1. XAFS Spectra Recording

XANES and EXAFS spectra were recorded using a
Rossendorf Beamline (ESRF, Grenoble, France) in
the f luorescent mode at room temperature. Si(111)
was used as an input monochromator crystal; two mir-
rors with Rh coating were used to focus the beam in
the horizontal and vertical planes. Fluorescent radia-
tion from the samples was sensed by a twelve-element
germanium detector. The f lux of quanta in the germa-
nium spectra of was about 3 × 1011 photon/s in a 200
μm × 5 mm beam. Plates with semiconductor struc-
tures were glued to the table and placed under a beam
of monochromatic synchrotron radiation at an angle
of about 1°. EXAFS spectra were measured at the GeK
absorption edge in the energy range 10858–12082 eV,

which corresponds to the wavenumber range k of up to
14 Å–1 (the GeK energy absorption edge is 11103 eV).
For some samples with a high manganese content, we
managed to record the XANES spectra in the K-edge
region of manganese absorption. The oscillating parts
of the absorption spectra χ(k) in the range Δk = 3–
13 Å–1 and the Fourier-transform modules (radial
structure functions without phase shift) of experimen-
tal GeK-spectra of EXAFS samples 32–35 (Fig. 3)
with a protective low-temperature silicon coating) and
samples 44–48 (without silicon coating) (Fig. 4) were
obtained using the VIPER program [20]. EXAFS

Fig. 1. Schemes of Si/GeMn samples obtained by MBE
under different conditions and with different contents of
manganese impurity: (1) low-temperature (200°C) silicon
layer, 2 nm; (2) MnGe quantum dots, 7.5 ML Ge;
(3) MnGe quantum dots, 8 ML Ge; (4) five double layers
of MnGe quantum dots separated by a silicon layer;
8 ML Ge; T, °C is the synthesis temperature; effective
thicknesses are in monolayers of quantum dots.

Silicon cover layer Si, 20 nm, 400°C

Silicon cover layer Si, 20 nm, 400°C

Silicon cover layer Si, 20 nm, 450°C

Layer Si, 15 nm, 450°C

Si(001) substrate

Si(001) substrate

Si(001) substrate

Silicon buffer  layer, 100 nm

Silicon buffer  layer, 100 nm

Silicon buffer  layer, 100 nm

1

2

3

4

Samples 32−35

Samples 44−46, 48

Sample 47 



spectra were simulated using the software package
EXCURVE 98 [21].

3.2. Processing and Simulation of EXAFS Spectra
The microstructure parameters of the GeMn/Si

quantum dots were determined from an analysis of
experimental GeK (rather than MnK as in [19])
EXAFS spectra, since the samples under study con-
tain a very small number of manganese atoms (several
atomic percents of several deposited GeMn/Si mono-

layers), and much more germanium atoms, and the
spectra of germanium are much more intense than the
spectra of manganese.

We propose simple EXAFS simulation schemes
that include only the nearest-neighbors of the absorb-
ing atom (ΔR = 1.0–2.8 Å) and a small number of
structural parameters to be determined, which can
help find and quantitatively characterize the presence
of manganese in the immediate vicinity of germanium
atoms. In the framework of such schemes, the original

4

Table 1. Modeling of germanium spectra taking into account manganese (second model)

Initial conditions for calculation: model (Ge)–(Ge, Si, Mn1, Mn2); N1(Ge) + N2(Si) = 4. All Debye factors are equalized:  =  =

 =  = σ2; ΔR = 1–2.7 Å, Δk = 3–13 Å–1; R(Ge–Ge) = 2.44 Å, R(Ge–Si) = 2.39 Å; N(Mn1) are the coordination numbers for
manganese atoms located at the sites of the germanium cubic lattice (substitution); N(Mn2) are the coordination numbers for manga-
nese atoms located in interstices with a tetrahedral environment (interstitial dissolution); F is the fitting factor characterizing the diver-
gence of the experimental and fitted spectra.

Sample

Growth conditions
N(Ge) 
(±0.1) N(Si)

N(Mn1) + 
N(Mn2)

R(Mn1; 
Mn2), Å

N(Mn2) R(Mn2), Å 2σ2, Å2 
(±0.001)

FT(Ge), 
°C

Mn 
evaporation 

rate, Å/s

32 450 0.02 1.8 2.1 0.9 ± 0.2 2.49 ± 0.01 0.5 ± 0.1 2.85 ± 0.01 0.012 1.6
33 450 0.01 1.9 2.1 0.3 ± 0.1 2.45 ± 0.01 0.2 ± 0.1 2.82 ± 0.02 0.010 1.5
34 450 0.005 2.0 2.0 0.2 ± 0.1 2.44 ± 0.03 0.3 ± 0.1 2.85 ± 0.02 0.011 1.6
35 550 0.01 1.7 2.3 0.4 ± 0.2 2.60 ± 0.03 0.2 ± 0.2 2.86 ± 0.02 0.011 1.5
44 500 0.005 1.6 2.3 – – 0.3 ± 0.2 2.86 ± 0.03 0.010 1.4
46 400 0.005 2.1 1.9 0.1 ± 0.1 2.43 ± 0.03 0.2 ± 0.1 2.80 ± 0.02 0.010 1.1
47 450 0.005 1.7 2.3 – – 0.3 ± 0.2 2.81 ± 0.01 0.010 1.2
48 450 0.005 1.9 2.1 – – 0.2 ± 0.1 2.87 ± 0.01 0.011 0.6
45 450 0.005 1.1 2.9 – – – – 0.008 1.5

σ2
1 σ2

2

σ2
3 σ2

4

Fig. 2. (Color online) AFM images (1.5 × 1.5 μm2) of the surface structures of the Mn1 – xGex/Si(100) obtained by germanium
deposition (7.5 ML) with different ratios of Mn/Ge: (a) 4%; (b) 21%. Germanium and manganese deposition temperature is
450°C. The rate of germanium deposition is 0.1 Å/s.

(a) (b)
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spectra were “filtered” with respect to R and the con-
tribution from scattering on nearest neighbors of ger-
manium atoms was selected.

Analysis of literature data [19] suggests that manga-
nese atoms are in several possible structural states in
the system under study: (1) in the sites; (2) in the inter-
stices of the germanium matrix diluted with silicon;
(3) in stoichiometric phases with germanium; (4) in
metal clusters. At the preliminary stage of calculation

the Ge–Ge, Ge–Si, and Ge–Mn coordination num-
bers were varied (“released”), and as a result, it was
found that their sum is very close to four.

In the first approximation (for the calculation of
Ge–Ge and Ge–Si interatomic distances), the spec-
tra were simulated without taking into account man-
ganese atoms. The simulation results give distances
Ge–Ge = 2.44 Å and Ge–Si = 2.39 Å, which are in
good agreement with our data obtained earlier in the

Fig. 3. (Color online) (a) Experimental GeK EXAFS spectra of samples 32–35 with different Mn content, determined by the
Rutherford backscattering method, and with a low-temperature (200°C) protective layer, 2 nm thick. (b) Fourier-transform mod-
ules (radial structure functions without taking into account a phase shift) of experimental GeK EXAFS spectra of samples 32–35. 

GeK
Mn sample, %

32
33
34
35
Bulk Ge

22
8
4
11

(a) (b)

0

0

4

–4

–8

8

12

4

8

12

2 44 6 8 10 12
R, Åk, Å−1

[F(R)], arb. unitsχ(k)k2, arb. units

Fig. 4. (Color online) (a) Experimental GeK EXAFS spectra of samples 44–48 without low-temperature protective coating of
silicon and with different growth temperatures of quantum dots. (b) Fourier-transform modules (radial structure functions with-
out taking into account a phase shift) of experimental GeK EXAFS spectra of samples 44–48. 

GeK Sample
Bulk Ge
44
45
46
47
48

0

0

4

–4

–8

8

12

4

8

12

2 44 6 8 10 12
R, Åk, Å−1

[F(R)], arb. unitsχ(k)k2, arb. units

(a) (b)
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analysis of structures with germanium quantum dots
[14, 15]. These distances were then taken constant in
the calculation of structures taking into account man-
ganese atoms.

In accordance with [19], it was suggested that, in
the simultaneous epitaxy of germanium and manga-
nese, manganese atoms substitute for germanium
atoms (and in the case of quantum dots, substitute for
silicon atoms) or occupy positions with coordinates
(1/4; 1/4; 3/4) in the interstices of germanium cubic
lattice with a higher probability.

3.3. Two Variants of the Structural Model
When simulating the spectra of our Si/GeMn sam-

ples with quantum dots, we included in the consider-
ation: (1) only one starting distance Ge–Mn = 2.44 Å
for the first model with the substitution of manganese
atoms for germanium or silicon; (2) substitution
(starting distance Ge–Mn = 2.44 Å) and incorpora-
tion into interstices (starting distances Ge–Mn =
2.44 Å, 2.82 Å) in accordance with [19] for the second
model that includes both variants of manganese posi-
tions in the lattice. All the indicated distances corre-
spond to the first scattering maximum (see Figs. 3b
and 4b), which we considered in the simulation after
“filtering” in the R-space of experimental spectra.

To eliminate possible errors in the “fitting” of a
large number of parameters, the reference spectrum of
the pure germanium film (50 Å thick) was calculated
and the following parameters were obtained for it:

= 0.89 is the factor of amplitude suppression due to
many-electron processes and EF = −13.1 eV is the
“Fermi level energy.” These parameters were then
fixed in the calculations of other spectra.

 3.4. The First Variant of the Model

Manganese atoms substitute for germanium atoms
in a cubic lattice; the total coordination number of Ge
atoms is Ge + Si + Mn = 4; the initial Ge–Mn dis-
tance in the simulation is the same as a Ge–Ge dis-
tance of 2.44 Å. The first variant of the model can be
used when manganese atoms substitute for germanium
(or silicon) atoms in the lattice sites or are at close dis-
tances from germanium atoms. As a result of process-
ing and selecting the most appropriate model to
describe the experimental data, it was found that the
obtained values of coordination numbers and dis-
tances do not fit well the data obtained by other meth-
ods, and their changes do not correspond to changes
in the conditions of synthesis. Therefore, the variant of
the structure of the system, in which only the substitu-
tion of manganese atoms for germanium and silicon
atoms in the lattice and the absence of manganese
atoms in the interstices is apparently wrong. Since, in
our case, this is not the only possible arrangement of
manganese atoms, a second variant of the model is

2
0S

proposed: manganese both in the sites and in the
interstices in accordance with [19].

3.5. The Second Variant of the Model

Taking into account that most of the germanium
atoms are inside the tetrahedra consisting of germa-
nium and silicon atoms, and fewer are inside the tetra-
hedra including also a manganese atom, the atomic
environment of germanium in all cases is set by the
sum Ge + Si = 4, and the manganese atoms are taken
into account in two positions in addition to four Ge +
Si atoms. Initially, manganese atoms were placed at a
distance of 2.44 Å (in the lattice sites) and 2.44 and
2.82 Å (in the interstices), in accordance with our
assumptions based on the results of [19], and then they
were refined (they were “released”) in the simulation
process.

The data obtained for the second model are pre-
sented in Table 1.

4. RESULTS AND DISCUSSION

According to the results obtained in the second
variant of the structural model, for the coordination
numbers of manganese atoms relative to germanium
atoms, a good agreement was found with the techno-
logical conditions of synthesis, that is, for example,
there was a correlation between the amount of manga-
nese in the samples and the rate of its evaporation (see
Table 1).

As can be seen from the table, we were unable to
obtain for the second model complete sets of micro-
structural data related to the manganese atoms for a
part of the samples with a low concentration of man-
ganese. The accuracy of our experiment did not allow
us to obtain reliable microstructural data for these
samples in this a model. This is likely due to the fact
that in samples 44–48 without a protective low-tem-
perature silicon layer over the germanium quantum
dots, the manganese concentration is somewhat
lower, because during the synthesis process manga-
nese diffusion occurred not only into the strained less
dense silicon layer under the quantum dots, but also in
the covering layer of silicon. It can be noted that for
sample 46, obtained at the lowest temperature
(400°C), the coordination number of manganese was
nevertheless determined, but its value (0.1 ± 0.1) is at
the level of determination error and corresponds to a
manganese concentration of about 2% Samples 45
and 35 were obtained at the highest temperature
(550°C) and significant diffusion mixing (coordina-
tion numbers N(Ge–Ge) = 1.1 and N(Ge–Si) = 2.9 for
sample 45 without protective layer and N(Ge–Ge) = 1.7
and N(Ge–Si) = 2.3 for sample 35 with a protective
low-temperature silicon layer). Therefore, complete
structural characterization of manganese atoms
proved to be impossible for these samples.
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For the second model, the atomic Mn/Ge ratio was
estimated taking into account the manganese atoms
that are located in the nearest neighborhood of germa-
nium atoms and substitute for germanium atoms in the
structure (R(Ge–Mn) ≈ 2.44 Å) or are in the inter-
stices of the lattice with tetrahedral coordination
(R1(Ge–Mn) ≈ 2.44 Å, R2(Ge–Mn) ≈ 2.82 Å) [19].
The ratio

is 18% for sample 32, 16% for sample 33, 4% for sam-
ple 34, and 8% for sample 35. Thus, the Mn/Ge per-
cent ratio determined from our data for the studied
samples are not too different from those obtained from
Rutherford backscattering (22% for sample 32, 8% for
sample 33, 4% for sample 34, and 11% for sample 35)
and correspond to changes in the conditions of syn-
thesis (see Table 1). For samples 44–48, the estimated
Mn/Ge atomic percent ratio is 2–6% or less (given the
accuracy of our measurements and simulations).

Both variants of the model are approximate but
give very close values for the coordination numbers
germanium and silicon with respect to germanium for
and for all interatomic distances. It should be empha-
sized that intensive mixing of germanium and silicon
atoms (comparable contents of germanium and silicon
in quantum dots) was found in both models for all
samples. The degree of diffusion correlates with the
growth temperature of quantum dots and the evapora-
tion rate (concentration) of manganese. Thus, a good
agreement of the microstructural parameters with the

= +
+ ×

1 2

Mn/Ge
( Mn Mn / 4 neighboring atoms

 1 abs. at
[ ( ) ( )] [ ( )

( )])om 100%
N N

growth conditions has been found for the second
model, which takes into account manganese located
both in the lattice sites and in the interstices. It may be
noted here that the coordination numbers for Mn1 +
Mn2 are noticeably higher than for Mn2 in sample 32
with a high concentration of manganese (about 20%)
and somewhat higher most of other samples (see
Table 1). This effect can be explained by the presence
of manganese both in the sites and in the interstices,
because in the first case (for Mn1 + Mn2) the contri-
bution to the coordination numbers corresponds to
the sites and interstices, and in the second (for Mn2),
only to the interstices. Thus, our results suggest the
presence of manganese with tetrahedral coordination
in interstices, as well as the substitution of manganese
for germanium at the lattice sites.

Figure 5a shows the correlation of concentration
dependences for the manganese content in samples
with Si/GeMn quantum dots determined by Ruther-
ford backscattering (horizontal coordinate) and coor-
dination numbers determined by EXAFS measure-
ments (vertical coordinate).

Figure 5b shows the dependence of the average
coordination numbers N(Ge–Ge) and N(Ge– Si) on
the synthesis temperature of the samples. The depen-
dence is almost linear, with the exception of multilayer
sample 47, for which the diffusion is much more sig-
nificant because of its repeated (ten-fold) heating in
the process of synthesizing layers of quantum dots.

In the simulation, within the framework of the
adopted procedure of EXAFS processing for the stud-
ied samples metallic manganese, the Ge3Mn5 phase,
which is most often formed during the epitaxy of man-

Fig. 5. (Color online) (a) Correlation of concentration dependences for manganese in Si/GeMn quantum dots for samples 32–
35. The manganese content was determined by the RBS method (Mn concentration in percent, abscissa axis) and using EXAFS
measurements (N(Ge–Mn) average coordination numbers, ordinate axis). (b) The dependence of the average coordination num-
bers N(Ge–Ge) and N(Ge–Si) on the temperature of sample synthesis.

34
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ganese and germanium in the absence of silicon, and
the Ge8Mn11 phase were not detected in a significant
amount in any of the samples.

Figure 6a shows the MnK XANES spectrum,
which was obtained only for the sample with the high-
est concentration of manganese (18% according to our
data and 22% according to Rutherford backscatter-
ing); for other samples, we failed to obtain reliable
data. The MnK spectrum for sample 32 is close in
shape and position of the absorption edge to that of the
metallic manganese.

For comparison, Fig. 6b shows the MnK XANES
spectrum, which was recorded for the sample obtained
by Mn+ ion implantation. The shift of the MnK
absorption edge for a sample irradiated by ions is about
1 eV and corresponds to the presence of a certain
amount (on the order of a few percent) of positively
charged manganese.

5. CONCLUSIONS
The discovery and study of FM semiconductors

may make it possible to realize the potential advan-
tages of new functional elements from materials that
dissipate low power. Si/GeMn structures containing
layers of spatially ordered quantum dots are very
promising in this sense. For systems of this sort, the
FM behavior at rather high temperatures (above
400 K) is studied. Samples with different topologies
and magnetic impurity contents were synthesized for
our study using the MBE Si/GeMn method.

For the first time, using extended X-ray absorption
fine structure (EXAFS) and X-ray absorption near

edge structure (XANES) spectroscopy, atomic force
microscopy, Rutherford backscattering, we studied
the features of the microstructure and elemental com-
position of Si/GeMn magnetic systems obtained by
MBE and containing quantum dots.

Coordination numbers and interatomic distances
are determined from the analysis of GeK EXAFS
spectra. Intensive mixing of germanium and silicon
atoms was found in all samples and the degrees of Ge,
Si, Mn atom diffusion was found to correlate with the
synthesis conditions of samples with Si/GeMn quan-
tum dots.

For these systems, direct contacts of germanium
atoms with manganese atoms are characterized and
the presence of interstitial manganese with tetrahedral
coordination and substitution of manganese for ger-
manium and silicon in the lattice sites, was found.
Stoichiometric phases Ge8Mn11 and Ge3Mn5 were not
detected.

The correlations of the Ge, Si, and Mn coordina-
tion numbers in the germanium environment are
determined with both the Mn flux value (evaporator
temperature) and with the temperature at which quan-
tum dots are grown, as well as with other conditions of
synthesis. The manganese concentration in the sam-
ples is determined.

ACKNOWLEDGMENTS

This work was supported in part by the Russian
Foundation for Basic Research (grant nos. 16-02-
00175_a (XAFS spectroscopy study), 16-02-00397_a
(Synthesis of structures)).

Fig. 6. (Color online) (a) MnK absorption edges of the reference sample of Mn foil (black curve) and sample 32 with quantum
dots (blue curve). (b) MnK absorption edges of the reference sample of Mn foil (black curve) and sample with GeMn quantum
dots obtained by ion implantation of Mn+ (red curve). 
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