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It has been found that the Curie temperature (7¢ ~ 300 K) in nonstoichiometric Si; _ ,Mn, alloys slightly
enriched in Mn (x = 0.52—0.55) in comparison to the stoichiometric manganese monosilicide MnSi becomes
about an order of magnitude higher than that in MnSi (7 ~ 30 K). Deviations from stoichiometry lead to a
drastic decrease in the density of charge carries (holes), whereas their mobility at about 100 K becomes an
order of magnitude higher than the value characteristic of MnSi. The high-temperature ferromagnetism is
ascribed to the formation of defects with the localized magnetic moments and by their indirect exchange
interaction mediated by the paramagnetic fluctuations of the hole spin density. The existence of defects with
the localized magnetic moments in Si; _ ,Mn, alloys with x = 0.52—0.55 is supported by the results of numer-
ical calculations performed within the framework of the local-density-functional approximation. The
increase in the hole mobility in the nonstoichiometric material is attributed to the decay of the Kondo (or

spin-polaron) resonances presumably existing in MnSi.
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1. The development and studies of semiconductor
systems based on Group IV elements, in particular,
Si, _ ,Mn, alloys, attract considerable current interest.
Such materials are promising for applications in spin-
tronics as integrated-circuit elements easily incorpo-
rated into the existing microelectronic technology [1].
In addition, these alloys exhibit interesting and
unusual magnetic characteristics, which cannot be
adequately interpreted within the framework of the
available theoretical models (see, e.g., [2, 3] and refer-
ences therein).

In Si, _ ,Mn, films with x = 0.35, we have recently
observed room-temperature ferromagnetism accom-
panied by the pronounced anomalous Hall effect [4].
The results were interpreted within the framework of
model [3] based on the assumption that the nonsto-
ichiometric material under study forms a semicon-
ducting or semimetallic host with the inclusions con-
taining the higher manganese silicides having the
chimney ladder type structure and the composition
close to MnSi, 7,_, 75 (see [5] and references therein).
The stoichiometric silicides of the aforementioned

type are weak band ferromagnets with a relatively low

“intrinsic” Curie temperature (72 <50 K) and clearly
pronounced spin fluctuations (paramagnons) at tem-

peratures exceeding ToC According to the model dis-

cussed in [3], deviations from stoichiometry in the
host material give rise to defects with magnetic
moments more or less localized at uncompensated
hybridized orbitals of Si and Mn. It was shown that sil-
icon vacancies could play the role of such defects [5].
The exchange interaction between the magnetic
moments of defects mediated by the paramagnons in
the host material leads to a significant increase in the

“true” Curie temperature 7 in comparison to T‘(); .
The subsequent studies demonstrated that the prepa-
ration of well-reproducible magnetic alloys such as
Si; _ Mn, (x = 0.35) is rather problematic owing to the
existence of numerous (no less than five) stable higher
silicide phases of the chimney ladder type.

In this work, we analyze the magnetic properties of
Si; _ . Mn, films with x = 0.5, which are quite different
from those studied in [4] and are close to the metallic
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manganese monosilicide MnSi. According to the con-
ventional viewpoint, below the Curie temperature

(T[é ~ 29 K), the stoichiometric compound MnSi is a
weak helicoidal band ferromagnet exhibiting strong

spin fluctuations in the paramagnetic phase (7> T‘é ).

These fluctuations determine the specific features of
its magnetic and transport characteristics [6, 7]. The
fact that the magnetic moment per Mn atom found
from the saturation magnetization measured at low
temperatures (=0.4pz/Mn at T= 1.4 K) is significantly
smaller than the effective magnetic moment
~2.2115/Mn estimated using the Curie—Weiss behavior
of the magnetic susceptibility in the paramagnetic
phase [7] is an important reason for this viewpoint. At
first glance, in the nonstoichiometric alloys based on
manganese monosilicide MnSi, which contain mag-
netic defects, a significant enhancement of the
exchange interaction and the high-temperature ferro-
magnetic ordering of the magnetic moments of these
defects according to the mechanism suggested in [3]

implying the Curie temperature 7 > T(é can be

expected by analogy with the related alloys based on
the higher silicides of the chimney ladder type. How-
ever, a more careful analysis shows that the situation is
not so clear because of the possible existence of the
Kondo and spin-polaron resonances in stoichiometric
MnSi and their decay in Si; _ Mn, nonstoichiometric
films. We shall discuss some subtle features of the
mechanism suggested in [3] under such conditions
after the description of the main results of our investi-
gation.

2. Si;_ Mn, films 55—70 nm thick with different
Mn contents (x = 0.44—0.6) were produced by the
pulsed laser deposition method using the time-of-
flight separation of the deposited particles and with the
control of the energy spectrum of ions in the laser ero-
sion plume [8]. The deposition of layers onto the
(0001) AlL,O; substrate was performed in vacuum (at
pressure below 107 Torr) at 340°C with the deposition
rate equal to 1.5 nm/min. The surface roughness of the
Si films produced in such a way did not exceed 1 nm.
To study the transport characteristics, we produced
(using special masks) the Si; _,Mn,/Al,Oj; structure in
the shape of the Hall cross having the conduction
channel with the width W = 1.2 mm and the distance
between the voltage probes L = 1.4 mm. At the same
time, to study the structural features of the films and
their composition, we prepared the rectangular sam-
ples 4.4 x 5.0 mm in size.

The structural features of the films were studied by
X-ray diffraction analysis using a Rigaku SmartLab
diffractometer without a monochromator and a dia-
phragm before the detector. The spectrum of the inci-
dent radiation included the characteristic Cuk,,,
CukK,,, and CuKj, lines. The intensity of the direct

beam was as high as 1.5 x 10° pulses/s. The chemical
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composition of the films was determined by X-ray
photoelectron spectroscopy (XPS) using a Quanters
SXM spectrometer. The measurements were per-
formed in a vacuum of about 10~8 mbar after cleaning
of the film surface for 60 s by argon ions with an energy
of 2 kV. The thickness of the removed layer was about
5—10 nm.

The studies of the transport characteristics (con-
ductivity and Hall constant) were performed using an
evacuated insert with a superconducting solenoid sub-
mersed in a liquid helium Dewar flask operating
within the 5—100 K temperature range at magnetic
fields up to 2.5 T. The measurements at relatively high
temperatures (77—300 K) were carried out inside a lig-
uid nitrogen Dewar. At these temperatures, the mag-
netic field (<1 T) was generated by an electromagnet.
The magnetization of the Si; _ ,Mn, samples was mea-
sured using a VSM Lake Shore 7407 vibrating-sample
magnetometer (with the sensitivity no lower than
10 emu) at applied magnetic field up to 15 kOe
within the 90—400 K temperature range. In the course
of measurements, the applied magnetic field was ori-
ented along the sample plane.

3. By special experiments with pure (99.9 at %) Mn
plates, it was found that an appreciable manifestation
of carbon and oxygen in the X-ray photoelectron spec-
tra results from their adsorption at the chemically
active surface of the plates even in a relatively high vac-
uum (about 10~® mbar). Therefore, the XPS studies
were used mainly for the analysis of the relative con-
tent of silicon and manganese in the Si; _ Mn, films:
y = (1 — x)/x. To calculate the values of y, we used the
data reported in [9]. The sample studied in this work
was a MnSi single crystal with the surface obtained by
its cleavage directly within the vacuum chamber of the
spectrometer.

The XPS analysis of the chemical composition of
the films allowed us to select for our studies Si; _ Mn,
samples with a different manganese content, x =
1/(1 + y) = 0.44—0.63. The characteristic parameters
of the most interesting samples alongside the results of
the transport and magnetic measurements are given in
the table. Samples J0806 and J2112 have a remarkable
feature: they deviate from the MnSi composition by
nearly the same amount toward enrichment and
depletion in Si, Ax/x =~ 10%. Sample J0504 with the
maximum Mn content (x ~ 0.625) is the reference
sample. It corresponds to MnsSi; silicide, which
exhibits an antiferromagnetic ordering at low carbon
content N < 2 at % [10] and ferromagnetic ordering
at N> 2 at %. The last sample, J0604, is characterized
by the ratio of the components close to that in MnSi.

Figure 1 shows the photoelectron spectra of sample
J0604 corresponding to Si2p and Mn3p lines in com-
parison with the spectra for a MnSi single crystal
reported in [9], as well as with the spectra for the
sample with x = 0.55. We can see that this sample has
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Parameters of the Si; _ ,Mn,/Al,05(0001) structures

257

Sample Filmdthrilcr:nkness Mn content x 1;657{8:\;83 prj‘ I;Ito 17?36118%1?4? Curie temperalture of ferromagnetic
, mO em 102 em-3 phases’ T¢; (T¢y), K

J0806 55 0.44 0.77 42 No ferromagnetism at 77> 100 K

J0604 70 ~0.52 0.18 1.5 330

J2112 60 0.55 0.44 2.2 230 (490)

J0504 75 0.625 0.3 15 No ferromagnetism at 77> 100 K

Notes: | Sample J2112 exhibits two ferromagnetic phases.

Charge carrier density in sample JO806 increases significantly with temperature and becomes as high as 1.2 x 102 cm3 at T~300K.

a small deficit of Si in comparison to MnSi. For this
sample, the estimated y value is lower than unity by
several percent and corresponds to x ~ 0.52.

The X-ray diffraction results for the
Si; _,Mn,/Al,05(0001) structure with x = 0.52 (sample
J0604) are illustrated in the inset of Fig. 1. The X-ray
diffraction pattern contains intense reflection peaks
coming from Al,05(0006) for the Cuk,;, CukK,,, and
CuKj, lines. In addition to these peaks, the presented
pattern exhibits a broad peak at an angle 20 = 44.43°
related to the CukK|, line to the MnSi(100) film. The
structural perfection of the film is described by such an
integral characteristic as the FWHM of the peak in the
rocking curve (FWHM,)). For the film under study, the
FWHM, parameter at 20 = 44.43° is Ao ~ 0.4°,
whereas the FWHM,, value for the single-crystalline
film of the same thickness should be about 250 seconds
of arc. Such a broad peak observed for the film is a sig-
nature of a pronounced mosaicity of this structure as
well as of a large number of structural defects.

Al,O5 (0006)
K . lines

wl

ALO; (0006)

MnSi 10
I~ (Ohtsu et al.) -

Si2p T B 104
PP S Mec S0 MnSi (100)
w (x~0.52) = /
= Si, Mn 2
5 — 1-x' X 10 =
. v~ 0.55 35 40 4
£ G ) 20 (deg)
\E"; ]
—_ Mn3p
Mn3s
T,
! 1 . 1
100 80 60

Binding energy (eV)

Fig. 1. Photoelectron spectra corresponding to Si2p and
Mn3p lines for Si; _ ,Mn,/Al,Oj5 structures with x =~ 0.52
and 0.55 produced after the surface cleaning by argon ions
for 60 s in comparison with similar spectra for the MnSi
single crystal reported in [9]. The X-ray diffraction pattern
for the Si; _ ,Mn,/Al,Oj5 structure with x = 0.52 is shown
in the inset.
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Figure 2 shows the temperature dependence of the
resistivity p,(7) for the structures listed in the table.
The minimum resistivity is observed for sample J0604
having the smallest deviation from stoichiometry and
hence the lowest content of structural defects. How-
ever, the resistivity of this sample decreases only by a
factor of about 1.3 when the temperature drops from
300 to 5 K. This is much less than in the case of MnSi,
for which this factor is as large as 40—100 [11, 12]. In

addition, at 7'< 72 ~ 29 K, the behavior of MnSi is
characterized by the range of a relatively steep
decrease in the resistivity. At the same time, the sam-
ples with a small excess of Mn (x = 0.52 and 0.55)
exhibit another tendency in the behavior of p,,(7): the
resistivity tends to saturation below 30 K (Fig. 2). In
addition, sample J0504 (x =~ 0.625) exhibits the range
of a steep decrease in p,,(7) below 40 K, which is also
observed in the case of pure Mn;Si, films [10]. This is
a clear indication that our samples have only a small
content of residual (uncontrolled) carbon impurities.

0.8
I x~0.44
0.6
T
5 0 0.55
G 04F=
| 0.625
o N
0.2 / 0.52
0 —I N 1 1 L 1 1 | L 1 1 1
0 50 100 150 200 250 300

I (K)

Fig. 2. Temperature dependence of the resistivity for
Si; _ ,Mn,/Al,O3 structures with different Mn contents

(x~0.44, 0.52, 0.55, and 0.625).
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Fig. 3. Temperature dependence of the magnetization for
the Si; _ . Mn,/Al,O5 structure J0604 (x = 0.52). Experi-

mental points and (solid curve) the fit to function (1) with

the parameters n = 1.4, T = 330 K, and Tg =30 K. The

inset shows the magnetic field dependence of the magneti-
zation of this sample at 7= 100, 175, and 250 K.

Below, we demonstrate that, under such conditions,
the magnetic properties of the samples with a small
excess of Mn (x= 0.52 and 0.55) differ drastically from
those of MnSi single crystals.

For the sample with the lowest excess of Mn (x =
0.52), where only a single magnetic phase is observed,
the temperature dependence of the saturation magne-
tization M(T) is shown in Fig. 3. (In the sample with
x=0.55, the M(T) curve exhibits a clearly pronounced
kink suggesting the existence of two magnetic phases
with different Curie temperatures. To estimate T of
these phases, the M (7) curve was fitted by the often
used simplified Brillouin function of the form M(T) =
MA0)[1 — (T/T)"] (usually n = 1.5—2.5). In this sam-
ple, we find T, = 230 K and T, = 490 K; see the
table.) In such a case, an accurate fit is assured through
the use of the function M (7T) determined in [4] within
the framework of the model proposed in [3] for the
Si, _ Mn, system with x = 0.35:

M(T)~ M(0){1 - [T(T—T¢)/Te(Te— T}, (1)

where 72 ~ 30 K is the “intrinsic” Curie temperature

for MnSi. Using Eq. (1) for the sample with x = 0.52,
we find 7- = 330 K, that is, the value an order of mag-
nitude higher than in the case of MnSi. It is also
important that the magnetic field dependence of the
magnetization in this sample exhibits a hysteresis up to
T~ 250 K (see inset of Fig. 3). Such a hysteresis is not
observed for the helicoidal magnet MnSi. The mag-
netic moments per Mn ion estimated for samples
J0604 (x=0.52) and J2112 (x = 0.55) based on the sat-
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uration magnetization are equal to (1.1—1.4)py and
0.74pg, respectively (the estimate from below, 1.1, is
obtained for the density of Si; _,Mn, film equal to that
of monosilicide MnSi). At the same time, for stoichi-
ometric MnSi, the magnetic moment per Mn atom in
the temperature range corresponding to the ferromag-
netic state turns out to be much smaller (=0.4Ly) [6].
This can be attributed to defects with local magnetic
moments arising in our samples.

In sample J0806 (x ~ 0.44) with the deficit of Mn,
as well as in sample J0504 (x ~ 0.625) with the big
excess of Mn, we did not observe any ferromagnetism
in the temperature range 7 > 100 K. This follows not
only from the magnetization measurements but also
from the studies of the anomalous Hall effect dis-
cussed below.

We recall that the Hall resistivity Ry in magnetic
materials is a sum of the normal and anomalous com-
ponents of the Hall effect

Ryd = py = RyB+ RM, (2)

where d is the thickness of the layer made of a mag-
netic material; R, is the constant characterizing the
normal Hall effect stemming from the Lorenz force
and proportional to the magnetic field B; R, o< (p,,)* is
the constant characterizing the anomalous Hall effect,
which is proportional to magnetization M; and expo-
nent oo depends on the mechanism of the anomalous
Hall effect: oo = 1 for the skew scattering and o = 2 for
the intrinsic and side-jump mechanisms [13].

The studies of the anomalous Hall effect in disor-
dered magnetic semiconductors play a key role in the
identification of the ferromagnetic state in these mate-
rials [1, 13], although the anomalous Hall effect is a
rather complicated quantum phenomenon, the nature
of which is still under discussion [13]. One of the main
causes underlying such “popularity” is the fact that,
for all currently known mechanisms of the anomalous
Hall effect, its observation is a clear signature of the
existence of spin-polarized charge carriers in the sys-
tem, in contrast to the observation of the magnetiza-
tion [14, 15]. In other words, the anomalous Hall
effect characterizes the magnetic ordering only in such
part of the magnetic subsystem which mainly deter-
mines the spin polarization of the charge carriers and
is the most important for possible applications of mag-
netic semiconductors in spintronics.

The measured B dependence of the Hall resistivity
at different temperatures for the samples, the parame-
ters of which are listed in the table, is illustrated in
Fig. 4. In the samples with a small excess of manga-
nese (x =~ 0.52 and 0.55), we observe a clearly pro-
nounced anomalous Hall effect dominating over the
normal component of the Hall effect (Fig. 4a). In
these samples, the anomalous Hall effect at 7= 6 K
exhibits a hysteretic behavior (curves / and 2 in
Fig. 4a). It is also interesting (see Fig. 4) that the mag-
2012
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nitude of the anomalous Hall effect in sample J2112
significantly (by about a factor of two) decreases at 197
K (curve 2"), whereas in sample J0604 with the chem-
ical composition closest to MnSi, the value of the
anomalous component of the Hall effect remains
nearly the same in this temperature range (cf. curves /
and ' in Fig. 4a for T = 6 and 197 K, respectively).
Moreover, the anomalous component of the Hall

resistivity py; turns out to be approximately a factor of

five higher than in the earlier studied Si, _,Mn, films
with x = 0.35 [4]. Finally, let us draw attention to the
fact that the anomalous Hall effect in all samples has a
positive sign, whereas the anomalous Hall effect in
crystalline MnSi is negative [11, 12]. This demon-
strates an appreciable difference in the properties
between the films under study and the crystalline sili-
cide MnSi.

Let us recall that two phases with quite different
Curie temperatures were observed in the sample with
x = 0.55. A significant change in the magnitude of the
anomalous Hall effect in this sample within the 6—
200 K temperature range indicates the percolative
nature of its conductivity. The high-temperature mag-
netic phase with 7, = 490 K has only nonzero magne-
tization but does not have conductivity since it is “dis-
continuous.” In other words, for sample J2112, the
anomalous Hall effect is determined by the low-tem-
perature phase with 7, = 230 K. It is natural to
attribute the drop in the anomalous Hall effect by sev-
eral times at 7'~ 200 K to the transition of this phase to
the paramagnetic state. In sample J0604, we observe
only one phase with 7T = 330 K. Therefore, the
absence of an appreciable change in the anomalous
Hall effect in the 6—200 K temperature range is quite
natural. This conclusion is supported by the Hall effect
measurements performed at room temperature (see
the top inset of Fig. 4a). We can see that the anomalous
Hall effect in this sample is observed only for sample
J0604 (x ~0.52). It is important to note that the results
of the anomalous Hall effect studies correlate well with
the measurements of the temperature and frequency
dependences of the magneto-optic Kerr effect (the
results of these measurements will be published else-
where alongside the results of the numerical calcula-
tions; see below). In particular, these measurements
demonstrate that magneto-optic properties in the
sample with x =~ 0.55 are mainly determined by the
phase with 7, = 230 K.

The Hall resistivity of sample JO806 (x ~ 0.44) with
the deficit on Mn and sample J0504 (x ~ 0.625) with
the pronounced excess of Mn behaves linearly above
100 K (see Fig. 4b). The anomalous Hall effect in sam-
ple J0806 (x = 0.44) manifests itself at the liquid
helium temperature (curve 3). However, the Hall resis-
tivity behaves linearly even at 64 K (curve 3'). In sam-
ple J0504 (x = 0.625), a slight anomaly in the Hall
effect is observed at 66 K (curve 4). It completely dis-
appears at 144 K (line 4').
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Fig. 4. (a) Magnetic field dependence of the Hall resistivity
py for sample J0604 (x =~ 0.52) at T= (/) 6 and (') 197 K

and for sample J2112 (x~0.55) at 7= (2) 6 and (2') 197 K.
The top inset shows py(B) curves at room temperature for

the samples with x ~ 0.52 and 0.55. The bottom inset shows
the temperature dependence of the charge carrier mobility
p in these samples. (b) py(B) curves for sample J0806 (x =

0.44) at T= (3) 5 and (3') 64 K and for sample J0504 (x ~
0.625) at T= (4) 66 and (4) 144 K.

To get a deeper insight into the features of the
transport characteristics and magnetism of Si; _ ,Mn,
samples under study, we analyzed in addition the tem-
perature behavior of the normal component of the
Hall effect to get information on the density of charge
carriers and their mobility. According to Eq. (2), at a
high applied magnetic field under conditions of satu-
rated magnetization, Ry(B) is a linear function and its
behavior is determined by the normal component of
the Hall effect. In our case, it has a positive sign
(Fig. 4), which corresponds to the hole conductivity
similar to the case of MnSi [11, 12].

The magnitude of the normal component of the
Hall effect was determined by the extrapolation of the
linear Ry(B) dependence in fields higher than 1.2 T.
Using the slope of these curves (factor R,), we deter-
mined the hole density p in the samples; its values at
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Fig. 5. Partial image of the supercell with a Mn atom,
around which Si vacancies are created, and its seven near-
est-neighbor Si atoms. A single vacancy is created at the
Si-Isite (x= 0.51). Three vacancies are created at three Si-
111 sites (x ~ 0.52). Four vacancies are created at one Si-I
site and three Si-II1 sites (x = 0.53).

T =100 K are given in the table. It is remarkable that
the charge carrier density (1.5 x 102! and 2.2 x 10?! cm™3)
is minimal in the samples with a small excess of man-
ganese: J0604 (x ~ 0.52) and J2112 (x ~ 0.55). At the
same time, the p values for these samples is signifi-
cantly smaller (by more than an order of magnitude)
than in MnSi, where p = 3.78 x 1022cm—3 at 7= 300 K
and p ~ 8.5 x 102 cm™3 at 7< 30 K [11, 12]. At first
glance, the mobility of charge carriers under such con-
ditions should be only lower than that in MnSi, as usu-
ally takes place in degenerate semiconductors, if we
introduce there an appreciable number of defects.
However, in our case, we have encountered the oppo-
site situation.

In the bottom inset of Fig. 4a, we demonstrate the
temperature dependence of the charge carrier mobil-
ity p for Si, _ ,Mn, samples with x = 0.52 and 0.55. In
sample J0604 (x =~ 0.52), the value of u remains nearly
unchanged below 60 K and equals 31—32.5 cm?/V s.
In contrast to that, in MnSi single crystals, the mobil-
ity at 7= 60 K is only about 2 cm?/V s and it grows up
to 28 cm?/Vsat T'=4.2 K [16]; that is, the u value in
MnSi is lower than that in the case of the disordered
Si; _ Mn, film (x = 0.52). Even in sample J2112 with
x ~ 0.55, where the disorder is so pronounced that the
phase separation effects manifest themselves, we have
mobility p ~ 7 cm?/V s at 60 K, which is appreciably
higher than that in MnSi.

Thus, the aforementioned data demonstrate that
the lattice constant a in the disordered Si, _ Mn, lay-
ers with x = 0.52 coincides with that for MnSi. How-
ever, the Curie temperature for Si; _ ,Mn, layers with
x= (.52 is an order of magnitude higher than that in
the case of MnSi. It is also surprising that, despite the
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significant structural disorder of the produced films,
they exhibit also a much higher mobility of charge car-
riers.

4. We attribute the high-temperature ferromag-
netism observed in Si; _ ,Mn, films with a slight excess
of Mn (x = 0.52) to two factors: (i) the formation of
defects with the local magnetic moments and (ii) the
exchange interaction between these local magnetic
moments according to the mechanism discussed in
[3]. The existence of defects with local magnetic
moments is confirmed by numerical calculations per-
formed within the framework of the density functional
theory using the full-potential augmented plane wave
method (FLAPW) [17]. The exchange-correlation
effects were taken into account through the use of the
generalized gradient approximation (GGA) [18]. The
electron structure calculations were performed using
supercells (2 x 2 x 2)a® containing from 60 to 64 atoms.
The positions of all atoms in the supercell were opti-
mized. The band energies and electron wavefunctions
were calculated taking into account the spin—orbit
interaction. Integration in k space was performed by
the method of tetrahedra over about 340 &k points in the
irreducible part of the Brillouin zone.

The band calculations for Si; _ ,Mn, with the excess
of Mn, which was modeled by vacancies in the Si sub-
lattice (Fig. 5), demonstrate that the average magnetic
moment per Mn atom in the ground state at x = 0.51—
0.53 is my, = (1.1-1.5)pg. This value far exceeds
My, = 0.4 characteristic of stoichiometric MnSi [6]
and agrees well with the experimental data (see Fig. 3).
Note that the peak values can be as large as 1.99;,
2.58ug, and 3.32pugat x= 0.51, 0.52, and 0.53, respec-
tively, for the Mn positions located near the Si vacan-
cies. Figure 6 shows the electron density of states cal-
culated for ferromagnetic phases of Si; _ Mn, (x =
0.51, 0.52, and 0.53). It is noteworthy that all three
cases exhibit a half-metallic ferromagnetic state with
an integer total magnetic moment per supercell; that
is, the Fermi level in the spin-majority subband falls
within the narrow band gap (semiconducting state),
whereas the Fermi level in the spin-minority subband
crosses the bands (metallic state). There is also an
interesting feature of the density of states below the
Fermi level at x = 0.52 (Fig. 6b), where two closely
located energy bands are split from the top of the
valence band in the spin-majority subband. These
bands give a peak in the local density of states and con-
tain two spin-up electrons. The mechanisms underly-
ing the formation of this peak, as well as the calcula-
tion of the optical and magneto-optical characteristics
of Si, _,Mn, with x = 0.55, will be published later.

In addition, for Si, _,Mn, (x= 0.52), we performed
the calculations in order to study the effects of the sub-
stitution of a Mn atom for an Si atom and of the intro-
duction of one interstitial Mn atom. In this case, to
describe the Mn concentrations under study, we
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needed to have (1 x 2 x 3)a® and (1 x 1 x 3)a® super-
cells, respectively. The calculations demonstrated that
the results for both cases (substitution and introduc-
tion) are inconsistent with the experiment: at the sub-
stitution of a Mn atom for an Si atom, the average
magnetic moment per Mn atom is my;, = 0.84p,
whereas at introduction, it equals 0.34p. In general,
both cases are characterized by the ferrimagnetic
ordering rather than the ferromagnetic one, whereas
the introduced Mn atom turns out to be “magnetically
dead” (my;, = 0.09ug) and the Mn atom appearing as
a result of substitution has a large (myy,, = —2.08up)
local magnetic moment antiparallel to those of the
other Mn atoms.

Let us now return to the interpretation of the
nature of the high-temperature ferromagnetism in
nonstoichiometric Si; _ Mn, films (x = 0.5) within the
framework of the model suggested in [3]. The unam-
biguous interpretation of the magnetic ordering
mechanism in stoichiometric MnSi based on the
scheme described in [6] was recently criticized in [16,
19]. In particular, comprehensively analyzing the
experimental data on the temperature and magnetic
field dependences of the resistivity and the electron
paramagnetic resonance data, the authors of [16] pro-
posed an explanation of the nature of magnetism in
stoichiometric MnSi within the framework of a model
more complicated than that discussed in [6]. Such a
model assumes the existence of two interacting com-
ponents of the spin density (“band” and “localized”
ones). The authors of [ 16, 19] suggested the hypothesis
that the strong antiferromagnetic interaction of these
components leads to the formation of the local regions
with the short-range magnetic order, the so-called
spin polarons. In our opinion, no less viable is the con-
jecture on the formation of the Kondo-type state since
we are dealing with a metallic material with a suffi-
ciently high charge carrier (hole) density. Both of these
hypotheses explain the small value of the effective
magnetic moment at Mn at low temperatures and
qualitatively agree with the experimental data [7] sug-
gesting a serious cooling-induced transformation of
the electron spectrum of the system in the paramag-
netic phase (below 50—60 K, but in any case above the
intrinsic Curie temperature). Such transformation can
be accompanied by the appearance of Kondo or spin-
polaron resonances. This should lead to a significant
decrease in the charge carrier mobility. It is not quite
clear to what extent the existence of such resonances
modifies the transition to the long-range ferromag-
netic order [6] in stoichiometric MnSi, but this prob-
lem lies beyond the scope of this work.

In our opinion, the more important problems con-
cern the existence of the Kondo or spin-polaron reso-
nances in the nonstoichiometric Si; _,Mn, (x = 0.5)
films under study in the high-temperature range
(above 100 K) and the possible modification of the
mechanism underlying the high-temperature ferro-
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Fig. 6. Spin-polarized electron densities of states for
Si; _ ;Mn, with excess Mn at x = 0.51 (a), 0.52 (b), and

0.53 (c). The solid curves are total densities of states. The
dashed line is the Fermi level from which the energy is
measured.

magnetism [3]. It was shown above that the magnetic
defects arise in the nonstoichiometric Si; _ Mn, (x =
0.5) films even at a small excess of Mn (x < 0.55). At
the same time, the hole density in such material
decreases by more than an order of magnitude in com-
parison to that in MnSi single crystals, whereas the
Curie temperature begins to exceed 300 K. It is quite
surprising that, in spite of an appreciable imperfection
of Si, _ ,Mn, films even at x = 0.52, which is revealed
by the X-ray diffraction data (the width of the rocking
curve Ao = 0.4° at 20 = 44.43°), their hole mobility
p = (20—32.5) cm?/V s within the 5—150 K tempera-
ture range turns out to be much higher than that in
MnSi single crystals, where p~2 cm?/Vsat T= 60 K
[16]. We interpret such features in terms of the decay
of the Kondo or spin-polaron resonances in the nons-
toichiometric Si; _ Mn, (x = 0.5) films. Such a decay
seems to occur owing to the lowering of the hole den-
sity simultaneously with the enhanced effect of their
scattering by the magnetic defects. Note that the exist-
ence of such resonances in stoichiometric MnSi leads
to a significant increase in the effective mass of the
charge carriers (up to 17mjyat 7= 10 K [20]). Thus, we
still do not see any reasons coming from the available
experimental data for a serious modification of the
model suggested in [3] to interpret the high-tempera-



262

ture ferromagnetism in the nonstoichiometric

Si; _,Mn, (x = 0.5) films.

In conclusion, we note that, comparing the calcu-
lated values of the effective magnetic moment per Mn
atom with the experimental data (see Fig. 3), it is nec-
essary to take into account the tendency toward the
formation of antiferromagnetic manganese silicide
Mn;Siyin Si; _ Mn, (x= 0.5) films [21]. The contribu-
tion of this phase to the magnetization is linear with
respect to the applied magnetic field and should be
subtracted when we analyze the ferromagnetic com-
ponent of the magnetization. For this reason, the
effective magnetic moments presented for the sample
with x =~ 0.55 can be underestimated with respect to the
calculated values.
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