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The structural, transport, and magnetic characteristics of polycrystalline Mn,Si; _ , (x = 0.51—-0.52) films
grown by pulsed laser deposition onto Al,03(0001) substrates when the low-energy components are deposited
owing to collisions with the atoms of the buffer gas have been studied in the “shadow” geometry. The mag-
netization of these films is determined by two ferromagnetic phases—the high-temperature phase with the
Curie temperature 7¢ = 370 K and the low-temperature one with 7 = 46 K. The anomalous Hall effect
changes sign from positive to negative with a decrease in temperature. The sign change occurs in the tempera-
ture range of 30—50 K; the specific value of this temperature depends on the thickness of the Mn,Si,; _ , film.
The results can be interpreted in terms of the structural self-organization related to the formation of two layers
in the course of film growth. These layers have nearly the same chemical composition but significantly differ
in the shapes and sizes of crystallites. This leads to a drastic difference in the values of 7 and in the value and

the sign of the anomalous Hall effect for such layers.

1. The anomalous Hall effect (AHE) is a complex
quantum phenomenon discovered in 1880, was first
explained in 1954 [1], and is still actively studied
experimentally and theoretically [2—14]. This effect is
determined by the spin—orbit coupling and by the spin
polarization of charge carriers. It is the most clearly
pronounced in magnetic materials (ferromagnetic
metals and semiconductors, granular metal—insulator
nanocomposites, etc.). Their Hall resistivity is
described by the sum of two terms
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where d is the thickness of the magnetic material layer,
R, is the constant of the normal Hall effect caused by
the Lorentz force, B is the magnetic field, R, is the
constant of the anomalous Hall effect caused by the
influence of the spin—orbit coupling on the transport
of spin-polarized current carriers, M is the magnetiza-

tion, and Ry = py;/d and Ry; = p§;/d are the compo-
nents of resistivity corresponding to the normal and
anomalous Hall effect, respectively.

One of the most interesting lines in research of the
AHE is the study of the relation between the anoma-

lous component of the Hall resistivity pj; and the lon-



gitudinal resistivity p,, = p manifesting itself as a so-

called scaling behavior, py; o p%, where a is the expo-
nent determined by the physical mechanism underly-
ingthe AHE [2,4—13]. The AHE mechanisms include
extrinsic mechanisms related to the spin-dependent
scattering of charge carriers by defects in the crystal
[15, 16] and the intrinsic mechanism [1] determined
by the Berry curvature and the topological character-
istics of the Bloch states in the spin subbands affected
by the spin—orbit coupling [17, 18]. In metallic sys-
tems, at the elastic scattering of charge carriers (low
temperatures), a = 1 for the skew scattering mecha-
nism [15] of the AHE and a = 2 for the side-jump [16]
and intrinsic [1, 17, 18] mechanisms. Currently, the
scaling is often expressed in terms of the Hall conduc-

tivity 63; = pf;/0> = p1; 0% According to such represen-
tation, 6}; « o for the skew scattering mechanism and

o}; = const for the side-jump and intrinsic mecha-
nisms of AHE. Strictly speaking, the aforementioned
classification of AHE mechanisms is inapplicable for
strongly disordered conductors (in particular, for
magnetic semiconductors and metallic materials with
a low conductivity, o < 10* Q~! cm™!). These materials

exhibit another type of scaling, 6}; « o" with y = 1.6,
which was quite recently reported in [5, 19—21]. Such
scaling (with y = 1.4—1.6) was also observed in metal—
insulator nanocomposites near the percolation thresh-
old, including that at the insulator side of the thresh-
old in the regime of hopping conductivity [8, 12, 22].
In the case of the systems with metallic conductivity, it
is attributed to the suppression of the intrinsic AHE
mechanism owing to the strong scattering of charge
carriers [23]. The aforementioned scaling types are
observed when the longitudinal electrical resistivity
varies owing to the changes in the degree of disorder
(in the concentration of magnetic impurities, fluctua-
tions of the potential, etc.) and in temperature. In the
latter case, the inelastic scattering of electrons by pho-
nons and/or by magnons can play a significant role
and drastically modify the scaling [4, 6, 7, 13, 24].

Another unusual case of deviation from the con-
ventional scaling types takes place when the sign of the
AHE changes with the decrease in temperature while
the sign of the normal Hall effect remains the same [5,
10, 11, 24-—-26]. As a rule, the physical mechanism
underlying the change of sign is discussed at a qualita-
tive level since this phenomenon is caused in general
by different factors such as specific features of the
band structure in a given material, position of the
Fermi level, relative orientation of orbital and spin
moments, and type of scattering potential (repulsive or
attractive) [27]. In particular, these factors can cause
the difference in sign between the AHE and the nor-
mal Hall effect. For example, the sign of the AHE is
positive in Fe, but is negative in Ni. Most often, the
change in the sign of the AHE is attributed either to

the features of the electron density of states at the
Fermi level and the change in its position with tem-
perature [5, 25, 26] or to the competition of the tem-
perature-dependent mechanisms determining the sign
of the AHE [10, 11, 24].

In this work, we reveal the change in the sign of the
AHE in nonstoichiometric Mn,Si, _, (x = 0.51-0.52)
films, in which we earlier observed the high-tempera-
ture ferromagnetism accompanied by the positive
AHE becoming more pronounced with the decrease
in temperature [28, 29]. The films studied in [28, 29]
were grown by the pulsed laser deposition (PLD) tech-
nique using the “direct” geometry (DG films) where
the active surface of a substrate faces the laser plume.
In contrast to the films studied in [28, 29], the
Mn,Si; _, (x= 0.51-0.52) layers studied in the present
work were grown by the PLD technique using the so-
called shadow geometry (SG films) where Mn and Si
atoms are deposited onto the active surface of the sub-
strate after undergoing the collisions with atoms of the
buffer gas [30]. In this case, we can achieve low ener-
gies of deposited atoms and, at the same time, high
deposition rates. The studies of magnetic characteris-
tics of the SG films [30] reveal the existence of two fer-
romagnetic phases, namely, the low-temperature (LT)
phase with T = 46 K and the high-temperature (HT)
phase with 7- = 370 K. They arise owing to the forma-
tion of two layers with quite different sizes of crystal-
lites. In the present work, we study in detail the mag-
netotransport characteristics of the SG films. We find
that these films, as well as the DG films [28, 29],
exhibit a positive AHE at room temperature. On cool-
ing, however, the AHE changes its sign at T = 30—
50 K; this temperature value depends on the film
thickness.

2. The SG Mn,Si,_, film was prepared in the
shadow geometry in the presence of Kr gas (at a pres-
sure of about 0.01 mbar) by depositing onto a 10 X
15-mm Al,O5 (0001) substrate using a stoichiometric
MnSi target [30]. The substrate temperature (340°C)
was kept the same as that in the case of producing the
DG SG Mn,Si, _  layers. However, in our case, the
film growth rate was much higher (>7 nm/min). To
determine the film composition and its thickness, we
employed Rutherford backscattering spectroscopy
(RBS) [30]. The thickness d of the deposited film
depends on the distance L from the target and
decreases with the growth of L from d = 270 to 70 nm
along the length 6L = 15 mm of the Al,O; substrate.
Simultaneously, the Mn content grows from 0.506 to
0.517. With the decrease in d from 160 to 70 nm (8L =
10 mm), the film composition only slightly depends
on L (x = 0.514—0.517).

The structural characteristics of the grown films
were studied by X-ray diffraction analysis using a
Rigaku SmartLab diffractometer and by transmission
electron microscopy (TEM) and high-resolution
transmission electron microscopy (STEM) using a
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TITAN 80-300 microscope (FEI, United States)
equipped with an image spherical aberration corrector
in the bright- and dark-field modes. In the latter case,
the scanning of the sample was performed using a
high-angle annular dark-field (HAADF) detector of
scattered electrons. The implementation of such a
detector ensures obtaining images with the contrast
depending on the number of the chemical element
(Z contrast). The accelerating voltage was 300 kV. The
image processing was performed using the Digital
Micrograph program package (Gatan, United States).

For the transport and magnetic measurements, the
Mn,Si, _,/AL,O; large-area structure was cut into
seven 2 X 10-mm strips having different thicknesses of
the Mn,Si, _ . films. The studies of the Hall effect were
performed in the double Hall bar geometry using an
evacuated insert with a superconducting solenoid in
the temperature range of 5—100 K at the applied mag-
netic field up to 2.5 T [28, 29]. The contacts were pre-
pared by indium soldering. The distance between the
voltage probes at side faces of the sample was about
2.5 mm. The magnetization of 2 X 1.5-mm samples
was measured using an MPMS-3 magnetometer
(SQUID-VSM) at fieldsup to 1.5 T in the temperature
range of 5—400 K. The field was applied parallel to the
sample surface. Below, we present the results of the
transport and magnetic measurements for samples 1—
4, corresponding to the largest distance from the tar-
get. They have close values of x (x = 0.517, 0.516, 0.515,
and 0.514) and film thicknesses d = 70, 90, 110, and
160 nm, respectively.

3. In Fig. 1, we show the temperature dependence
of the normalized resistivity p(7) for samples 1 and 4
(d =70 and 160 nm, respectively). For comparison, we
also show the p(7) plot for the MnSi single crystal with
the B20-type structure (further on, e-MnSi for brev-
ity) taken from [31]. For both samples, the resistivity
decreases on cooling. This decrease is steeper for the
thicker film: #(11.5 K) = p(11.5 K)/p(290 K) = 0.29
and 0.21 (p = 3.4 X 10~ and 2.75 Q cm at 11.5 K) for
the samples with d = 70 and 160 nm, respectively. For
e-MnSi films, the decrease in the resistivity is larger by
an order of magnitude (» = 0.02 [31]), whereas p(7)
has the same form as in our Mn,Si, _ | films (a steep
decrease in p(7) below about 30 K [31, 32]). Hence,
the existence of the e-MnSi type phase manifests itself
in the samples under study. This fact is supported by
the X-ray diffraction measurements of the
Mn,Si; _,/Al,05(0001) structure before its cutting
into separate strips (see inset in Fig. 1). The diffraction
pattern exhibits more than four peaks. The most
intense peak is observed at an angle 20 = 44.46° corre-
sponding to MnSi(210) for CuK,, radiation. At 26 =
44 .46°, the full width at half maximum of the rocking
curve (FWHM,) is about 550 arcsec, whereas the
FWHM,, for the single-crystalline film should vary
from 64 to 245 arcsec with the change in the film
thickness from 70 to 270 nm, respectively. Such a
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Fig. 1. Temperature dependence of the electrical resistivity
o(7) for the Mn,Si; _ ,/Al,O5 samples with d = (1) 70
and (2) 160 nm, as well as (3) the p(7) curve for e-MnSi
taken from [31]. The X-ray diffraction spectrum for the
Mn,Si, _ ,/Al,05 (0001) structure before its cutting into

separate strips is shown in the inset.

broad peak is a signature of the pronounced mosaicity
of the film under study and/or of a high content of
crystal defects in it.

In Fig 2a, we demonstrate the bright-field TEM
image of the Mn,Si, _,/Al,05(0001) structure with the
thickness of the Mn,Si, _, film d = 250 nm. We can see
that the film as a whole can be treated as a layer con-
sisting of columnar grains with a transverse size of
about 50 nm. The detailed study of the interface
between the columns and the Al,O; substrate reveals
thin interfacial spacers (see Fig. 2b), which are most
clearly pronounced in the TEM images obtained in
the dark-field mode (Fig. 2c). According to these
studies, the thickness of the interfacial layer is about
7—10 nm.

The results of high-resolution TEM studies
(Fig. 2d), including those based on Fourier analysis
(Fig. 2e), unambiguously demonstrate that the
columnar grains are formed by the e-MnSi compound
in agreement with the X-ray diffraction measure-
ments. The analysis of the high-resolution TEM data
shows that the interfacial layer consists of rounded
grains 5—7 nm in diameter, which are also formed by
the e-MnSi silicide having the B20 structure. The for-
mation of the interfacial layer is probably caused by
the different symmetries of the o-Al,O; substrate
(hexagonal) and e-MnSi (cubic) and the thus arising
significant lattice mismatch (about 10% at the prefer-
able [111] growth direction). (Estimating this mis-
match, we take into account that the distance between

the {1 120}, 40, Planes is d = 2.38 A and that between
{11} ypsi is d = 2.63 A.)

Since €e-MnSi is the dominant phase in the pre-
pared Mn,Si, _ | film, the film should exhibit a nega-
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Fig. 2. (Color online) (a) Bright-field TEM image of the
Mn,Si; _ ,/Al,05 (0001) structure with the thickness d =
250 nm of the Mn,Si; _ , film. (b) Magnified TEM image
of the interface; the arrows indicate the MnSi layer with a
grain size of 5—10 nm. (c) Dark-field STEM image of the
interface with detection of electrons scattered to large
angles. (d) Bright-field TEM image of a columnar grain in
the film with the resolution of the order of the lattice con-
stant. The red square marks the portion of the sample used
for obtaining (e) the two-dimensional Fourier spectrum
characteristic of the B20 structure in the projection onto
[214].

tive AHE [33]. For e-MnSi, the absolute value of the
Hall resistivity has a peak near the ferromagnetic tran-

sition (|pg| = 0.14 pQ cm at 7. = 30 K) and decreases

significantly at 7 < T (down to |pf;| ~ 0.01 pQ cm at
T = 10 K) [33, 34]. In our case, the behavior is radi-
cally different.

In Fig. 3a, we show the magnetic field dependence
of the Hall resistivity py(B) for sample 1 (d = 70 nm).
We can see that the AHE has the positive sign, which
is retained up to room temperature, similar to the sit-
uation characteristic of the DG Si; _ Mn, (x = 0.5)
films [28, 29]. In our case, however, the Hall resistivity
decreases appreciably on cooling at temperatures
below T'= 200 K (by a factor of about 10 at 7= 5 K),
in contrast to the DG films, for which we have py(B) =
const in the temperature range of 5—200 K (see inset
in Fig. 3a).
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Fig. 3. (Color online) Magnetic-field dependence of the
Hall resistivity py(B) for the samples with d = (a) 70, (b)

90, and (c) 110 nm measured at different temperatures.
The upper inset in panel (a) shows the py(B) curve at 7=

300 K. The lower inset in panel (a) shows the pyy(B) curves
for the Mn,Si; _ , (x = 0.52) film prepared using the
“direct” geometry in the PLD method.

The comparison of the py(B) curves for sample 1
(d = 70 nm) and thicker sample 2 (d = 90 nm) shown
in Fig. 3b clearly demonstrates that the AHE in this
system includes the contributions of both positive and



negative components. The role of the latter grows with
the film thickness especially at temperatures below
50 K. In particular, this manifests itself in the negative
sign of the Hall effect in sample 2 at low temperatures
(T < 30 K) and at the applied magnetic field B> 1T
(see Figs. 3b and 4). At 7' =9 K, the hysteresis loop
observed in the in py(B) curve exhibits a quite unusual
shape (Fig. 3b). It is easy to show that such a shape of
the hysteresis curve results from the superposition of

two components involved in the AHE resistivity pj; =
RM. One of them, pj;; > 0, exhibits a hysteresis,
whereas the other one, p};, < 0, has no hysteresis in its

magnetic field dependence pj;,(B), as in the case of
helicoidal e-MnSi [33, 34]. However, the latter com-
ponent, which seems to be related to the sufficiently
thick upper layer (Figs. 2a—2c), similar to e-MnSi
with a small negative AHE [33], makes the dominant
contribution to the electrical conductivity of the sam-
ple. Note also that the normal Hall effect in e-MnSi is
positive [33, 34]. Therefore, it is not surprising that the
linear form of py(B) at the magnetic field B > 0.7 T
corresponds to the hole conductivity (Fig. 3b).

Sample 3 with d = 110 nm no longer exhibits hyster-
esis on its p(B) curves (Fig. 3¢). In this case, the AHE
has the negative sign at 7"= 30 K within the whole
magnetic field range under study.

In Fig. 4, we show the temperature dependence
pu(7) for samples 2—4 with different thickness of the
Si, _  Mn, film (d = 90, 110, and 160 nm, respectively)
measured at B = 1.2 T. The temperature correspond-
ing to the change in the sign of the AHE T, increases
with the film thickness from 7T = 30 K to =50 K. At
T>50 K, the Hall resistance for sample 4 (d =
160 nm) turns out to be rather low, py ~ 0.01 pQ, i.e.,
two orders of magnitude lower than that for the DG
Si; _ ,Mn, (x= 0.5) films (see the lower inset in Fig. 3a
and [28, 29]). It is natural to attribute such behavior of
T,. with the growth of d to the increase in the contribu-
tion to the conductivity of the Si; _ ,Mn, film coming
from the upper e-MnSi-type layer (with AHE < 0) at
the fixed contribution from the lower (interfacial)
layer. The latter is characterized by a significantly
larger absolute value of the AHE than that of the upper
layer. This is clearly seen at room temperature.

The measurements of the magnetization confirm
that two ferromagnetic phases exist in the samples; the
contribution of one of them to the magnetization J,, is
independent of the thickness of the Si, _ ,Mn, film. In
Fig. 5a, we illustrate the temperature dependence of
the surface magnetization density J,,(7)/4 (where A is
the area of the structures under study) measured for
Mn,Si, _ , samples 2 and 4 (x = 0.516 and 0.514,
respectively) with the film thickness d = 90 and
160 nm, respectively, at the field pyH = 1 T. The form
of these curves suggests the existence of two magnetic
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Fig. 4. (Color online) Temperature dependence of the Hall
resistivity pyy(7) measured at B = 1.2 T for samples 2—4
with different thicknesses of the Mn,Si; _  film (d = 90,

110, and 160 nm).

phases in the samples: the high-temperature ferro-
magnetic (HT FM) phase with 7- = 340 K and the
low-temperature ferromagnetic (LT FM) phase with
Tc = 46 K. The relative contribution of the latter
increases with the film thickness, whereas the contri-
bution of the HT FM phase remains nearly the same.
Hence, the HT FM phase is formed directly at the
Al,O5 (0001) substrate, and after that, the formation of
the LT FM phase (T = 46 K) of the e-MnSi type
occurs. Note that the saturation magnetization is M =

190 emu/cm? in the thick film (d = 160 nm) at T~ 4 K
(see inset in Fig. 5a). This value is several times smaller
than that for the DG Mn,Si, _ | film with x = 0.52 [30]
and close to M, = 146 emu/cm? characteristic of e-
MnSi [31].

In Fig. 5b, we show the temperature dependence of
magnetization for samples 1 (x = 0.517, d = 90 nm) and
4 (x = 0.514, d = 160 nm) measured on heating at the
low applied field of 10 mT after the zero field cooling
(ZFC curves). We also show for comparison the J,,(7)
curve for sample 1 obtained after its cooling at a field
of 1 T (FC curve). The manifestation of two peaks on
the ZFC curves is a signature of the block-type (poly-
crystalline) structure of the system and the existence
of HT and LT FM phases. Note that the positions of
the peaks are independent of the film thickness, sug-
gesting that the magnetic structure of SG films
depends only slightly on their thickness.

4. The structural TEM data presented above clearly
demonstrate that the samples contain the layer formed
by columnar e-MnSi grains with a size of about 50 nm
in the film plane having the B20-type structure
(Fig. 2). It is well known that e-MnSi single crystals
are characterized by a negative AHE and have 7 =
30 K [33, 34]. Moreover, the TEM studies show the
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Fig. 5. (Color online) (a) Temperature dependence of the surface magnetization density J,,(7)/A4 (A4 is the area of the structure)
measured in the field pg” = 1 T for Mn,Si; _ , samples 2 and 4 with the film thicknesses d = 90 and 160 nm, respectively. The
inset demonstrates the corresponding temperature dependence of the saturation magnetization M (7) for these samples.
(b) J,,,(T) curves for (1) sample 1 with d = 90 nm and (2) sample 4 with d = 160 nm measured at heating in the low applied mag-
netic field of 10 mT after the zero-field cooling (ZFC) and (3) the J,,,(T) curve for sample 1 at 10 mT obtained after its cooling in
afield of 1 T (FC). For convenience, curves / and 3 are shifted along the vertical axis by a certain constant.

existence of an interfacial layer with a thickness of
about 10 nm located at the Al,O; substrate. This layer
consists of small rounded grains (~5 nm in size). The
magnetic and transport measurements certainly indi-
cate that just this interfacial layer is responsible for the
HT FM phase accompanied by the pronounced posi-
tive AHE. The results of TEM studies do not show the
existence of a sharp boundary between the HT and LT
FM layers. Nevertheless, this does not prevent the for-
mation of the continuous conducting channel in the
interfacial layer characterized by the positive AHE.
Taking into account the results of the structural stud-
ies, we analyze below the transport and magnetic data
using the two-layer model.

First, let us estimate the magnetic moment per Mn
atom in the layers, assuming that the interfacial layer
thickness is about 10 nm and the density of the non-
stoichiometric Mn,Si; _ , (x ~ 0.52) film is about
5.82 g/cm? as in bulk e-MnSi. We find the contribu-
tions of the HT and LT FM layers to the magnetization
by approximating the temperature dependence of the
saturation magnetization M,(7) by the often used sim-
plified Brillouin function

M(T) = MO)[1 - (T/T)"]. ()

In our case, relation (2) with n = 1.5 fits well the exper-
imental M(T) curves (see Fig. 5a). Using the contri-
butions of the HT FM and LT FM phases calculated
by Eq. (2), we obtain the magnetic moments m = 1.3—
1.75 and 0.43—052 pg/Mn, respectively, at x = 0.514—
0.517. The magnetic moment m = 0.43—0.52 pg/Mn
for the LT FM phase agrees well with the effective
magnetic moment of Mn in the e-MnSi lattice (m =

JETP LETTERS Vol. 103
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0.4 pg/Mn) [31, 33]. Here, we should take into
account that the LT FM layer contains excess Mn
ions, which promote the formation of defects with the
localized magnetic moments (up to about 2 pz/Mn at
x ~ 0.51 [29]). Note also that the magnetic moment
corresponding to the HT FM layer, m = 1.3—
1.75 pg/Mn, is somehow higher than that for DG
Mn,Si, _, films (x = 0.52) with 7- = 330 K, where m =
1.1 pg/Mn [28].

Let us now analyze the transport data taking into
account a certain similarity between the interfacial
layer and the DG films studied in [28, 29]. For two
parallel conducting layers, the effective Hall resistivity
of the film is determined by the expression [35]

_ P1:05d; + PuiOid,
(0/d, + 52d2)2

where subscripts 1 and 2 correspond to the lower (HT
FM) and upper (LT FM) layers, respectively. It fol-
lows from Eq. (3) that we can expect the change in sign
of the Hall effect for thick films (d ~ d, > d,). Indeed,
at temperatures below 7 = 46 K, the anomalous con-
tribution to the Hall effect having the negative sign

(3)

(ph> < 0) begins to play the dominant role [33].
We assume that the AHE resistivity of the lower

layer is pj;; = +3.5 X 107 Q cm at 7'< 200 K as in the
DG films [28] and the AHE resistivity of the upper

layer is pj;, = —(0.1-0.2) x 10°* Q cm at 7= 25-40 K
as that for e-MnSi [33, 34]. Then, taking into account

that the change in the sign of the Hall effect is observed
at the film thickness d = d, + d; = 70—90 nm (see



Fig. 3), we find that the ratio of conductivities of the
layers is 0,/0, ~ 2. In other words, although the size of
crystallites in the lower layer is much smaller (by a fac-
tor of 10 or more) than that in the upper layer, the dif-
ference of their conductivities at low temperatures is
not so large. We apparently observe the same effect as
in the DG films, where the formation of magnetic
defects is accompanied by a nearly tenfold increase in
the mobility of charge carriers at 7~ 100 K in compar-
ison to the value characteristic of e-MnSi. In [28],
such a behavior is attributed to the destruction of col-
lective (Kondo or spin-polaron) resonances.

5. Finally, let us discuss the characteristic features
of the physical mechanism underlying the HT FM
phase in the SG films. The HT FM phase, which we
earlier observed in nonstoichiometric Mn,Si; _ , (x =
0.52—0.55) alloys [28, 29], was attributed to the for-
mation of defects with the localized magnetic
moments (LMMs) and to the indirect exchange inter-
action between LM Ms by means of the paramagnetic
spin density fluctuations in the framework of the
model proposed in [36]. According to the TEM and
the Rutherford backscattering data [30], Mn is uni-
formly distributed over the thickness of SG Mn,Si, _ ,
films. At first glance, the physical mechanism of the
HT FM discussed in [28] does not work in the case of
SG films. Indeed, as was shown in [28], the favorable
conditions for the formation of LMM arise only if the
excess of Mn in the films is accompanied by the for-
mation of Si vacancies in them. Only in this case, the
LMMs can be large (up to m = 2.58 pg at x = 0.52). If
a Mn ion occupies an interstitial position in the crystal
lattice, it turns out to be “magnetically dead” (m =
0.09 py at x = 0.52). Therefore, if we assume that the
excess Mn in the layer consisting of columnar grains
with a “large” (~50 nm) transverse size is due mostly
to the interstitial Mn ions, the aforementioned contra-
diction is removed. Indeed, in the interfacial layer,
with small (~5 nm) grain size, we should expect the
effective gettering of Mn defects at the grain boundar-
ies accompanied by a significant increase in the mag-
nitude of LM Ms at these boundaries (see [36] and ref-
erences therein). Probably, the shape of grains plays an
important role in the formation of defects with LM Ms
at the grain boundaries. For example, in the recent
study of dilute Mn,Si, _, (x <0.04) alloys, it was found
that the Mn-enriched precipitates grown in the shape
of transverse nanocolumns are paramagnets, whereas
the precipitates in the shape of “planar bars” exhibit
ferromagnetic properties up to room temperature [37].
At the inhomogeneous distribution of LM Ms over the
grain boundaries, the global ferromagnetic order can
be described in terms of the model proposed in [36],
where the grain radii are r, < T, where C is the FM cor-
relation length. Estimates show that the HT FM phase
with T ~ 100—400 K can exist in our case at small
grain sizes (~5 nm).

In conclusion, the experimental data discussed
above have demonstrated that the structural features
of polycrystalline Mn,Si, _, (x = 0.5) films completely
determine the behavior of the anomalous Hall effect in
them, in particular, the change in the sign of the AHE
with the decrease in temperature. It has been shown
that the change in the sign of the AHE is caused by the
competition of two contributions coming from differ-
ent parts of the sample (interfacial and bulk), in con-
trast to other works where the change in the sign is
attributed either to the specific features of the electron
density of states at the Fermi level and with the change
in its position with temperature [5, 25, 26] or to the
competition of the temperature-dependent mecha-
nisms determining the sign of the AHE [10, 11, 24].
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