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Abstract. Nanoscale multiferroics are basic model objects for studying polar, magnetic,
and magnetoelectric properties and mutual couplings. Bismuth-samarium ferrite
(Bi;_Sm,FeO;) is a model orthoferrite, whose polar, magnetic and magnetoelectric
properties have been studied for the bulk and thin film samples. The properties of
Bi;_,SmFeO; 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 Bi;_SmiFeO; 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 Bi;_,Sm,FeO; nanoparticles.
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1. Introduction Modification of the surface state of ferroelectric
perovskites is possible due to the surface electrochemical
Nanoscale multiferroics, especially solid solutions of  reaction in perovskites [14, 15]. As a result of

bismuth ferrite, both oxygen-deficient and doped with  electrochemical reactions at the surface, the so-called

rare-earth ions of Sm, La, Pr, Eu [1-3], raise constant and “chemical” polarization switching occurs [16—18]. The
significant scientific interest due to their interesting surface-driven electrochemical states can significantly
polar, magnetic and especially magnetoelectric properties improve the polar properties of thin films and
[4, 5], which can be controlled by the size effects [6-8], nanoparticles of perovskite ferroelectrics, such as

deformation engineering [9, 10], as well as by the level PbTiO; [14-18], BaTiO; [19, 20], antiferroelectrics
of defects, such as oxygen vacancies [11] and/or rare PbZrO; [21], silicon-compatible ferroelectric-anti-
earth dopants [12, 13]. However, in the practical ferroelectric oxides Zr,Hf; (O, [22, 23], chalcogenides

implementation of such control, it is necessary to change Sn,P,Se [24, 25] and CulnP,S¢ [26], and multiferroics
the technological process of the synthesis of films and Bi;_SmyFeO; [27, 28]. The main reason for this
nanoparticles. 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 BiFeO; 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 Bi; (Sm,FeO; 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 Bi_Sm.FeO;
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 Bi;_,Sm,FeOs nanoparticles.

2. Materials and methods

A series of nanopowder samples of Bi;_,Sm,FeO;,
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¢) BiFeO; phase, 16% of the orthorhombic (Pham)
Bi,Fe,O9 phase, and 11% of the cubic (123) BiysFeOyq
phase.

The Sm-doping very strongly increases the phase
purity of the nanopowders. BSFO-005 contains 97% of
BigosSmg ¢sFeOs in the R3¢ phase, 2% of Bi,Fe Oy, and
1% of BiyFeOy4. BSFO-010 contains 99% of
BigoSmy;FeOs in the R3c phase and 1% of BiysFeOy,.
BSFO-015 contains 7% and 92% of BiygsSmg sFeOs in
the polar R3¢ and orthorhombic Pbnm phases,
respectively, and 1% of BipsFeOy. The BSFO-020
sample contains 99% of BijgSmy,FeO; in the Pbnm
phase and 1% of BiysFeQy.

To measure the temperature dependences of the
samples capacitance, the Bi;_,SmFeO; 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° 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 Bi;_,SmFeO; (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 Bi_ SmFeO; (0<x<0.2)
nanoparticles.
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Fig. 2. Temperature dependences of the capacitance of pressed Bi,_Sm,FeO; 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 Bi,_ Sm,FeO; 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

Bi;_Sm,FeO; nanopowders at 100 Hz.

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. 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 Bi;_,Sm,FeO; nanoparticles with the size of 100 nm and effective surface screening
length A = 1 nm. (d) Temperature changes of the ferroelectric domain structure inside the 100-nm Bi;_,Sm,FeO; nanoparticle at x =
0.08. (e) Temperature dependences of the Bi;_,Sm,FeO; 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 A = 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 Bi;_,Sm,FeO; compounds, at
that the Sm content “x” and the temperature 7" 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
Bi;Sm,FeO; 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 Bi;_,Sm,FeO; nano-
particles with a size of 100 nm as a function of Sm
content x and temperature 7" is shown in Fig. 4a. The
spontaneous polar and antipolar order parameters as a
function of the Sm content x and temperature 7' are
shown in Figs. 4b and 4c, respectively. The figures are
calculated for the effective length of the surface
screening A = 1 nm, which originates from the ferro-ionic
coupling with an adsorbed layer of ambient charges (e.g.,
oxygen vacancies), and material parameters of Bi;_
SmFeO;, listed in Ref. [27], except for the critical
concentration of the antipolar order that is taken as x, =
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 Bi_,Sm,FeO;
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 Bi;_SmFeO;
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. 4¢). 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 Bi;_Sm,FeO; 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 Bi;_SmFeO,
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 Bi;_,Sm,FeO; 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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Kopeasimii Misk aieJleKTpUYHMMH BJIACTHBOCTSIMH, MOP(OJIOTi€l0 AOMEHHOI CTPYKTYpPH Ta ()a30BHM CTaHOM
HaHovacTuHOK Bi,_,Sm FeO;

0.C. IInnunuyk, B.O. Koaynaes, B.B. BaiinoOepr, B.H. ITopommmn, I.B. ®ecuy, JI.JI. lemuenko, E.A. €iaiceeB Ta
A.H. Mopo3oBcbka

AHoTauis. Hanopo3mipai MmynsTadepoikn € 6a30BUMH MOAEIHHUMHU 00 €KTaMH Ui BUBYCHHS MOJSIPHUX, MarHITHUX
Ta MarHiTOSJIEKTPUYHHUX BJIACTUBOCTEH 1 B3aeMHMX 3B’s3KiB. Pepur Bicmyr-camapito (Bi; ,Sm,FeO;) € MonensHuM
opTrodepuTOM, MOJIAPHI, MArHiTHI Ta MAarHiTOCJIEKTPUYHI BJIACTHBOCTI SIKOTO OyaM MOCHIMKEHI a1 00’€MHHX Ta
TOHKOILTIBKOBHX 3pa3kiB. BiactuBocti HaHOYacTHHOK Bi; SmFeO; Oynm mocmimkeHi Habarato MeHIIe, He3BaXKarouu
Ha Te, 10 HAHOYAaCTUHKH MOXYTh OyTH BHUKOPHCTaHI B IIUPOKOMY CIIEKTpPi 3aCTOCYBaHb, TAKHX SK HAKOIHMYEHHS
eHeprii, Mar”iTHa TimepTepMis Ta MepeAoBa HAHOEJCKTPOHIKA. Y Wil po0OTI MU MpPOBENH eKCIIepUMEHTAIbHI
BUMIPIOBaHHS Ta aHalli3 TEMIIEpaTypHOi 3aJIe)KHOCTI JiCIEKTPUYHHUX BIACTUBOCTEH HaHomopowkiB Bij ,SmFeO;.
Po3paxynku BIDIMBY (epOiOHHOTO 3B’SI3KYy Ha JiCIEKTPUYHI BIACTHBOCTI, MOP(OJIOTiI0 JOMEHHOI CTPYKTYpH Ta (hazoBi
CTaHU BHKOHaHI B paMmkax migxony ['in30ypra—Jlannay—/leBonnmpa—Credencona—Xainenna. Teopetnuni pe3ynbTaTi
MOSICHIOIOTh OCHOBHI TEHJEHIII EeKCIEPUMEHTAIbHO CHOCTEPEKYBAHUX TEMIIEPATYPHUX 3alieKHOCTEH edeKTHBHOT
JIeNIeKTPUYHOT MPOHUKHOCTI, IO J03BOJISIE 3PO3YMITH KOPENIil MDK TEMIIEpaTypHOIO ITOBEIIHKOIO MICTIEKTPHUHHUX
BJIACTHBOCTEH, MOP(]OJIOTiEI0 JOMEHHOI CTPYKTYPH Ta (ha30BUM CTaHOM HaHodacTHHOK Bij ,Sm,FeO;.

KaiouoBi ciioBa: mynbTudepoiku, pepoioHHHIA 3B’ 530K, AICNEKTPHUYHI BIACTHBOCTI, MOP(]OJIOTis JOMEHHOT CTPYKTYpH,
(a3oBMii CTaH.
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