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The crystal structure and texture of FePt films have been studied. The film were grown
on Si and Al,O5 substrates by RF magnetron sputtering using ion bombardment during the
growth. The ion bombardment was done by applying an RF bias to the substrate. At room
temperature of substrate, the effect of external magnetic field directed along the substrate
surface during the film growth was studied. The films with axial (111) texture have been
obtained at any substrate type. The substrate bias and magnetic field enhance the film
crystallinity degree without change of texture type. The films with in-plane magnetization
have been obtained at Al,O substrate temperature above 400°C and at substrate bias of 3
to 5 V but without use of magnetic field.

HccnemoBanbl KpucTALINUYECKasa CTPYKTypa U Tekcrypa maeHok FePt. Ilnenku mosmyueHsbl
BY marHeTpoHHBIM METOJOM C KMCIIOJIL30BAHHEM HOHHOII 00MOapAMPOBKHU B IIPOIECCEe PocTa
Ha mognmoxkkax Si M Al,O;. Mommas GoM6apIupOBKa OCYINECTBIANACH IIyTeM IIOJAaYd Ha
noxnokKy BY cmemienus. IIpu KOMHATHOM TeMIlepaType IMOIJIOMKKU HCCJIeLOBAJIOCH BIUAHUIE
MATHUTHOTO IIOJIf, IPUJIOKEHHOTO BIOJb IOBEPXHOCTH MOAJOMKKU B IIpoliecce HaHECeHU:A
njeHoK. ITosyueHB! JIEHKU C aKCUAJIbHOM TeKcTypoii (111) He3aBUCUMO OT THIIA TOAJIOMKKU.
CMemeHVe Ha MOJJIOMKKe M MArHUTHOE II0Jle YCUJIUBAIOT CTelleHb KPUCTAJJINUYHOCTHU IIJIEHOK
0e3 m3MeHeHUsA Tuma TeKCTypbl. [IJIeHKM ¢ HaMarHWYeHHOCTHIO, JIesKaleil B IIJIOCKOCTHU
HOJIOKKH, TOoNy4YeHbl Ha mognoxkax Al,O; mpu Temmeparype Buimie 400°C ¢ ncmosb3oBaHU-
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€M CMeIlleHudA Ha IIOOJOKKe 3-5 B, HO 0€e3 MCHOJHL30BAHUA MATHUTHOTO TIOJIA.

At present, commercial application of
high coercivity media for magnetic record-
ing is complicated by the absence of record-
ing heads capable to magnetize alternatively
such high-coercive media. One of ways of
writing head manufacturing is proposed in
[1]. Basic element of head is the pair of
giant anisotropy magnets (plates) put to-
gether along a direction of magnetization in
antiparallel. At the edge of opposite mag-
netic poles the strong stray field exists. In-
stead of two plates it is better to use layers
which are made by thin-film technology.

The purpose of the work presented is to
estimate an opportunity of sputtering a
FePt film in such a way, that the magneti-
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zation direction was lying in the plane of
the substrate surface.

FePt compound is a hard magnetic mate-
rial with high magnetic anisotropy [2]. Its
magnetic structure is completely deter-
mined by crystal structure. The crystal
structure is ordered as L1, type, similar to
the crystal structure of CuAu alloy. At the
temperature T above the critical value T}, a
FePt monocrystal has face-centered cubic
(fce) crystal lattice. At T' < T, the face-cen-
tered tetragonal (fct) lattice becomes equi-
librium. During the transition fce — fet any
of cubic axes [100], [010] or [001] can be-
come a tetragonal axis. Thus, three orienta-
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tions of ¢ axes are possible. We shall desig-
nate them el, ¢2, ¢3, correspondently.
Structural transformation fcc — fet is de-
veloping as follows. In initial monocrystal
of an fce phase the nucleating centers of the
fet phase occur, which have a form of fine
microplates. Around a microplate the elastic
stresses arise due to the difference between
the parameters of fcc and fet lattices. In
order to diminish elastic energy, the growth
of fct phase volume is developing by the
formation on the initial microplate (whose
tetragonal axis is e¢l, for example) of the
following plate, whose tetragonal axis €2
forms with an axis ¢l a corner of 90°. Such
pair of microcrystallites is a twin structure.
The next layer is a plate similar to the first
one, the next is similar to the second one,
etc. As a result, a large polytwin plate is
being formed. There is a correspondence be-
tween the complicated structural hierarchy
and the hierarchy of magnetic domain sys-
tem, which is no less complicated. Every
microplate is a magnetic microdomain. The
twin crystal border between neighbouring
plates with axes ¢l and ¢2 (or ¢l and ¢3, or
¢2 and ¢3) is simultaneously a magnetic 90°
wall. But, unlike usual 90° walls in homoge-
neous crystals, this wall cannot be displaced
in any magnetic fields. It is a "frozen"” wall.
These microdomains form a macrodomain
magnetic structure. Each macrodomain cov-
ers tens, hundreds and thousands of micro-
domains. Macrodomain structure is also
called a cooperative domain structure
(CDS). Macrodomains are divided by 180°
domain walls, as in uniaxial magnetic crys-
tals. These walls are mobile; they can be
displaced under the action of a magnetic
field. The "frozen" and mobile walls set
leads to originality of the CDS reorganiza-
tion in a "polytwin” crystal under the ac-
tion of a magnetic field.

Naturally the sputtering of FePt films
should possess an additional specificity. In
particular, the epitaxial growth on a sub-
strate with square atomic structure of a sur-
face and appropriate atomic conformity of a
film can lead to the formation of a structure,
whose ¢ axis is perpendicular to the substrate
surface. However, with a growth of thickness
such a structure will become less and less
stable, because the twin structure is more
favourable energetically. Authors of work [2]
assert, that a twinning plane for FePt belongs
to {101} family of planes. It means, that the
growth of thickness of the films with (001)
orientation should lead to the formation of
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the grains, whose ¢ axes are almost parallel
to the surface.

On an amorphous substrate in most cases
also films with orientation (001) are being
formed, but in this case they will be axial,
in a greater or lesser extent, and the tex-
ture axis [001] will be perpendicular to the
substrate surface.

An application of magnetic field during
the process of films sputtering may be quite
effective for producing of the films with
perpendicular anisotropy, about which it
was spoken above. We can suppose also,
that in order to obtain microdomains with
smaller sizes an application of a variable
magnetic field should be used, with a vector
of intensity oscillating along a normal to
the substrate surface.

The formation of the FePt films with the
residual magnetization oriented along the
substrate surface, in our opinion, is possible
only on substrates with asymmetrical sur-
face atomic structure. In this case various
orientations of the twin structures are pos-
sible. In particular, ¢ axes of the micro-
plates can be placed along the substrate
plane and also under some angle to it. The
structure with various volume fractions of
microplates can be realized. Generally, the
structure will be determined by the sub-
strate used and the technological features of
sputtering process. The using of the longi-
tudinal magnetic field during the sputtering
will not be effective, as it will lead to the
formation of a great volume of the film
with ¢ axis, oriented along the field, while
the producing of the films with good mag-
netic characteristics requires the presence
of equal quantities of volumes with perpen-
dicular ¢ axes. Besides, it is necessary to
know precisely the required orientation of
the magnetic field concerning the crystal-
lographic direction of the substrate.

In the presented work the Si substrates
with the orientations (111) and (001) and
Al,O5 substrates with the orientation (0112)
were used. The FePt films were sputtered by
the radio-frequency (RF) magnetron method
with using of RF bias on the substrate. The
target was a Pt disk with Fe segments. The
Fe segments on the Pt disk were located
with central symmetry. The composition of
the target was variated by changing the
number of the Fe segments. As a charac-
teristic of the target composition, the pro-
portion of areas Sp./Sp; was used. Besides,
the composition of films was changing due
to the variation of the target power and the
bias value, as will be shown below. All the
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films, presented in this work, have a thick-
ness of 0.2 uym. The technology of sputter-
ing is presented at length in [3, 4].

The distinctive feature of the presented
work is the using of the magnetic field (ap-
proximately 0.15 T) during the films
growth process. The field was directed
along the substrate surface. Unfortunately,
the magnets used were NdFeB rods with low
value of the Curie temperature (~100°C),
therefore the influence of a magnetic field
has been investigated only in such a case,
when the substrateholder is cooled by
water.

The chemical composition of the films
was monitored by means of Auge-spectrome-
try. The method of X-ray diffraction (XRD,
copper target, pyrolitic graphite monochro-
mator) was used for the investigation of the
crystallographic structure of the films. The
analysis of the films texture was realized by
using the technique of the polar figures.
The STM images were obtained on SMM
2000 microscope.

a. Growth of FePt on cooled substates. The
investigation of the FePt films with Si sub-
strates showed that the following parameters
influence on the crystal structure of the
films: the bias on a substrate, presence of the
magnetic field and the target power (rate of
sputtering). All the produced films possessed
the axial structure (111), expressed in a
greater or lesser extent. Therefore, if it is
not mentioned especially, we shall use the
concept of the crystallinity degree, which in
the first approximation corresponds to the
intensity of X-ray peaks (111) and (222), and
we shall not mention that the structure is
axial. It concerns the investigations of the
films, produced on Si substrates. In this case
even the using of the magnetic field during
the sputtering did not lead to the formation
of crystallographic anisotropy of the films in
the plane of the substrate.

In the Fig. 1 the X-ray difractograms of
the FePt films are presented, which show the
influence of the substrate bias on the crystal-
linity degree in the presence and in the ab-
sence of the magnetic field. We can see that
the increase of the substrate bias in both
cases leads to the increase in the crystallinity
degree. This influence is more considerable
for the films, produced in the magnetic field.

Measurements of the chemical composi-
tion of two films, produced in the magnetic
field, were carried out: at the "floating”
potential of the substrate and at the offset
of 10 V. In the first case the composition
was Feo_41Pt0_59, in the second —
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Fig. 1. X-ray difractograms of the FePt
films, produced at various values of the sub-
strate bias ("floating”, —10 V, —20 V) in the
presence (on) and in the absence (off) of the
magnetic field. The power on the target is
300 W, the proportion of areas Fe/Pt is 1/1,
the Ar pressure is 0.5 Pa. The chemical com-
position was measured for the sample "float-
ing, off™ (Fej 33Pty g7)-

Feg 3oPtggg- The composition of the target
was Sge/Spt = 9/7, the power on the target
was 150 W. The "floating™ potential of the
substrate takes place in a case when the
substrateholder is connected neither with
the RF source, nor with the installation’s
case. Usually, due to the action of the tar-
get’s discharge the substrateholder is being
charged up to a small (5 V) positive poten-
tial concerning the installation’s case.

Analogical structural investigations were
carried out for the films produced in the
magnetic field with a target of the composi-
tion Sgo/Spy = 5/3, the target power was
500 W. Besides it was revealed, that with
increase of the substrate bias the XRD
peaks are being displaced to smaller angles.
It shows that the parameters of the FePt
crystal lattice were changing. Apparently,
this change corresponds to the change of
the films chemical composition due to the
above-mentioned increase of the bias. Meas-
urements of the chemical composition for
these films were not carried out.

The Fig. 2 shows the X-ray difracto-
grams of the FePt films produced at various
values of the target power in the presence
and in the absence of the magnetic field.
Time of the sputtering was chosen in in-
verse proportion to the value of the power
so that the films’ thickness was identical.
We can see that with the increase of the
target power the crystallinity degree in-
creases in the presence of the magnetic
field. In the absence of the magnetic field
there is no such effect.
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Fig. 2. X-ray difractograms of the FePt

films, produced at various values of the tar-
get power (150 W, 300 W, 500 W) in the
presence (on) and in the absence (off) of the
magnetic field. The potential on the substrate
is "floating™, the Ar pressure is 0.5 Pa. The
target composition is Sg./Spy = 5/3.

Thus, polycrystalline axial FePt films are
obtained on the Si substrates. Parameters of
the crystal lattice ¢ lie on the surface of a cone
whose axis is perpendicular to the substrate
surface. The angle between ¢ axes of the crys-
tallites and the substrate surface is 86.2°.

b. Growth of FePt on heated substrates.
The following results were obtained in the
investigations of the crystal 0112 structure
of the films produced on Al,O; substrates,
with the surface oriented as The FePt
films produced on the substrates cooled
with water are similar to the films produced
on the Si substrates. So we shall describe at
length the results obtained for the samples
on AlL,Oj; substrates, being heated during
the sputtering. The magnetic field was not
applied because of the above-mentioned rea-
sons.

The Fig. 3 shows X-ray difractograms of
the films produced on Al,Oj substrates with
various substrate biases. The substrates were
heated up to the temperature of 600°C. In the
case of the "floating” potential on the sub-
strate the film has polycrystalline structure.
There are grains with orientation of (001),
(100) (peak (200)), (110), (111).

The using of the substrate bias during
the growth leads to the suppression of
growth for all grains whose orientation is
not (110). Such orientation corresponds to
the placement of the crystal lattice parame-
ter ¢ in the substrate plane. Moreover, we
can see that the using of the bias stimulates
the growth of grains with (110) orientation
just like it was in the case of grains with
orientation (111) on Si, especially in the
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Fig. 3. X-ray difractograms of the films, pro-
duced on Al,O; substrates at various values
of bias ("floating™, —10 V, —20 V). The tem-
perature of the substrate is 600°C, the power
on the target is 300 W, the chemical compo-
sition of the target is Sg,/Sp; = 9/7. The di-
fractogram in the lowest part of the figure
corresponds to the polycrystalline sample
FePt (the card: PDF 26-1139).

presence of the magnetic field. It should be
mentioned, that it takes place on a heated
substrate. In the case of the target composi-
tion Sge/Spt = 5/3, when the potential on
the substrate is "floating”, also only poly-
crystalline films were obtained. Thus, we
can assert, that the basic parameter, which
influences on the formation of a film with
(110) orientation, is the substrate bias.

Let’s note one more important point. The
lower part of the Fig. 3 shows a difracto-
gram of a bulk polycrystalline FePt sample.
The comparison of this spectrum with two
difractogram for the samples produced with
the substrate bias shows the discrepancy of
intensities for the peaks of the first and the
second order, (110) and (220). In the case of
a crystal they must have approximately
identical intensity, but in the films the in-
tensity of (110) peak is much less than the
intensity of (220) peak. This fact is due to
the insufficient ordering of atoms in (110)
plane of the films. In the ordered state,
these planes should be completely (through
one plane) filled by atoms either Fe, or Pt.
We can see it in the Fig. 4.

The vertical planes, parallel to the cell
parameter ¢, as well as parallel to the hori-
zontal diagonal of a cell, pass either only
through Fe atoms, or only through Pt
atoms. It should be mentioned that in the
case of fcc lattices with identical atoms (P,
for example) the (110) XRD peak is forbid-
den, so this peak doesn’t occur on the Pt
difractogram. Just the presence of the al-
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Fig. 4. The unit cell of FePt.

ternating planes (220), which contain vari-
ous atoms, leads to the break of the condi-
tion of disappearance for (110) peak, due to
the different diffract ability of Fe and Pt
atoms. Therefore, though X-rays, diffract-
ing on the lattice formed by (220) planes,
come to the detector in antiphase, but their
intensity is different, so the peak appears.
But this peak can decrease or disappear
even for FePt alloy, if the ordering shown
on Fig. 4 will not occur — when (220)
planes, which must contain only Fe atoms,
contain also Pt atoms, and the reverse. Be-
sides, the diminishing of the intensity of
(110) peak can be in the case of non-strict
alternating of Fe-planes and Pt-planes.

Thus, the ordering in the films produced
with the substrate bias (their difractogram
are presented in the Fig. 38) is not well
enough. One more probable reason, in our
case, is a deviation from the stoichiometric
composition of FePt in the film. The best
proportion of the peaks intensities
T110)/1(220) = 8/11 has been obtained in a
film produced at the following conditions: the
substrate bias was 0 V, the power on the tar-
get was 100 V, the temperature of the sub-
strate was 650°C. In order to keep the poten-
tial of the substrate to be equal to the poten-
tial of the installation’s case, the RF power
applied to the substrateholder was 5 W.

The least proportion of the peaks intensi-
for a film produced at the following condi-
tions: the offset on the substrate was —5 V,
the power on the target was 300 V, the tem-
perature of the substrate was 400 °C. It was
noticed, that when a good proportion
I(llO)/I(ZZOiI is achieved, a small amount of
grains with orientation (111) appears.

The Fig. 5 shows the difractograms of
two FePt films produced at various values
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Fig. 5. X-ray difractograms of the films, pro-
duced at the following conditions: the compo-
sition of the target is Sg,/Sp; = 5/3, the sub-
strate bias is —5 V, the temperature of the
substrate is 650°C, the target power is
100 W and 150 W. On the top difractogram
the intensity of (111) peak is 5000 (imp/s),
the intensity of (222) peak is 400 (imp/s).

of the target power (100 W and 150 W).
We can see that a film, produced at 150 W
on the target, contains only grains with
(110) orientation. Another film, produced
at 100 W on the target, contains grains
with two orientations: (111) and (110).
Further, the investigation of the texture
of two films is presented. The difractogram
of the samples are shown on the Fig. 5. The
research was carried out by a method of con-
struction of the polar figures. The polar figure
(hkl) can be constructed as follows. The detec-
tor is mounted on an angle 20, which corre-
sponds to a pick (hkl). The sample turns around
the axis, which is perpendicular to the axis of
the goniometer’s rotation and is located in a
plane of the sample, with an angle of inclina-
tion o. Then, while the detector is on, the
sample turns 360° around its own normal to its
surface. Then the curves, obtained at various
values of o, can be reduced to a polar figure.
Thus, the polar figure (hkl) shows the
angular distribution of normals to the in-
vestigated crystallographic planes (hkl). In
the case of a monocrystal this distribution
consists of points corresponding to each
normal [hkl]. In the case, when there is a
texture in the sample, we represent the den-
sity of normals as the gradation of grey
color. Black color designates the maximal
density of normals. The polar figures are
constructed in a scale of a gno-
mostereographic projection (Woolf’s grid).
The deviation angle from the normal to the
surface is laid from the center of a polar
figure along radius. The point on the external
circle has an inclination angle of 90°, i.e. the
corresponding normal is lying in the plane of
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Fig. 6. Polar figures (111) for ideal single-phase FePt films with (110) orientation (a) and (111)
orientation (b). The circles with crosses designate the pole, which will be visible on the polar figure

(001).

. ; a)
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Fig. 7. Real polar figures (111) for the films produced at the power 150 W (a) and 100 W (b) on
the target. Dashed lines designate the direction [0111] in the plane of Al,Oj; substrate (see Fig. 8).

the substrate. Along the circle the az-
imuthal angle is laid. In Fig. 6 the polar
figures (111) for ideal single-phase FePt
films are shown.

The Fig. 6a is a polar figure (111) for the
film with (110) orientation, where the ¢ axis
is parallel to the vertical axis of the polar
figure. The Fig. 6b is a polar figure (111) for
the film with (111) orientation, where the ¢
axis goes under an angle of 36.2° to the sub-
strate surface. On both polar figures the posi-
tion of the ¢ axis is shown as a circle with a
cross. In these places there will be a pole on
a polar figure (001) or (00I).

The Fig. 7 shows the real polar figures of
the films, whose difractograms are pre-
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sented in the Fig. 5. The film with (110)
orientation (the distance between poles is
closer to the value of 72.4°, than to the
value of 69.6°) (Fig. 7a) has approximately
identical quantity of grains with almost per-
pendicular direction of ¢ axes. An angle be-
tween them is a little less than 80°. If there
was a twinning along (111) plane, which is
perpendicular to the substrate surface, then
the polar figure would be the same, but the
angle between ¢ axes would be equal to 74°.
The film with (111) basic orientation
(Fig. 7b) has grains with two various direc-
tions of the lattice in the plane. One of these
orientations corresponds to the central pole
and to the intensive poles located under an
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Fig. 8. Three views of the same fragment of Al,O, surface — (0112) plane. From left to right: top
view, at an angle of 60°, and at an angle of 90°. The crystallographic direction [1110] of Al,O4 is
parallel to the horizontal of the left image; the crystallographic direction [0111] is lying along the
vertical of the figure. Small dark spheres are aluminium, greater light spheres are the oxygen, two
layers of oxygen differ one from the other in their tone.

¢)

Fig. 9. The location of the elementary cell’s edges in the cases: a) the single-phase film with (110)
orientation, b) and c) the variants of twinning along (101) planes. The substrate plane coincides
with xOy plane. Black rectangles in the figure designate the parameter a of the lattice, white

rectangles designate the parameter c.

angle of 120° to each other. The ¢ axis of
these grains is under an angle of 36° to the
substrate surface, and its projection, appar-
ently, is lying along the direction depicted by
a dashed line on the polar figure. The second
orientation corresponds to the poles with weak
intensity, which are mirror-symmetrical to the
poles of the orientation already described con-
cerning the direction which is perpendicular to
the direction depicted by a dashed line. The ¢
axis of such grains is also mirror-symmetrical.
It is supposed, that the basic problem will be
a twinning during the magnetic annealing. If
twinning occurs just like it has been de-
scribed in the beginning of the paper, along
(101) plane, then the edges of an unit cell of
the recrystallization twin, a and ¢, will be
located, correspondently, just like ¢ and a
edges of the initial grain. It means that in the
case of (110) orientation of the grain, the twin
will have (101) orientation, i.e. the ¢ axis of
the twin will be located under an angle of 45°
to the substrate and under an angle of 90° to ¢
axis of the initial grain. In total, there are only
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two variants of a spatial location of a and ¢
axis of the twin for one initial grain, if we are
not to consider the distinctions in 2° (Fig. 9).
If the orientation of the initial grain is
(111), the twinning will lead to the turn of ¢
axis around the normal to any of (111) planes
on an angle of 120°, including the normal to
the substrate surface, because one of (111)
planes coincides with it. Last case on a polar
Fig. 6b looks as turn of poles around of the
center of a polar figure on 120°. In case of
(111) orientation there will be six different
variants of twinning for one concrete grain.
The Fig. 10 shows STM images of a film
with (110) orientation, used for estimation
of the crystallites sizes. The first image
(Fig. 10a) was made after the sputtering. At
scanning STM images the influence of scan-
ning parameters (voltage on a needle and tun-
nel current) on image structure was revealed.
It has been assumed, that the reason of it can
be influence of film‘s magnetic structure on
the form of a tunnel current way. To confirm
this assumption, the image of the same sample
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Fig. 10. STM images of a film with (110) orientation a) after sputtering and b) after magnetization
along the vertical direction. The size of images is 1.2x1.2 um?2.

has been received at the same scanning pa-
rameters after its magnetization outside of
a microscope. Corresponding STM image is
shown on Fig. 10b. The microscope has not
been equipped by any magnetosensitive de-
vices.

In summary we shall note, that the crystal
structure and texture FePt films strongly de-
pends on technological modes of their obtain-
ing. The basic role in reception of in-plane
orientation of ¢ axis of crystal unit cell is
played with two factors: the atomic order of
a substrate surface and weak ionic bombard-
ment of a film during its growth.

Reasonable magnetic characteristics FePt
films are received after magnetic annealing.
Annealing was carried out in other group.
Predictably, magnetic characteristics of
films have appeared are complex for inter-
pretation. For these reasons results of re-

searche of magnetic properties will be pub-
lished later. Further the structure from two
FePt films separated by non-magnetic layer
will be investigated.
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Bnimme 0omM0apayBaHHS HU3BKOCHEPreTHUYHMMH iOHAMM
IIiJI Yac PO3MUJIEHHS HA KPHMCTAJIYHY CTPYKTYpYy ILIiBox FePt

B.B.Haymose, E.I.In’awenxo

Hocnimxeni kpucramiuna cTpykrypa i Tekerypa miiBok FePt. ILiriBku omepokani Ha migriaagkax
kpemuio Ta Al,O; merogom BYU MarseTpoHHOro pOSIMIEHHS 3 BUKOPHCTAHHAM iOHHOrO GoMGapmy-
BaHHS B mporeci pocry. Iomne GomOapayBaHHsS 3AiMICHIOBAJIOCS IILISXOM IIOJABAHHS HA IILAKJIAIKY
BY awmimenns. Ilpum kimuaTHil Temmeparypi MmigK/JIagKy [LOCTiPKEHO BILIMB MArHITHOIO IIOJIS,
IPHUKJIAZEHOr0 B3[OBXK IIOBEPXHI MiAKJIAAKK y Ipoleci HaHeceHHs ILIiBOK. Omep:KaHo ILIIBKU 3
akcianpHOIO TeKeTyporo (111) HesaneKHO Bix Thmy migkiaamxky. SMileHHs HA MiAKIAAI Ta MarHiTHe
mojie 30LNBIIYIOTh CTYIIHL KPHUCTAJIYHOCTI ILIiBOK 0e3 3miHm Tuiry Tekcrypu. [LiiBku 3 Ha-
MarHivenicTio y ruromuHi omepsxamo Ha migkmagkax Al,O; mpu remmeparypi Bume 400°C s
BUKOPHMCTAHHAM 3MileHHs HaA migkaaani 3-5 B, ase 06e3 BUKOPHCTAHHA MATrHITHOIO IIOJIS.
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