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This work presents the results of a study of the influence of dimensional and concentration effects on
magnetoresistive and magnetic properties and structural-phase state of annealed at 7, = 700 K samples of
thin film alloys based on Co and Cu with thickness d = 40 nm in a wide range of total concentrations of Co
(18 < cco < 69 at. %). The samples were obtained by the method of co-evaporation in vacuum using two in-
dependent electron guns. It was found that samples of thin film alloys with a total concentration of cobalt
cco < 22 at. % are characterized mainly by a superparamagnetic state in which hep-Co granules with size
L =5+12 nm were placed in a matrix of Cu(Co) solid solution (s.s.) based on fcc-Cu. The increase in the to-
tal concentration of Co in thin film alloys to cco = 37 at. % led to an increase in the size of the magnetic
granules to L = 7+20 nm and a decrease in the distance between them. In samples of thin film alloys with a
cobalt concentration of 56 < cc, < 69 at. %, hep-Co granules with size L = 8+25 nm were combined into fer-
romagnetic clusters, and the volume between the clusters was filled with fee-Cu(Co) s.s.. The maximum gi-
ant magnetoresistance (GMR) values, measured in an external magnetic field Hne = 15 kOe at room tem-
perature, were obtained for a sample with a total concentration of cobalt cco = 22 at. %. The amplitude of
GMR values was 3.8 % and 4.1 % in the perpendicular and longitudinal measurement geometries, respec-
tively. Thin film alloys with a total cobalt concentration of 18 <cco < 22 at. % were characterized by iso-
tropic magnetoresistance. The increase in the total concentration of cobalt in thin film alloys to
cco > 28 at. % led to the emergence of magnetic anisotropy and anisotropic magnetoresistance. This may be
due to the appearance of ferromagnetic interactions between cobalt granules. Low-temperature measure-
ments of magnetoresistance at Tmes =5 K of the sample with a total cobalt concentration cco= 18 at. %
showed an increase in the amplitude of GMR by 2.1 times (GMR = 11.1 %) compared with the amplitude of
GMR = 5.18 % measured at room temperature in an external magnetic field Hnax = 90 kOe. With increasing
measurement temperature to 7= 350 K the amplitude of GMR decreased and amounted to 4.5 %. This is
due to the increase in electron scattering by phonons with increasing temperature.
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1. INTRODUCTION

A lot of attention is paid to the study of magnetic
and magnetoresistive properties of thin-film materials
and their relationship with the structural-phase state
after the discovery of the effect of giant magnetore-
sistance (GMR) in multilayer films [1] and granular
magnetic film alloys [2]. Magnetic film materials which
show the effect of GMR are interesting for fundamental
research as well as applications [3-6]. Such nanostruc-
tures can be used for application in nanoelectronics
and spintronics in the manufacture of elements of non-
volatile magnetic memory [3], sensors of magnitude
and direction of a magnetic field [7]. In automotive and
consumer electronics, such position sensors are attrac-
tive because of the non-contact mode of operation and
the absence of mechanical interaction between moving
parts [3]. In biotechnology, magnetic nanostructures
are used in manufacturing biosensors [3] and produc-
tion of devices for bimolecular detection of proteins in
analyzes using magnetic labels [3, 5].

Examples of granular film systems are alloys based
on Co and Ag, Co and Cu, Fe and Ag [8]. In [9], it was
shown that the GMR effect refers exclusively to systems
based on transition 3d metals. Granules of a magnetic
component ranging from one to tens of nanometers are
placed in a nonmagnetic matrix [10], in granular mag-
netic films. GMR occurs when the sample is magnetical-
ly inhomogeneous, and the distance between the gran-
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ules is proportional to the mean free path of electrons
[11]. The authors [12, 13] showed that the thickness of
granular films affects their structural state. Subse-
quently, the magnetic and magnetoresistive properties
of granular film systems depend on the structural state
of the film sample: the size and shape of the granules
and the distance between them [8, 14].

In the literature, magnetic and magnetoresistive
properties of granular systems based on Co and Cu with
a thickness d > 100 nm have been studied in sufficient
detail, see, for example, [15]. However, one of the pa-
rameters for miniaturizing films as sensitive elements of
devices is their thickness. The decrease in the thickness
of granular films causes dimensional effects that affect
the structure of the samples and, accordingly, the mag-
netic and magnetoresistive properties. In [4, 13], it was
shown that in the case of relatively small (d <40 nm)
total film thickness, the granular system has some pecu-
liar properties. In a film alloy based on Co and Cu at
small thicknesses of the film system, the islands of the
magnetic component will act as granules, which will be
localized between the crystallites of the fece-Cu(Co) solid
solution (s.s.). In [11], it was shown that when the
thickness of the granular film decreases, the threshold
of structural percolation and maximum coercivity shifts
towards higher concentrations of the magnetic compo-
nent. There are almost no published results of complex
studies of the structural-phase state, magnetic and
magnetoresistive properties of granular films based on
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Co and Cu with a thickness d <50 nm in a wide range of
concentrations. In this context, the aim of our work is to
perform comprehensive experimental research of the
influence of dimensional and concentration effects on
magnetoresistive and magnetic properties of heat-
treated at 7o = 700 K thin-film granular alloys based on
cobalt and copper with a thickness of d =40 nm in com-
bination with structural and phase studies.

2. EXPERIMENTAL DETAILS

The samples of film alloys based on Cu and Co with
a thickness of 40 nm with a total concentration of Co
18 <cco< 69 at. % were obtained by electron beam
evaporation in vacuum at a pressure of 10-4Pa. The
films were applied to polished sitall substrates at room
temperature by simultaneous evaporation of Cu and
Co from two independent evaporators. The thickness of
the film samples during the deposition was monitored
by the quartz resonator method [16]. The composition
of the films was calculated by the method described in
[17]. To control the composition of the films, the SEM
method (Tescan VEGA) with an EDS analyzer was
additionally used. The deviation of the obtained exper-
imental values of the concentration of the components
from the calculated values did not exceed 2 at. %,
which is within the measurement uncertainty. The
annealing of the samples was carried out in vacuum at
10-4Pa in the horizontal tube furnace (Carbolite STF
16/180) at the temperature 7, = 700 K. The annealing
time was ¢ = 60 min.

The crystal structure and phase state were examined
by TEM-125K transmission electron microscope. Sam-
ples for TEM were obtained by deposition of thin films
on TEM grids coated with carbon film. Measurements of
the magnetization of film alloys were performed on a
vibrating magnetometer at room temperature in the
field range Hmax =+ 16.5kOe in two measurement set-
ups: "out of plane" (the magnetic field is applied perpen-
dicular to the plane of the sample) and "in-plane" (the
magnetic field is applied parallel to the plane of the
sample). The measurement of the dependence of the
magnetic moment on the measurement temperature in
the ZFC-FC modes was performed on a magnetometer
MPMS XL SQUID (Tneas = 2+350 K, H =100 Oe).

The magnetoresistance was measured on an auto-
matic measuring system in a magnetic field up to
Hpnax =+ 15 kOe at room temperature using a 4-probe
measurement method. Resistance measurements were
performed in two different geometries. In the first case,
the applied field H was in the plane of the film and par-
allel to the direction of the current (longitudinal meas-
urement geometry) [15]. In the second case, the applied
magnetic field was perpendicular to the plane of the
film and to the direction of the current (perpendicular
geometry). The current in the plane of the film was
1 mA. Low-temperature measurements of the magneto-
resistance were performed on a PPMS Model 6000 from
Quantum Design (Tmeas = 2+400 K, Hmax = 90 kOe).

The magnitude of the magnetoresistance was
calculated by the expression [18]:

GMR = AR/R(0) = (R(H) — R(0))/R(0), (1)
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where R(H) and R(0) are respectively the resistances in
an arbitrary magnetic field H and without a magnetic
field (H = 0).

The coefficient of anisotropic magnetoresistance
was calculated by the expression [19]:

Pl — pt
AMR (%) = Ap/p,, x100 = — S PSS %100, (2)
/ (1/3p4 +2/3py)

where pg and p; are the resistivities at magnetic

saturation (I parallel (IT) and perpendicular (L)).

3. RESULTS AND DISCUSSION
3.1 Magnetoresistive and Magnetic Properties

In [20], it was shown that heat treatment of film
samples is necessary for homogenization of granular
solid solution. In addition, the optimal size of the
granules, at which the granular film will have the
maximum value of GMR [20], can be achieved by heat
treatment. This can be attained by choosing the tem-
perature and annealing time. A series of samples of
film alloys investigated in this work were heat-treated
at 7o = 700 K for a time ¢ = 60 min.

Fig. 1 shows the field dependences of the magneto-
resistance of film alloys based on Co and Cu measured
in perpendicular and longitudinal geometries at room
temperature.
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Fig. 1 - The magnetoresistive curves measured in perpendic-
ular (e) and longitudinal () geometries at room temperature
for the granular thin film alloys based on Co and Cu with a
different total concentration of Co cco (at. %)

As can be seen from Fig. 1, at cco <22 at. % the
magnetoresistance curves are not saturated in the ex-
ternal magnetic field Hmax =+ 15 kOe. The absence of
saturation on the magnetoresistance curve can be
caused by the fact that the structure of the film alloys
consists mainly of superparamagnetic (SPM) granules.
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A system of non-interacting magnetic granules is char-
acterized by SPM behavior in the case when the inter-
nal energy of the ferromagnetic interaction is much less
than the thermal energy £V << kT (where k is the ani-
sotropy constant, V is the volume of the granule, kB is
the Boltzmann constant). It should be noted that film
alloys of this composition are magnetically isotropic.
Therefore, the behavior of the magnetoresistance curves
obtained in the longitudinal and perpendicular meas-
urement geometries has a similar character. The value
of GMR decreases and anisotropic magnetoresistance
(AMR) appears at a total concentration of Co
cco = 28 at. %. This can be explained by the fact that an
increase in cobalt concentration entails an increase in
the size of the magnetic granules and a decrease in the
distance between them. At the same time, the dipole
interaction between the neighboring granules becomes
stronger. Fig. 2 shows the dependence of the AMR coef-
ficient of a film alloy based on Co and Cu on the total
concentration of Co. The AMR ratio was calculated by
expression (2). As can be seen from Fig. 2, an increase
in the total concentration of Co in the film alloy leads to
an increase in the AMR coefficient.
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Fig. 2 — The dependence of the coefficient of anisotropic mag-
netoresistance in thin film alloys based on Co and Cu on the
total concentration of Co cco (at. %). The measurements were
carried out at room temperature

Fig. 3 shows the dependence of the GMR value of
film alloys in a wide range of composition (18 < cco < 69).
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Fig. 3 — Magnetoresistance in the longitudinal geometry of
thin film alloys based on Co and Cu as a function of the total
concentration of Co cc,. The measurements were carried out
at room temperature in magnetic field Hnax = 15 kOe

The study of magnetoresistance was performed in the
longitudinal geometry at room temperature in an exter-
nal magnetic field Hmax = 15 kOe. The value of GMR was
determined by the expression (1). The maximum ampli-
tude of GMR =4.1 % was measured in the sample of a
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film alloy with cobalt concentration cco =22 at. %. Sam-
ples of film alloys with cco>37 at. % had low values of
magnetoresistance. This result is in good agreement with
the studies of magnetoresistive properties of film alloys
based on Co and Cu given in [22].

It should be noted that the largest number of works
[12, 21, 23] on studies of the effect of GMR is focused
on film alloys with a low concentration of the magnetic
component. In such films, there is a great variety of
magnetic and transport phenomena. Fig. 4 shows the
field dependences of the magnetoresistance for a film
alloy with cco = 18 at. % measured in the longitudinal
geometry at temperatures of 5, 300 and 350 K in an
external magnetic field Hmax =90 kOe. At the meas-
urement temperature 7=5 K, the amplitude of GMR
was 11.1 %. With increasing measurement tempera-
ture, the value of GMR decreased to 5.18 % and 4.5 %
at T=300 K and 350 K, respectively. This can be ex-
plained by the increase in electron scattering by pho-
nons with increasing temperature. As it can be seen
from Fig. 4, the magnetoresistance curve obtained at
300 and 350 K is not saturated in the external magnet-
ic field H =90 kOe which indicates the SPM state of
this sample.
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Fig. 4 — Magnetoresistance curves measured in the longitudi-
nal geometry at 5, 300 and 350 K for a granular thin film
alloy based on Co and Cu with cco = 18 at. %

Fig. 5 shows the temperature dependence of the
magnetic moment M obtained during cooling the sam-
ple of a film alloy with cco = 22 at. % in a magnetic field
H =100 Oe (FC curve) and following heating without a
magnetic field (ZFC curve). This dependence was ob-
tained by the SQUID method. The point of divergence
of the ZFC and FC curves determines the maximum
blocking temperature [2] (TB= 225 K) for a measured
film sample. This temperature defines the energy of
magnetic anisotropy. As it can be seen from Fig. 5, a
granular film alloy based on Co and Cu with a concen-
tration of Co cco =22 at. % at measurement tempera-
tures 7> Ts demonstrates SPM behavior. On the con-
trary, at T'< T, the granular film alloy is character-
ized by a ferromagnetic state. The presence of a wide
transition on the ZFC-FC curves near the blocking
temperature 7B indicates that the size of Co granules
in this sample varies in a wide range. Therefore, the
granules are in both states: single-domain SPM and
single-domain ferromagnetic (SD-FM).

Fig. 6 shows the results of studies of the magnetic
properties of the samples of film alloys based on Co
and Cu.
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Fig. 5 — ZFC/FC curves for a granular thin film alloy based on
Co and Cu with cco =22 at. %. The measurements were car-
ried out for geometries of the magnetic field applied "in plane"
at H=100 Oe
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Fig. 6 — Hysteresis loops for granular thin film alloys based
on Co and Cu with a different total concentration of Co for
geometries of the magnetic field applied "in-plane" (e) and
"out of plane" (e). The measurements were carried out at room
temperature

The field dependences of the magnetization of Co-
and Cu-based film alloys with different total Co con-
centrations were measured in "in-plane" and "out-of-
plane" geometries at room temperature. As it can be
seen from Fig. 6, the behavior of the magnetization
curves depends on the composition of the film sample.
At small values of the total concentration of Co in the
film alloy (at cco <22 at. %), the curves are not satu-
rated in the external magnetic field Hpnax =+ 16.5 kOe
in both geometries. Such dependences are characteris-
tic of samples, the structure of which consists mainly of
SPM granules. As the concentration of cobalt in the
alloy increases to cco= 37 at. %, the samples become
magnetically anisotropic. This is confirmed by the dif-
ferent behavior of hysteresis loops for "in-plane" and
"out of plane" geometries. The main reason for the ap-
pearance of anisotropy may be the magnetic interac-
tion between the magnetic granules of cobalt. Granular
film systems, characterized by the AMR effect, are in
the focus of interest from a practical point of view in
the manufacture of sensor elements for measuring the
angle of rotation of the object [3, 7]. These sensors are
widely used in the automotive industry [3]. For this
purpose, we made a comprehensive study of the mag
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netic and magnetoresistive properties of a sample of a
film alloy with a total concentration of Co cco = 37 at. %
when rotating it in an external magnetic field from
parallel to perpendicular geometry. Position 0° corre-
sponded to the longitudinal (magnetoresistance meas-
urement) and "in-plane" geometries (magnetization
measurement), and position 90° — to the perpendicular
and "out of plane" geometries, respectively. As it can be
seen from Fig. 7, the sample rotation in the external
magnetic field changes the shape of the magnetore-
sistance curve and the hysteresis loop.

Magnetoresistance curves (Fig. 7a) show that switch-
ing the sample from the longitudinal geometry position
to the perpendicular geometry position resulted in a
transition from anisotropic to isotropic magnetore-
sistance. When the sample was rotated from "in-plane"
to "out of plane" geometry (Fig. 7b), the coercivity of the
sample increased from H.=0.27 kOe to H:=1.65 kOe
(see the insert in Fig. 7b). The saturation magnetization
also increased from H = 0.5 kOe to H = 12.4 kOe.
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Fig. 7—The magnetoresistance curves (a) and hysteresis
loops (b) for a granular thin film alloy based on Co and Cu
with cco = 37 at. %. The measurements were performed at
room temperature. 0° corresponds to the longitudinal (a) and
"in-plane" (b) geometries, 90° corresponds to the perpendicu-
lar (a) and "out of plane" (b) geometries

3.2 Structural-phase State

The study of the structural-phase state of annealed
at T, =700 K film alloys based on Co and Cu in the
range of 18 < cco < 69 at. % was carried out by the TEM
method. Fig. 8 and Fig. 9 show, respectively, the dif-
fraction patterns and the diffraction spectrum of sam-
ples of thin film alloys based on Cu and Co with differ-
ent total concentrations of Co. The vertical lines in
Fig. 9 indicate the tabular values of the diffraction
lines for massive samples of fce-Cu and hep-Co.
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Fig. 8 — The diffraction patterns of alloy thin films based on
Co and Cu with a total concentration of cco =22 at. % (a) and
cco =69 at. % (b)
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Fig. 9 — Diffraction spectra from samples of thin film alloys
based on Co and Cu with a total concentration of cco = 22 at. %
and cco = 69 at. %

Fig. 10 shows TEM images of the structural state of
alloy thin films based on Co and Cu with a different
total concentration of Co.

Fig. 10 — The TEM micrographs of thin film alloys based on
Co and Cu with a total concentration of Co cco = 22 at. % (a)
and cco = 69 at. % (b)

Samples of the film alloy with a low total concen-
tration of cobalt (cco = 22 at. %) were characterized by a
state in which hcp-Co granules of size L =5+12 nm
(Fig. 10a) are included in a matrix of dilute fce-Cu(Co)
s.s. At mentioned sizes, cobalt granules are mainly in
the SPM state. An increase in the total concentration
of Co to cco =37 at. % caused an increase in the size of
Co granules to L= 7+20 nm. Obviously, the distance
between the granules became shorter. However, the
phase composition of the samples of film alloys did not
change. At the total concentration of cobalt
cco = 69 at. % there was a further increase in the size of
hep-Co granules to L =8+25nm (Fig. 10b) and their
combination into ferromagnetic clusters. The gaps be-
tween the clusters were filled with fec-Cu(Co) s.s.
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The results of structural-phase studies presented in
this paper are consistent with the results of studies
performed by the authors [16] for samples of film alloys
based on Co and Cu with a thickness d = 20 nm in the
range of total concentrations of Co 15 < cco < 71 at. %.

4. CONCLUSIONS

1. The influence of the composition on magneto-
resistive and magnetic properties, as well as the struc-
tural-phase state of samples of thin film alloys based
on Co and Cu with a thickness d = 40 nm, heat-treated
at Ta = 700 K, was experimentally established.

2. It was found out that samples of thin film alloys
with a total concentration of cobalt cco <22 at. % are
characterized by a state in which SPM and SD-FM
hep-Co granules with a size L = 5+12 nm are placed in
the matrix of fcc-Cu(Co) s.s. An increase in the total
concentration of Co in the film alloy to cco = 37 % led to
an increase in the size of the magnetic granules to
L="7+20nm and a decrease in the distance between
them. As a result, the dipole interactions between ad-
jacent Co granules became more significant. In the
samples of film alloys with a cobalt concentration of
56 <cco <69 at. %, the hcp-Co granules with size
L =8+25 nm were combined into ferromagnetic clus-
ters, and the volume between the clusters was filled
with fee-Cu(Co) s.s.

3. The maximum values of GMR at room tempera-
ture in an external magnetic field Hnax = 15 kOe were
obtained for a sample with a total concentration of co-
balt cco = 22 at. %. The values of GMR were 3.8 % and
4.1 % in the perpendicular and longitudinal measure-
ment geometries, respectively. At total concentrations
of cobalt cco > 28 at. % the samples were characterized
by AMR.

4. Low-temperature measurements of magnetore-
sistance at Tmess = 5 K of a sample of a film alloy with a
total concentration of cobalt cco =18 at. % showed an
increase in the amplitude of GMR by 2.1 times up to
11.1 % in the field Hmnax =90 kOe compared with the
amplitude of GMR = 5.18 % measured at room temper-
ature. An increase in the measurement temperature to
T =350 K decreased the amplitude of GMR down to
4.5 %, that can be caused by an increase in electron
scattering by phonons with increasing temperature.
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MarxiTHi Ta MArHiTOPE3UCTUBHI BJIACTUBOCTI TOHKOILUIIBKOBHX CILIABIB
HA OCHOBIi KOOaJIBTYy i Mimi

1.0. lnetuuit

Cymcvrull deporcasruti yrnisepcumem, 8yJi. Pumcvrozo-Kopcarosa, 2, 40007 Cymu, Yrpaina

VY maniit poboTI IIpeJICTaBIeH] Pe3yIbTaTH JIOCIIPKeHHS BIUIMBY PO3MIPHOTO Ta KOHIIEHTPAIIHOTO ede-
KTIB Ha CTPYKTYPHO-(DA30BUU CTAH, MATHITOPE3WCTWBHI Ta MATHITHI BJIACTHBOCTI BIAMAJEHUX IIPU
Tp =700 K 3paskiB ToHKOILTIBKOBUX cIiiiaBiB Ha ocHOBI Co 1 Cu ToBmmHOW0 d = 40 HM y IIMPOKOMY Tiania3oHi
sarasipuux koHreHTpari Co (18 <cco < 69 ar. %). 3pasku oTpUMyBaJIM METOIOM OJHOYACHOTO BHUIIAPOBY-
BAHHS y BAKYYMi 3 BAKOPUCTAHHSAM JIBOX HE3AJIEIKHUX €JIEKTPOHHUX rapMar. BecraHOBJIEHO, 110 3pasKy TOH-
KOILUTIBKOBHX CILIABIB 13 3arajIbHOI KOHIIEHTPAIIIEI KODAJIBTY CCo < 22 aT. % XapaKTepHU3yHThCSA [ePeBaKHO
cymeprapaMarHiTHUM craHoM, mpu axoMmy rpamysau IIIIT-Co posamipom L = 5+12 HM OyJim po3MillieHl B MaT-
purri TBeporo podumHy (T.p.) Cu(Co) Ha ocuori I'TIK-Cu. 36iapmenus saranbpaoi koHmenTparii Co y mmis-
KOBOMY CILIABI J0 CCo = 37 ar. % Npu3BeJio 10 30LIIBIIEHH PO3MipiB MarHiTHUX rpanys mo L = 7+20 um ta

3MEHIIeHHs BIJICTaHI MK HUMMU.

Y 3paskax IUIIBKOBHX CILIABIB 3

KOHITEHTPAITIEI0 KO0AJIBTY

56 < cco< 69 ar. % rpamymu ['III1-Co poamipom L = 8+25 um 00’eqHyBasmicss y PepOMATHITHI KJIACTEPH, a
00’em mixk ristacrepamu O0yB 3amoBHeHwi T.p. ['I[K-Cu(Co). Makcumanbsui sHavenns MO, BumipsiHi y 30B-
HINTHEOMY MAarHITHOMY T10JT1 Hyare = 15 KE mipm KiMHAaTHI#N TemmepaTypi, 0yJI0 OTPEMAHO IS 3pas3Ka 3 3ara-
JIBHOIO KOHIIEHTPAITIEI0 KOOAIbTY cco = 22 aT.%. Ammurityna saadens MO mpu msomy cranoBmiaa 3.8 % Ta
4.1 % y meprieHIUKYJISIPHINA Ta MO3J0BKHIM reoMeTpisix BUMipoBaHHs Binmorigwo. [TmiBkoBl citaBu 3 3ara-
JIBHOIO KOHIIEHTPAIIIEI K00aabTy 18 < cco < 22 ar. % XxapakTepuayBaIuCsA 130TPOITHUM MATHITOOIIOPOM. 3poc-
TaHHS 3araJbHOI KOHIIEHTPAIlll KoOaJbTy y IJIIBKOBOMY CILJIABI JI0 CCo > 28 aT. % IMpU3BeJio J0 BUHUKHEHHS
MarHiTHOI aHi3orporrii Ta aHi30TpoIrHoro Marsirooropy. Lle moxke OyTu OB’sI3aHO 3 ITOSIBOI0 (DEPOMATHITHUX
B3aEMOJIHM Mk rpaHysiaamu Kobainbry. HuspkoTeMmmepaTypHi BHMIpDIOBaHHsS MarHiToornopy mpu leuw =5 K
3pasKa ILTIBKOBOTO CIUIABY 3 3aTaJIbHOI KOHIIEHTPAINEn K00AJIBTY Cco = 18 ar. % Iokas3aiyu 3poCTaHHS aMII-
mrynqu 'MO B 2,1 pasu (MO = 11.1 %) mopisasigo 3 ammritygoio 'MO = 5.18 %, BUMIpsiHOIO IIpU KIMHAT-
HIN TeMIieparypl y 30BHIIIHBOMY MartiTHOMY HOJL Hiawe = 90 KE. Ilpu 36inbm1eHH] TeMmepaTypy BHMIpIO-
BaHHA 10 Toun = 350 K ammuritryna TMO smenmmunacs i cramosuna 4,5 %. Ile mos’s13anHo 13 3611b1I€eHHAM PO-

3ClI0BAHHSA €JIeKTPOHIB Ha (DOHOHAX 3 POCTOM TEMIIEPATYPH.

Knrouori cnoea: [Nranrceruit maruitoorip, Teepauit posuns, Croin-3aseskHe po3ciloBaHHA, AHIZ0TPOIMIs,
Koepimrusaicts, Cynepnapamaraernam, ['paHy Ib0BaHUM CTAH.
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