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Results of broadband dielectric investigations of samarium doped bismuth ferrite ceramics are
presented in wide temperature range (20 800 K). At temperatures higher than 400 K, the dielectric
properties of samarium bismuth ferrite ceramics are governed by Maxwell-Wagner relaxation and
electrical conductivity. The DC conductivity increases and activation energy decreases with samar-
ium concentration. In samarium doped bismuth ferrite, the ferroelectric phase transition tempera-
ture decreases with samarium concentration and finally no ferroelectric order is observed at
x=0.2. At lower temperatures, the dielectric properties of ferroelectric samarium doped bismuth
ferrite are governed by ferroelectric domains dynamics. Ceramics with x =0.2 exhibit the relaxor-
like behaviour. © 2015 AIP Publishing LLC. [http://dx.doi.org/10.1063/1.4905344]

Multiferroic materials are currently of great interest
because of its potential applications in the field of spintronics
and novel multi-state memories." Bismuth ferrite, BiFeOs
(BFO), is one of few materials exhibiting ferroelectric (FE) and
antiferromagnetic (AFM) ordering above room temperature.’
Moreover, BFO perhaps is the unique material with very
high temperatures of ferroelectric-paraelectric (Tc= 1100K)
and antiferromagnetic-paramagnetic (Ty~ 643 K) transitions.
However, the BFO drawbacks are high leakage current and
dielectric losses.’ Moreover, BFO could not be used for device
applications due to its weak ferromagnetism.* In order to
improve BFO multiferroic performance, the part of Bi ions was
successfully substituted by rare earth element (Sm, Dy, La,
and Gd).” For example, it was observed an increase of sponta-
neous magnetization and magnetoelectric coupling in samarium
modified bismuth ferrite (i.e., Bi; Sm,FeO;).%’

Single-phase bulk BiFeO; exhibits a rhombohedral struc-
ture with space group R3c, where all ions are displaced along
the (111), direction of the ideal perovskite lattice and the oxy-
gen octahedra surrounding the transition-metal cations are
rotated alternately clockwise and counterclockwise about this
(111),. direction.® The dielectric properties of pure BFO are
caused by phonon mode softening and at higher temperatures
by Maxwell-Wagner relaxation.” In contrast, the XRD pattern
obtained for the x =0.1 of in Bi; ,Sm,FeO; system was suc-
cessfully indexed in rthombohedral system, for x =0.2 com-
pounds an orthorhombic symmetry was detected, while
compound x = 0.15 demonstrates a more complex behaviour.”
For BFO doped with various elements (La, Nd, Sm, and Gd),
generally, the ferroelectric phase transition temperature
decreases with addition concentration'® and at higher substitu-
tions concentration ferroelectric order vanishes, for example,
in samarium substituted BFO polar to non-polar transition is
observed at x=0.2. Moreover, the antiferroelectric phase
transition is usually observed at intermediate substitution con-
centrations in doped BFO.!*!! However, in doped materials,
the ferroelectric phase transition smearing scenario can be
various and relaxor or dipolar glass phase can be appear, for
such investigations broadband dielectric spectroscopy is very
useful.'?
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The aim of the performed study is to investigate broad-
band dielectric properties of samarium bismuth ferrite,
Bi; ,Sm,FeO; (x=0.1, 0.15, and 0.2), ceramics in wide
temperature range (20 800 K).

The Bi; Sm,FeO; (x=0.1, 0.15, and 0.2) ceramics
were grown by a two-stage solid-state reaction method using
the oxides Bi,O3, Sm,03, and Fe,O; and synthesis at high
temperature.” Measurements of the complex permittivity
e*=¢ —i¢” were performed in wide 20K 800K tempera-
ture range at 20Hz 42GHz frequencies. A LCR-meter
HP4284 was used to measure capacitance and loss tangent of
samples in 20 Hz 1 MHz frequency range and model of flat
dielectric capacitor was used to obtain a complex dielectric
permittivity. Measurements of complex transmission and
reflection coefficients were performed using Agilent 8714ET
network analyzer in 1 MHz 3 GHz frequency range. In this
case, a multimode capacitor model was used to obtain com-
plex dielectric permittivity. Measurements in 10 46 GHz fre-
quency range were performed using scalar network analyser
R2400 produced by “Elmika” company by placing the thin
dielectric rod in the centre of a waveguide and monitoring
the reflectivity and transmission coefficients. All measure-
ments were performed in cooling cycle with temperature
change rate of about 1 K/min. Cylindrically shaped samples
where used for measurements. Dimensions of the samples
were with different radius: in 20 Hz 1 MHz frequency range,
the radius of samples was about 3mm, in 1 MHz 3 GHz fre-
quency range it was about 0.5 mm, while in 10 46 GHz fre-
quency range it was only about 0.1 mm. Silver paste was used
for contacts.

Results of the dielectric measurements are presented in
Fig. 1. At lower frequencies and higher temperatures (above
400 K), the increase in both real and imaginary parts of com-
plex dielectric permittivity with temperature is caused by
electrical conductivity effects. At temperatures higher than
400K, dielectric anomalies are caused by Maxwell-Wagner
polarization.’ For ceramics with x =0.15, a frequency inde-
pendent dielectric anomaly is observed close to T=356K.
The anomaly is related with the antiferroelectric phase tran-
sition, similarly as in other BFO related materials.'®'" At
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FIG. 1. Temperature dependence of the real real (¢') and imaginary (¢”) parts of complex dielectric permittivity of Bi; Sm,FeOs ceramics at different fre
quencies. The inset shows temperature dependence the maximum of imaginary part versus frequency.

low temperatures (below 200K), the maximum position of
imaginary part of complex dielectric permittivity is fre-
quency dependent (inset in Fig. 1). For ceramics with x =0.1
and 0.15, the dependence fits the Arrhenius law v=v_
exp(—Uyp/T). The parameters of Arrhenius law fit are
vo=5.8 x 10'° Hz, Uyr=1335K for x=0.1 and vo=28.0
x 10" Hz, Uyr=1618K for x=0.15. The dependence fits
the Vogel-Fulcher law v =v_exp(—Uyg/[T — T¢]). Obtained
parameters are Ty=57.8K, ri=9.9 x 10'*Hz, and Uyr
=1271K for x=0.2. For compounds x=0.1 and x=0.15
where ferroelectric order is not vanish,7 the dielectric disper-
sion at very low temperatures should be caused by ferroelec-
tric domains dynamics. However, at x =0.2, no ferroelectric
order was detected by piezoelectric force microscopy’ and
ferroelectric domains dynamics cannot be the origin of
dielectric dispersion. Thus, the dielectric dispersion in this
material should be investigated more in detail.

The frequency dependencies of the real and imaginary
parts of complex dielectric permittivity of Bi; Sm,FeO;
ceramics (x =0.1 and x =0.2) at lower temperatures (below
260 K) are presented in Fig. 2. For all ceramics under study,
the main dielectric dispersion occurs between several hun-
dred megahertz and several hundred gigahertz. The dielectric
dispersion for x =0.1 and x =0.15 was fitted with the modi-
fied Debye formula
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where ¢, the dielectric permittivity when & — oo, Ae

the dielectric strength, t the mean relaxation time, ¢ the
frequency dependent conductivity, and &, the vacuum
dielectric permittivity. Solid lines represent a best fit
(Fig. 2). The obtained temperature dependence of the mean
relaxation times BiyoSmg FeO; ceramics is plotted in the
inset of Fig. 3. Solid lines represent a fit of Arrhenius law

T =1tpexp(—Ea/kT). The values of Arrhenius fit law parame-
ters are Ex =0.013eV, 1p=4.73 x 10 '' s for x=0.1 and
EA=0.0014¢eV, 1p=2.45 x 10 "'s for x =0.15. Arrhenius
behaviour of relaxation time is typical for ferroelectric
domains dynamic."® Therefore, the dielectric dispersion in
Bi; ,Sm,FeO; ceramics with x=0.1 and x =0.15 at micro-
waves is caused by ferroelectric domains dynamics. At
higher samarium concentrations, dielectric dispersion dem-
onstrates more complex behaviour (x = 0.2); there the dielec-
tric dispersion cannot be described by single Debye formula
(Eq. (1)) (Fig. 2). Therefore, general approach has to be used
for determination of the distribution function of relaxation
times f(t) by solving Fredholm integral equation

T f(t)dInt
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FIG. 2. Frequency dependence of the real ¢ and imaginary ¢” parts of complex
dielectric permittivity of Bi; ,Sm,FeO3 ceramics at different temperatures.
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FIG. 3. Distribution of relaxation times f(7) of Big gSm(,FeO3 ceramics cal
culated at different temperatures. The inset shows temperature dependence
of maximum relaxation time for Bi; ,Sm,FeO; ceramics.

with the normalization condition

JOO f(v)d(lnt) = 1.

oo

The Tikhonov regularization method has been used.
This method and calculation technique are described in detail
elsewhere.'* The distributions of relaxation times are pre-
sented in Fig. 3. At low temperatures (below 230 K), the lon-
gest relaxation times (0.1 of maximum f(r) was chosen for
definition) were obtained from the distribution function and
fitted with the Vogel-Fulcher law (see inset Fig. 3) ©(T) =1p
exp(Ep/k(T —Ty)). Obtained values are FEg=0.0leV,
p=1.29 x 10 '”s, and T;= 115 K. At higher temperatures
(above 230K), the dielectric dispersion is symmetric and
the longest relaxation time follows the Arrhenius law. In
this case, the activation energy is equal to Egx=0.052¢V,
Tp=5.43 x 10 °s. The frequency dependent maximum of
complex dielectric permittivity in all frequency range, broad
dielectric dispersion, and two maxima in distribution of
relaxation times is typical for ferroelectric relaxors. '’

At higher temperatures (above 400K), the electrical
conductivity dominates in the properties of ceramics. The
electric conductivity ¢* has been calculated according to the
equation: o* =ie*ggw. In Fig. 4(a) is presented the frequency
dependency of conductivity at different temperatures for
Bi; Sm,FeO; ceramics (with x=0.2). The conductivity
follows the Almond-West power law'® 6(w) = opc + Aw®,
where opc is the DC conductivity and Aw® is the AC con-
ductivity. From these dependencies, it is possible to deter-
mine DC conductivity. With increasing Sm concentration,
the DC conductivity can be determined at lower tempera-
tures (in our measurements frequency range), for example,
when x = 0.2 the DC conductivity can be determined even at
T =350K. The values of DC conductivity for ceramics with
x=0.1 and x =0.15 are similar, while for ceramics x =0.2 it
is substantially higher. From obtained values of opc at differ-
ent temperatures, one can calculate activation energy (E,) and
pre-exponential factor ¢ of the conductivity according to the
Arrhenius law opc = gpexp(—Ea/kT) (Fig. 4(b)). The value of
activation energy for Bi; ,Sm,FeO; ceramics is Eo =0.95K
and 0,=278662Sm ! (for x=0.1); Eo,=0.70eV and
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FIG. 4. (a) Frequency dependencies of conductivity at different temperatures
for BipgSmg,FeO; ceramics. (b) The 1/T dependence of opc for
Bi; Sm,FeO; ceramics.

09=636Sm ! (for x=0.15); and Ep,=0.54eV and g,
=1605Sm ! (for x=0.2). In Bi; ,Sm,FeO3 ceramics, the
activation energy decreases when Sm concentration increases.
In order to get more inside conductivity phenomena, a specific
resistance formalism was employed.'” The complex specific
resistance has been calculated according to the formula

1 8/2 —i 8//2

R 3
P o* 800)(8’2 +8”2) ( )

The complex specific resistance was modelled as infinite
chain of RC circuits connected in series

o0
. f(t)dInt
p(V)—poﬁApJ ior “4)
o0
where t=RC. Distributions of relaxation times f(t) were
calculated at different temperatures (Fig. 5(a)).

On cooling, the distributions of relaxations times
become broader and more asymmetric. Finally, at low tem-
peratures, a second contribution to electrical conductivity
appears. From distributions of relaxations time, the most
probable relaxation time and the longest relaxation time
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FIG. 5. (a) Distribution of relaxation times f(7) of BiggSmg,FeO; ceramics
calculated at different temperatures. (b) Temperature dependence of relaxa
tion time for Bi; ,SmyFeO; ceramics. Solid lines are the best fit according
to the Arrhenius law.
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TABLE I. The best fitted parameters to the Arrhenius law ©  toexp( UA/T).

Appl. Phys. Lett. 106, 012906 (2015)

Bio'gsmollFCOj;

Big g5Smy.15FeO3

B iolgSmO.zFCO:;

f(T)max f(‘[)mosl probable f(T)max f(‘c)mnsl probable f(‘[)max f(T)most probable
Ux (K) 11094 11466 10292 10292 8252 7492
70 (ps) 0.046 0.0037 0.68 0.13 0.32 0.16

(0.1 of maximum f{t) was chosen for definition) were calcu-
lated (Fig. 5(b)). Both relaxation times are temperature de-
pendent and fit the Arrhenius law. Obtained parameters are
presented in Table I. The activation energy decreases with
Sm concentration (Fig. 5(b)) in good agreement with DC
conductivity data (Fig. 4(b)). Moreover, for ceramics with
x=0.1 and x =0.2, the values of activation energy for most
probable and longest relaxation time are different, indicating
two different mechanisms in electrical transport. These con-
tributions to electrical conductivity are related with electrical
transport in grains and between grains (grain boundary
effects). In BFO, the main contribution to electric conductiv-
ity appears due to oxygen vacancies transport.'® The values
of activation energy presented in Table I are typical for dou-
ble ionized oxygen vacancies relates to deep energy level."”

In samarium doped bismuth ferrite, the ferroelectric
phase transition temperature decreases with samarium con-
centration and finally no ferroelectric order is observed at
x =0.2, where the relaxor-like behaviour was observed. For
middle concentration (x =0.15), the antiferroelectric phase
transition was observed. At higher temperatures (above
400 K), the dielectric properties of samarium bismuth ferrite
ceramics are governed by Maxwell-Wagner relaxation and
electrical conductivity. The DC conductivity increases and
activation energy decreases with samarium concentration,
specially at higher samarium concentrations.
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