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Abstract

®

CrossMark

The results of a detailed study of magnetic properties and of the microstructure of SiMn films
with a small deviation from stoichiometry are presented. The aim was to reveal the origin of
the high temperature ferromagnetic ordering in such compounds. Unlike SiMn single crystals

with the Curie temperature ~30 K, considered Si;_,Mn, compounds with x = 0.5 +Ax and
Ax in the range of 0.01-0.02 demonstrate a ferromagnetic state above room temperature.
Such a ferromagnetic state can be explained by the existence of highly defective B20 SiMn
nanocrystallites. These defects are Si vacancies, which are suggested to possess magnetic
moments. The nanocrystallites interact with each other through paramagnons (magnetic
fluctuations) inside a weakly magnetic manganese silicide matrix giving rise to a long range
ferromagnetic percolation cluster. The studied structures with a higher value of Ax =~ 0.05
contained three different magnetic phases: (a)—the low temperature ferromagnetic phase
related to SiMn; (b)—the above mentioned high temperature phase with Curie temperature in
the range of 200-300 K depending on the growth history and (c)—superparamagnetic phase

formed by separated noninteracting SiMn nanocrystallites.

Keywords: high temperature magnetic semiconductor, manganese silicide, microstructure,

ferromagnetic ordering, paramagnons

(Some figures may appear in colour only in the online journal)

1. Introduction

Currently the most widely studied dilute magnetic semicon-
ductor (DMS) materials are those based on III-V semicon-
ductors doped by Mn [1-3]. Ferromagnetic (FM) ordering in
this case occurred due to carrier-induced indirect exchange
between Mn atoms accompanied by the spin polarization of
holes, which can reach 80% [4]. However, the highest Curie
temperature T¢ achieved for these materials does not exceed
200K [5], while the desired one is T¢ > 300K. Thus the
search for new spintronic materials has to be continued.

1361-648X/17/055802+10$33.00

Si-based DMSs are very attractive for the developing of
spintronics elements, because they can be easily integrated
into modern microelectronic technology [6]. One of the first
attempts to produce such materials was made by the implant-
ation of Mn ions into Si crystal [7]. This work attracted sig-
nificant attention due to the observation of a FM state with
a high Curie temperature 7¢ > 400K, although these mat-
erials contain a relatively low (0.1-0.8 at.%) amount of Mn
dopants. Later a high temperature FM state was observed in
Si also after implantation of nonmagnetic ions (Ar, Si) or irra-
diation by neutrons. The origin of these phenomena remained

© 2016 IOP Publishing Ltd  Printed in the UK
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Table 1. Si;_, Mn, film parameters.

Sample Growth XPS estimated Film Film resistivity p,
number temp Tg (°C) Mn content, x thickness.d, (nm) (m - cm), at 300 K
1 340 ~0.52 70 0.18

2 340 0.51 57 0.25

3 340 0.55 60 0.44

4 340 0.55 70 0.33

mysterious. They were called ‘puzzled ferromagnetism’ and
some authors argued that high-temperature FM in Si-based
DMSs originated due to paramagnetic defects [8, 9]. It was
found that the magnetization in such structures was very weak
and was not detected by transport measurements, in particular,
by the anomalous Hall effect, which could be used for the
detection of carriers spin-polarization. The low-temperature
ferromagnetism, with a saturation moment of ~0.21up per
Mn atom, was observed in a number of studies [10-13].
However, weak magnetization and the absence of carrier spin-
polarization make these materials inappropriate for spintronic
devices.

Recently a ferromagnetic state at room temperature was
observed in Si;_,Mn, alloys with high Mn content [14]. This
was detected by direct magnetic measurements and by the
observation of anomalous Hall effect (AHE), which indicated
the existence of the carrier spin polarization [14—17]. These
structures were grown by the droplet free pulsed laser depo-
sition (PLD) method with different schemes of separation
[15, 17, 18]. They demonstrated Curie temperature 7¢ above
300K. Combined simultaneous deposition of Mn and Si yield
in the growth of manganese silicide Mn,Si,, films. Films with
Mn content close to 35 at% were formed in [14]. The com-
position corresponds to m/n ~ 1.86 with the crystal structure
close to that of MnySi7, which is equivalent to MnSi; 75. The
magnetic moments were believed to be related to the Mn:Si
non-stoichiometry and originated from the angstrom-sized
magnetic defects (single Mn ions or molecular complexes con-
taining Mn), denoted by the symbol Mn, and it was assumed
that MnSi; g¢ = (MnSi; 75);_\(Mny), [14]. The Mn4Si; is a
weak helicoidal itinerant ferromagnet with 7c < 50K. The
interpretation of the results was based on the model [19],
which implied that magnetic properties appear due to the
above mentioned structural defects, which reveal the magnetic
moment. The exchange between magnetic moments was sug-
gested to occur via spin fluctuations (paramagnons) inside
the matrix and leads to a strong increase in 7. However,
there is a number of other silicides with m/n ranging from
1.70-1.75 (fOI' example, Mn4Si7, Ml’l] 1Si|9, Mn15Si26, Mn26$i45,
Mny;Siy7) [20]. Thus, the compound with Mn content ~0.35
could contain a mixture of these weak ferromagnet silicides.

For the sake of simplicity it was suggested to study high
temperature ferromagnetism in compounds with m/n close to
1, which is far enough from the above mentioned compositions
and from the silicides with low Si content (MnsSi3, MnsSi,).
In addition it should be mentioned that the MnSi nowadays is
of great interest due to its unique properties [21-26].

Sij_Mn, films with x ~ 0.5, which were formed by
the droplet free PLD technology, also demonstrated high

temperature ferromagnetic state accompanied with anoma-
lous Hall effect [15-17]. Again, to explain the room temper-
ature ferromagnetism the same model [19] was used: the high
temperature ferromagnetism is related to local ferromagnetic
moments originating from the deviation of the stoichiometry;
the interaction between them occurs through paramagnons.
The reason for such a suggestion is that MnSi is a weak itin-
erant ferromagnet and at 7 > T¢ ~ 30K there is an essential
concentration of spin fluctuations [19].

The Mn silicides belong to the Berthollide type of com-
pounds, a solid compound with slight variations in chemical
composition depending on the prehistory [21]. The properties
of Berthollides are very sensitive to the fabrication technology
used and this fully applies to MnSi samples with small devia-
tion from stoichiometry. For example, high temperature ferro-
magnetism was not found in the samples grown by MBE [27],
implantation or sputtering [6]. The variation of the PLD tech-
nique (‘shadow’ technique) could result in a high temperature
ferromagnetic Si;_,Mn, located at the film/substrate interface
[17], but not in the bulk of the film and that differs from the
data obtained for samples in the present paper.

To reveal the origin of the high temperature ferromag-
netism in Si;_,Mn, compounds, one needs a detailed knowl-
edge of the sample structure. The aim of this paper is to present
magnetic properties of the Si;_,Mn, films with x in the range
of ~ 0.5-0.55 accompanied with detailed scanning/transmis-
sion electron microscopy (SEM/TEM) studies of the structure
and to elucidate the origin of the ferromagnetic state in this
material. In this context, the goal is to clarify the microscopic
nature of the long-range high-temperature ferromagnetic state
in the system.

2. Samples and methods

Si;_,Mn, films with the thickness (d) in the range from 57 nm
to 70nm and composition close to the manganese monosili-
cide SiMn (x = 0.5) were grown by the droplet-free PLD
method by 248 nm excimer laser radiation on (000 1) a-Al,O3
substrates with the time-of-flight separation system. This
technology has been described in [28]. The energy spectrum
of the particles was controlled by focusing the laser beam on
the target during growth. The pressure was 10~ Torr and the
substrate temperature 7, was stabilized at 340 °C. The film
composition was estimated by XPS after ion etching of the
surface during 60s to remove a 5—10nm surface layer.

The film composition, thickness and electrical resistivity
for four studied samples are listed in table 1. For simplicity
we will use the averaged XPS data for the sample composi-
tion identification. The sample resistivity at room temperature
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Figure 1. Temperature dependence of the Si;_Mn,/Al,O3 samples
resistivity. For each sample its number is shown near the curve.

was in the range of 0.18-0.44 - mQ) cm (table 1), which is
typical for semimetals or heavily doped semiconductors
[29]. All samples were of p-type with carrier concentration
p being about p ~ 2 x 10?! cm 3. Resistivity p of the samples
1 and 2 demonstrated metallic behavior dp/dT > 0, while for
the samples 3 and 4 at low temperatures (less than 60K) the
resistivity rises with temperature decrease dp/dT < O (figure
1). In accordance with that all samples were divided into two
groups. Samples 1 and 2 belong to the ‘a-type’ group while 3
and 4 to the ‘b-type’ one. The difference between these two
groups is the value of the deviation from stoichiometry Ax
which is higher for the ‘b-type’ Ax ~ 0.05 and smaller for
the ‘a-type’ group Ax = 0.01 — 0.02 (table 1). The disorder
in the ‘b-type’ group of samples is stronger as it will be dem-
onstrated below by the results of the SEM/TEM study. This
results in higher resistivity values and insulator like conduc-
tivity for the ‘b-type’ samples, while for the ‘a-type’ group the
resistivity is smaller and shows metallic behavior dp/dT > 0.
It leads also to quite different magnetic properties for these
two groups of samples as it will be discussed in the following
section of the paper.

The samples cross-section for the SEM/TEM was prepared
by focus ion beam (FIB) milling procedure in a Helios (FEI,
OR, US) scanning electron microscope (SEM)/FIB dual beam
system equipped with C and Pt contain gas injectors and a
micromanipulator (Omniprobe, TX, US). A 2 um Pt layer was
deposited on the surface of the sample prior to the cross-sec-
tions preparation by FIB milling procedure. Sections approxi-
mately 8 x 5 um? in size and 2 pm thick were cut by 30kV
Ga™ ions, removed from the sample and then attached to the
Omniprobe semiring (Omniprobe, TX, US). Final thinning
was performed with 5kV Ga™ ions followed by cleaning by
2keV Ga™ ions to the electron transparency. All specimens
were studied in a transmission/scanning electron microscope
(TEM/STEM) Titan 80-300 (FEIL, OR, US) equipped with a
spherical aberration (Cs) corrector (electron probe corrector),
a high angle annular dark field (HAADF) detector, an atmos-
pheric thin-window energy dispersive x-ray (EDX) spectro-
meter (Phoenix System, EDAX, NJ, USA) and post-column
Gatan energy filter (GIF), (Gatan,CA, US). The TEM was
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Figure 2. (a) Temperature dependence of the saturation
magnetization (M;) of Si;_,Mn,/Al,O3 samples 1 (white circles)
and 2 (dark circles). Sample 2 data has been multiplied by the factor
of 2.8. The curve is fitting with equation (3). Fitting parameters are
shown near the curve. (b) Temperature dependence of the saturation
magnetization (M;) of the Si;_ Mn,/Al,03 samples 3 (white circles)
and 4 (dark circles). Sample 4 data multiplied by the factor of 3.
The curve is fitting with equation (3). Fitting parameters are shown
near the curve.

operated at 300kV. Digital micrograph (Gatan, Pleasanton,
CA, US) and TTA (FEI OR, US) software was used for image
analysis. P.Stadelmann’s JEMS software [30] was used for
diffraction patterns and image simulation.

3. Magnetometry results

Temperature dependence of the saturation magnetization M
in a wide temperature range as well as the measurements of
ZFC, FC and thermo-magnetoremanence curves indicated
that the films contained three different magnetic phases (low
temperature ferromagnetic, high temperature ferromagnetic
and superparamagnetic). The M(T ) curves for four studied
samples are presented in figure 2. As it was mentioned above
the samples can be divided into two groups designated as
‘a-type’ and ‘b-type’ and their magnetization curves are pre-
sented in figures 2(a) and (b), respectively. The magnetization
curves My(T) (figures 2(a) and (b)) demonstrate that for each
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Figure 3. (a) The temperature dependence of the remanent
magnetization (TermoRemanence Magnetization TRM) for
sample 1 after cooling in the field shown near the curves. Dashed
line corresponds to 35K, that is the end of the first temperature
range. It is seen that the slope of the 5 kG curve changes near this
temperature. (b) The temperature dependence of the remanent
magnetization (termoremanence magnetization TRM) for sample
3 after cooling in the field shown near the curves. The insert shows
the comparison of TRM curves for samples 3 (filled circle) and

4 (open square) measured after switched off 1 kG. The data for
sample 4 is multiplied by a factor of 3. The dashed line corresponds
to 30K, that is the end of the first temperature range. It is seen that
the slope of the 1 kG curve changes near this temperature.

sample there are 3 temperature ranges with different behavior.
One can see that at low temperatures (below 30-35K) the
M(T) curves for all samples demonstrate the tendency to bend
to upper values. That is a hint for a stronger M, temperature
dependence in this temperature range. More clearly it is seen
for the temperature dependence of the remanent magnetization
after cooling at high enough fields presented in figures 3(a)
and (b). So the first temperature range is below 30-35 K for all
the samples. For the samples 3 and 4 the second temperature
range is between 40 and 230K (for the sample 4, dark points
between 35 and 200K) and the third range is above 230K
(200K for dark points) (figure 2(b)). For the samples 1 and 2
the second range is much wider (figure 2(a)) and ranges above
room temperature. Below 35K we observed an abrupt slope

400 -

w
o
o

Coercivity,Oe
- N
o o
Cl) o

0 100 200
Temperature, K

Figure 4. Coercivity versus temperature for samples: 1 (black
circle); 2 (white circle); 3 (black square); 4 (white square).

of My(T) for all samples (figure 3), while the third range for
samples 1 and 2 is very narrow.

To describe the observed M (T) behavior we have used the
Brillouin function in the following form as it is usually done
for diluted magnetic semiconductors

()= (") 0

which is valid for RKKY/Zener mechanism, where the
exchange integral does not depend on the temperature and
n =~ 2 for GaMnAs [31]. For the exchange mechanism between
magnetic moments via spin fluctuations (paramagnons), sug-
gested for Sij_,Mn, structures [19], the exchange integral Jg
is temperature dependent and the M (7T') dependence could be
described by the expression [14]:

M(T) =~ My0){ 1 — [T(T — T&/Te(Te — Ty,

where T2 the Curie temperature of the host matrix. However,
in our case the Curie temperature of the structure is 7T¢ >
Tg, and a simplified expression (1) could be used. According
to three temperature ranges with various dependences

observed in our measurements, a three-term equation should
be used to fit the M(T) curve

M(T) = Mo(T) + Mo(T) + M(T). 2

It is reasonable to assume that three terms in equation (2)
are related to three different magnetic phases, which con-
tribute to the sample magnetization. M,(T) is saturation mag-
netization for i-phase. To describe the temperature dependence
of magnetization, M (T) and My (T) in equation (2) could
be approximated by a simplified function (1) My; = M;(0)
[1 — (T/T¢;)™]. Here M;(0) is the saturation magnetization at
zero temperature, Tc—Curie temperature and n,—the expo-
nent for each phase. The third magnetic phase, related to
the third temperature range, is observed mainly above room
temperatures and mainly in the samples of the ‘b-type’. M3(T)
also can be fitted by the same simplified equation, as the first
and the second phases. However, most probably it is related
to the contribution of the superparamagnetic inclusions (see
below). This is in agreement with zero values of M, and coer-
civity H, (shown in figures 3 and 4 respectively) for ‘b-type’
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samples 4 and 3 in the corresponding temperature range while
M is nonzero. So, finally for a three-term equation we have:

M(T) = Mgu(O)[1=(T/Te))"'] + Mo(O)[1 = (T /Te2)"*] + Mx(T),

3)
where Mg(T) is the temperature dependence of the magne-
tization of the superparamagnetic phase. My(7) experimental
data are very well fitted using this equation (see figure 2). Each
phase contributes to the My (7T) curve in its specific temper-
ature range. Figures 2(a) and (b) demonstrate that the M (T)
dependences for the samples from the same group are similar
while these curves for samples from various groups, namely
‘a’ and ‘b’, are different: For the group ‘b’ the second temper-
ature range is shorter while the third range is wider.

M data for the samples 2 and 4 presented in figures 2(a)
and (b) were multiplied by the factors 2.8 and 3.0, respectively,
to make the similarity to the samples 1 and 3 more obvious
and to mark out the temperature dependence of the My(7) for
the comparison of their behavior for different samples. The
magnetic moments per Mn atom, p, at saturation ranges for
‘a-type’ samples from 1.4 to 0.6u5/Mn at 30K and from 0.3
to 0.1p/Mn at 300K, while for ‘b-type’ samples it is between
0.7-0.25up/Mn at 30K and 0.15-0.05u5/Mn at 300K. The
difference of M values for various samples is due to changes
of technological parameters, sometimes their lack of stability
resulted in the variation of composition. The variation and the
nonhomogeneity of the composition of the samples grown by
the PLD will be considered on the basis of SEM/TEM results.
As we mentioned above, one of the goals was to distinguish
the high temperature phase in order to obtain uniform com-
pound in future.

We assume that the first phase, which exists in all samples
and has approximately the same fitting parameters is related
to the SiMn. This assumption is supported by the value of its
Curie temperature 7¢; ~ 35K and 30K (for a and b types of
samples), which is close to 7¢ for SiMn. The contribution of
this phase is supported by the curves presented in figures 3(a)
and (b), which demonstrate the remanent magnetization M,
(thermoremanent magnetization—TRM) versus temperature
for samples 1 (figure 3(a)) and 3 (figure 3(b)). The inset of
figure 3(b) demonstrates the similarity of the temperature
dependencies of magnetic properties for the samples 3 and
4 (The data for 4 sample also multiplied by factor of 3 as it
was done for the curves in figure 2). Here the existence of
the first low-temperature phase is much more visible. Figure 3
demonstrates that with the increasing of temperature the M,
of the low-temperature phase decreases much faster than the
high-temperature phases resulting in distinguishability of this
phase (it is seen more clearly after cooling in high fields).

As mentioned above, due to this technological process the
contribution of different phases could vary from sample to
sample. For samples 1 and 2 the contribution of the first, low-
temperature phase, is weaker than that for the samples 4 and
3. The similarity of the first phase fitting parameters for all
samples is in agreement with the assumption that this phase is
MnSi of B20 structure [24], which demonstrates ferromagn-
etic behavior at temperatures below 40 K. The remanent mag-
netization M, related to this low temperature phase relaxes

[+2]
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Figure 5. Magnetization versus magnetic field at different
temperatures: 300K (curve 1), 100K (curve 2) and 15K (curve 3)
for the sample 1. Inset: zoom of the 300K curve.

fast with temperature (see figure 3) and also with time after
switching off the magnetic field as it was observed during the
magnetization measurements (not shown here). According to
time relaxation of the M, its low temperature value is smaller
than that of M, the M, low temperature value is smaller than
that of M, because M, diminished with time due to OM,/Ot
during delay between the two sets of measurements.

As it was mentioned above, we assume that the third magn-
etic phase Mg (T) observed above room temperature mainly
in samples of the ‘b-type’ is superparamagnetic one. Unlike
‘b-type’ samples, for the ‘a-type’ samples 1 and 2 the M5(7T)
contribution can be neglected because of its small impact.
The assumption of superparamagnetic nature for the third
phase is supported by zero values of M, and coercivity H, for
‘b-type’ samples in the temperature range, where the third
phase is active, 7 > 200K (see figures 3 and 4). While for ‘a-
type’ samples with negligible third phase contribution H, = 0
and the hysteresis behavior is observable in the whole temper-
ature range (see figures 4 and 5). The zero field and field
cooling (ZFC and FC) curves (figure 6) demonstrate behavior
of magnetization typical for superparamagnetic materials that
also confirms the magnetic nanoparticles existence in these
samples.

The second phase is the most interesting and promising
for applications. It shows ferromagnetic behavior above room
temperature. In ‘a-type’ samples it is more pronounced and
seen in a wider temperature range. The room temperature ferro-
magnetic ordering for samples 1 and 2 is unambiguously dem-
onstrated by the M (T) dependence presented in figure 2(a),
and by the hysteresis behavior of the M(B) curves shown in
figure 5. Figure 5 presents the M(B) curves at temperatures
300, 100 and 15K. The hysteresis is observed even at room
temperature (see inset of figure 5), proving the ferromagnetic
state of this phase. In figures 2 and 5(a) it is seen that the
profile of the M(B) dependence hardly changes up to 100K
keeping approximately the same value for My,, while notice-
able changes occur only above 200 K. It is found that the ferro-
magnetic ordering in the samples 1 and 2 still exists up to the
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room temperature and H,. value exceeds the error (figure 4).
Fitting of M(T) for this phase gives the values M(0) = 410
emu cm > and Tcs ~ 330K for the Curie temperature. These
values and the high temperature ferromagnetic ordering are
supported by the results of anomalous Hall effect measure-
ments [16, 17]. Similar results for the second phase including
anomalous Hall effect were now obtained for the samples 3
and 4 of ‘b-type’, but with smaller Curie temperature value
Teo =~ 230K and M (0) = 100 emu cm > obtained from the
fitting parameters (figure 2(b)).

4. Results of TEM studies

To understand the nature of the high-temperature magnetiza-
tion one needs detailed knowledge of the structure on atomic
scale. Low-magnification bright field (BF) TEM cross-section
image of Mn,Si; _, film on (0001)a-Al,O3 substrate (sample 2
of ‘a-type’) is shown in figure 7(a). The interface looks sharp
and smooth. The results of energy-dispersive x-ray spectr-
oscopy (EDS) line scan are presented in figure 7(b). The Mn in

the middle of Mn,Si;_, film is slightly depleted, which is seen
as the brighter band in figure 7(a). This was formed due to the
decrease of Mn sector in the composite Mn-Si target, which
was then recovered. The film exhibited columnar morphology,
clearly visible in figure 8.

The composition along the sample thickness is not homo-
geneous. The film includes a surface layer and the Mn,Si;_,/
(000 1)a-AlLy O3 interface, where the sample composition is
different. The composition in the main, medium part of the
film volume is close to the XPS data obtained after 10 nm sur-
face layer removing by etching and x varies between 0.51-052.

High Resolution TEM (HRTEM) study (figure 9) revealed
the presence of an intermediate layer at the Mn,Si;_,/
(0001)a-AlyO3 interface with the thickness of 0.7-0.8 nm,
marked by an arrow. The intermediate layer has bright con-
trast and clear crystalline structure: the image demonstrate the
crystal planes with the period of 0.19 nm. That could be oxide
layer, probably MnO,, or silicate. Similar intermediate layer
has not been observed in Si/a-Al;Os in the previous studies
summarized in the review by Aindow [32]. Thus, we propose
that the layer is not crystalline SiO,.

In the main, medium part of the film volume the nanocrys-
tallites (nanocrystalline particles) with high density of struc-
tural defects are visible in the HR TEM images (see, for
example, figure 9). The nanocrystalline particle size was of
2-5nm (see figure 9). Figure 10 presents a single nanocrys-
talline particle (see figures 10(a) and (c)) to demonstrate its
B20 crystal structure (figures 10(b) and (d)). As it is seen in
figure 9 these nanocrystallites (nanocrystalline particles) are
gathered in vertical layers and form polycrystalline columns
separated by vertical amorphous layers. The fast Fourier
transformed (FFT) from the film, presented in the inset of
figure 9, indicated that the film adopted random polycrystal-
line structure without traces of texture. The radius of the circle
on FFT image corresponds to interplanar distance of 0.21 nm.
This is close to the most intense reflection 210 of MnSi with
B20 crystal structure (Space group P2,3) with d = 0.2035nm
[33]. As the next step we carefully inspected the HR TEM
images and performed FFT analysis of several areas, and the
results are shown in figures 10(a) and (c). The maxima in FFT
spectra and angles between them are also very close to B20
MnSi crystal structure in [2 1 4] zone axis, (reflections 120 and
121 are arrowed in figure 10(b)) and [2 1 3] zone axis (reflec-
tions 120 and 111 are arrowed in figure 10(d)) respectively.
The filtered images of the grains, from which the FFT spectra
were obtained, are shown in figures 10(b) and (d), respec-
tively. However, we did not find periodicity d;jo = 0.322nm
on the HRTEM images. That could be due to very high density
of defects in the Si;_Mn, samples.

The cross-sectional HAADF STEM image of ‘b-type’
Mn,Si;_, film on (0001)a-Al,O3 substrate is shown in
figure 11. The film exhibited polycrystalline microstructure
with large amorphous fraction. Sample 4, similarly to the
samples of ‘a-type’ contains layers at the surface and near
the interface with a composition different from that of the
medium part. The composition of the medium part is in agree-
ment with XPS results. HRTEM image of the film together
with the results of FFT are presented in figure 12. These data
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Figure 7. (a) Bright field cross-sectional TEM image of Mn,Si;_,film on a-Al,O3 (sample 2) and (b) correspondent EDXS results along

the vertical line in figure (a).

Figure 8. The enlarged Bright field cross-sectional TEM image of
Mn,Si;_,film on a-Al,O3 (sample #2).

demonstrate that the film like ‘a-type’ samples consists of
defective B20 MnSi nanocrystallites embedded in amorphous
matrix. The morphology of the film is layered and that was
observed both in HAADF STEM and in HRTEM images.
Samples of ‘b-type’ compared to ‘a-type’ exhibited a much
higher amount of amorphous fraction, less homogeneity,
stronger disorder and smaller density of B20 MnSi.

5. Discussion

From the temperature dependence of the saturation mag-
netization Mg and the thermoremanence magnetization M,
we can conclude that the samples contain three magnetic
phases: the low temperature magnetic phase (1) with Curie

Figure 9. Bright field HRTEM cross-sectional TEM image of
Mn,Si; _,/a-Al,O5 interface (sample 2). Some of the MnSi B20
nanoccrystallites 2-5nm in size are shown with dotted circles. FFT
spectra from Mn,Si;_, film is shown in the inset.

temperature ~ 30K; the high temperature phase (2) with
Curie temperature about 300K for the samples of the group
(‘a’) and 230K for the samples of the group (‘b’). Third super-
paramagnetic phase (3) is essential in ‘b-type’ samples, for
‘a-type’ samples it is not so efficient. The high temperature
phase (2) is of practical importance for spintronics and for the
formation of bulk semiconductors with a high Curie temper-
ature compatible with Si microelectronic technology. Based
on the structural studies we try to reveal the origin of magnetic
moments and the difference between two groups of samples.
TEM and EDS studies demonstrate that the composition of
the samples along the thickness changes at the surfaces and
interfaces while it slightly varies in the medium part of the
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Figure 10. (a) The FFT pattern of MnSi nanocrystallite particle
(sample 2), shown in (b) demonstrating B20 crystal structure in

[-2 — 1 — 4] zone axis (bright field HRTEM image). (c) The FFT
pattern of MnSi particle shown in (d) and obtained in [-2 — 1 — 3]
zone axis (sample 2).

sample (see figure 7). We believe that just the medium region
being the main volume of the sample (see figure 7(b)) and
containing crystallites (crystalline grains, see figure 10 and
previous section) contributes most to the high temperature
ferromagnetic ordering. These crystallites form the columnar
morphology of the film (figure 8). For samples of ‘b-type’ the
columnar film structure is not so pronounced as for the ‘a-
type’ (compare figures 8 and 12). For both types of samples
these columns are embedded in the amorphous matrix. The
partial volume of amorphous phase is larger in ‘b-type’ sam-
ples, being the reason for smaller values of M, and M, in these
samples compared with ‘a-type’ samples.

The mentioned above nanocrystallites have the size of
about 2-5nm (see figure 9) and their crystal structure adopts
B20 MnSi crystal type with high density of structural defects.
Detected magnetic moments per Mn atom are up to 1.4up
and 0.74up for 1 and 3 samples, respectively. However, these
values are much higher than in MnSi single crystal in the fer-
romagnetic state (~0.4up) [21]. As proposed in [19, 34] the
high value of the magnetic moments is associated with point
magnetic defects arising due to the absence of local ordering
in Mn site, related to the lack of the stoichiometry, in par-
ticular for Si;_,Mn, structures such magnetic moments could
originate from Si vacancies [34].

TEM studies show that our samples exhibit the columnar
morphology (see figures 7-9). The columns contain B20

MnSi nanocrystallites (nanocrystalline particles), some parts
of which are marked in figure 9 by dashed circles. Some of
them could be responsible for the first, low temperature phase,
which is related to MnSi magnetic contribution. However
these nanocrystallites mainly are strongly defected. The stoi-
chiometry slightly deviates to a smaller Si concentration, so Si
vacancies with strong local magnetic moments are good can-
didates for the origin of these defects. These defected MnSi
nanocrystallines have strong magnetic moments and interact
with each other. They form ferromagnetic clusters due to the
magnetic interaction between them. They are magnetic clus-
ters but not crystallite clusters formed by magnetic interac-
tion and consist of separated nanocrystallites with uniformly
oriented magnetic moments. These clusters could form the
ferromagnetic state under external magnetic field or mutual
interaction if the corresponding energy overcome the aniso-
tropy one. Therefore the size of these clusters depends on
temperature and external magnetic field and is estimated to
be in the range of several tens of nm. The size of ferromagn-
etic clusters increases with applied magnetic field due to the
assembling of additional magnetic crystallites to the cluster.
The zero field and field cooling (ZFC and FC) curves (see
figure 6) give a hint for presence of the magnetic clusters. In
the absence of magnetic field or in case of weak interaction
between these magnetic clusters ZFC curves exhibit a spin
glass behavior [35].

The ferromagnetic state formed by the interaction between
these magnetic clusters could be the nature of the second high-
temperature phase. The possible cause of the long range high-
temperature ferromagnetic ordering in the second magnetic
phase is related to the theory developed in [19]. The main idea
of this theory is that the high temperature ferromagnetism
appears due to the high temperature magnetic moments (in
our case magnetic clusters mentioned above) inside a matrix
while the exchange between these moments occurs through
the magnetic fluctuations (paramagnons). Here it should be
mentioned that the RKKY contribution to the ferromagnetic
state in Si;_,Mn, was estimated to be not sufficient for the
room value of the Curie temperature. Because this estimation
demonstrates that RKKY interaction could be responsible
only for the low T value, which is not more than 10K as
was discussed in [19]. The paramagnons naturally exist in the
weak ferromagnetic host Mn-Si amorphous matrix far above
its intrinsic Curie temperature 7¢; ~ 30K. Originally, such a
mechanism was suggested for GaMnAs [36]. This interaction
relates to the theory of the Stoner enhancement of the ferro-
magnetic interaction.

According to small values of M;;(0) and M3 in the samples
1 and 2 we proposed that phase 2 is dominant for ‘a-type’
samples. The high temperature ferromagnetic state was not
observed in MnSi samples with deviation from the stoichi-
ometry prepared by other methods [6, 27]. It may be a hint
that the nature of high temperature ferromagnetism could be
related to the film growth technology and to the formation of
the magnetic moments, magnetic clusters. The variation of
the PLD technique strongly affects the parameters of the high
temperature ferromagnetic state [17].
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Figure 11. Cross-sectional HAADF STEM image of Mn,Si;_,film
on a-Al,O3 (sample 4).

The interaction between magnetic clusters and external
magnetic fields causes the formation of the ferromagnetic
state. The external magnetic field leads to the polarization of
magnetic clusters and therefor enhances the interaction. The
interaction makes the ferromagnetic state stable even after
switching off the magnetic field and reveals the remanent
magnetization and hysteresis behavior as shown in figures 3
and 4.

The formation of the long range ferromagnetic ordering
from small magnetic clusters is of the percolation type. It
means that only some part of the small magnetic clusters with
sizes of several tens of nm formed from magnetic nanocrys-
tallites of 2-5nm in sizes (figure 9) creates the magnetic
moment. Part of these clusters, which are located close to each
other and interact strongly enough, is forming the long range
ferromagnetic percolation cluster, while other clusters still act
as individual superparamagnetic particles giving rise to the
superparamagnetic contribution to the magnetic properties of
the material. Also there is an amorphous weak helicoidal fer-
romagnetic Si—-Mn fraction acting as a matrix. These different
fractions of the sample volume correspond to three different
magnetic phases (1, 2, and 3) mentioned above. The volume
of each phase depends on the concentration of clusters and the
matrix microstructure and thus on the technology parameters.
The variation of this volume could be responsible for the dif-
ference in My(0) value as it was observed in the samples 1
and 3.

The volume of the percolation ferromagnetic cluster
increases with magnetic field. This cluster assembles large
magnetic clusters, the other one contributes to the supermagn-
etic volume, which contains smaller magnetic clusters. One
could expect that with increasing magnetic field the amount of
clusters contributing to the superparamgnetic properties will
decrease. ZFC measurements are related to these properties
and the temperature of the maximum of M at ZFC curve could
be accepted as the blocking temperature—T73. The external
magnetic field enhances the interaction between small magn-
etic clusters and leads to the increase of their size. That is why
the blocking temperature changes strongly with a magnetic
field (see figure 6).

Now let us discuss the reason for the difference of T¢»
values for two types of samples presented in figures 2(a) and
(b). The most probable reasons are variations of the magn-
etic crystallites concentration as well as the volume and
composition of the amorphous matrix, in which magnetic
clusters formed of the above-mentioned magnetic crystal-
lites are embedded. Both of these reasons are responsible for

Figure 12. Bright field HRTEM cross-sectional TEM image of
Mn,Si;_,/a-Al,Os5 interface (sample 4). The FFT power spectra
from the film area is in the inset. The circle on the FFT pattern
corresponds to 0.21 nm (reflections from (2 10) and (120) crystal
planes). The reflections marked by arrows corresponded to 111
reflection.

the strength of the exchange interaction. This assumption is
proved by the comparison of figures 8 and 11. The fraction of
crystalline nanoparticals in the ‘b-type’ samples is lower than
in ‘a-type’ ones. As a result, the M,,(0) values for the samples
2 and 4 are different. It is seen that the partial volume filled
by columns is much larger while the volume of amorphous
phase is much smaller in the sample of the group ‘a’ than in
the sample from the group ‘b’.

Proposed model reveals the nature of the high temper-
ature ferromagnetic state (phase 2) as well as explains the
reason for the formation of low temperature (phase 1) and
superparamagnetic phases. Phase 1 corresponds to amorphous
Mn-Si, while the paramagnetic phase could be composed
from above mentioned magnetic clusters located far from
each other, weakly interacting and behaving as individual
superparamagnetic particles.

6. Conclusions

In this paper we present a detailed study of magnetic prop-
erties accompanied by SEM/TEM analysis of the structure
with atomic size resolution of high temperature ferromagnetic
semiconductor Si;_,Mn, (x ~ 0.5) with a small deviation from
the stoichiometry Ax < 0.1. It is shown that the high-temper-
ature ferromagnetic phase arises due to the magnetic crystal-
lites embedded in amorphous matrix of manganese silicide.
The crystal structure of crystallites is of B20 MnSi type with a
high density of structural defects, mainly Si-vacancies and the
absence of local ordering in Mn site, which according to [34]
possess magnetic moment. The crystallites form magnetic
clusters and the exchange between them occurs by magnetic
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fluctuation (paramagnons) and leads to the formation of long
range ferromagnetic ordering.

The main result of this paper is: we revealed the micro-
structural reason for the above room temperature ferromagn-
etic state in the MnSi structures with small deviation from the
stoichiometry, which could be interesting for the spintronic
applications and presented a detailed description of such
material grown by the droplet free PLD technique.
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