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Abstract. Nanoscale multiferroics are basic model objects for studying polar, magnetic, 

and magnetoelectric properties and mutual couplings. Bismuth-samarium ferrite  

(Bi1–xSmxFeO3) is a model orthoferrite, whose polar, magnetic and magnetoelectric 

properties have been studied for the bulk and thin film samples. The properties of  

Bi1–xSmxFeO3 nanoparticles have been much less studied, despite the nanoparticles can be 

used in a wide range of applications, such as energy storage, magnetic hyperthermia, and 

advanced nanoelectronics. In this work, we performed experimental measurements and 

analysis of the temperature dependence of the Bi1–xSmxFeO3 nanopowder dielectric 

properties. Calculations of the ferro-ionic coupling influence on the dielectric properties, 

domain structure morphology, and phase states are performed within the framework of the 

Ginzburg–Landau–Devonshire–Stephenson–Highland approach. Theoretical results explain 

the main trends of experimentally observed temperature dependences of the effective 

dielectric permittivity, which allows us to understand the correlations between the 

temperature behavior of dielectric properties, domain structure morphology, and phase state 

of Bi1–xSmxFeO3 nanoparticles. 
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1. Introduction 

Nanoscale multiferroics, especially solid solutions of 

bismuth ferrite, both oxygen-deficient and doped with 

rare-earth ions of Sm, La, Pr, Eu [1–3], raise constant and 

significant scientific interest due to their interesting 

polar, magnetic and especially magnetoelectric properties 

[4, 5], which can be controlled by the size effects [6–8], 

deformation engineering [9, 10], as well as by the level 

of defects, such as oxygen vacancies [11] and/or rare 

earth dopants [12, 13]. However, in the practical 

implementation of such control, it is necessary to change 

the technological process of the synthesis of films and 

nanoparticles. 

Modification of the surface state of ferroelectric 

perovskites is possible due to the surface electrochemical 

reaction in perovskites [14, 15]. As a result of 

electrochemical reactions at the surface, the so-called 

“chemical” polarization switching occurs [16–18]. The 

surface-driven electrochemical states can significantly 

improve the polar properties of thin films and 

nanoparticles of perovskite ferroelectrics, such as  

PbTiO3 [14–18], BaTiO3 [19, 20], antiferroelectrics 

PbZrO3 [21], silicon-compatible ferroelectric-anti-

ferroelectric oxides ZrxHf1–xO2 [22, 23], chalcogenides 

Sn2P2S6 [24, 25] and CuInP2S6 [26], and multiferroics 

Bi1–xSmxFeO3 [27, 28]. The main reason for this 

improvement is the surface adsorption (or desorption)  
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of oxygen ions, which leads to appearance of mixed 

“ferro-ionic” states [29–31] in thin films and 

nanoparticles of the polar materials. 

The properties of the rare-earth doped and/or co-

doped BiFeO3 nanoparticles [32, 33], fine-grained 

ceramics [34, 35], and nanocomposites [36] have been 

much less studied theoretically and experimentally 

compared to thin films, despite they can be used in a 

wide range of applications, such as energy storage [37], 

magnetic hyperthermia [38], and composite-based 

semiconductor devices. 

In previous works [27, 28], we used the Ginzburg–

Landau–Devonshire approach to calculate polar and 

dielectric properties of Bi1–xSmxFeO3 nanoparticles and 

construct their phase diagrams depending on the 

nanoparticle average size and samarium content “x”. In 

this work, we perform experimental studies of the 

temperature dependence of the Bi1–xSmxFeO3 

nanopowder dielectric permittivity. Calculations of the 

ferro-ionic coupling influence on the dielectric and polar 

properties are performed in the framework of combined 

Ginzburg–Landau–Devonshire (LGD) [27, 28] and 

Stephenson–Highland (SH) [14, 15] approaches. The 

main trends of experimental observations are explained 

by theoretical modeling, which allows us to establish 

correlations between the temperature behavior of 

dielectric properties, domain structure morphology, and 

phase state of Bi1–xSmxFeO3 nanoparticles. 

2. Materials and methods 

A series of nanopowder samples of Bi1–xSmxFeO3, 

where the Sm content “x” varies from 0 to 0.2 (shortly 

“BSFO”), were synthesized using the solution 

combustion method and then calcined for 5 hours at 

750 °C to minimize the presence of residual water and 

hydroxyl groups. Preparation details are given in Ref. 

[27]. The obtained five samples were named as BFO, 

BSFO-005, BSFO-010, BSFO-015 and BSFO-020, 

respectively, where the numbers indicate the Sm 

content x = 0, 0.05, 0.1, 0.15, 0.2. According to the  

X-ray diffraction (XRD) data [27], the BFO sample 

contains 73% of the long-range ordered rhombohedral 

(R3c) BiFeO3 phase, 16% of the orthorhombic (Pbam) 

Bi2Fe4O9 phase, and 11% of the cubic (I23) Bi25FeO40 

phase. 

The Sm-doping very strongly increases the phase 

purity of the nanopowders. BSFO-005 contains 97% of 

Bi0.95Sm0.05FeO3 in the R3c phase, 2% of Bi2Fe4O9, and 

1% of Bi25FeO40. BSFO-010 contains 99% of 

Bi0.9Sm0.1FeO3 in the R3c phase and 1% of Bi25FeO40. 

BSFO-015 contains 7% and 92% of Bi0.85Sm0.15FeO3 in 

the polar R3c and orthorhombic Pbnm phases, 

respectively, and 1% of Bi25FeO40. The BSFO-020 

sample contains 99% of Bi0.8Sm0.2FeO3 in the Pbnm 

phase and 1% of Bi25FeO40.  

To measure the temperature dependences of the 

samples capacitance, the Bi1−xSmxFeO3 nanopowders 

were pressed in the polytetrafluoroethylene (PTFE) cells 

between two metallic plungers, which serve as electric  
 

contacts (see Fig. 1a). The samples in a cell have a disk 

shape with a 4 mm diameter and 0.2 mm thickness.  

The pressure to keep the samples resistance within 

reasonable limits was close to 2.5 MPa. The higher 

pressure applied to the samples does not result in notice-

able changes in their electrophysical characteristics, and 

the measured values do not change after the pressure is 

removed.  

The PTFE cell with plungers, providing sample 

compression, was placed inside the holder rod, which 

was connected to the RLC meter via a coaxial cable. The 

RLC meter UNI-T UT612 was used to measure the 

capacitance of the cells within the range 100…10
5
 Hz. 

Heating of the samples was performed using the wire-

wound nichrome heater connected to the controlled 

voltage source. 

Typical transmission electron microscopy (TEM) 

images of the Bi1–xSmxFeO3 (0  x  0.2) nanoparticles 

are shown in Figs. 1b–1f. As seen from the images, the 

distribution of nanoparticle sizes is large enough 

(50…500 nm). 

 

 
 

 
Fig. 1. (a) Schematic view of the cell with the sample. (b)–(f) 

Typical TEM images of the Bi1–xSmxFeO3 (0  x  0.2) 
nanoparticles. 

 
 

(a)  

(d) x=0.1 (c) x=0.05 

(e) x=0.15 (f) x=0.2 

(b) x=0 
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3. Experimental results and discussion 

The temperature dependences of the capacitance of the 

studied samples with various Sm content were measured 

at the frequencies 100 Hz and 100 kHz within 20…400 °C. 

Typical results are shown in Fig. 2. The dependences 

have similar behavior for all Sm content “x” and consist 

of two characteristic parts. In the first part, corresponding 

to the temperature range from 20 °C to 250…300 °C, the 

capacitance, and consequently the effective dielectric 

permittivity of the nanopowders, are almost constant,  

 
 

 

 

manifesting only a very small increase in magnitude 

(from 10 to 60 pF) with growing temperature, which 

corresponds to the effective dielectric permittivity of 

several tens. At higher temperatures from 250…300 °C 

to 400 °C, the capacitance of all samples manifests rapid 

and strong growth with growing temperature, with the 

tendency to form a maximum at the highest temperature.  
The dependence of the capacitance maximum 

temperature vs the Sm content is shown in Fig. 3a. As 
seen from Fig. 3a, the dependence is nonmonotonic for 
100 Hz, and increases monotonically for 100 kHz. 
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Fig. 2. Temperature dependences of the capacitance of pressed Bi1–xSmxFeO3 nanopowder tablets, measured at the frequencies 

100 Hz (a) and 100 kHz (b). 
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Fig. 3. (a) Dependence of the capacitance maximum temperature vs the Sm content in the Bi1–xSmxFeO3 nanopowders at 100 Hz 

and 100 kHz. (b) Dependence of the transition temperature between the low and high dielectric permittivity vs the Sm content in  

Bi1–xSmxFeO3 nanopowders at 100 Hz. 
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Fig. 4. The phase state (a), amplitudes of the spontaneous polar (b) and antipolar order (c) parameters as a function of Sm content x 

and temperature T calculated for the spherical Bi1–xSmxFeO3 nanoparticles with the size of 100 nm and effective surface screening 

length  = 1 nm. (d) Temperature changes of the ferroelectric domain structure inside the 100-nm Bi1–xSmxFeO3 nanoparticle at x = 

0.08. (e) Temperature dependences of the Bi1–xSmxFeO3 nanoparticles dielectric susceptibility (in relative units) calculated for 

growing Sm content x = 0 (black curve), 0.05 (red curve), 0.1 (green curve), 0.15 (blue curve) and 0.2 (cyan curves); the screening 

length  = 1 nm, Maxwellian distribution of sizes with the most probable radius R = 50 nm and dispersion 100 nm.  
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Another important characteristic is the temperature 

of switching between the low and high dielectric 

permittivity regions. Fig. 3b shows the dependence of 

temperature at which the strong growth of the dielectric 

permittivity begins on the Sm content. It is also non-

monotonic. At first, it sharply increases with the increase 

in Sm content from 0 to 5%, then it almost linearly 

decreases with Sm content increasing from 5 to 20%. 

4. Theoretical modeling 

As it was shown in Refs. [39, 40], the colossal dielectric 

constant of heterogeneous ferroelectric ceramics [41], 

nanopowders [42] and/or composites is usually caused by 

mesoscopic inhomogeneities in electrical conductivity 

(mainly between grains and grain boundaries), known as 

the effect of internal barrier layer capacitance (IBLC), as 

well as by inhomogeneous layers between electrodes and 

the sample, known as the effect of surface barrier layer 

capacitance (SBLC). The IBLC effect causes a colossal 

dielectric constant at low frequencies if the conductivity 

of the substance between grains is significantly lower 

than the conductivity of the grains. In this case, the 

percolation of components with low conductivity (i.e., 

substances between ceramic grains) occurs and is 

described by the effective medium approach (EMA), 

discussed in Refs. [43, 44], as well as in the works of 

Petzelt et al. [45] and Rychetsky et al. [46]. 

The theoretical model of four cation sublattices, 

proposed in Ref. [47], allows the analytical description of 

cation displacement in the Bi1–xSmxFeO3 compounds, at 

that the Sm content “x” and the temperature T determine 

the stability of the long-range ordered rhombohedral 

ferroelectric (FE), mixed ferrielectric (FEI), antiferro-

electric (AFE), and paraelectric/dielectric nonpolar (NP) 

orthorhombic phases. The free energy functional of the 

Bi1−xSmxFeO3 nanoparticles with ferro-ionic coupling 

was derived using the model of four sublattices, Landau–

Ginsburg–Devonshire and Stephenson–Highland [14, 15] 

approaches in Ref. [27]. 

The phase state of the spherical Bi1–xSmxFeO3 nano-

particles with a size of 100 nm as a function of Sm 

content x and temperature T is shown in Fig. 4a. The 

spontaneous polar and antipolar order parameters as a 

function of the Sm content x and temperature T are 

shown in Figs. 4b and 4c, respectively. The figures are 

calculated for the effective length of the surface 

screening  = 1 nm, which originates from the ferro-ionic 

coupling with an adsorbed layer of ambient charges (e.g., 

oxygen vacancies), and material parameters of Bi1–

xSmxFeO3, listed in Ref. [27], except for the critical 

concentration of the antipolar order that is taken as xa = 

0.35 for better correlation with experimental results.  

As seen from Figs. 4a–4c, the spontaneous polar 

order exists in the FE and FEI phases. The spontaneous 

antipolar order exists in the FEI and AFE phases, and 

gradually disappears approaching the FEI-FE boundary, 

as well as it disappears approaching the AFE-NP 

boundary. The antipolar order reaches maximal values at 

the FEI-AFE boundary. These results are also valid for  

 

the nanoparticles with the average radius R = 50 nm and 

negligibly small dispersion of sizes. 

Typical temperature changes of the ferroelectric 

domain structure inside the 100-nm Bi1–xSmxFeO3 

nanoparticle at x = 0.08 are shown in Fig. 4d. The single-

domain state first transforms into the bi-domain with 

increase in temperature, then to the poly-domain, then 

domain stripes become low-contrast and vanish above 

the FE-NP phase transition temperature. Note that the 

temperature effects of the domain structure morphology 

become also significant near the FEI-AFE boundary [27]. 

Temperature dependences of the Bi1–xSmxFeO3 

nanopowder dielectric susceptibility (in relative units) 

calculated for the growing Sm content x from 0 to 20% 

are shown in Fig. 4e by different curves. The dielectric 

susceptibility demonstrates characteristic features, such 

as a local minimum or maximum corresponding to the  

FE-FEI, FEI-AFE, or FE-NP phase transitions (compare 

different curves in Fig. 4e). The curves are smooth 

because they are averaged over a relatively wide size 

distribution of the nanoparticles (in agreement with the 

TEM analysis). The sharp variation corresponds to the 

second-order phase transition between the FEI and AFE 

phases (or FE-NP phases) in the ensemble of mono-

dispersed nanoparticles. The temperature dependences of 

the Bi1–xSmxFeO3 nanopowder dielectric susceptibility, 

shown in Fig. 4e, correlate with the physical picture, 

shown in Fig. 2; however, there are significant 

differences, which we relate to the contribution of the 

Maxwell–Wagner mechanism, manifested as the IBLC 

and SBLC effects. 

5. Conclusions 

We performed experimental measurements and analysis 

of the temperature dependence of the Bi1–xSmxFeO3 

nanopowders dielectric permittivity. The effective 

dielectric permittivity of the Sm-doped bismuth ferrite 

manifests interesting behavior with two characteristic 

temperature ranges, namely a slow increase from 20 °C 

to 250…300 °C followed by a sharp increase from 300 to 

400 °C with the tendency to form a maximum. The 

magnitude of the dielectric permittivity in these ranges 

and the transition temperature between them depend non-

monotonically on the Sm content.  

Calculations of the ferro-ionic coupling influence 

on the dielectric properties, domain structure 

morphology, and phase states are performed in the 

framework of the Ginzburg–Landau–Devonshire–

Stephenson–Highland approach. Theoretical results 

explain the main trends of experimentally observed 

temperature dependences of the effective dielectric 

permittivity, which allows us to understand the 

correlations between the temperature behavior of 

dielectric properties, domain structure morphology, and 

phase state of Bi1–xSmxFeO3 nanoparticles. 

The chemically controlled dielectric permittivity is 

a key to desirable electrophysical properties, such as the 

magnetoelectric effect and electric conduction, for 

example, based on the Heywang model [48]. Thus, the  
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results of the work can help to create ferroics with im-

proved and/or controllable polar and dielectric properties, 

as well as expand the perspectives of their advanced 

applications in nanoelectronics and energy storage. 
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Кореляції між діелектричними властивостями, морфологією доменної структури та фазовим станом 

наночастинок Bi1–xSmxFeO3 

 

О.С. Пилипчук, В.О. Колупаєв, В.В. Вайнберг, В.Н. Порошин, І.В. Фесич, Л.Д. Демченко, Е.А. Єлісєєв та 

А.Н. Морозовська 

 

Анотація. Нанорозмірні мультифероїки є базовими модельними об’єктами для вивчення полярних, магнітних 

та магнітоелектричних властивостей і взаємних зв’язків. Ферит вісмут-самарію (Bi1–xSmxFeO3) є модельним 

ортоферитом, полярні, магнітні та магнітоелектричні властивості якого були досліджені для об’ємних та 

тонкоплівкових зразків. Властивості наночастинок Bi1–xSmxFeO3 були досліджені набагато менше, незважаючи 

на те, що наночастинки можуть бути використані в широкому спектрі застосувань, таких як накопичення 

енергії, магнітна гіпертермія та передова наноелектроніка. У цій роботі ми провели експериментальні 

вимірювання та аналіз температурної залежності діелектричних властивостей нанопорошків Bi1–xSmxFeO3. 

Розрахунки впливу фероіонного зв’язку на діелектричні властивості, морфологію доменної структури та фазові 

стани виконані в рамках підходу Гінзбурга–Ландау–Девоншира–Стефенсона–Хайленда. Теоретичні результати 

пояснюють основні тенденції експериментально спостережуваних температурних залежностей ефективної 

діелектричної проникності, що дозволяє зрозуміти кореляції між температурною поведінкою діелектричних 

властивостей, морфологією доменної структури та фазовим станом наночастинок Bi1–xSmxFeO3. 

 

Ключові слова: мультифероїки, фероіонний зв’язок, діелектричні властивості, морфологія доменної структури, 

фазовий стан. 
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