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A B S T R A C T   

Sequence of structural transitions in the magnetically ordered region and a displacement-type structural tran
sition at T = 220 K accompanied by the variation in the thermal expansion coefficient, ultrasound attenuation 
coefficient, g factor, and polarization current in the polycrystalline compound Ho0.1Mn0.9S was found. The 
electronic transitions above room temperature were established on the basis of the measurements of the con
ductivity, ultrasound attenuation maxima, and IR spectra.   

1. Introduction 

Manipulating the magnetic, dielectric, and electrical properties of 
materials by external factors (magnetic and electric fields, temperature, 
etc.) is one of the important tasks of modern electronics [1,2]. For 
example, in multiferroics, magnetization is controlled by an electric field 
and polarization by a magnetic field [3‒5]. 

Manganese chalcogenides with the general formula ReХMn1-ХS (Re 
= Gd, Ce, Yb, Tm, etc.) are related to strongly correlated systems, in 
which the magnetotransport effects and phase transitions have been 
defined [6‒12]. Substitution of the rare-earth element holmium for 
manganese ions in the HoXMn1-ХS system (TN = 134 K) leads to a sharp 
decrease in the paramagnetic Curie temperature due to the ferromag
netic s-d interactions [13]. It was found that the magnetic moment at the 
site decreases at low concentrations. As concentration X increases, the 
magnetic anisotropy of the HoXMn1-ХS solid solution grows. The change 
in the sign of carriers in the range of 210–230 K was established from the 
Hall-effect measurements [14]. The negative effects of DC - magneto
resistance in the region of the magnetic phase transition and positive AC- 
magnetoimpedance in the paramagnetic region have been established 
[15]. The dependence of the magnetoresistance on the concentration 
and the maximum value at X = 0.1 are found. However, the structural 
and electronic transitions in these compounds have not been studied; 
therefore, it is necessary to establish mechanism of these transitions and 
determine their temperatures and the correlation between the transport 
and structural characteristics. The study of phase transitions of the 
system HoХMn1-ХS (Х = 0.1) will allow to understand magnetotransport 

effects formation mechanism. 
The crystal structure of the compound α -MnS is the NaCl-type face- 

centered cubic (fcc) lattice [16,17]. It is believed that manganese 
monosulfide, similar to MnO and NiO, is a second-type antiferromag
netic having the magnetic structure with a unit cell doubled relative to 
the crystallographic one [18] with a Néel temperature of 150 K [19,20]. 
The NaCl structure is the cubic closest packing of anions in the planes 
parallel to (111). The M‒S bond length is equal to 2.6 Å. In MnS, each 
Mn2+ ion is bound to the nearest Mn2+ ions through the intermediate 
S2− ions [21]. The octahedra can be distorted at cationic substitution 
[22,23]. In the compounds with a perovskite structure, an additional 
displacement of ions is allowed (depending on the symmetry of the 
position) without changing the space group of the crystal. The 
displacement of ions from the equilibrium position is determined by 
interplay magnetic and elastic subsystem. 

According to the X-ray diffraction data, the lattice contraction of 
manganese monosulfide in the temperature range of 125–165 K is 
accompanied by the rhombohedral distortion below the Néel tempera
ture [20]. The lattice expansion coefficient has anomalies at tempera
tures of 165, 147, and 125 K caused by the structural changes. The X-ray 
emission and optical spectra of MnS and the calculated band energies 
suggested that the upper part of the valence band includes 3 d electrons 
of the Mn2+ ions and 3p electrons of the S2− ions [24]. In manganese 
monosulfide, the p-type conductivity is implemented due to the impu
rity states near the valence band. 

The aim of this study is to find and elucidate the phase transitions at 
the substitution of holmium ions for manganese ions in the Ho0.1Mn0.9S 
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polycrystalline system using the structural, magnetic, transport, optical, 
and acoustic technique. 

2. Material and methods 

The Ho0.1Mn0.9S polycrystalline sample were synthesized via melt 
crystallization of the powder sulfides placed in glassy carbon crucibles in 
a quartz reactor by pulling the latter through a single-turn inductor of a 
high-frequency facility. High-purity argon was used as an inert medium. 
Mixture for crystallization is prepared by mix of the calculated quanti
ties of manganese sulfide and holmium sulfide, preliminary prepared by 
sulfurizing of corresponding metal oxides by products of NH4SCN 
thermolysis at temperatures 850–1000 ◦C. The synthesis procedure was 
described in detail in Ref. [13]. 

The microstructure of the sample Ho0.1Mn0.9S was investigated by 
using a scanning electron microscope (SEM) on a Hitachi SU3500/ 
Model3500 microscope and a Hitachi S-5500 high-resolution electron 
microscope and Energy Dispersive X-ray spectroscopy (EDAX) is 
employed for elemental analysis. The crystal structure of the synthesized 
HoXMn1-ХS sample with a substitution concentration of Х = 0.1 was 
investigated by X-ray diffractometry (XRD) at room temperature on a 
DRON-3 X-ray diffractometer (CuKα radiation) in the point-by-point 
data collection mode. The dc measurements of the conductivity were 
performed on parallelepiped samples in the temperature range of 
100–500 K in zero magnetic field. The relative change in the linear sizes 
of the sample was determined by measuring the electrical resistance of 
strain gauge located on the sample: β = (1/Rs(T)) (dRs(T)/dT)=(1/Ls(T)) 
(dLs(T)/dT), where Rs is the electrical resistance of the sample, Ls is the 
linear size of the sample. The measurements were carried out in a 
cryostat with an accuracy of temperature stabilization up to 0.02 K using 
Lake Shore Cryotronics LS Model 224 in the interval 80–500 К. The 
magnetic properties were investigated on a Quantum Design Physical 
Property Measurement System (PPMS-9) in a magnetic field of 500 Oe. 
The IR spectra of the HoXMn1-XS (X = 0.1) solid solution were recorded 
on an FSM 2202 Fourier-IR spectrometer. The measurements were 
performed on pressed Ho0.1Mn0.9S + KBr tablets 10–20 mm in diameter 
placed in an optical cryostat in the temperature range of 77–500 K. The 
ultrasound attenuation in Ho0.1Mn0.9S was measured directly on rect
angular samples 8 × 5 × 4 mm in size with two piezoelectric sensors, one 
used as a generator and the other, as a receiver of the ultrasound waves; 
the distance between the sensors was l = 4 mm. The ultrasound atten
uation coefficient was determined from the ratio between the ampli
tudes of electric voltage Uin at the input and Uout at the output of the 
piezoelectric sensors: α = ln (Uin/Uout)/l. The temperature dependence 
of the electric polarization was determined on a Keithley 6517 B elec
trometer from the polarization current in zero electric field along the 
plane of the sample under preliminarily cooled in an external electric 
field of 1000 V/cm. 

3. Results and discussion 

According to the XRD data presented in Fig. 1, the synthesized 
HoXMn1-ХS with (X = 0.1) sample have a NaCl-type fcc structure (sp.gr. 
Fm3m) with reflections corresponding to cubic α-MnS (JCPDS 03-065- 
0891). Experimental Kikuchi pattern (insert to Fig. 1) gives crystallo
graphic information about a compound Ho0.1Mn0.9S and confirms date 
XRD, which point out the formation a FCC phase. Kikuchi patterns are 
assumed to be formed by incoherent scattering of electrons from the 
incident beam and subsequent diffraction by the crystal structure [25]. 
Substitution of holmium ions with a large ionic radius for manganese 
ions (Mn2+ = 0.083 nm, Ho3+ = 0.176 nm) leads to an increase in unit 
cell parameter from a = 0.5219 nm for MnS to 0.5263 nm for 
Ho0.1Mn0.9S. 

Microstructural characteristics of the Ho0.1Mn0.9S sample were pre
sented in Fig. 2. The micrographs show uniform microstructure with a 

smooth surface without formation of separate grains. The chemical 
composition of the sample surface determined by EDX (Energy Disper
sive X - ray Spectroscopy) is given in diagram Fig. 2b. The content and 
ratio of elements (Ho, Mn and S) in the investigated crystal are almost 
fully consistent with the calculated data. 

The temperature dependence of the conductivity reveals the small 
maximum at 280 K and anomalies at T1 = 346 K and T2 = 446 K (Fig. 3). 
Jumps of the σ(Т) dependence in the paramagnetic temperature region 
are caused by the substitution of holmium for manganese and not 
observed in MnS (insert to Fig. 3). The small maximum at 280 K is 
explained by the depolarization of positively charged structural defects 
and maximum of the mobility of current carriers. The first jump at T1 is 
possibly caused by the formation of charge ordering of electrons and 
holes associated with the screening of negatively charged impurity 
centers Ho3+. Decompensating of electric polarization occurs condition 
when the energy of electrostatic interaction of current carriers and 
charges on the surface of the cluster is comparable to thermal W = q2/ 
2C ~ P2/2C, where C - capacitance. In this case, a depolarization current 
is occurs [26]. The maximum depolarization current at T = 340 K was 
found in LuFe2O4 oxides [27]. 

The second anomaly at T2 is due to the localization of electrons in 
potential wells induced by holmium ions. The localization of current 
carriers is aroused as results of the pinning of lattice polarons by im
purity holmium ions [28]. The localization of small hole oxygen-type 
polarons and their trapping by trivalent dopants (Ga, Sc, In, Lu, Y, Gd, 
La) was observed in BaSnO3 [29]. 

The changes in the electronic spectrum and in the structure upon 
substitution of holmium ions with the larger ionic radius for manganese 
are accompanied by anomalies in the temperature dependence of the 
thermal expansion coefficient (Fig. 4). The broad maximum at 120 K 
corresponds to the structural changes in manganese monosulfide [30]. A 
sharp increase in the thermal expansion coefficient (β) at T = 220 K is 
indicative of a possible displacement-type structural transition, i. e., the 
displacement of atoms of a certain type (in our case, sulfur ions) in the 
crystal lattice as a result of rotation of the octahedral without changing 
the space symmetry group of the crystal. Striking examples of such 
transitions occur in the compounds with a perovskite structure [23,31] 
and bismuth pyrostannates [32]. In these compounds (pyrostannates), 
the transition is accompanied by softening of the octahedral vibration 

Fig. 1. The X-ray patterns of Ho0.1Mn0.9S samples at T = 300 K and the stan
dard pattern (black sticks) is cubic α-MnS (ICDD no. 03-065-0891). Insert: 
Experimental Kikuchi pattern of Ho0.1Mn0.9S sample with f. c.c. crys
tal structure. 
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modes and sharp peaks in the temperature dependences of the thermal 
expansion coefficients and ultrasound attenuation. It was found that, 
with an increase in temperature, the thermal expansion coefficient 

nonmonotonically decreases; at 440 K, the derivative of the thermal 
expansion coefficient has a minimum caused by the localization of 
electrons. 

During the structural transition, the magnetic properties change, and 
a kink appears in the temperature dependence of the inverse magnetic 
susceptibility at 220 K (see the inset in Fig. 4). The paramagnetic Curie 
temperature at T < 210 K is ϴ = − 108 K and the Curie–Weiss constant is 
С = 0.039; as the temperature increases, the ϴ value attains − 152 K at С 
= 0.045. The growth of the effective moment μeff = g √(S (1 + S)) from 
5.5 μB to 6 μB is due to a change in the g factor. As mentioned above, 
manganese monosulfide and the Но0.1Mn0.9S sample synthesized on its 
basis are antiferromagnets with the second-type ordering, in which the 
paramagnetic Curie temperature and the Néel temperature have the 
form ϴ = 2/3 S(S+1) (Z1J1+ Z2J2) = A (12J1+6J2); TN = A6J2, where 
J1,2 is the exchange coupling in the first and second coordination 
spheres, respectively, and Z1,2 is the number of nearest neighbors. A 
decrease in the absolute value of ϴ is aroused as for the change in the 
exchange couplings. 

In the region of the phase transitions, the ultrasound attenuation 
takes its maximum value. Several maxima caused by the structural and 
electronic transitions are observed in the temperature dependence of 
damping coefficient α (Fig. 5). Small jumps at temperatures of 120 and 
160 K correspond to the structural transitions observed in the initial 
matrix of manganese monosulfide MnS [30,33]. The α(T) maximum at Т 
= 225 K is caused by a displacement-type phase transition. The maxima 
observed at temperatures of 330 and 450 K without field are shifted 
toward low temperatures in an electric field. The temperatures of α(T) 

Fig. 2. SEM images of the Ho0.1Mn0.9S sample at 50 μm magnification (a) and EDS spectrum surface of the part of this sample (b).  

Fig. 3. The temperature dependence conductivity of polycrystalline sample 
Ho0.1Mn0.9S at H = 0 kOe. Insert: the temperature dependence conductivity of 
manganese monosulfide at H = 0 kOe. 

Fig. 4. Thermal expansion coefficient of Ho0.1Mn0.9S versus temperature. 
Insert: temperature dependence of the magnetic susceptibility measured in a 
magnetic field 500 Oe for the same sample. 

Fig. 5. Ultrasound damping coefficient of Ho0.1Mn0.9S at electric field E = 0 (1) 
and E = 1000 V/cm (2) versus temperature. Inset: ultrasound damping coeffi
cient in an interval of temperature 100–250 K at E = 0 V/cm for the 
same sample. 
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and conductivity maxima are consistent (Fig. 3) and are caused by the 
charge ordering of electrons and holes at 330 K and electron delocal
ization at 450 K. 

At the displacement-type structural transition, the g factor increases 
due to the change in the octahedron crystal field and softening of the 
polar mode, which causes anomalies in the temperature dependence of 
the polarization. This is proven by the temperature dependence of the 
polarization current Ip = dP/dT (dT/dt) presented in Fig. 6. The Ip 
maxima at temperatures of 220 K, and 340 K confirm the occurrence of 
structural and electronic transitions in the Но0.1Mn0.9S. The softening of 
the polar mode at 220 K causes a small maximum of the polarization 
current. The polarization arises from the displacement of sulfur ions 
similar to manganites [34]. The inset in Fig. 6 shows the piezoelectric 
field induced by a longitudinal acoustic wave under the action of ul
trasound. The sharp maximum at 340 K is caused by the disappearance 
of the electric polarization and the current of depolarizing charges. The 
anomaly in the temperature dependence of conductivity detected at 280 
K correlates with the maximum polarization current (Fig. 6). 

Using IR spectroscopy, we established splitting of the impurity sub
band. In the high-frequency range of 2900–3100 cm− 1, there are two 
absorption peaks at ω1 = 2917 cm− 1 and ω2 = 2956 cm− 1, the intensity 
of which passes through a maximum upon heating and gradually de
creases (Fig. 7). The changes observed in the IR spectra in this frequency 
range are related to the electronic transitions between the impurity 
subbands. In the region of 320–360 K, the absorption peaks in the IR 
spectra vanish because of the disappearance of a gap between the sub
bands and 4f level shifts to the conduction band (to the edge of 
mobility). 

The temperature of the maximum 220К of the relative change in the 
intensity of the IR spectra (Fig. 7b) is consistent with the temperature of 
the maximum of the thermal expansion coefficient and the ultrasound 
attenuation coefficient. This is due to the change in the spectral intensity 
of the valence band and impurity subbands during the displacement- 
type structural transition. 

We explain electronic transitions in terms of the Mott - Anderson 
model [35]. Random replacement of holmium for manganese ions will 
lead to disorder associated with the arrangement of potential wells, as 
well as with a random potential. Holmium ion clusters are screened by 
hole charge carriers, which can be depicted as a set of potential electron 
and hole wells (Fig. 8a). In the temperature range 330–340 K, the 
screening of negatively charged centers disappears as a result of thermal 
fluctuations. Bound electron-hole states are destroyed or dissociated. As 
a result, the electron and hole density of states are changed in the vi
cinity of the chemical potential. Holes are delocalized. The radius of the 

Coulomb interaction between electrons in potential wells with holmium 
ions increases, which leads to the splitting of the density of states 
(Fig. 8b). Upon further heating, the lattice polaron is undraped from the 
charged holmium potential, where the driving force is the competition 
between the Coulomb and elastic interactions. At 450 K, the expansion 
of the lattice increases the elastic energy by ΔEel = kx2/2, which is 
compensated by the decrease in the Coulomb energy of electrons, which 
can be represented as: 

ΔWC= e2/(4πε0εr) − e2/(4πε0ε
(
r+Δx)) = e2x/(4πε0εr

)
(1)  

where r-distance between impurity centers, e is the electron charge, ε is 
the dielectric constant, x = Δх/r is the relative displacement of ions, the 
bulk density of the Coulomb energy ΔEС = ΔWС/V. From the equality of 
energies ΔEc = ΔEel we determine the value of the displacement x = e2/ 
(4πε0εrkV). For parameters V = 10− 27 m3, k = 1011 N/m2, r = 1 nm, ε =
50, the relative change in linear dimensions is x ≈ 10− 3. Deformation of 
the structure, an analogue of pressure, leads to a shift of the chemical 
potential to the edge of the mobility level (Fig. 8c). At T > 450 K, the 
conductivity of lattice polarons prevails above the edge of the mobility 
level. 

4. Conclusions 

It was shown that substitution of holmium for manganese in the 
HoXMn1-ХS with (X = 0.1) causes the instability of the crystal structure 
of manganese sulfide and the displacement-type structural transition 
related to the condensation of the polar mode. This transition is 
accompanied by a change in the paramagnetic Curie temperature, 
effective magnetic moment, and g factor. The electronic transitions in 
the Ho0.1Mn0.9S system above room temperature are accompanied by 
jumps in the temperature dependence of the conductivity and the 
maxima of the ultrasound attenuation coefficient, the temperatures of 
which shift in an external electric field. Below room temperature, the 
sound attenuation is caused by the deformation interaction. The ab
sorption in the far-IR spectral region is related to the splitting of the 
impurity subbands, as a result of compensation of charged impurities of 
holmium ions. The high-temperature transition is caused by the pinning 
of lattice polarons, as a result of which electrons were localized in po
tential wells induced by holmium ions. The interplay of the electrical, 
magnetic, and structural characteristics upon temperature variation was 
established. 

Fig. 6. Polarization current of Ho0.1Mn0.9S versus temperature. Inset: piezo
electric field of sample Ho0.1Mn0.9S versus temperature. 

Fig. 7. IR spectra for the Ho0.1Mn0.9S polycrystalline sample (a). The temper
ature dependence of the IR spectra intensity (b) for the Ho0.1Mn0.9S sample at ω 
= 2917 cm− 1 (1) and ω = 2956 cm− 1 (2). 
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