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The role of defects on the dynamic characteristics of manganese sulfide is studied by impedance spec-
troscopy in the frequency range 1 0’-10° Hz and temperatures 80—500 K. Nonstoichiometry plays an impor-
tant role in the formation of new transport and magnetic properties, as it leads to electrically inhomogene-
ous states. The phase composition and crystal structure of nonstoichiometric manganese sulfide were stud-
ied on a DRON-3 X-ray unit using CuK, — radiation at room temperature. According to X-ray diffraction
analysis, the synthesized compound is single-phase and has a NaCl-type cubic lattice. From the frequency
dependences of the impedance components measured in the absence of a field and in a magnetic field, the
relaxation time of the current carriers in the Debye model is found. A sharp decrease in the relaxation time
and its correlation with conductivity were found. The contribution to the impedance of the active and reac-
tive parts of the impedance at frequencies below and above the relaxation time is established. The capaci-
tance from the impedance hodograph in the equivalent circuit model is determined. In defective manganese
sulfide, the temperature-dependent impedance has an activation character. The activation energy is deter-
mined in the range 250-500 K, which is attributed to the excitation energy of lattice polarons. The effect of
a magnetic field on the dynamic characteristics of current carriers was studied as a result of a change in
the impedance components in a magnetic field at fixed temperatures. The impedance increases in a mag-
netic field and reaches a maximum in the temperature range of charge ordering of vacancies. An increase
in the impedance in a magnetic field is explained by a decrease in the diagonal component of the permittiv-
ity in a magnetic field in an electrically inhomogeneous medium. The experimental data are explained in
the Debye model.
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Hccredyemces porv deghexmos Ha OuHamuieckue XapaKkmepucmuky cyrb@uoa Mapeanya mMemooom um-
NeOaHCHOU CNeKMpOCKONUU 8 UHMep8ale 4acmom 10°-10° I y u memnepamyp 80-500 K. Hecmexuomem-
pus uepaem GadiCHy10 POoib 8 POPMUPOBAHUU HOBLIX MPAHCHOPMHBIX U MACHUMHBIX CEOUCME, MAK KAK NPU-
600UmM K 31eKMpU4ecKu HeoOHOPOOHbIM cocmoanuam. Pazoewlii cocmag U KpUCMAIIULecKds cCmpyKkmypa
HeCmexuoMempuyHo2o cyibuoa mapeanya uccie008anucb Ha pewmeenosckou ycmanogxe JPOH-3
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¢ ucnonvzosanuem Cuk, — uznyuenus npu komwamuou memnepamype. Co21acHo peHmeeHOCmpyKmMyPHOMY
aHAU3Y, CUHME3UPOBAHHBIE COCOUHEHUS ABTAIOMCA OOHOMAZHBIMU U UMETOM KYOUYECKYI0 peulemKy mund
NaCl. U3 vacmomuwix 3a68ucumocmeii KOMROHEHM UMNEOAHCd, USMEPEHHbIX 6e3 NoAs U 8 MACHUMHOM NO-
Je, HallOeHo epeMs pejakcayuu Hocumeneil moxka 6 mooeau [ebas. Obuapysceno pe3xoe ymeHbuleHue gpe-
MeHU peraxcayuy u ee KOppeiayus ¢ npo8ooUMOCbI0. Ycmanosien 6Kiad 6 UMNeOaHc aKmusHoOU U peax-
MUBHOU Yacmeti UMNEOAHCA HA YACMOMAx MeHbule U Oonvue 8pemeru peiaxkcayuu. OnpedeieHa emMKkocms
uz eodozpagha umnedanca 8 MoOenu IKEUBALEHMHbIX cXxeM. B deghexmuom cyrvghude mapeanya umMneoanc
om memnepamypvl umeem AKmMueayuoHHvli xapaxmep. OnpedeieHa 3Hepeus aKmusayuu 6 uHmepsaie
250-500 K, xomopas npunucviéaemcsi dHepeuu 8030YAHCOCHUs. PeUulemoyHbX NOIAPOHOs. Bausnue maenum-
HO20 NOJISL HA OUHAMUYECKUe XAPAKMEPUCIUKU HOCUmenel MmoKa UCCIe008al0Ch 8 pe3yibmanme U3MeHeHUs!
KOMNOHEHM UMNeOaHCa 8 MACHUMHOM NoJe npu uKcuposanuvix memnepamypax. Umnedauc ygeruuusa-
emcsi 8 MASHUMHOM NoJie U 00Cmu2aem MakCUMyma 8 061acmu memnepamypvl 3apsio08020 YNOpsiooUeHs.
8axaHcull. Yeenuuenue UMNeOaHca 8 MAasHUMHOM Nojae 0ObACHACMCA YMEHbUeHUEeM OUACOHANbHOU KOMNO-
HeHmbl OUINeKMPULECKOU NPOHUYAEMOCTNU 8 MASHUMHOM NOoJe 8 INeKMpPUYecKU HeOOHOPOOHOU cpeole.
Oxenepumenmanvhvle OanHble 00BACHAIOMCS 8 Mooeau Jlebas.

Kniouegvie cnosa: nonynpogooHuxu, umMneoanc, MaeHUmMoUMneoanc, mooens /lebas.

Introduction

The development of electronic devices that can function in extreme conditions, such as small
spacecraft, where the ambient temperature varies from 200 mo 400 K, is an urgent task. That's why
spintronics attracts attention [1-4]. The control of transport characteristics in semiconductors under
the influence of an external magnetic field is of interest from both a fundamental and a practical point
of view [5-8]. In electrically inhomogeneous semiconductors, the transport characteristics at direct
and alternating current can be qualitatively different [9]. This is due to the radius of inhomogeneity
and the relaxation time of the current carriers, which is determined by the interaction with magnetic
and elastic subsystems. Electrical inhomogeneity can be controlled by electronic doping, concentra-
tion, and temperature.

For example, in manganites, during uninsulated substitution, transitions related to orbital, charge,
and magnetic ordering were found [10-13]. In iron oxides Fe;O, above the Verwey temperature, an
electron nematic with a correlation radius of 5-8 nm was found. The Verwey transition is associated
with competition of charge and structural order as a result of electron-phonon interaction [14]. It is
possible to obtain charge ordering in manganese sulfide, where the current carriers are lattice polarons
due to non-stoichiometry. Manganese sulfide is a magnetic semiconductor with a Néel temperature of
150 K, a gap in the electron excitation spectrum of 3 eV [15; 16]. Degeneracy in the region of charge
ordering is removed by the magnetic field, i.e., the topology of the electrically inhomogeneous state
changes in the magnetic field, which leads to a change in the frequency dependence of the dielectric
constant in the magnetic field, and the prerequisites for magnetoimpedance are created.

The purpose of the work is to establish the magnetic field influence of the on the AC resistance and
impedance components in the non-stoichiometric Mng oS sample.

Materials and methods

The phase composition and crystal structure of the MngyS sample were studied on a DRON-3 X-
ray installation using CuK, radiation at room temperature. According to X-ray diffraction analysis, the
synthesized compounds are single-phase and have a NaCl-type cubic lattice, as in the original manga-
nese sulfide [15].

Impedance, active and reactive parts of the impedance were measured on an AM-3028 component
analyzer in the frequency range ® = 10°~10° Hz at temperatures of 77—500 K, the amplitude of the al-
ternating voltage was 1 V. To calculate the impedance spectra, ZView software (Scribner Associates
Inc.) was used.
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Results and discussion
The inhomogeneous electrical state and the formation of a space charge can be established from
impedance spectroscopy [17]. From the impedance we will establish the dynamic characteristics of
current carriers, the relaxation time, and the mechanism of dissipation of current carriers will be re-
vealed from the impedance. Figure 1 shows the frequency dependences of the impedance components
without a field and in a magnetic field, which are well described in the Debye model [18]:
Bort

A
ReZ(0)=———; ImZ(®))=————,
e2©) (o) (© 1+ (o)’ (1

where 7 is the relaxation time of the current carriers, A and B parameters.

The relaxation time decreases by a factor of five when heated and reaches a minimum at 450 K (in-
set in Fig. 1,b). At this temperature, the conductivity reaches its maximum.
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Puc. 1. YacToTHBIC 3aBUCUMOCTH JACHCTBUTENLHOM (@) 1 MHUMOH (b) yacTeld ummneaanca Jyis odpasua Mng oS
o6e3monss H=0 (1, 3, 5, 7, 9) u B marautHOM ntosie H = 12 k3 (2, 4, 6, 8, 10) npu temneparypax T =300 K (1, 2),
350K (3, 4),400 K (5, 6), 450 K (7, 8), 500 K (9, 10). [Tonronounsie pynkuuu (11). BcraBka: TemnepartypHas
3aBUCUMOCTb BPEMCHU pEIaKCalluu T. YacToTHBIE 3aBUCUMOCTHU MarHuTouMII€AaHca ajsa Z[CﬁCTBMTCHbHOﬁ
ero yactu (¢) u Mmarauronmnenanca AZ (d) 8 marautHoM nosie H = 12 kB npu temneparypax T =300 K (1),
350 K (2), 400 K (3), 450 K (4), 500 K (5) st o6pasua Mng S

Fig. 1. Frequency dependences of the real () and imaginary () parts of the impedance for the Mn, ¢S sample
without a field H=0 (1, 3, 5, 7, 9) and in a magnetic field H= 12 kOe (2, 4, 6, 8, 10) at temperatures T = 300 K (1, 2),
350 K (3, 4),400 K (5, 6), 450 K (7, 8), 500 K (9, 10). Fitting functions (11). Insert: temperature dependence
of relaxation time 1. Frequency dependences of the magnetoimpedance for its real part (¢) and magnetoimpedance
AZ (d) in a magnetic field H = 12 kOe at temperatures T =300 K (1), 350 K (2), 400 K (3), 450 K (4), 500 K (5)
for the Mn, S sample
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The magnetic field influence on the dynamic characteristics of current carriers was studied
as a result of changes in impedance components in a magnetic field at fixed temperatures:

AR =Re(Z(H, ®)) — Re(Z(H =0, ®)) / Re(Z(H = 0, »);
AZ=(Z(H, ®)-ZH=0, ®))/ Z(H= 0, 0)) )

The impedance increases in a magnetic field and reaches a maximum in the temperature of charge
ordering of vacancies (Fig. 1 d). The increase in Re(Z) in a magnetic field is caused by a decrease in
the diagonal component of the dielectric constant in the magnetic field (Fig. 1, ¢). Conductivity is pro-
portional to dielectric constant ¢ = iwe. In an electrically inhomogeneous medium, the longitudinal
component of the dielectric constant looks like [19]:

e(1-p* + (@)’ (1+p°))
Re [Sxx ((D)] - 1+ (01)2(1+ %) ’ (3)

where B = uH; p is mobility; T = ¢/c.

The presence of space charge, which is created by defects, can be assessed from the impedance ho-
dograph. Figure 2 shows the impedance hodographs of MngS. In the equivalent circuit model the ho-
dograph is described by series resistance R; and parallel components R2 and C (Fig. 2). The resistance
R, is an order of magnitude smaller than R, and the capacitance is about C ~ 100 pF.
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u B MarHuTHOM niosie H =12 kD (2, 4, 6, 8, 10) npu Temnepatypax T =300 K (1, 2), 350 K (3, 4),
400 K (5, 6), 450 K (7, 8), 500 K (9, 10)

Fig. 2. Impedance hodographs for the Mn,,S sample in a zero magnetic field (1, 3, 5, 7, 9)
and in a magnetic field H = 12 kOe (2, 4, 6, 8, 10) at temperatures T = 300 K (1, 2), 350 K (3, 4),
400 K (5, 6), 450 K (7, 8), 500 K (9, 10)

Impedance is determined by the active part R and the reactive (wL — 1/@C) part. Contributions to
impedance depend on temperature. The temperature dependence of the impedance of MnoS is given
in Fig. 3. At measurement times less than the relaxation time t < 1. up to 200 K, the impedance is due
to the reactive part. Impurity charged defect states are shielded, and the capacitance is practically in-
dependent of temperature. Depolarization causes a slight increase in direct current resistance and in-
creases the contribution to the impedance from the reactive part. When heated, the impedance de-
creases by 4-5 orders of magnitude above 200 K. The change in impedance with temperature has an
activation character Z(T) = Zoexp(AE/kT) with activation energy AE = 0.11 — 0.13 eV in the range

616



Pazden 3. TexHono2uuecKuUe NPOUECCHL U MAMEPUATbL

250- 500 K. This energy corresponds to the excitation energy of lattice polarons, which were observed
in Lag ¢Srp;MnO; manganites and are attributed to Jahn-Teller polarons [20-21].
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Fig. 3. Temperature dependence of imaginary part of impedance (a) and impedance
on inverse temperature (b) ® = 1 kHz (1), 5 kHz (2), 10 kHz (3), 50 kHz (4), 100 kHz (5),
1000 kHz (6) for the Mng oS sample

Conclusion

A comparison of the impedance component in manganese sulfide with defects in the manganese ca-
tionic system indicates the main contribution of electrical resistivity to the magnetoimpedance. The
temperature of the maximum magnetic impedance and the relaxation time of current carriers are
found. The impedance hodograph is described by a single RC circuit with series resistance, and the
electrical conductivity is determined by the bulk properties of the crystallite. Defects in manganese
sulfide Mng oS cause a capacitive contribution to the impedance below 200 K. Depolarization of impu-
rity centers at 200 K induces a maximum conductivity and a transition to the activation dependence of
the impedance on temperature associated with lattice polarons. The temperature at which the minimum
relaxation of current carriers causes a maximum of conductivity and an increase in impedance in the
magnetic field has been found.

BaarompapuocTn. Padora monnepxana Poccutickum HayunbsiM ¢onnom, [IpaBurensctBom KpacHo-
ApCcKOro Kpas u npoekroM KpacHosipckoro Hay4qHoro ¢onga Ne 23-22-10016.

Acknowledgments. The work was supported by the Russian Medium Fund, the Government of the
Krasnoyarsk Territory and the Krasnoyarsk Science Foundation project No. 23-22-10016.

Bubnauorpaduyueckue ccblIKU

1. Epitaxial BiFeO; multiferroic thin film heterostructures / J. Wang, J. B. Neaton, H. Zheng et al.
// Science. 2003. Vol. 299. P. 1719.

2. Zvezdin A. K., Pyatakov A. P. Phase transitions and the giant magnetoelectric effect in multifer-
roics // Usp. Fiz. Nauk. 2004. Vol. 174, Is. 4. P. 465.

617



Cubupckuil aspokocmuueckuil scypHan. Tom 24, N@ 3

3. Multiferroics: Promising materials for microelectronics, spintronics, and sensor technique /
A. K. Zvezdin, A. S. Logginov, G. A. Meshkov et al. / Bull. Russ. Acad. Sci. Phys. 2007. Vol. 71.
P. 1561.

4. Amnecuun C. C. OcuoBsl crimaTporuky // CII0. : JIans, 2022. 288 c.

5. Giant Magnetoresistance: Basic Concepts, Microstructure, Magnetic Interactions and Applica-
tions / I. Ennen, D. Kappe, T. Rempel et al. // Sensors. 2016. Vol. 16, Is. 6. P. 904.

6. Enhanced magnetoresistance in layered magnetic structures with antiferromagnetic interlayer
exchange / G. Binasch, P. Grunberg, F. Saurenbach, W. Zinn // Phys. Rev. B. 1989. Vol. 39. P. 4828.

7. Aplesnin S. S., Romanova O. B., Yanushkevich K. I. Magnetoresistance effect in anion-
substituted manganese chalcogenides // Phys. Stat. Sol. B Basic Research. 2015. Vol. 252, Is. 8.
P. 1792.

8. Magnetoelectric and magnetoresistive properties of the CeMn;,S semiconductors /
S. S. Aplesnin, M. N. Sitnikov, O. B. Romanova et al. // Phys. Stat. Sol. B Basic Research. 2016.
Vol. 253, 1s. 9. P. 1771.

9. Magnetoresistance and magnetoimpedance in holmium manganese sulfides / O. B. Romanova,
S. S. Aplesnin, M. N. Sitnikov et al. // Appl. Phys. A. 2022. Vol. 128. P. 124.

10. Structural, magnetic, and dielectric properties of charge-order phases in manganite
La(CaygSrg,),MnyO; / J. H. Zhang, S. H. Zheng,Y. S. Tang et al. // J. Appl. Phys. 2020. Vol. 127.
P. 104301.

11. Papavassiliou J. The Pinch Technique at Two Loops // Phys. Rev. Lett. 2000. Vol. 84. P. 2782.

12. Electronic phase separation in lanthanum manganites: Evidence from *>Mn NMR / G. Allodi,
R. De Renzi, G. Guidi et al. // Phys. Rev. B. 1997. Vol. 56. P. 6036.

13. Liquidlike Spatial Distribution of Magnetic Droplets Revealed by Neutron Scattering in
La;.Ca,MnO; / M. Hennion, F. Moussa, G. Biotteau et al. / Phys. Rev. Lett. 1998. Vol. 81. P. 1957.

14. Verwey transition as evolution from electronic nematicity to trimerons via electron-phonon
coupling / W. Wang, J. Li, Z. Liang et al. // Sci. Adv. 2023. Vol. 9. P. 8220.

15. Spin-dependent transport in o-MnS single crystals / S. S. Aplesnin, L. 1. Ryabinkina,
G. M. Abramova et. al. // Phys. Sol. St. 2004. Vol. 46, Is. 11. P. 2067.

16. Conductivity, weak ferromagnetism, and charge instability in an a-MnS single crystal /
S. S. Aplesnin, L. I. Ryabinkina, G. M. Abramova et al. / Phys. Rev. B. 2005. Vol. 71, Is. 12.
P. 125204.

17. Electrochemical impedance spectroscopy / S. Wang, J. Zhang, O. Gharbi et al. // Nat. Rev.
Meth. Prim. 2021. Vol. 1. P. 41.

18. Holm S. Time domain characterization of the Cole-Cole dielectric model // J. Electr.
Bioimpedance. 2020. Vol. 11, Is. 1. P. 101.

19. Parish M. M., Littlewood P. B. Magnetocapacitance in Nonmagnetic Composite Media // Phys.
Rev. Lett. 2008. Vol. 101. P. 166602.

20. Yang Y.-F., Held K. Localization of strongly correlated electrons as Jahn-Teller polarons in
manganites // Phys. Rev. B. 2007. Vol. 76. P. 212401.

21. Magnetic-field-induced suppression of Jahn-Teller phonon bands in (LagsPrg4)o7Cao3;MnOs:
the mechanism of colossal magnetoresistance shown by Raman spectroscopy / S. Merten,
O. Shapoval, B. Damaschke et al. // Sci. Rep. 2019. Vol. 9. P. 2387.

References

1. Wang J., Neaton J.B., Zheng H. Epitaxial BiFeO; multiferroic thin film heterostructures.
Science. 2003, Vol. 299, P. 1719.

2. Zvezdin A. K., Pyatakov A. P. Phase transitions and the giant magnetoelectric effect in multifer-
roics. Usp. Fiz. Nauk. 2004, Vol. 174, Is. 4, P. 465.

618



Pazden 3. TexHono2uuecKuUe NPOUECCHL U MAMEPUATbL

3. Zvezdin A. K., Logginov A. S., Meshkov G. A. et al. Multiferroics: Promising materials for mi-
croelectronics, spintronics, and sensor technique. Bull. Russ. Acad. Sci. Phys. 2007, Vol. 71,
P. 1561.

4. Aplesnin S. S. Osnovi spintroniki [Fundamentals of spintronics]. St. Petersburg, Lan Publ.,
2022, 288 p.

5. Ennen L., Kappe D., Rempel T. et al. Giant Magnetoresistance: Basic Concepts, Microstructure,
Magnetic Interactions and Applications. Sensors. 2016, Vol. 16, Is. 6, P. 904.

6. Binasch G., Grunberg P., Saurenbach F., Zinn W. Enhanced magnetoresistance in layered mag-
netic structures with antiferromagnetic interlayer exchange. Phys. Rev. B. 1989, Vol. 39, P. 4828.

7. Aplesnin S. S., Romanova O. B., Yanushkevich K. I. Magnetoresistance effect in anion-
substituted manganese chalcogenides. Phys. Stat. Sol. B Basic Research. 2015, Vol. 252, Is. 8,
P. 1792.

8. Aplesnin S. S.; Sitnikov M. N., Romanova O. B. et al. Magnetoelectric and magnetoresistive
properties of the Ce,Mn; S semiconductors. Phys. Stat. Sol. B Basic Research. 2016, Vol. 253, Is. 9,
P. 1771.

9. Romanova O. B., Aplesnin S. S., Sitnikov M. N. et al. Magnetoresistance and magnetoim-
pedance in holmium manganese sulfides. Appl. Phys. A. 2022, Vol. 128, P. 124.

10. Zhang J. H., Zheng S. H., Tang Y. S. et al. Structural, magnetic, and dielectric properties of
charge-order phases in manganite La(CagSty,),Mn,05. J. Appl. Phys. 2020, Vol. 127, P. 104301.

11. Papavassiliou J. The Pinch Technique at Two Loops. Phys. Rev. Lett. 2000, Vol. 84, P. 2782.

12. Allodi G., De Renzi R., Guidi G. et al. Electronic phase separation in lanthanum manganites:
Evidence from *Mn NMR. Phys. Rev. B. 1997, Vol. 56, P. 6036.

13. Hennion M., Moussa F., Biotteau G. et al. Liquidlike Spatial Distribution of Magnetic Droplets
Revealed by Neutron Scattering in La;—,Ca,MnOs. Phys. Rev. Lett. 1998, Vol. 81, P. 1957.

14. Wang W., Li J., Liang Z. et al. Verwey transition as evolution from electronic nematicity to
trimerons via electron-phonon coupling. Sci. Adv. 2023, Vol. 9, P. 8220.

15. Aplesnin S. S., Ryabinkina L. I., Abramova G. M. et al. Spin-dependent transport in o-MnS
single crystals. Phys. Sol. St. 2004, Vol. 46, Is. 11, P. 2067.

16. Aplesnin S. S., Ryabinkina L. 1., Abramova G. M. et al. Conductivity, weak ferromagnetism,
and charge instability in an a-MnS single crystal. Phys. Rev. B. 2005. Vol. 71. Is. 12. P. 125204.

17. Wang S., Zhang J., Gharbi O. et al. Electrochemical impedance spectroscopy. Nat. Rev. Meth.
Prim. 2021, Vol. 1, P. 41.

18. Holm S. Time domain characterization of the Cole-Cole dielectric model. J. Electr.
Bioimpedance. 2020, Vol. 11, Is. 1, P. 101.

19. Parish M. M., Littlewood P. B. Magnetocapacitance in Nonmagnetic Composite Media. Phys.
Rev. Lett. 2008, Vol. 101, P. 166602.

20. Yang Y.-F., Held K. Localization of strongly correlated electrons as Jahn-Teller polarons in
manganites. Phys. Rev. B. 2007, Vol. 76, P. 212401.

21. Merten S., Shapoval O., Damaschke B. et al. Magnetic-field-induced suppression of Jahn-
Teller phonon bands in (LagPrg4)07Cae3sMnOs3: the mechanism of colossal magnetoresistance shown
by Raman spectroscopy. Sci. Rep. 2019, Vol. 9, P. 2387.

© XappkoB A. M., CutnukoB M. H., Annecuun C. C., 2023

619



Cubupckuil aspokocmuueckuil scypHan. Tom 24, N@ 3

XapbkoB AHTOH MuXail10BUY — KaHIUIAT (PU3NKO-MATEMaTHYECKUX HAyK, NOUEHT Kadeapsl ¢pusuku; Cubup-
CKUH TIOCYIapCTBEHHBI YHHMBEPCUTET HAayKM U TexXHonoruii umenu axagemuka M. . PemerneBa. E-mail:
khark.anton@mail.ru.

CutHukoB Makcum HukonaeBnd — xanaugatr GU3HKO-MaTeMaTHYECKUX HAYK, AOLEHT Kadenapst ¢usuxu; Cu-
OMpCKHI TOCYNapCTBEHHbBIH YHUBEPCUTET HAyKM M TEXHOJOTMH uMeHu akagemuka M. @. PemerneBa. E-mail:
kineru@mail.ru.

AmiecHuH Cepreii CTenaHoBuY — JOKTOp (U3UKO-MATEMaTHYECKUX HayK, Ipodeccop, 3aBeryronuii kapenpoit
¢uzuku; CUOMPCKUT TOCYJApCTBEHHBIH YHHUBEPCUTET HAYKH M TEXHOJIOTUH MMeHH akajgemuka M. @. Pemernesa. E-
mail: aplesnin@sibsau.ru.

Kharkov Anton Mikhailovich — Cand. Sc., Associate Professor of the Department of Physics; Reshetnev Siberian
State University of Science and Technology. E-mail: khark.anton@mail.ru.

Sitnikov Maksim Nikolaevich — Cand. Sc., Associate Professor of the Department of Physics; Reshetnev Siberian
State University of Science and Technology. E-mail: kineru@mail.ru.

Aplesnin Sergey Stepanovich — Dr. Sc., Professor, Head of the Department of Physics; Reshetnev Siberian State
University of Science and Technology. E-mail: aplesnin@sibsau.ru.




