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Abstract The Ba-substituted Sr1-xBax(Fe0.5Nb0.5)O3

(SBFN, x = 0, 0.2, 0.5, 0.8) ceramics were prepared by a

conventional solid-state sintering, and their microstructure

and dielectric properties were investigated. The single-phase

SBFN were obtained up to x = 0.8 Ba substitution and the

lattice parameter increased with Ba substitution concentra-

tion. The dielectric constant increased with Ba substitution,

and the highest value of *180,000 was observed in the

x = 0.8 Ba-substituted specimen at 1 kHz. Besides, the

dielectric constant increased rapidly a giant value more than

106 over a broad temperature range for x = 0.8 Ba-substituted

specimen. The obtained electric and dielectric properties in

Ba-substituted SBFN were discussed in terms of the internal

barrier layer capacitor model and electrode response.

1 Introduction

A number of Fe-containing complex perovskites A(Fe0.5

B0.5)O3 (A = Ca, Ba, Sr; B = Nb, Ta, Sb) [1–5] have

attracted considerable attention because of their giant

dielectric response and the unique dielectric relaxation

behavior similar to that in CaCu3Ti4O12 [6, 7]. The common

feature of these materials is a high dielectric permittivity (in

the order of 103–105) over a broad temperature and fre-

quency interval, and a sharp decrease of permittivity with

increasing the frequency or decreasing the temperature to a

critical point without any detectable phase transition. These

materials play important role in microelectronics and have

various technological applications, such as multilayer

capacitors, microwave frequency resonators, sensors,

detectors, memory devices and actuators. Among these

materials, Sr(Fe0.5Nb0.5)O3 (SFN) is a relaxor-type ferro-

electric material which has a partially disordered perovskite

structure [3, 8]. The Fe3? and Nb5? ions are randomly dis-

tributed in the octahedral positions and have small lattice

distortion. The high dielectric constant of SFN ceramics

were interpreted by the Maxwell–Wagner mechanism in the

previous work [3, 8]. But the extrinsic mechanism of the

dielectric response in SFN ceramics is not very clear so far,

and dielectric constant of SFN ceramics is not great enough

such as CaCu3Ti4O12.

Recently, more work based on ion substitution at A-site

in complex perovskite materials has been carried out in

order to improve the dielectric properties and deepen

understanding of the extrinsic mechanism of giant dielec-

tric response for these materials [9–12]. On the one hand,

Ba(Fe0.5Nb0.5)O3 (BFN) -based dielectrics are more

focused in research field, due to have an extraordinarily

high dielectric constant of er & 104–105 at a low frequency

region [3, 4]. On the other hand, both BFN and SFN are

described as typical perovskite-type compounds and could

be expected to form the solid solutions. BFN and SFN may

fully achieve solid solution due to the difference of ionic

radius of Ba2? ions (r(Ba2?) = 1.35 Å) and Sr2? ions

(r(Sr2?) = 1.18 Å) is less than 15 %. In view of the above,

BFN was incorporated into SFN may increase the dielectric

constant and the extrinsic mechanism of the high dielectric

response becomes much clearer than before.

In this paper, the effects of barium substituting on the

SFN samples prepared according to the formula Sr1-x

Bax(Fe0.5Nb0.5)O3 (x = 0, 0.2, 0.5, 0.8) were systematic

investigated. The phase structure, dielectric properties and

corresponding impedance of SBFN ceramics were

investigated.
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2 Experimental

Sr1-xBax(Fe0.5Nb0.5)O3 (x = 0, 0.2, 0.5, 0.8) ceramics

were synthesized by the conventional solid-state reaction

method, using high purity SrCO3 (99 %), BaCO3 (99 %),

Fe2O3 (99 %), and Nb2O5 (99.99 %) powders as raw

materials, which were carefully weighted and mixed

throughly. Stoichiometric amounts of the raw powders

were ball-milled in a polyethylene jar with ZrO2 media in

distilled water for 4 h and calcined at 1,100 �C in air for

3 h. The calcined powders were then reground and pressed

into cylindrical compacts of 11–12 mm in diameter and

2 mm in thickness under a pressure of about 98 MPa.

These pressed samples were sintered at 1,400 �C in air for

3 h to obtain desired and dense ceramics for Sr1-xBax

(Fe0.5Nb0.5)O3. The electrodes for measurements were

deposited on the ground disk surface by rubbing on silver.

The density of the sintered samples was measured using

Archimedes’ method. The relative densities are above

95 % of theoretical densities for SBFN ceramics. The

phase purity, structure and lattice parameters of the sample

were determined by X-ray powder diffraction with Cu Ka
radiation at room temperature (D/max-2200PC). The

dielectric characteristics of these samples were conducted

on the silver pasted samples in broad temperature and

frequency (20 Hz–2 MHz) ranges with a broadband

dielectric spectrometer (Agilent-E4980A).

3 Results and discussion

Figure 1a shows the XRD patterns of Sr1-xBax(Fe0.5

Nb0.5)O3 (x = 0, 0.2, 0.5, 0.8) ceramics sintered at

1,400 �C for 3 h. All the diffraction peaks in the X-ray

diffraction patterns are confirmed to indicate the cubic

crystal structure in the space group pm�3mð221Þ, and no

secondary phase was observed. Besides, it can be seen that

the diffraction peaks shift towards lower angle with Ba

substitution concentration. The lattice parameters of all

SBFN samples are represented in Fig. 1b. As shown in

Fig. 1b, the lattice constant increased linearly with Ba

substitution, it revealed that the Ba substitution for Sr

actually occurred during sintering. The increased lattice

constant can be attributed to the ionic radius difference

between Sr and Ba ions (r(Ba2?) = 1.35 Å and r(Sr2?) =

1.18 Å). The above phenomena also indicated that barium

ions have completely entered into the strontium sites

improved the dielectric properties of SFN ceramics.

Figure 2 shows the SEM surface micrographs of the

Sr1-xBax(Fe0.5Nb0.5)O3 (x = 0, 0.2, 0.5, 0.8) ceramics,

which were at their maximum densities. As seen from

Fig. 2, when adding the Ba substitution, the grain sizes of

samples increased significantly. The Ba substitution for Sr

effectively promoted the grain growth. This increase in the

grain size is expected to influence the dielectric properties

of SBFN ceramics as the grain size is an important

parameter in internal barrier layer capacitor model [13].

Figure 3 shows the frequency dependence of the

dielectric constant and dielectric loss of Sr1-xBax(Fe0.5

Nb0.5)O3 (x = 0, 0.2, 0.5, 0.8) ceramics at room tempera-

ture. As shown in Fig. 3a, for all the samples the dielectric

constant decreases with increasing frequency, which is a

normal behavior of dielectrics. Higher values of e0 at lower

frequencies are due to the presence of different types of

polarization (dipolar, atomic, ionic, electronics and Max-

well–Wagner polarizations) in the materials. At higher

frequencies, some of the above-mentioned polarizations

cannot follow the alternating field and may have less

contribution to dielectric constant [14]. In addition, we can

seen that the e0 of SBFN ceramics increases with increasing

x. It is to be noted that a giant e0 (*180,000) was observed

for the x = 0.8 sample at 1 kHz. Based on the IBLC

model, the effective dielectric constant (eeff) is inversely

proportional to the ratio of thickness of the insulating layer

(grain boundary) (tgb) to the grain size (tg) as expressed

eeff * 1/(tgb/tg). Therefore, the increase of e0 in SBFN

ceramics was attributed to the decrease of the ratio of grain

boundary thickness to grain size. It is clear that e0 is

strongly dependent on the microstructure and can be

maximized by enhancing the the grain size (tg), or by

Fig. 1 a XRD patterns of Sr1-x

Bax(Fe0.5Nb0.5)O3 (x = 0, 0.2,

0.5, 0.8) ceramics sintered at

1,400 �C for 3 h. b Lattice

parameters of Sr1-x

Bax(Fe0.5Nb0.5)O3 as a function of

barium substitution. The solid

lines are results of the linear fitting
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thinning down the grain boundary (tgb) with high dielectric

constant. In general, the grain boundary (tgb) has very small

change [15, 16]. So the increase of e0 in SBFN ceramics

was attributed to the increase of the grain size, which is

consistent with the result of SEM. In Fig. 3b, the tand
shows a relaxation peak while increasing the frequency to a

certain value the e0 shows a step decrease.

Figure 4 shows the temperature dependence of the

dielectric constants for Sr1-xBax(Fe0.5Nb0.5)O3 (x = 0, 0.2,

0.5, 0.8) ceramics at 1 kHz. The e0 of SBFN ceramics

increased with Ba substitution. For x = 0 the dielectric

constant increase with rise in temperature. The reason

might be the increased conductivity in the samples caused

by the presence of Fe2? in sintered ceramics, as suggested

by Ananta and Thomas [17]. The concentration of Fe2?

ions is known to be very sensitive to temperature, and it

increases as temperature increases [18]. It is known that the

co-existence of Fe2? and Fe3? ions on equivalent

crystallographic sites can give rise to an electron hopping

conduction mechanism. Due to the finite hopping proba-

bility of electrons, this conduction mechanism tends to

come into effect only at lower frequencies. This charac-

teristic has been observed in other complex perovskites

such as Ba(Fe0.5Nb0.5)O3 and Ba(Fe0.5Ta0.5)O3 [19, 20].

Moreover, the e0 increases rapidly a giant value more than

106 over a broad temperature range for x = 0.8. It should

be noted that the e0 is quite great compared with many giant

dielectric materials such as CaCu3Ti4O12, Ba(Fe0.5Nb0.5)

O3 and Ba(Fe0.5Ta0.5)O3 [1, 21, 22].

In order to understand further extrinsic effects of the

dielectric behavior of SBFN ceramics, we have analyzed

the complex impedance spectra of Sr0.2Ba0.8(Fe0.5Nb0.5)O3

ceramics at various temperatures. Figure 5 shows the var-

iation of imaginary part of impedance (Z00) as a function of

real part (Z0) at 303, 373, 423 and 473 K. It is very clear

that two overlapped semicircular arcs can be discerned in

Fig. 2 SEM surface

micrographs of the Sr1-x

Bax(Fe0.5Nb0.5)O3 ceramics

(a x = 0, b x = 0.2, c x = 0.5

and d x = 0.8)

Fig. 3 Frequency dependence

of the dielectric constants and

dielectric loss for Sr1-x

Bax(Fe0.5Nb0.5)O3 (x = 0, 0.2,

0.5, 0.8) ceramics at room

temperature
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the plots. The small one in high frequency region has non-

zero intercept at the high frequency side. The equivalent

circuit for the impedance data therefore may be two sets of

parallel RC elements (corresponding to the two semicir-

cular arc) in series, which then connect with a single R

element (corresponding to the high frequency intercept of

the small semicircular arc) in series. The calculated

capacitances values are 10-8 (the small semicircular arc)

and 10-7 (the large semicircular arc) F cm-1, respectively.

The capacitances values vary slightly in the considered

temperature range. Based on the brickwork layer model for

electroceramics, the high frequency intercept of the small

semicircular arc and the small semicircular arc are attrib-

uted to bulk and grain boundary responses, respectively

[23–25]. The larger semicircular arc at low frequency could

be mainly attributed to the electrode response. The reason

is that the sliver electrode could induce significant contact

resistivity, showing semicircular arcs and larger capaci-

tances [26]. The electrode response depends on the

electrode and the conductivity of the ceramics [27].

Meanwhile, the plot reveals grain interiors resistance (Rg)

of about 120, 25, 11 and 6.5 X, and grain boundaries

resistance (Rgb) of about 900, 103, 35 and 11 X, respec-

tively. These features imply an equivalent circuit consist-

ing of a larger resistive grain boundary and a smaller

resistive grain. As shown in Fig. 5b, both Rg and Rgb

obtained from fitting the Cole–Cole plots obey the Arrhe-

nius law.

R ¼ R0 exp Ea=kBT

� �
ð1Þ

where R0 is the pre-exponential term and Ea is the activa-

tion energy. The linear relationship between the resistances

and temperature is observed when the temperature is in the

range of 303–473 K. Using the Eq. (1), the activation

energies for grain interiors and grain boundaries are 0.21

and 0.32 eV, respectively. This study demonstrates that the

giant dielectric constant observed in Sr0.2Ba0.8(Fe0.5

Nb0.5)O3 ceramics as barrier layer capacitance elements

within the ceramics and electrode response.

4 Conclusions

Sr1-xBax(Fe0.5Nb0.5)O3 (x = 0, 0.2, 0.5, 0.8) ceramics

were synthesized by the conventional solid-state reaction

method. X-ray diffraction analysis revealed that the single-

phase SBFN were obtained up to x = 0.8 Ba substitution

and the lattice parameter increased with Ba substitution

concentration. The dielectric constant increased with Ba

substitution, and the highest value of *180,000 was

observed in the x = 0.8 Ba-substituted specimen at 1 kHz.

Based on the IBLC model, the increase of e0 in SBFN

ceramics was attributed to the decrease of the ratio of grain

boundary thickness to grain size. Besides, the dielectric

constant increased rapidly a giant value more than 106 over

a broad temperature range for x = 0.8, and the Impedance

complex plane plots concluded that the giant dielectric

constant observed in Sr0.2Ba0.8(Fe0.5Nb0.5)O3 ceramics as

Fig. 4 Temperature dependence of the dielectric constants for Sr1-x

Bax(Fe0.5Nb0.5)O3 (x = 0, 0.2, 0.5, 0.8) ceramics measured at 1 kHz

Fig. 5 a Complex impedance

spectra of

Sr0.2Ba0.8(Fe0.5Nb0.5)O3

ceramics at various

temperatures. b Resistances of

grain interiors and grain

boundaries for

Sr0.2Ba0.8(Fe0.5Nb0.5)O3

ceramics. The solid lines are

results of thermally activated

hopping fitting
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barrier layer capacitance elements and electrode response.

These results suggest that barium ions occupied the

strontium sites improved the dielectric properties of

Sr(Fe0.5Nb0.5)O3 ceramics.
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