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Graphical Abstract 

 

Highlights 

 crystal structure has been determined depending on dopant concentration and temperature. 

 correlation between the structural state and piezoelectric behavior has been clarified. 

 increased piezoresponse of the compounds with dominant rhombohedral phase has been 

argued. 

Abstract 
The evolution of crystal structure and piezoelectric properties of the Bi1-xSmxFeO3 ceramics with 

compositions corresponding to the phase boundary region between the polar rhombohedral and anti-polar 

orthorhombic phases have been studied. The materials have been investigated using X-ray diffraction, 
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transmission electron microscopy and piezoresponse force microscopy techniques. The diffraction 

measurements have allowed studying the crystal structure transformations depending on the dopant 

concentration and temperature. Similar to the compounds with x > 0.18, the lightly-doped samples have 

been found to adopt the non-polar orthorhombic structure at elevated temperatures. The research has 

clarified the correlation between the structural state and piezoelectric behavior. Substantial increase in 

piezoresponse observed for the phase-separated compounds having a dominant fraction of the 

rhombohedral phase has been discussed assuming significant extrinsic contribution associated with a 

metastable structural state changing under external electric field. 

Keywords: multiferroics; X-ray diffraction; piezoresponse; electron microscopy; phase transition 
Introduction 

Complex transition metal oxides attract scientific interest during the last decades due to 

the multiple phase transitions and related changes in the physical properties [1-7]. The most 

pronounced enhancement of the physical parameters has been observed for the BiFeO3-based 

compounds within the morphotropic phase boundaries [8-10] where their crystal structure is 

notably sensitive to external stimuli such as temperature, electric and magnetic field, mechanical 

stress, radiation etc. The results of structural studies performed for these compounds assume that 

the related structural state is associated with a coexistence of the adjacent phases with a typical 

size reduced down to nanometer level or denotes a formation of novel intermediate phases with 

crystal symmetry lower than those attributed to the adjacent microscopic phases [11-15]. 

One of the methods to form metastable structural state in the BiFeO3-based compounds 

is a chemical doping at A- and/or B- positions of perovskite lattice of the parent BiFeO3. It is known 

that chemical substitution of bismuth ions by rare-earth elements with relatively large ionic radii 

(La - Sm) drives structural transition from the rhombohedral (R) phase to the anti-polar 

orthorhombic (O2) phase and then to the non-polar orthorhombic (O1) phase via the two-phase 

regions [16-21]. The compounds at the phase boundary R - O2 are of particular interest since their 

specific structural state is associated with enhanced physical properties promising for device 

applications.  

BiFeO3-based compounds doped with lanthanum and praseodymium ions are 

characterized by the widest compositional range of the coexistent rhombohedral and anti-polar 

orthorhombic phases (∆x~0.05), possess the broadest concentration ranges for the single phase 

rhombohedral and orthorhombic state, and have the most pronounced physical properties among 

the rare-earth-doped solid solutions [19, 22-25]. Chemical doping with rare-earth ions having the 

smaller ionic radii leads to a shortening of the compositional ranges attributed to the phase 

coexistence and single phase states. Moreover, the compounds doped with the ions having the radii 

smaller than that of Sm3+ exhibit the concentration-driven transition directly to the non-polar 

orthorhombic phase without the formation of the anti-polar orthorhombic phase [26].  

Samarium doped compounds attract particular attention due to the narrow concentration 

range attributed to the phase coexistence state and single phase orthorhombic state at room 

temperature [15, 27, 28]. Nanoscale clusters of the adjacent anti-polar orthorhombic phase 

unavoidably presented in the dominant rhombohedral phase near the related phase boundary act 

as defects which modify physical properties of the compounds and result in a reduction of 

structural stability of the compounds. Reduced stability of this structural state under external 

stimuli such as electric and magnetic field paves the way for the developing and production of the 

new effective functional materials with tunable physical parameters. In particular, BiFeO3-based 

compounds with compositions near the MPB demonstrate significant change in electrical resistance, 

polarization and remnant magnetization under an external electric or magnetic field, which makes 

ACCEPTED M
ANUSCRIP

T



3 
 

these materials promising for production of memristors [29], magnetoelectric sensors [30, 31], 

elements of non-volatile memory and spin field-effect transistors [32]. There are several concepts 

used to justify enhanced piezoelectric response observed for these materials near the MPB. Field-

induced transition from the anti(non)-polar orthorhombic phase into the polar active rhombohedral 

phase has been considered by D. Kan and co-workers [16] as the origin of the enhanced piezoelectric 

response. Another concept considers significant contribution of extrinsic component of the 

piezoresponse due to domain wall-related effects [33, 34]. The next mechanism used to explain the 

enhancement of the properties is associated with easy paths for polarization rotation observed for 

the compounds at the morphotropic boundary separating two phases with different orientations of 

polarization [8, 35]. Proximity of the unit cell parameters attributed to the different structural 

phases in the vicinity of the phase boundary regions hampers determination of the crystal 

structure of the related compounds which impedes the understanding of the correlation between 

the structural state and physical properties. The present study is focused on the temperature 

evolution of the crystal structure of samarium doped compounds having the two-phase structural 

state at room temperature. The obtained results have allowed to determine temperature stability 

ranges of the structural phases at the phase boundary region as well as to clarify the relationship 

between the structural state and electromechanical properties of the BiFeO3-based multiferroics. 

The electric filed-induced structural transition observed in the Bi1-xSmxFeO3 samples at the 

rhombohedral-orthorhombic phase boundary is considered. 

Experimental 

The Bi1-xSmxFeO3 (0 ≤ x ≤ 0.25) ceramic samples were prepared via a two-stage solid phase 

synthesis. The initial high purity oxides (Bi2O3, Sm2O3, Fe2O3, Alfa Aesar, purity >99.9%) were taken 

in the stoichiometric ratio and thoroughly mixed for 30 min in a planetary mill RETSCH PM-100 

using high purity isopropyl alcohol as a medium. The samples have been firstly annealed at 800 °C 

for 3h and then processed at the final synthesis temperature (870°C for x=0, 930 °C for x=0.1, 935 °C 

for x=0.11, 940 °C for x=0.12, 945 °C for x=0.13, 950 °C for x=0.14, 955 °C for x=0.15, 1030 °C for 

x=0.2 and 1060 °C for x=0.25) for about 12 h. After the synthesis the samples were quenched down 

to room temperature. X-ray diffraction measurements were made on a Rigaku D/MAX-B 

diffractometer with Cu Kα radiation. The XRD data were analyzed by the Rietveld method using 

the FullProf software [36]. Electromechanical properties of the compounds were investigated with 

piezoresponse force microscopy (PFM) using a NTEGRA Prima (NT-MDT) commercial setup by 

applying ac voltage with an amplitude of 5 V and a frequency of 100 kHz. The PFM loops were 

measured in pulse mode [37]. High-resolution transmission electron microscopy (HRTEM) 

measurements have been performed using a FEI aberration-corrected Titan 80–300 microscope 

operating at 300 kV and equipped with an EDX detector. 

Results and discussion 

Evolution of the crystal structure as a function of the dopant content and temperature. 

The X-ray diffraction measurements performed for the solid solutions Bi1-xSmxFeO3 have 

testified single-phase state with rhombohedral crystal structure (space group R3c) for the 

compounds with x ≤ 0.1, the obtained data being in accordance with the previously published 

results [38, 39]. The unit cell parameters gradually decrease with increasing the dopant 

concentration; angle alfaR which specifies rhombohedral distortion increases with Sm content and 

thus denotes a reduction of the structural distortion. At the same time, there is a decrease in the 
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off-center displacements of the Bi(Sm) and Fe ions which determine polar character of the 

rhombohedral structure. Refinement of the room temperature diffraction patterns obtained for 

the compounds within the concentration range 0.1 < x < 0.15 has allowed to determine the phase 

ratio at the phase coexistence region. The XRD data obtained for the compound with x=0.11 have 

testified a small amount (~10%) of the orthorhombic phase presented along with the dominant 

polar rhombohedral phase (Fig. 1). The orthorhombic phase has been successfully refined using 

space group Pbam with √2ap*2√2ap*2ap metric (where ap is the fundamental perovskite lattice 

parameter) denoting anti-polar alignment of dipole moments. Further chemical doping with Sm 

ions leads to an increase in the fraction of the anti-polar orthorhombic phase and the compound 

with x = 0.15 has been considered as single-phase compound with anti-polar orthorhombic 

structure (Fig. 2). The solid solutions with the dopant concentrations x > 0.18 have been 

characterized by non-polar orthorhombic crystal structure described by space group Pbnm 

(√2ap*√2ap*2ap metric) which is specific for orthoferrites. Narrow concentration ranges for the 

two-phase coexistence regions (∆x ~ 0.04 for R+O2 phases and ∆x ~ 0.03 for O2+O1) imply a high 

chemical homogeneity of the compounds. Temperature evolution of the crystal structure of the 

compounds having the two-phase structural state at room temperature testifies intrinsic 

character of the denoted phase segregation as described below. Extremely narrow (about 1%) 

concentration range for the single phase state with the anti-polar orthorhombic structure stable 

at room temperature strongly confirms the mentioned statement. 

 

Fig. 1. The XRD pattern of Bi0.89Sm0.11FeO3 recorded at room temperature. Bragg positions attributed to the 
rhombohedral (upper row) and the orthorhombic phases are marked by vertical ticks. The inset shows evolution of 
the structural peaks attributed to R, O2- and O1- structural phases for compound x=0.11 at different temperatures. 

One can consider the anti-polar orthorhombic phase to be the intermediate phase across 

the concentration driven transition from the polar rhombohedral phase to the non-polar 

orthorhombic phase observed in the solid solutions Bi1-xRExFeO3 (RE – rare-earth ions La - Sm). It 

should be noted that the structural data available for the compounds Bi1-xRExFeO3 doped with the 

rare-earth elements having the smaller ionic radii suggest the absence of the anti-polar 

orthorhombic phase at room temperature [18, 26]. The latter fact is explained by the close values 

of the ground state energies estimated for the anti-polar and non-polar orthorhombic phases [16, 
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40]. It is suggested that the crystal structure of the compounds Bi1-xRExFeO3 subjected to high 

temperature transforms directly to the non-polar orthorhombic phase regardless the rare-earth 

dopant, the transition being accompanied by a drastic (1-2%) decrease in the unit cell volume [12, 

20, 41].  

Close inspection of the XRD patterns recorded for the phase transition region at elevated 

temperatures reveals the uncommon features attributed to specific rare-earth elements. The 

presence of the anti-polar orthorhombic phase over the broad temperature range has been 

observed for the praseodymium-doped compounds having two-phase structure at room 

temperature [42]. Such structural stability can be explained in terms of a high hybridization of the 

chemical bonds formed by praseodymium ions which changes the ground state energies of the 

related phases [42, 43]. Analysis of the temperature evolution of the crystal structure of the Bi1-

xSmxFeO3 (0.1<x<0.15) compounds representing the rhombohedral-orthorhombic phase 

boundary region provide additional information about structural stability of the R- and O2 phases.  

 
Fig. 2. The XRD pattern of the compound Bi0.85Sm0.15FeO3 recorded at room temperature. Bragg positions denote the 
single phase orthorhombic phase. The inset shows evolution of the structural peaks attributed to R, and O2- structural 
phases for compounds x=0.11-0.14 at different temperatures. 

The structural data obtained for the compound with x=0.11 demonstrate a gradual 

increase in the unit cell parameters of the dominant rhombohedral phase with temperature 

increasing. The minor anti-polar orthorhombic phase observed at room temperature completely 

disappears at temperatures above 200°C (Fig.1, inset). In the temperature range 200°C - 275°C the 

crystal structure of the compound is single phase rhombohedral one (Fig.1, inset), while at 

temperatures of around 300°C the new diffraction peaks characteristic of the non-polar 

orthorhombic phase appear. At temperature ~400°C the compound becomes single phase with 

the non-polar orthorhombic structure, the structural transition into the non-polar orthorhombic 

phase being accompanied by a large decrease in the unit cell volume (~2%). It should be noted 

that the temperature evolution of the crystal structure observed for this compound, viz. a 

stabilization of the rhombohedral phase at elevated temperatures and the modification of the unit 

cell parameters are similar to those estimated for the certain compounds of the systems Bi1-

xLaxFeO3 and Bi1-xPrxFeO3 having nearly equal ratio of the phases and similar structural parameters 

at room temperature. Analysis of the temperature evolution of the crystal structure performed for 
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the compounds x=0.12 and 0.13 have testified a decrease in the temperature of the structural 

transition into the non-polar orthorhombic state. The structural data obtained for the compound 

x=0.13 have revealed a coexistence of the rhombohedral and the non-polar orthorhombic phases 

in the temperature range 250°C -350°C. Above 350°C, the crystal structure of the compound is 

considered to be single phase with the orthorhombic Pbnm structure.  

It should be noted that the analysis of the structural data performed for the compounds at 

the morphotropic phase boundary at room temperature did not reveal the formation of any 

intermediate structural phase across the temperature driven structural transition from the polar 

rhombohedral phase into the non-polar orthorhombic one. The anti-polar orthorhombic phase 

observed for the compound with x=0.11 at room temperature disappears at moderate 

temperatures confirming its metastable character under external stimuli. 

In order to specify the temperature evolution of the structural state of the compounds at 

the morphotropic phase boundary, the HR-TEM measurements have been performed for the 

x=0.11 sample in the temperature range from 20 to 600°C. The HRTEM investigations have been 

carried out for a single crystalline composing of the rhombohedral and the orthorhombic phases 

at room temperature (Fig. 3). 

 

Fig. 3. HRTEM image of the compound with x=0.11 at room temperature denoting a coexistence of both the 
rhombohedral and orthorhombic phases; the figures on the right side show FFT images calculated for both 
structural phases in the temperature range 20 - 500°C. 

The FFT (Fast Fourier Transforms) pictures calculated for different regions of the HR-TEM image 

have allowed to estimate a modification of both structural phases occurred upon the temperature 

increase. The FFT pattern obtained for the upper part of the HRTEM image can be ascribed to the 

rhombohedral phase (R3c space group) and (001) zone axis orientation. The FFT pattern specific 

to the rhombohedral phase remains stable up to temperatures ~450°C. At the higher 

temperatures, the FFT pattern of this area is attributed to the non-polar orthorhombic phase 

described by space group Pbnm with (010) zone axis orientation. Analysis of the FFT patterns 

obtained for other parts of the HR-TEM image can be attributed to the orthorhombic phase. Based 

on the structural data obtained by XRD method one can assume the presence of the anti-polar 

orthorhombic phase even though we could not detect spots specific for the anti-polar 

displacement of the Bi(Sm) ions due to a particular position of the crystalline. The FFT pattern 

attributed to the orthorhombic phase has not been significantly changed in the measured 

temperature range (Fig. 3), while some spots become more pronounced, probably due to reduced 

overlapping of the crystalline layers having different orientations. The results of the HR-TEM 
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measurements have confirmed the structural stability of the rhombohedral phase in the wide 

temperature range. 

Piezoelectric properties 

Analysis of the phase transitions based on the XRD data has allowed to estimate the regions 

of the structural stability of the phases depending on chemical composition and temperature. The 

results of XRD and TEM measurements did not reveal the presence of any intermediate phase 

across the temperature-driven phase transitions. The piezoresponse measurements performed for 

the compounds at the rhombohedral-orthorhombic phase boundary have allowed to examine the 

piezoresponse as a function of the dopant concentration as well as to estimate structural stability 

of the phases under electric field.  

 

Fig. 4. a) – AFM topography image obtained for the compound x=0.11 in contact mode; b) PFM image (out-of-plane 

component); c) piezoresponse image after PFM loops measurements made in several spots at one grain (highlighted 

by circle); d) PFM loops obtained for the compound  x=0.11 in different areas and PFM loop measured for the parent 

compound BiFeO3. 

The PFM measurements of the mechanically polished samples with the dopant 

concentrations x=0.11 - 0.14 have been performed at room temperature. Analysis of the 

topography testifies the formation of dense ceramics with grains size of about 1 m (Fig. 4, a). The 

PFM measurements have allowed to visualize the ferroelectric domain structure and to 

characterize the particular grains by analyzing the registered piezoresponse and taking into 

account the XRD data. The presented study is mainly focused on the x=0.11, which is characterized 

by the coexistence of the dominant polar-active rhombohedral phase and a minor amount of the 

anti-polar orthorhombic phase, and testifies an ambiguous character of the PFM data. The PFM 

measurements performed for the compounds with x > 0.11 show a drastic decrease in the 

piezoresponse signal and confirm the XRD data suggesting the non-polar character of the 

orthorhombic phases. Taking into account the PFM data, one can confirm that the x=0.11 sample 

is mainly composed of the polar rhombohedral phase, which is in accordance with the XRD 

measurements.  

The PFM image (Fig. 4, b) shows that the majority of the grains contain several ferroelectric 

domains with different size and shape. Some of the grains show neutral contrast for both lateral 
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and vertical piezoresponse components. Since piezoresponse hysteresis loops have been obtained 

for different grains of the doped and parent BiFeO3 compounds, the effect of grain orientation is 

negligible. The piezoelectric loops have been measured using the same experimental parameters 

(cantilever stiffness, driving voltage, instrumental parameters of a lock-in amplifier), the presented 

results have been averaged, so the PFM responses recorded at different areas of the sample can 

be directly compared, even though the signal is represented using arbitrary units. Piezoresponse 

hysteresis loops obtained under the application of 30 V attest a switchable character of the electric 

polarization (Fig. 4, d). In order to estimate phase stability of the doped compound we have 

measured PFM hysteresis loops at the grains having initially different piezoelectric contrast. The 

piezoresponse obtained for the doped compound is strongly dependent on the measured area. In 

the area, having a distinct domain structure, the amplitude of the piezoelectric loops is nearly 

three times higher than that observed for the parent BiFeO3. It should be noted that the XRD data 

testify a decrease in the rhombohedral distortion and, accordingly, in the off-center displacement 

of the Bi(Sm) ions with increasing x, thus one could expect the opposite behavior of the 

piezoresponse. Similar evolution of the piezoelectric signal has been observed for the La-doped 

BiFeO3 compounds with compositions near the rhombohedral-orthorhombic phase boundary 

[22]. The drastic increase in the PFM signal observed for the compounds of both mentioned 

systems is most probably caused by significant extrinsic component of the peizoelectric response 

assosiated with high mobility of the domain walls due to a number of structural defects (e.g. 

vacancies, local fluctuations of the chemical composition etc.). 

The results of the PFM measurements done in the neutral areas (Fig. 4), as attested by both 

in-plane and out-of-plane components of the piezoresponse, point at the transformation of the 

anti-polar orthorhombic structure under external electric field. The PFM loops measured in neutral 

areas testify significantly lower piezoresponse as compared to that measured for the areas 

showing distinct domain structure, while the amplitude of the piezoresponse is still notably larger 

than that estimated for the parent compound BiFeO3 (Fig. 4, d). The areas with initially neutral 

contrast have been modified by external electric field and the regions with distinct piezoresponse 

have been induced (Fig. 4, b, c). The evolution of the piezoresponse observed for the compound 

before and after PFM loops measurements can be ascribed to partial transition of the anti-polar 

orthorhombic phase into the polar active rhombohedral one under applied electric field. It should 

be noted that no backward transition has been observed during several days after the PFM 

measurements. The model of the structural transition from the anti-polar orthorhombic phase to 

the polar rhombohedral phase induced by external electric field has been theoretically predicted 

in [40] and is considered for BiFeO3-based films and similar ceramics assuming the experimental 

data [16, 28]. One can also ascribe the appearance of the polar active area to the polarization of 

the clusters of the rhombohedral phase having nanoscale size and randomly distributed among 

the anti-polar orthorhombic phase, although this scenario is less probable, assuming the observed 

images of distinct piezoelectric contrast stable without external electric field. 

Conclusions 

The crystal structure and piezoelectric properties of the Bi1–xSmxFeO3 ceramics have been 

investigated across the concentration- and temperature-driven transition from the rhombohedral 

into the orthorhombic phase. The XRD and TEM data obtained for the compounds at the 

morphotropic phase boundary attest the temperature-driven transition into the non-polar 

orthorhombic phase occurring without any intermediate phase. The obtained results have 
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confirmed the higher temperature stability of the rhombohedral phase as compared to the anti-

polar orthorhombic phase. The PFM measurements have revealed an increased piezoresponse for 

the compounds having dominant rhombohedral phase as compared to the parent BiFeO3. The 

enhanced electromechanical properties observed for the compounds at the morphotropic phase 

boundary are most probably associated with significant extrinsic component of the peizoresponse 

due to the increased mobility of the domain walls which is specific to the compounds with 

metastable structural state. The dramatic increase in the piezoelectric signal registered for the 

grains having no piezoresponse in the initial state can be associated with the electric filed-driven 

transition of the anti-polar orthorhombic phase into the polar rhombohedral phase. 
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