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The results of investigation by the indirect method of step-by-step varying the oxygen content in the series of
epitaxial Lag gSro,MnOs_s films on single-crystal NdGaOs substrates are presented. Using numerical simulation we
have revealed that the oxygen diffusion coefficient significantly decreases along the film thickness in the direction
from the outer surface to the film-substrate interface under conditions of ,,compressive™ mechanical stresses caused
by the mismatch of the in-plane crystalline parameters of the film and substrate materials. In films of d ~ 12—75nm
thickness, the effect is manifested in the fact that the value of the diffusion coefficient in the vicinity of the outer
surface of the films also decreases significantly as the thickness of the films decreases. The questions of the
applicability of the indirect method for evaluating the oxygen content in thin epitaxial films, as well as other
manifestations of effects caused by mechanical stresses are discussed.
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Introduction

The technology of obtaining high-quality films on the
basis of doped manganites with oxygen content (OC)
close to stoichiometric composition usually includes ther-
mal treatment of film structures in oxygen-containing gas
medium. It is quite difficult [1-3] to provide a stoichiometric
composition of oxygen directly during film growth (in situ).
The heat treatment procedure of the finished film allows
to change the OC of the film material and thus to adjust
the electrical and magnetic characteristics of the object, for
example, to provide the maximum value of the temperature
coefficient of resistance in a given temperature range. This is
important for the operation of IR radiation sensors, devices
for monitoring the value of thermal kinetic coefficients in
film structures by a non-stationary method [4-6]. The
fundamental interest in OC variation in films is to obtain the
most perfect objects for studying the properties of strongly
correlated systems.

The main problem in the research of oxygen variation
processes in doped manganite films is the lack of direct non-
destructive methods for controlling OC. Since a thin oxide
film is in contact with a relatively thick oxide substrate,
estimation of small OC deviations in the film against the
background of large oxygen content in the microscopic
layer of the substrate using energy dispersive spectrometers
is almost impossible due to low accuracy. Alternative
possibilities for quantitative assessment of the OC are
associated with the use of indirect methods.

It should be noted at once, that the physical proper-
ties of thin films and monocrystalline samples can differ
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significantly for a number of reasons. The crystalline
parameters of the epitaxial films and the substrates with
closest structure are characterized by some mismatch. As
a result, thin epitaxial films are mechanically stressed. The
influence of mechanical stresses on the galvanomagnetic
characteristics of the films, including the effect of colossal
magnetic resistance, has been widely studied in films based
on various doped manganites, with different levels of doping
on several types of single-crystal substrates [7-18].

The authors characterize the mechanical stresses of
epitaxial films based on X-ray diffraction (XRD) analysis
of the film structures. The method is good at recording
changes in crystal lattice parameters in films of different
thicknesses, less available are data on the distribution of
these changes over the thickness of the relatively thick
film. The issue of quantitative assessment of OC in the
film material on the basis of estimates of crystal parameters
is not considered. The authors obtain useful information
about the OC of the film material in the form of the ratio of
Mn*3—Mn " ion concentrations from X-ray photoelectron
spectroscopy (XPS) data. The limitations of this method are
usually due to the fact that the information obtained relates
only to a thin near-surface layer of the film.

Let us note another of the previously discussed ap-
proaches for controlling the oxygen index, which is based
on theoretical calculations of the equilibrium OC in the
film material at several actual temperatures depending on
the partial pressure of oxygen in the gas medium. It
was used to investigate the effect of excess oxygen on
the characteristics of epitaxial La;_xSryMnO;_s (LSMO)
films [19]. Clearly, this straightforward approach is useful in
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planning experiments, but is limited because, for example, it
does not take into account the effects caused by mechanical
stresses on the film material. More productive were
indirect methods based on the use of the galvanomagnetic
characteristics of films [20,21].

The most promising method for epitaxial LSMO films
is based on the relation between the oxygen index (§)
and the double phase transition temperature (T¢), in
particular the metal-dielectric transition. The method was
originally proposed for single-crystal [22] and later adapted
for LSMO (x = 0.3) film with thickness ~ 100nm [21].
The application of the method demonstrated a sufficiently
high resolution of the OC changes of the film during the
multistep heat treatment and the possibility to calibrate the
corresponding diagram T¢ — 8, which allowed a detailed
quantification of the § values during the step-by-step varia-
tion of the OC in the film structure. Work [23] considers
the peculiarities of the application of the indirect method
to estimate the OC in films of different thicknesses. In the
present work, we present the results of studies of oxygen
diffusion processes in a series of films with thicknesses
from ~ 12 to ~ 75 nm using this method. The main focus of
the research is to reveal the effects of non-uniform oxygen
diffusion in films of different thicknesses in the presence
of ,,compressive™ planar mechanical stresses of the epitaxial
film material from the NdGaOs-substrate. Previously, the
so-called strongly non-uniform diffusion effect was found
in LSMO films on SrTiOs-substrate, causing ,tensile
mechanical stress [21].

1. Experiment details

The films were produced by DC-magnetron sputtering
of a ceramic target onto single-crystal NdGaOs (110)
substrates heated to ~ 873K in an atmosphere of a gas
mixture —80% argon and 20% oxygen. Note that in our
experiments we used high-quality single-crystal substrates
from Mateck (Germany). The time of film growth ranged
from 5 to 30 min. The film thickness was monitored using
several methods, including the method developed by the
authors of thickness estimation based on data from the
INCA Energy-350 energy dispersive spectrometer included
in the JSM-6490-LV [24] electron microscope.

The films obtained by the method described above
are characterized by the deficiency of OC [25]. The
sequential saturation of the film material with oxygen
was carried out by a step-by-step thermal treatment of
the film structures in air at several fixed temperatures
in the range of 773—1173 K. The mode of heating the
film structure to the operating temperature and cooling
to room temperature was carried out for half an hour, at
a rate of approximately 20—30K/min. After each heat
treatment step with durations from 0.5 to 2h, electrical
contacts were formed on the film using silver paste, and
temperature dependences of resistance were measured at
the temperature range 77—360K in a fixed magnitude

magnetic field of H=0,5,10 and 15kOe. Next, the
temperature of the metal-dielectric phase transition was
fixed at H =0 and the value of the oxygen index was
determined according to the method described in [21]. As
a result, we obtained a set of dependences of the oxygen
index in films of different thicknesses on the heat treatment
time at several fixed temperatures (Fig. 1). The temporal
changes of the oxygen index in films from 75.4 to 12.6 nm
thickness are shown in Fig. 1 with open circles.

The values of the oxygen index shown in Fig. 1 are
derived from the experimental values of T¢ according to the
diagram T¢ — z from the work [21]. Parameter z is defined
as Z=X—25. The T¢ —z diagram was constructed for
LSMO-films on SrTiO3 substrate by making a correction
lowering the maximum achievable value of T¢ in monocrys-
talline samples by 4% (from 375 to 360K). For our
LSMO-films on NdGaOs-substrates, due to the relatively
low alloying level (x = 0.2), the maximum achievable value
of Tc (X, 8 ~ 0) has not been experimentally established.
Therefore, the correction value to the maximum achievable
value of T¢ needed to calibrate the diagram is unknown in
this case.

Theoretically, the effect of mechanical distortions of
crystal parameters on the value of T¢ of the film is usually
described using the phenomenological expression [8,26-28]:

Te(e) = Te(0)(1 — aep — Be*?/2). (1)

Here, the parameter ¢, characterizes the change in the
volume of the lattice cell, and ¢* — the biaxial in-plane,
or so called Jan-Teller distortions of the lattice. Tc(0)
corresponds to its value in the absence of mechanical
distortions. It follows from relation (1) that a change in the
volume of the lattice cell can lead to an increase or decrease
of Tc, and planar distortions always lead to a decrease of
Tc regardless of the sign of distortion. The quantitative
changes of T¢ depend on the coefficients @ and S, which
have been calculated from experimental data by the authors
of several papers [8,27], but the results of the estimates
are not yet conclusive. Indeed, the authors of [8,29], in
accordance with relation (1), estimated the values of the
coefficients o and S using the fact of reduced values of T¢
in films on SrTiO; and NdGaO; substrates by 3 and 1K.
But the point is that the authors used Tc(0) as the value
Tc(0) = 334K (or 336K) for the LSMO-film on LSAT
substrate, for which mechanical distortion was considered
negligible. Nevertheless, these values are much lower than
in LSMO monocrystals Te (X = 0.34, § = 0) =~ 375K [30].
Thus, the authors of these works suggest the presence of an
additional factor that significantly lowers the value of T¢ in
films in addition to mechanical stresses. This issue is related
to the material quality of the films and substrates studied
and, above all, the OC control.

Given the small temperature difference Tc in films
on SrTiO3 and NdGaOs substrates according to the au-
thors [8,29], the Tc — z diagram has not been specified in
this paper.
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Figure 1. Time dependences of oxygen index variation during heat treatment at T = 873—1073 K in air Lag gSro,MnO;_s-thick films:

a— 754, b 452,¢— 25.1,d — 12.6nm (1).

2. Numerical simulation of the oxygen
diffusion process

To describe the process of oxygen diffusion in the films,
we used a physical model that takes into account the
possible dependence of the diffusion coefficient on the
thickness of the oxygen-deficient film. Note that in [21], it
was found that the type of time dependences of the oxygen
index during the heat treatment of the oxygen-deficient film
indicates large (by two orders of magnitude) changes in
the value of the atomic oxygen diffusion coefficient along
the film thickness. The physical nature of this dependence
was tentatively associated with mechanical stresses in the
film material. Thus, the results of the present work are the
additional verification of the physical interpretation of the
observed effect.

In the framework of the mathematical model, the tem-
perature changes of the diffusion coefficient are traditionally
represented as an Arrhenius relation:

D = Do exp[—(U; —Ux(y))/KT]. (2)

Here, Dy = const, U; — activation energy, y — coor-
dinate along the film thickness, counted from the external
interface, U,(y) determines the possible spatial dependence
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Figure 2. Spatial dependence of the parameter U(y) on the film
thickness at yo = 0.5.

of the diffusion coefficient along the film thickness in the
form of:

Ua(y) = AU (1 — exp[—(y/y0)"]). (3)

Fig. 2 shows the coordinate dependence of U,(y). At
the outer interface (y = 0), according to expression (2), the
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diffusion coefficient is given by the multiplier Dy and the
activation energy Ui, and the parameter AU determines the
decreasing amplitude D along the film thickness. In the
calculation program, the value of D is set at T = 1173 K,
and for other temperatures it is automatically recalculated
according to relation (3). Diffusion equation for OC in the
form of

dno/dt = d/dy(D - dno/dy) (4)
was numerically solved with boundary conditions at the
outer film interface Np(0,t) and at the film-substrate in-
terface dnp(d, t)/dy = 0. The initial condition with respect
to OC for films of different thicknesses was set according to
the experimental data.

Another feature concerns the choice of the boundary
condition at the outer interface of the film. Despite
the relatively high partial pressure of oxygen in the air
atmosphere [19], the value of OC=3 was used to solve
equation (4) at T =873K. The fact is that in films of
thickness d = 25—75nm, as we found ecarlier, see, for
example, [23]!, there is a ,stabilization effect* OC = 3.
The effect is that in the process of sequential saturation
of the film material with oxygen in air (under conditions of
excess partial pressure of oxygen in the gas medium [19]) at
relatively low temperatures of heat treatment (T < 973K)
the maximum achievable value Tc(z = X — 28) corresponds
to 6§ =~ 0 (or OC= 3). In our opinion, the effect is caused
by mechanical stresses in the epitaxial film (in this case,
»compressive“), caused by a small mismatch between the
crystalline parameters of the film and the substrate. It
consists in the presence of an energy barrier in the vicinity
of the outer interface that prevents the excess oxygen atom
from being embedded in the film crystal lattice and the
formation of a cation-deficient cell. lLe., the film state with
OC=3 is the most energetically stable, and mechanical
stresses (in this case, ,,compressive®) enhance this effect.
As a result, heat treatment of the films in air at a relatively
low temperature (873 K) does not lead to the formation of
excess OC. The temperature factor, e. g, T = 1073K, is
important for the formation of the oxygen excessive state.

As it turned out, a good approximation of the experi-
mental data by the theoretical curves without taking into
account the dependence of the diffusion coefficient on the
film thickness, as well as in work [21], is not obtained.
The calculated curves poorly reproduce the appearance of
the time-saturated experimental dependences &(t). The
calculated curves in Fig. 1,a—c are obtained considering
this dependence D(y), parameter values for three curves
correspond to U; = 2.7¢eV, AU = 0.37¢V, yo = 0.5d.

Fig. 3 shows the dependence of the oxygen diffusion co-
efficient in the vicinity of the outer film interface D(y = 0)
for films of different thicknesses.

1 Effect of oxygen content ,stabilization was especially considered in
the paper [33].
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Figure 3. Dependence of the diffusion coefficient corresponding
to the external interface of the films (y = 0) on the thickness of
the films. The unfilled circles represent the calculated data within
the described model.

3. Discussion

As follows from the data in Fig. 3, as the film thickness
decreases, the diffusion coefficient markedly decreases.
From the physical point of view, the effect is clear. Indeed,
the crystal cell size of manganites depends on the OC,
and the size of the oxygen-deficient cell is larger than the
complete [28]. The transition of an oxygen atom from a
complete cell to a neighboring oxygen vacancy is associated
with redistribution of mechanical stresses. For this reason,
the diffusion process of a mechanically stressed film is
energetically more costly. Le., the fact that the diffusion
coefficient decreases with decreasing film thickness and
increasing mechanical stress is expected.

The appearance of the obtained dependence D(y = 0) in
Fig. 3, demonstrating an increase in the rate of change as
the film thickness decreases, is also expected based on the
spatial distribution of mechanical distortions of the crystal
lattice over the film thickness. Indeed (see work [29]), ¢ —
the lattice parameter of Lag 7Srg3MnOs_s-films depends
significantly on the material of single-crystalline substrates
(in particular, SrTiO3, NdGaO; and LaAlO3) and changes
relatively little at 100—300 nm film thicknesses. Relatively
large and abrupt changes in the crystal parameter of the
LSMO-film on an NdGaO;s-substrate occur at a distance
of d < 20—30nm from the film-substrate interface. This
trend is evident in the dependence D(d) in Fig. 3 and on
a qualitative level testifies to the connection of the nature
of this dependence with the mechanical stresses of the film
material.

The greatest mechanical stresses are present in
our 12.6 nm-thick film, which raises the question of the
adequacy of calculating the oxygen index value using the
Tc — 6 diagram with a fixed numerical correction. In
the region of thicknesses d = 25—100 nm, the possible error
due to small changes in mechanical stresses, judging from
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our data, is not critical. At the same time, the calculation
of the oxygen index in the film, which is 12.6 nm thick,
seems to overestimate § (curve [ in Fig. 1,d). Indeed,
the OC =3 in the film is not achieved after prolonged heat
treatment at T = 873K, as well as when the temperature
is increased to 973 and 1073 K. Further continuation of the
heat treatment at T = 1073 K leads to a radical decrease
in conductivity and the value of T¢, which indicates the
formation of significant excess OC. If we assume that
the effect is due to mechanical stresses in the lattice
only, and that OC=3 is achieved after heat treatment
at T =973K, then the correction value to be made in
the diagram Tc — & should be increased to 31K. In this
case, the experimental data approximate well the theoretical
curve (solid curve 2 in Fig. 1,d), with fixed parameters —
Yo = 0.5d, AU =0.37eV, U; = 2.7¢V, which were used
for films of greater thickness. In Fig. 3, the corresponding
values of D(y = 0) are marked with asterisks. As can be
seen, making a larger correction in the diagram T¢c — 2z
to calculate the oxygen index slightly shifts the numerical
values of the diffusion coefficient, but it does not change
the qualitative view of the dependence D(y = 0) on the
film thickness.

The indirect method at the level of more-less allows
to characterize the change of OC in films of different
quality, but for quantitative assessment, it is important
to have high quality films with respect to the crystal
structure and chemical composition. The T¢ — § diagram
must be calibrated. The reason for the lower temperature
values T¢ in films, 20—100nm thick, compared to bulk
monocrystalline samples, may be due to several factors. In
addition to the mechanical stresses of the film and OC,
Tc is affected by various imperfections in the form of
deviations from the stoichiometry of the film material by
cationic composition, non-uniform distribution of elements
in the micro- and macroscale, surface roughness and the
presence of other substrate defects, that is, unrecoverable
defects associated with the imperfection of a particular
technology. OC variation in oxygen-deficient films can
be reversible, but organizing a procedure that ensures the
achievement of stoichiometric OC in LSMO films also
proves to be a difficult task, since it requires taking into
account the effects described above. In particular, it
can be stated that the result of heat treatment under the
same conditions for films of different thicknesses and on
different substrates will be different with respect to OC.
The application of higher temperatures T = 1073—1173 K
during heat treatment of films causes the formation of excess
OC, while the concentration of oxygen vacancies in the
volume decreases and cation-deficient cells are formed in
the near-surface layer of the film.

The films of greater thickness d = 150—300nm, pro-
duced by the DC-magnetron method, are characterized by
a less perfect crystal structure, so the OC variation in them
should be considered separately. In particularly, in our
relatively thick films, the formation of excess OC during heat
treatment in air also occurs at relatively low temperatures (at
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T = 873 K). Films of smaller (a few nanometers) thickness
should also be considered separately, since they are not
yet two-dimensional, but no longer a three-dimensional
system [31,32].

Conclusion
Oxygen diffusion in  epitaxial oxygen-deficient
LaggSrgoMnO3_s films of 12.6—754nm thickness

during step-by-step heat treatment in air was studied.
Quantification of changes in the oxygen index of the film
material was carried out by the indirect method.

It was found that the value of the oxygen diffusion
coefficient decreases significantly along the film thickness
depending on the distance from the outer interface, and
that the values of D(y =0) in the vicinity of the outer
interface decrease as the film thickness decreases. The effect
is due to the action of mechanical stresses caused by a small
discrepancy between the crystalline parameters of the film
material and the substrate, and is observed both in the case
of tensile and compressive mechanical stresses.

It is shown that the indirect method of quantifying the
OC for films with a thickness of ~ 12 nm overestimates the
oxygen index and works well for LSMO films on NdGaOs-
substrates with a thickness of 25—75 nm.

Conflict of interest

The authors declare that they have no conflict of interest.

References

[1] PM. Leufke, AK. Mishra, A. Beck, D. Wang, C. Kubel,
H. Hahn, R. Kruk. Thin Solid Films, 520, 5521 (2012).
DOI: 10.1016/j.ts£2012.04.064

[2] C. Song, LA. Malik, M. Li, Q Zhang, L. Wang,
R. Chen, R. Zheng, S. Dong, L. Gu, W. Duan, J. Wang,
J. Zhang, C-W. Nan. Sci. China Mater, 62, 577 (2019).
DOI: 10.1007/s40843-018-9344-5

[3] S. Kumari, N. Mottaghi, C.-Y. Huang, R. Trappen, G. Bhan-
dari, S. Yousefi, G. Cabrera, M.S. Seehra, M.B. Holcomb.
Scientific Reports, 10, 3659 (2020). DOL 10.1038/s41598-
020-60343-5

[4] J-H. Kim, AM. Grishin. Appl. Phys. Lett., 87(3), 033502
(2005). DOI: 10.1063/1.1996845

[5] Yu.V. Medvedev, YuM. Nikolaenko, A.M. Grishin, S.I. Khart-
sev. Tech. Phys., 47 (1), 114 (2002). DOL 10.1134/1.1435899

[6] SI. Khartsev, P. Johnsson, AM. Grishin. J. Appl. Phys., bf
87(5), 2394 (2000). DOL: 10.1063/1.372191

[7] R. Mbatang, D. Xue, E. Enriquez, R. Yuan, H. Han,
P. Dowden, Q. Wang, E. Fohtung, D. Xue, T. Lookman,
SJ. Pennycook, A. Chen. Nanoscale, 11, 7364 (2019).
DOI: 10.1039/C8NR09693G

[8] GA. Ovsyannikov, AM. Petrzhik, 1V. Borisenko,
AA. Klimov, YuA. Ignatov, V.V. Demidov, S.A. Nikitov.
JETP, 108—,(1), 48 (2009).

DOI: 10.1134/S1063776109010075



2390

Yu.M. Nikolaenko, N.B. Efros,

9l
(10]
(1]

(15]

(13]

(14]

(22]
23]
24]

(2]

(31]

(32]

(33]

Yu.A. Boikov, V.A. Danilov. Tech. Phys., 55 (8), 1183 (2010).
DOI: 10.1134/S1063784210080177

Yu.A. Boikov, M.P. Volkov, V.A. Danilov. Tech. Phys. Lett.,
35(6), 532 (2009). DOL: 10.1134/S1063785009060157
YuA. Boikov, V.A. Danilov. Tech. Phys. Lett., 34 (1), 40
(2008). DOL: 10.1134/S1063785008010124

G.A. Opyvsyannikov, TA. Shaikhulov, V.A. Shakhunov,
V.V. Demidov, N.V. Andreev, A.E. Pestun, V.L. Preobrazhen-
skii. Physics Solid State, 59 (11), 2198 (2017).

DOL 10.1134/S1063783417110245

L. Yin, C. Wang, Q. Shen, L. Zhang. Ceramics Intern., 46,
18175 (2020). DOL 10.1016/j.ceramint.2020.04.139

J. Ma, Y. Zhang, L. Wu, C. Song, Q. Zhang, J. Zhang,
J. Ma, C-W. Nan. MRS Communications, 6 (4), 354 (2016).
DOL 10.1557/mrc.2016.55

JN. Davis, K.F. Ludwig, K.E. Smith, J.C. Woicik, S. Gopalan,
UB. Pal, SN. Basu. J. Electrochem. Society, 164 (10), F3091
(2017). DOL: 10.1149/2.0131710jes

A. Herklotz, D. Lee, E-J. Guo, TL. Meyer, JR. Petrie,
HN. Lee. J. Phys: Condens. Matter, 29, 493001 (2017).
DOL 10.1088/1361-648X/aa949b

L. Yin, C. Wang, Q. Shen, L. Zhang. RSC Advances, 6, 96093
(2016). DOL: 10.1039/C6RA22392C

Y. Takamura, R.V. Chopdekar, E. Arenholz, Y. Suzuki. Appl.
Phys. Lett., 92 (16), 162504 (2008). DOIL: 10.1063/1.2908051
K. Nakamura, M. Xu, M. Klaser, G. Linker. J. Solid State
Chem.,, 156 (1), 143 (2001). DOL 10.1006/jss¢.2000.8974

L. Malavasi, G. Flor. J. Phys. Chem. B, 107 (50), 13880
(2003). DOL: 10.1021/jp0362281

YuM. Nikolaenko, A.N. Artemov, YuV. Medvedey,
N.B. Efros, 1LV. Zhikharev, 1.Yu. Reshidova, A.A. Tikhii,
S.V. Kara-Murza. J. Phys. D: Appl. Phys., 49 (37), 375302
(2016). DOL: 10.1088/0022-3727/49/37/375302

Yu.M. Baikov, E.I. Nikulin, B.T. Melekh, V.M. Egorov. Phys.
Solid State, 46 (11), 2086 (2004). DOIL: 10.1134/1.1825554
YM. Nikolaenko. FTVD, 31(1), 1 (2021).

YuM. Nikolaenko, A.S. Korneevets, N.B. Efros,
V.V. Burkhovetskii, [Yu. Reshidova. Tech. Phys. Lett.,
45 (7), 679 (2019). DOL: 10.1134/S1063785019070083
YuM. Nikolaenko, AB. Mukhin, VA. Chaika,
V.V. Burkhovetskii. Tech. Phys., 55(8), 1189 (2010).
DOL 10.1134/S1063784210080189

AJ. Millis, T. Darling, A. Migliori. J. Appl. Phys., 83 (3), 1588
(1998). DOL: 10.1063/1.367310

F. Tsui, M.C. Smoak, TK. Nath, C.B. Eom. Appl. Phys. Lett.,
76 (17), 2421 (2000). DOI: 10.1063/1.126363

A.-M. Haghiri-Gosnet, J-P. Renard. J. Phys. D: Appl. Phys.,,
36 (8), R127 (2003). DOL: 10.1088/0022-3727/36/8/201

A. Abrutis, V. Plausinaitiene, V. Kubilius, A. Teiserskis,
Z. Saltyte, R. Butkute, J.P. Senateur. Thin Solid Films,
413 (1-2), 32 (2002). DOL: 10.1016/S0040-6090(02)00352-8
A. Urushibara, Y. Moritomo, T. Arima, A. Asamitsu,
G. Kido, Y. Tokura. Phys. Rev. B, 51(20), 14103 (1995).
DOI: 10.1103/PhysRevB.51.14103

Y. Feng, K. Jin, L. Gu, X. He, C. Ge, Q. Zhang, M. He,
Q. Guo, Q. Wan, M. He, H. Lu, G. Yang. Scientif. Reports, 6,
22382 (2016). DOL: 10.1038/srep22382

JZ. Sun, DW. Abraham, R.A. Rao, C.B. Eom. Appl. Phys.
Lett., 74 (20), 3017 (1999). DOL: 10.1063/1.124050

YuM. Nikolaenko, N.B. Efros, D.O. Fedyuk, I.Yu. Reshidova.
Physics of the Solid State, 2022, Vol. 64, No. 7, p. 804-807.

Technical Physics, 2022, Vol. 67, No. 15



