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Hccnedyromes nonukpucmannuyeckue oopasyvt Mn; .Gd,S u Mn; . Yb,S ¢ konyenmpayueti x = 0,2 bnu3su
KOHYeHmpayuu npomexarus uornos no I'L{K pewemxu ¢ yenvio onpedenenus aykmyayuu 8aieHmMHOCHU UO-
Ha ummepous Ha OudieKmpudecKue ceolcmaa. Jusiexmpuieckas npoOHUYaeMocmy U OUdIeKmpuiecKue no-
mepu onpedeneHsvl U3 UMEePeHUs eMKOCIU U MaHeeHca yena nomeps 6 ouanasore yacmom 1 0*—10° I'y npu
memnepamypax 80-500 K 6e3 macnumHnozo noas u 8 MasHUmMHoM none. MacHumoemkocms u OudieKmpuye-
CKUe nomepu 8 MASHUMHOM Noje 00pa3ya ONPeoesiiuCy U3 OMHOCUMETLHO20 UBMEHEHUsL OeUCMEUMETbHOU U
MHUMOU Yacmetl OUdIeKmpueckou npoHuyaemocmu oopazya 6 macnumuom noine H = 12 k3, npunoscennom
napannenvHo 0okiaokam konoencamopa. OOHApysceH UHMepP8al MeMnepamyp ¢ pesKum pocmom Oudiex-
MPUYecKol NPOHUYAEMOCU U MAKCUMYMOM OUDNEKMPUHECKUX NOMEPb, KOMOPHIL CMewjaemcs ¢ poCmom
yacmomvl u mMacHumuo2o noas. Hatideno ¢ Mn; . Yb,S ysenuuenue ousniekmpuyeckoil nposuyaemMocmu u ou-
ANeKMpU1ecKux nomepsv 8 macHumuom noie eviute 170 K. Pocm Oousnexmpuyeckux nomepb 00bsACHIEMCs
VBenuueHueM 8peMeHy pelaKcayuu @ pesyibmame JOKATbHbIX Oeghopmayuii OU3U UOHO8 ummepous npu
drykmyayusx eanenmuocmu. Onpeoenern Mexanusm YMeHbUIeHUsI PeAKMUBHO20 CONPOMUBLEHUS 8 MASHUM-
Hom noae 8 Mn; . Yb.S npu Huskux yacmomax 3a cuem emMKOCMU U NP BbICOKUX YACHOMAX 34 CYem UHOYK-
mugnocmu. B coeounenuu MngysGdy S mrumasn yacms ousiekmpuyeckol npoHuyaemMocmu umeem 08a Max-
cumyma. HuzxomemnepamypHuiii Maxcumym cO8Ueaemcs 6 MASHUMHOM NoJie 8 CHOPOHY 8bICOKUX meMnepa-
Myp U ONUCLIBAEMCA 8 MOOEIU JIOKANUZ0BAHHBIX INIEKMPOHO8 C 3aMep3aHuem OUNOIbHbIX MOMeHmos. [u-
INeKMpUHecKue nomepu YMEeHbUaOmcst 6 MazHUmHoMm noie. Macnumoemxocms yMeHbuaemcst Ha NOpsodoK 8
Mny sGdy5S no cpasnenuro ¢ MngsYby,S. /lusnekmpuueckas nponuyaemocms 8 000uUx COeOUHEHUSX ONUCDI-
saemcs 6 mooenu [ebas ¢ akmu8ayuoHHOU 3a8UCUMOCHIBIO 8DEMEHU DelaKcayul om memnepanmypbl, 20e
9HepaUU AKMUBAYUU OMIUYAIOMCA 015 UOHO8 UMmepOus u 2a00NUHUSL.

Kniouegvie crosa: macnumoemxocmy, NOIYNPOBOOHUKU, MOOenb [lebast.
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Polycrystalline samples Mn,; ,Gd,S and Mn, .Yb,S with a concentration x = (0.2, near the concentration
of ion flow through the fcc lattice, are studied in order to determine fluctuations in the valence of the
ytterbium ion on dielectric properties. Dielectric constant and dielectric losses were determined from
measurements of capacitance and loss tangent in the frequency range 1 0’-10° Hz at temperatures of 80—
500 K without a magnetic field and in a magnetic field. The magnetic capacity and dielectric losses in the
magnetic field of the sample were determined from the relative change in the real and imaginary parts of
the dielectric constant of the sample in a magnetic field H = 12 kOe applied parallel to the capacitor
plates. A temperature range with a sharp increase in dielectric constant and with a maximum dielectric
loss has been discovered, which shifis with increasing frequency and magnetic field. An increase in
dielectric constant and dielectric losses in a magnetic field above 170 K was found in Mn;.Yb,S. The
increase in dielectric losses is explained by an increase in relaxation time, as a result of local deformations
near ytterbium ions during valence fluctuations. The mechanism for reducing reactance in a magnetic field
in Mn; .Yb,.S at low frequencies due to capacitance, and at high frequencies due to inductance, has been
determined. In the MngsGd,>S compound, the imaginary part of the dielectric constant has two maxima.
The low-temperature maximum shifts in a magnetic field towards high temperatures and is described in the
model of localized electrons with freezing of dipole moments. Dielectric losses decrease in a magnetic field.
The magnetic capacity decreases by an order of magnitude in MnysGdy,S compared to Mnys¥b,S. The
dielectric constant in both compounds is described in the Debye model with the activation dependence of
the relaxation time on temperature, where the activation energies differ for ytterbium and gadolinium ions.

Keywords: magnetic capacity, semiconductors, Debye model.

Introduction

In spacecraft, electronics operate in extreme conditions with temperature differences of hundreds of
degrees. It is necessary to find materials, for example, based on multiferroics, that can demonstrate
stable operation under these conditions.

Materials, where the relationship between magnetic and electrical properties, magnetoelectrics and
multiferroics is manifested, are of interest from both fundamental and applied points of view [1-4].
Specific attention is drawn to materials exhibiting magnetoelectric properties in the region of room
and higher temperatures in connection with practical application in microelectronics for recording and
storing information [5; 6]. Bismuth ferrite BiFeO; belongs to such studied materials [7-9]. LuFe,O,
reveals the effect of giant magnetic capacity at room temperature and it is explained by charge fluctua-
tions with different spin values in Fe*" and Fe’" ions as a result of the removal of degeneracy between
the two types of charge order by an external magnetic field [10].

Magnetic capacity in an electrically inhomogeneous medium can be due to the Maxwell-Wagner
effect [11-14] due to the tensor nature of the interaction of current carriers with the magnetic and
electric fields and the mixing of longitudinal and transverse conductivity components. Within the
model, the magnetic capacity is positive provided the size of the electrical inhomogeneity is an order
of magnitude greater than the electron mean free path, the measurement time 1/w exceeds the scatter-
ing time, and the matrix is dielectric [13].

Such effects clearly demonstrate that the presence of magnetic capacity is not sufficient to classify
these compounds as multiferroics. On the other hand, magnetic capacitance without magnetoelectric
coupling may be more practical for technological applications since the existence of long-range mag-
netic order is not required.

The dielectric constant and its response to a magnetic field depend on the degree of electrical
inhomogeneity, which can be changed as a result of nonstoichiometric substitution in manganese
sulfide, for example, by gadolinium ions with zero orbital magnetic moment and thulium, the orbital
moment of which determines the electrical polarizability of the ion [15-19]. Besides, the ytterbium ion
belongs to elements with variable valence [20-23], whose valence fluctuations will make an additional
contribution to the dielectric constant and impedance [24-26].
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The purpose of the study is to establish the effect of cation substitution on electrical polarization,
the response of dielectric characteristics and dielectric losses to a magnetic field during electronic
doping of semiconductors.

X-ray diffraction analysis and methodology

The research focused on polycrystalline samples Mn;.,Gd,S and Mn,.,Yb,S with a concentration x
= (.2, near the concentration of ion flow through the fcc lattice. According to X-ray diffraction data,
the samples have a fcc lattice type, similar to the original sulfide compounds [27]. Fig. 1 shows an X-
ray diffraction pattern of the samples.
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Puc. 1. Pentrenosckast audpakiimoHHas KapTHHA 00pasnoB Mngs YD 1sS (@) 1 MnggYb,S (b)
MIpY KOMHATHON TeMIepaType

Fig. 1. X-ray diffraction pattern of Mnggs5Yby 15S (@) and MngygYb,,S (b)
samples at room temperature

Gadolinium sulfide has a metallic type of conductivity, while ytterbium sulfide is a semiconductor
with a gap in the electronic excitation spectrum. Under the influence of external pressure, the gap
closes and YbS exhibits metallic properties. As the number of electrons increases, the unfilled 4f lev-
els move closer to the Fermi energy, which leads to a change in the electronic properties. The shift of
the 4f level to the Fermi energy occurs in heavy rare earth elements from GdS to YbS, where the 4f
level crosses the bottom of the band and is located in the forbidden gap [28-32].

Dielectric constant and dielectric losses are determined from capacitance and loss tangent
measurements measured on an AM-3028 component analyzer in the frequency range 10-10° Hz at
temperatures of 80-500 K. Magnetic capacity 6(Re(g)) and dielectric losses in the magnetic field of
the sample were determined as

8(Re(2)) = (Re(g(’;gzg‘(;j(g(o”) . 3(Im(e) = (Im(g(ﬁzzg‘(;l)";(g(o”)

; (1

where Re(e(H)) and Im(e(H)) are the real and imaginary parts of the dielectric constant of the sample
in a magnetic field H = 12 kOe applied parallel to the capacitor plates, and Re(g(0)) is in a zero
magnetic field. To prevent leakage currents, a layer of mica several micrometers thick was placed be-
tween the sample and the capacitor plates.

Results and discussions

Fig. 2 shows the components of dielectric constant versus temperature for MnggYbg,S. In the
temperature range 160—180 K, the dielectric constant increases sharply, and the dielectric losses have a
maximum, which shifts from T = 166 K to T = 190 K with an increase in frequency from 10 to 100
kHz. When heated, the dielectric constant in a magnetic field increases above 170 K (Fig. 2, b),
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dielectric losses also increase several times. An increase in dielectric losses can be caused by an
increase in relaxation time or an increase in conductivity in a magnetic field. Measuring the active and
reactive components of impedance partially answers this question.
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Puc. 2. TemnepaTypHasi 3aBUCUMOCTb JICHCTBUTEILHOM YacTH TUAIICKTPUUECKON MPOHUIIAEMOCTH sl 00pa3ia
Mn, Yy ,S, n3mMeperHas B HyJIeBOM MarHUTHOM nose Ha yactotax 100 k' (3), 10 k' (4) 1 B MarHUTHOM 10JIE
H =8 kO na wacrorax 100 xI'r (/), 10 kI'1 (2). Teopernueckue pacuersl B Moaenu Jlebas — myHKTUpHBIE IUHUK S (a).
OTHOCHTENbHOE U3MEHEHHUE JICHCTBUTEIBHON YaCTH JU3JIEKTPHUECKON MPOHUIIAEMOCTH B MarHuTHOM nojie H = 8 kO
Ha yactrote 10 k' (b). TemneparypHast 3aBUCIMOCTh MHUMOM 4aCTH JU3JIEKTPHUUECKON IPOHUIIAEMOCTH JUIs 00pasua
Mn,5Yb,,S, u3mMepeHHas B HyJIeBOM MarHUTHOM nose Ha yacrorax 100 xI'n (3), 10 kI'1 (4) 1 B MarHUTHOM I0JIE
H =8 kO na wacrorax 100 xI'r (/), 10 kI'1x (2) (¢). OTHOCHTENBHOE U3MEHEHNE MHUMOM YaCTH AUAIEKTPUYECKOM
poHuLaeMocT B MaruutHoM nosie H = 8 kO nHa wactote 10 xI'11 (d)

Fig. 2. Temperature dependence of the real part of the dielectric constant for the MngYb,,S sample measured
in a zero magnetic field at frequencies 100 kHz (3), 10 kHz (4) and in a magnetic field H = 8 kOe at frequencies
100 kHz (1), 10 kHz (2). Theoretical calculations in the Debye model — dotted lines 5 (a). Relative change in the real
part of the dielectric constant in a magnetic field H = 8 kOe at frequency 10 kHz (b). Temperature dependence of the
imaginary part of the dielectric constant for the Mn,3Yb,,S sample measured in a zero magnetic field at frequencies
100 kHz (3), 10 kHz (4) and in a magnetic field H = 8 kOe at frequencies 100 kHz (7), 10 kHz (2) (¢). Relative
change in the imaginary part of the dielectric constant in a magnetic field H = 8 kOe at frequency 10 kHz (d)

Fig. 3 shows the dependencies of resistance on alternating current and reactance without a
magnetic field and in a magnetic field. The maximum resistance R(T) in a magnetic field shifts to the
region of low temperatures. As a result, magnetoresistance in the temperature range 160—400 K
changes sign and becomes negative. The reactance decreases by half at a frequency of 10 kHz in
absolute value. The MngsYb,,S compound has a high resistance and the reactance X = Lo — 1/0C is
mainly due to the capacitance. The decrease in X(H) / X(H = 0) is caused by an increase in
capacitance, which is consistent with the magnetic capacity (Fig. 2, b).
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Puc. 3. TemneparypHas 3aBUCUMOCTb aKTUBHOT'O COIIPOTUBIIEHUS Ul 0Opa3ua MnygYb,,S 6e3 nons (/, 2, 3)

W B MarHUTHOM 110J1€ (4, 5, 6) Ha yactoTtax 10 k['u (Z, 4), 100 ' (2, 5), 300 k' (3, 6) (@). MarHuTOCONPOTHUBIICHNE
aKTHUBHOI YacTu uMIienaHca ot temrnepartypsl Ha yactotax 10 k['w (), 100 xI'u (2), 300 kIt (3) (). 3aBucUMOCTD
PEaKTUBHOI'O CONPOTHUBJICHUS OT TeMieparypsl 6e3 nois (1, 2, 3) 1 B MarHuTHOM 1ouie (4, 5, 6) Ha 4acToTax
10 ' (7, 4), 100 k"1 (2, 5), 300 k11 (3, 6) (¢). MarHUTOCONPOTHUBIICHHE PEAKTUBHOW YacTH UMIICaHCca
ot temneparypsl Ha yactotax 10 kI'i (1), 100 k' (2), 300 k[ (3) (d)

Fig. 3. Temperature dependence of active resistance for the MnygYb,,S sample without a field (7, 2, 3)
and in a magnetic field (4, 5, 6) at frequencies 10 kHz (7, 4), 100 kHz (2, 5), 300 kHz (3, 6) (@). Magnetoresistance
of the active part of the impedance versus temperature at frequencies 10 kHz (7), 100 kHz (2), 300 kHz (3) (b).
Dependence of reactance on temperature without a field (/, 2, 3) and in a magnetic field (4, 5, 6) at frequencies
10 kHz (1, 4), 100 kHz (2, 5), 300 kHz (3, 6) (c). Magnetoresistance of the reactive part of the impedance
versus temperature at frequencies 10 kHz (1), 100 kHz (2), 300 kHz (3) (d)

The qualitative difference between X(H)/X(H = 0) and C(H)/C(H = 0) at high frequencies ® > 105
Hz is due to the appearance of the inductive contribution of electrons in the vicinity of ytterbium ions.
Electron hopping near an impurity center contributes to the appearance of an orbital magnetic moment
and their synchronization in an external magnetic field. At low frequencies, a diffusion contribution is
added, which is found from the impedance spectrum. In manganese sulfides substituted with elements
of variable valence, large dielectric losses are observed due to local deformation near ytterbium ions
during valence fluctuations. Dielectric losses are caused by electron-phonon interaction of current
carriers with phonons. The imaginary part of the dielectric constant is related to the real part of the
optical conductivity ¢' by the relation Im(e) = o'w. In disordered semiconductors with hopping
conductivity, a resonant and relaxation mechanism of conductivity can be realized.

Substitution of manganese with gadolinium does not qualitatively change the &(T) dependences
presented in Fig. 4. The dielectric constant of MnygGd,,S increases with heating and has an inflection
at 170 K. The magnetic capacity decreases by an order of magnitude in MnysGd,,S compared to
Mny3Yb,S.

For the Mny 3Gd,,S composition, the dielectric constant is determined by localized electrons in the
sublattice of manganese ions and conduction electrons in the gadolinium subsystem. The imaginary
part of the dielectric constant Im(e(®)), shown in Fig. 5, has two maxima at T = 170 K and T = 442 K.
The low-temperature maximum shifts in a magnetic field H = 8 kOe towards high temperatures (Fig. 5).
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Dielectric losses decrease in a magnetic field, except for the temperature range 194-279 K and 417-
451 K (Fig. 5). We describe the low-temperature maximum in Im(g(w)) at T = 170 K in the model of
localized electrons with freezing of dipole moments with activation energy AE = 900 K without a
magnetic field and in a magnetic field AE = 1050 K.
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Puc. 4. [leficTBuTeNbHAS YaCTh AUAIEKTPUYECKOI IPOHULIAEMOCTH () OT TEMIIEpaTyphl sl TBEPIOTO
pactBopa Mn, 3Gd, S, u3mepennas Ha yactote 10 kI'n 63 nosst (/) u B MarauTHOM nosie H = 8 kO (2).
ITonronounas ¢pynkuus Re(e) = A/(1 + Bexp(2AE/T)) + g, ¢ aneprueii akrubanuu AE =900 K (3),
1050 K (4) (a). MarauToemkocTs B MarHuTHOM 1ojie H = 8 k3 ot Temnepatypsi (H)

Fig. 4. Real part of the dielectric constant (a) on temperature for Mn, 3Gd, S solid solution, measured
at a frequency of 10 kHz without a field (/) and in a magnetic field H = 8 kOe (2). Fitting function
Re(e) = A/(1 + Bexp(2AE/T)) + g, with activation energy AE =900 K (3), 1050 K (4) (a). Magnetic capacity
in a magnetic field H = 8 kOe depending on temperature (b)

Fitting function
Im (¢) = A;-exp(AE/ T) / (1 + B-exp(2AE / T)); Re(e) =¢gpt+ C/ (1 + B-exp(2AE / T)) 2)

describes well the experimental data in Fig. 4 and 5 in the temperature range 100-250 K.
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Puc. 5. MEnMas 9acTh JUAIIEKTPUUECKON MIPOHUIAEMOCTH (@) OT TEMIIepaTypsl Ui TBepAoro pactBopa Mn,sGd,,S,
n3MepeHHas Ha yacrore 10 kI'1 6e3 mons (/) u B marautHoM nosie H = 8 kO (2) [Toaronounas pynxuus
c sneprueit akruBanyu 900 K (3), 1050 K (4) (). OtHOCUTENbHOE N3MEHEHHE MHUMOM YacTH AUAIEKTPUYECKOM
MIPOHULIAEMOCTH B MArHUTHOM II0JI€ OT TeMIiepaTypsl (b)

Fig. 5. Imaginary part of the dielectric constant () on temperature for MnggGd, ,S solid solution, measured
at a frequency of 10 kHz without a field (/) and in a magnetic field H = 8 kOe (2). Fitting function
with activation energy 900 K (3), 1050 K (4) (a). Relative change in the imaginary part of the dielectric
constant in a magnetic field on temperature (b)
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The maximum decrease in dielectric losses in a magnetic field was observed in the vicinity of the
Néel temperature and was caused by a decrease in the scattering of charged particles on spin
fluctuations, which were suppressed by the magnetic field. The increase in dielectric constant above
room temperature was caused by an increase in the electron delocalization radius and the
disappearance of orbital-charge ordering.

The dielectric constant of MngsYby,S is described by formula (2) in the Debye model with the
activation dependence of the relaxation time tc = 10-exp(AE / kT), where AE is the activation energy
(AE =0.17 eV).

Conclusion

The replacement of manganese ions by rare earth ions in the flow region results in a significant
difference in dielectric properties. The presence of ions of variable valence leads to an increase in di-
electric constant by a factor of two and dielectric losses by an order of magnitude compared to
MnysGd,,S. This is caused by valence fluctuation and strong electron-lattice coupling. Upon transi-
tion to the antiferromagnetic state, dielectric losses decrease by half in a magnetic field in MnggGd,,S
and do not change in MnygYb,,S. Above room temperature, the imaginary part of the dielectric
constant increases by an order of magnitude in MngygYby,S. The decrease in reactance in MnggYb,S
in a magnetic field at low frequencies is caused by an increase in capacitance, and at high frequencies
it happens due to an increase in inductance.
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