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Исследуются поликристаллические образцы Mn1–xGdxS и Mn1–xYbxS c концентрацией x = 0,2 вблизи 

концентрации протекания ионов по ГЦК решетки с целью определения флуктуации валентности ио-

на иттербия на диэлектрические свойства. Диэлектрическая проницаемость и диэлектрические по-

тери определены из измерения емкости и тангенса угла потерь в диапазоне частот 10
2
–10

6
 Гц при 

температурах 80–500 К без магнитного поля и в магнитном поле. Магнитоемкость и диэлектриче-

ские потери в магнитном поле образца определялись из относительного изменения действительной и 

мнимой частей диэлектрической проницаемости образца в магнитном поле Н = 12 кЭ, приложенном 

параллельно обкладкам конденсатора. Обнаружен интервал температур с резким ростом диэлек-

трической проницаемости и максимумом диэлектрических потерь, который смещается с ростом 

частоты и магнитного поля. Найдено в Mn1-xYbxS увеличение диэлектрической проницаемости и ди-

электрических потерь в магнитном поле выше 170 К. Рост диэлектрических потерь объясняется  

увеличением времени релаксации в результате локальных деформаций вблизи ионов иттербия при 

флуктуациях валентности. Определен механизм уменьшения реактивного сопротивления в магнит-

ном поле в Mn1–xYbxS при низких частотах за счет емкости и при высоких частотах за счет индук-

тивности. В соединении Mn0,8Gd0,2S мнимая часть диэлектрической проницаемости имеет два мак-

симума. Низкотемпературный максимум сдвигается в магнитном поле в сторону высоких темпера-

тур и описывается в модели локализованных электронов с замерзанием дипольных моментов. Ди-

электрические потери уменьшаются в магнитном поле. Магнитоемкость уменьшается на порядок в 

Mn0,8Gd0,2S по сравнению с Mn0,8Yb0,2S. Диэлектрическая проницаемость в обоих соединениях описы-

вается в модели Дебая c активационной зависимостью времени релаксации от температуры, где 

энергии активации отличаются для ионов иттербия и гадолиния.  
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Magnetic capacity in manganese sulfides with rare earth  
substitution Mn1–xRexS 

 

A. M. Kharkov
*
, O. N. Bandurina, S. S. Aplesnin, E. G. Voronova 

 

Reshetnev
 
Siberian State University of Science and Technology 

31, Krasnoyarskii rabochii prospekt, Krasnoyarsk, 660037, Russian Federation 
*
E-mail: khark.anton@mail.ru 



 

 
 

Сибирский аэрокосмический журнал. Том 25, № 1 
 

 158 

Polycrystalline samples Mn1–xGdxS and Mn1–xYbxS 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 10
2
–10

6
 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 shifts with increasing frequency and magnetic field. An increase in 

dielectric constant and dielectric losses in a magnetic field above 170 K was found in Mn1-xYbxS. 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 Mn1–xYbxS at low frequencies due to capacitance, and at high frequencies due to inductance, has been 

determined. In the Mn0.8Gd0.2S 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 Mn0.8Gd0.2S compared to Mn0.8Yb0.2S. 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 BiFeO3 belongs to such studied materials [7–9]. LuFe2O4 

reveals the effect of giant magnetic capacity at room temperature and it is explained by charge fluctua-

tions with different spin values in Fe
2+ 

and Fe
3+

 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/ω 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 Mn1-xGdxS and Mn1-xYbxS with a concentration x 

= 0.2, 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. 

 

 
 

Рис. 1. Рентгеновская дифракционная картина образцов Mn0,85Yb0,15S (a) и Mn0,8Yb0,2S (b)  

при комнатной температуре 
 

Fig. 1. X-ray diffraction pattern of Mn0.85Yb0.15S (a) and Mn0.8Yb0.2S (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
2
–10

6
 Hz at 

temperatures of 80–500 K. Magnetic capacity δ(Re(ε)) and dielectric losses in the magnetic field of 

the sample were determined as 

(Re( ( )) Re( (0))) (Im( ( )) Im( (0)))
(Re( )) ;  (Im( )) ,

Re( (0)) Im( (0))

H H     
     

 
                       (1)

 

where Re(ε(H)) and Im(ε(Н)) 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(ε(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 Mn0.8Yb0.2S. 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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Рис. 2. Температурная зависимость действительной части диэлектрической проницаемости для образца 

Mn0,8Yb0,2S, измеренная в нулевом магнитном поле на частотах 100 кГц (3), 10 кГц (4) и в магнитном поле  

H = 8 кЭ на частотах 100 кГц (1), 10 кГц (2). Теоретические расчеты в модели Дебая – пунктирные линии 5 (a). 

Относительное изменение действительной части диэлектрической проницаемости в магнитном поле H = 8 кЭ 

на частоте 10 кГц (b). Температурная зависимость мнимой части диэлектрической проницаемости для образца 

Mn0,8Yb0,2S, измеренная в нулевом магнитном поле на частотах 100 кГц (3), 10 кГц (4) и в магнитном поле  

H = 8 кЭ на частотах 100 кГц (1), 10 кГц (2) (с). Относительное изменение мнимой части диэлектрической 

проницаемости в магнитном поле H = 8 кЭ на частоте 10 кГц (d) 
 

Fig. 2. Temperature dependence of the real part of the dielectric constant for the Mn0.8Yb0.2S 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 Mn0.8Yb0.2S 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) (с). 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 Mn0,8Yb0,2S compound has a high resistance and the reactance X = Lω – 1/ωC 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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Рис. 3. Температурная зависимость активного сопротивления для образца Mn0,8Yb0,2S без поля (1, 2, 3)  

и в магнитном поле (4, 5, 6) на частотах 10 кГц (1, 4), 100 кГц (2, 5), 300 кГц (3, 6) (a). Магнитосопротивление 

активной части импеданса от температуры на частотах 10 кГц (1), 100 кГц (2), 300 кГц (3) (b). Зависимость 

реактивного сопротивления от температуры без поля (1, 2, 3) и в магнитном поле (4, 5, 6) на частотах  

10 кГц (1, 4), 100 кГц (2, 5), 300 кГц (3, 6) (c). Магнитосопротивление реактивной части импеданса  

от температуры на частотах 10 кГц (1), 100 кГц (2), 300 кГц (3) (d) 
 

Fig. 3. Temperature dependence of active resistance for the Mn0.8Yb0.2S sample without a field (1, 2, 3)  

and in a magnetic field (4, 5, 6) at frequencies 10 kHz (1, 4), 100 kHz (2, 5), 300 kHz (3, 6) (a). Magnetoresistance  

of the active part of the impedance versus temperature at frequencies 10 kHz (1), 100 kHz (2), 300 kHz (3) (b). 

Dependence of reactance on temperature without a field (1, 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 ω > 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 σ' by the relation Im(ε) = σ'/ω. 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 ε(T) dependences 

presented in Fig. 4. The dielectric constant of Mn0,8Gd0,2S increases with heating and has an inflection 

at 170 K. The magnetic capacity decreases by an order of magnitude in Mn0,8Gd0,2S compared to 

Mn0,8Yb0,2S. 

For the Mn0.8Gd0.2S 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(ε(ω)), 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(ε(ω)) at T = 170 K in the model of 

localized electrons with freezing of dipole moments with activation energy ΔE = 900 K without a 

magnetic field and in a magnetic field ΔE = 1050 K. 
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Рис. 4. Действительная часть диэлектрической проницаемости (а) от температуры для твердого  

раствора Mn0,8Gd0,2S, измеренная на частоте 10 кГц без поля (1) и в магнитном поле Н = 8 кЭ (2).  

Подгоночная функция Re(ε) = A/(1 + Bexp(2ΔE/T)) + ε0 c энергией активации ΔE = 900 К (3),  

1050 К (4) (a). Магнитоемкость в магнитном поле H = 8 кЭ от температуры (b) 
 

Fig. 4. Real part of the dielectric constant (a) on temperature for Mn0.8Gd0.2S solid solution, measured  

at a frequency of 10 kHz without a field (1) and in a magnetic field H = 8 kOe (2). Fitting function  

Re(ε) = A/(1 + Bexp(2ΔE/T)) + ε0 with activation energy ΔE = 900 K (3), 1050 K (4) (a). Magnetic capacity  

in a magnetic field H = 8 kOe depending on temperature (b) 

 

Fitting function 

Im (ε) = A1·exp(ΔE / T) / (1 + B·exp(2ΔE / T));  Re(ε) = ε0+ C / (1 + B·exp(2ΔE / T))          (2) 

describes well the experimental data in Fig. 4 and 5 in the temperature range 100–250 K. 
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Рис. 5. Мнимая часть диэлектрической проницаемости (а) от температуры для твердого раствора Mn0,8Gd0,2S, 

измеренная на частоте 10 кГц без поля (1) и в магнитном поле Н = 8 кЭ (2) Подгоночная функция  

с энергией активации 900 К (3), 1050 К (4) (a). Относительное изменение мнимой части диэлектрической  

проницаемости в магнитном поле от температуры (b) 
 

Fig. 5. Imaginary part of the dielectric constant (a) on temperature for Mn0.8Gd0.2S solid solution, measured  

at a frequency of 10 kHz without a field (1) and in a magnetic field H = 8 kOe (2). Fitting function  

with activation energy 900 K (3), 1050 К (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 Mn0,8Yb0,2S is described by formula (2) in the Debye model with the 

activation dependence of the relaxation time τс = τ0·exp(ΔE / kT), where ΔE is the activation energy 

(ΔE = 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 

Mn0.8Gd0.2S. 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 Mn0.8Gd0.2S 

and do not change in Mn0.8Yb0.2S. Above room temperature, the imaginary part of the dielectric 

constant increases by an order of magnitude in Mn0.8Yb0.2S. The decrease in reactance in Mn0.8Yb0.2S 

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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