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The influence of domain walls on the macroscopic properties of ferroelectric materials is a well

known phenomenon. Commonly, such “extrinsic” contributions to dielectric permittivity are discussed

in terms of domain wall displacements under external electric field. In this work, we report on a

possible contribution of charged domain walls to low frequency (10–106 Hz) dielectric permittivity in

K1-xNaxNbO3 ferroelectric ceramics. It is shown that the effective dielectric response increases with

increasing domain wall density. The effect has been attributed to the Maxwell-Wagner-Sillars

relaxation. The obtained results may open up possibilities for domain wall engineering in various

ferroelectric materials. Published by AIP Publishing. [http://dx.doi.org/10.1063/1.4975341]

I. INTRODUCTION

The piezoelectric device market is dominated by lead

containing Pb(Zr1-x,Tix)O3 (PZT) based materials due to

their versatility and robust functional properties. The toxicity

of lead, however, has raised health and environmental con-

cerns and in the last two decades, legislative changes have

stimulated intensive research into suitable lead-free PZT

alternative materials.1 Among the numerous investigated

lead-free oxides and solid solutions, K1-xNaxNbO3 (KNN)

based systems have received enormous attention after publi-

cations by Saito et al. in 2004, who reported piezoelectric

coefficients for KNN comparable to PZT.2,3

Despite the significant focus on KNN-based ceramics

and the subsequent wave of scientific publications, commer-

cial realization of its piezoelectric properties has not been

forthcoming due to the difficult processing of the material in

the bulk ceramic form. The main problem of KNN ceramics

synthesis is the difficulty in achieving high bulk density and

reproducible electrical properties.3–5 Various strategies have

been used to overcome this problem.4,6–8 It has been shown

that the addition of 0.5 at. % of Sr2þ causes an increase in

the relative density of the ceramics up to 96% and improves

its functional response.9 Moreover, KNN solid solution

remains in orthorhombic perovskite phase at room tempera-

ture, while dielectric permittivity shows a great increase

(above 3 times) in high degree (5%) doped KNN.9,10 Doping

with Sr2þ with concentration above 2% has a two-fold effect:

in the frequency range from 10 to 1000 kHz dielectric per-

mittivity increases, but the piezoelectric coefficient appar-

ently decreases.9,10

A thorough analysis of the relationships between varia-

tion of grain sizes, domain wall density, and functional prop-

erties of ferroelectric ceramics requires careful consideration

of the domain wall contribution, including their charge state

and mobility. It is known that the dielectric properties can be

influenced by domain walls in ferroelectric thin films,11,12

ceramics,13,14 and single crystals.15,16 Reversible and irre-

versible displacements of domain walls in AC electric fields

are considered as common mechanisms that contribute to

dielectric and piezoelectric responses.13–15,17 Recently, a

contribution of domain wall displacements to dielectric per-

mittivity has been also considered in KNN-based

ceramics.18,19 However, separation of the vibrational and sta-

tionary contributions of domain walls to dielectric permittiv-

ity is still under discussion.20 As for another lead-free

ceramic material, BiFeO3, it was shown that the domain

walls, due to their conductivity, could influence the macro-

scopic properties via linear and nonlinear Maxwell-Wagner

mechanisms.21 The influence of charged domain walls on the

dielectric response was also considered in BaTiO3 single

crystals.22

In this contribution, we have studied in more detail the

increase of the dielectric permittivity in KNN ceramics with

Sr doping. While a number of different mechanisms may lead

to such a behavior and may operate simultaneously in the

material, we have found an apparent relationship between the

density of charged domain walls, which are expected to

exhibit enhanced conductivity, and the increase of the dielec-

tric permittivity at low frequencies. The results thus suggest a

possible role of charged domain walls in the dielectric disper-

sion through Maxwell-Wagner effects.

II. EXPERIMENTAL

The investigated samples of KNN ceramics doped by

strontium ions with nominal chemical formulations (K0.5-

Na0.5)1–2xSrxNbO3, x ranging from 0 to 0.15, were prepared

by a conventional solid-state method. We used the short

abbreviations of the samples: KNN, KNN-1% Sr, KNN-2%

Sr, etc. The details of the samples’ preparation, their crystal

structure, and phase composition are reported elsewhere.23a)vladimir.shur@urfu.ru
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The samples were polished with a gradual decrease of

diamond abrasive down to 0.25 lm and final mechano-

chemical strain-free polishing with colloidal silica with the

particle size below 100 nm.24 Dielectric permittivity has been

measured using an impedance bridge QuadTech RLC 7600

(IET Labs Inc. USA) with UAC¼ 1 V RMS AC voltage exci-

tation. Scanning electron microscopy (SEM) realized with an

Auriga Crossbeam Workstation (Carl Zeiss, Germany) was

used to inspect the sizes of ceramic grains. The SEM was

done on fracture ceramics. The grain size was estimated from

the SEM images through the measurements of the average

area occupied by the grains and calculation of their Feret’s

diameter. The domain structure was studied using a Probe

Nanolaboratory NTEGRA Aura (NT MDT, Russia) and a

Scanning Probe Microscope MFP-3D (Asylum Research,

USA) in piezoresponse force microscopy (PFM) mode real-

ized with internal electronics. All measurements have been

done on the surfaces cleaned with acetone at room tempera-

ture in an atmosphere of dry nitrogen (humidity less than 5%)

provided by constant gas flow through the microscope cham-

ber. More detailed description of experimental procedures is

presented in the supplementary material section.

III. RESULTS AND DISCUSSION

A. Dielectric measurements

We have found that the results of dielectric measurements

of KNN ceramics are drastically dependent on the relative

humidity (RH). The results obtained at low (RH< 10%) and

high (RH> 80%) humidity were essentially different, espe-

cially at low frequencies (below 10 kHz) and for the high

level of Sr2þ doping (see supplementary material). Exposure

of the samples in a vacuum chamber with pressure about

10�5 Torr for 24 h resulted in a significant decrease of the low

frequency dielectric permittivity and tand. The subsequent

exposure to a vacuum did not change the properties. This fact

sheds light on the well known irreproducibility of the KNN

dielectric and piezoelectric properties4 because of the absence

of humidity control during ceramics characterization. More

detailed structural characterization is necessary for clear

understanding of the phenomena. In the following, all dielec-

tric and PFM measurements were performed with KNN sam-

ples dried under vacuum conditions.

Both low and high frequency dielectric permittivity dem-

onstrated significant enhancement for KNN with 0%–2% Sr2þ

doping level. For higher concentrations, they remain almost

constant and even decrease for 8% and 15% (Fig. 1). This

dependence is similar to that for the d33 piezoelectric coeffi-

cient in Sr2þ doped KNN revealed by Malic et al.10 and can-

not be attributed to porosity, as the ceramics density was

similar irrespective of the Sr concentration (see the supple-

mentary material). The microstructure and domain structure

were inspected for deeper understanding of the KNN dielec-

tric properties.

B. Morphology of the grains and domain structure

Undoped KNN ceramics consists of relatively large

(1–5 lm) cubic-shaped grains (Fig. 2(a)). Doping of ceramics

with Sr2þ in the range from 0.5% to 2% led to a decreasing

fraction of large grains (Fig. 2(a)) and the appearance of both

close to cubic and randomly shaped grains with sizes in the

range 300 nm–1 lm. Doping of KNN ceramics above 4%

Sr2þ resulted in significant grain size reduction. Randomly

shaped grains became dominant in KNN with a doping level

above 6%. The distribution of grain sizes became narrower

and decreased gradually with increasing Sr2þ content (Figs.

2(b) and 2(c)).

Doping of ceramics resulted in a gradual decrease of the

average domain size (along with the decrease of the grain

size) down to values below the PFM resolution limit (Fig. 3).

Analysis of the domain images revealed the following two

types of the domain structures:

1. Conventional domain structure for non-polarized ceramics

with herringbone, watermark, and zigzag shapes obtained

in the ceramics with a low doping level (0–1% Sr2þ).25

2. “Single grain–single domain” structure has been obtained

for the ceramics with the doping level above 6% Sr2þ.

This structure studied by transmission electron micros-

copy (TEM) (see supplementary material) can be attrib-

uted to the grain size effect.26

The mixture of both types of the domain structures was

revealed for ceramics with an intermediate doping level

(2–4% Sr2þ). Moreover, the appearance of the regions with-

out a piezoresponse and increase of their fraction with dop-

ing (orange color with average intensity in Fig. 3) were also

observed. This can be attributed to the appearance of second-

ary phases, in agreement with structural characterization.23

Appearance of the secondary phase obviously leads to a

decrease in the dielectric permittivity of highly doped KNN

ceramics (see Fig. 1(a)).

It is known that domain walls can influence the ferro-

electric, dielectric, and piezoelectric properties in a number

of ways;13–15,17 an important aspect is their state of

charge.27,28 In fact, theory predicts that band bending at

charged domain walls, for example, at tail-to-tail or head-to-

head domain walls, results in increased electrical conductiv-

ity at the walls, which may exceed that of the bulk crystal by

orders of magnitude.27 For this reason, we looked in more

detail into the charge state of domain walls in KNN with dif-

ferent Sr contents.

Vector PFM analysis29 allows us to extract the projection

of spontaneous polarization in plane and to reveal the relative

FIG. 1. Dielectric properties of the Sr2þ doped KNN ceramics. (a) Frequency

dependence of dielectric permittivity KNN ceramics with different composi-

tions (imaginary part is presented in supplementary material); (b) dependence

of dielectric permittivity on Sr2þ content. Orange region marks the range of

compositions with a “single grain–single domain region.”
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concentration of charged domain walls (Fig. 4). The mea-

surement of the angle between spontaneous polarization vec-

tors in neighboring domains separated by a given domain

wall allowed us to discriminate the charged and neutral walls

(Figs. 4(b) and 4(c)). The relative concentrations of 180� and

non-180� domain walls and grain boundaries determined by

the calculation of their total length are summarized in Table

I. The concentration of nominally charged domain walls was

between 30% and 40%. It is necessary to keep in mind that

according to recent experimental research almost all 180�

ferroelectric domain walls are deviated from the polar axis

and therefore are charged.30,31

Analysis of vector PFM images used to determine the

average density of domain walls was performed on ceramics

with Sr2þ content below 2% with multidomain grains and large

enough domains for PFM visualization (the algorithm of analy-

sis is presented in the supplementary material). The volume

fraction of all (charged and non-charged) domain walls was

FIG. 3. PFM images of KNN ceramics with various Sr2þ contents obtained by mapping of the piezoresponse signal (R cos h).

FIG. 2. (a) SEM images of the KNN

fractured surface of ceramics with

various Sr2þ contents. (b) Grain size

distribution for various doping levels;

(c) dependence of the average grain

size on Sr2þ content. Dispersion of the

grain size is indicated by error bars.
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extracted by the analysis of PFM images assuming that the

domain wall width equals to 1 nm and uniform domain wall

density at the surface and in the bulk (Figs. 5(a) and 5(b)).

The domain orientation is given in Figure 5(a), while the

revealed charged and non-charged domain walls are shown

in Figure 5(b). It was demonstrated that the dielectric permit-

tivity of doped KNN ceramics increased with increasing

domain wall volume (Fig. 5(c)).

C. Relation between dielectric behavior and
microstructure

The smooth dispersion of the dielectric permittivity

with a rise at low frequencies is illustrated in Fig. 1(a).

Such behavior has already been observed in different sys-

tems and can be described from different points of view:

displacements of domain walls under sub-coercive electric

field loading,13,14,18,19 Maxwell-Wagner relaxation caused

by so-called electrical inhomogeneities, for example, due to

differences between the values of the dielectric permittivity

and dc conductivity of the grains and at the grain bound-

aries,32,33 polaron hopping conductivity, or Schottky bar-

riers near the electrode area.34,35

We cannot rule out a possible influence of hopping con-

ductivity on the dielectric permittivity, which is widely dis-

cussed in PZT ceramics.36 However, another possibility to

consider is the influence of charged domain walls on dielec-

tric permittivity, which may arise due to displacements of

domain walls under field or the presence of elevated conduc-

tivity at the walls or combination of both.21 In the case of

irreversible domain wall displacements, one expects a depen-

dence of the dielectric permittivity on the amplitude of elec-

tric field.37 In contrast, according to our measurements, the

dielectric permittivity in KNN does not depend on the elec-

tric field amplitude up to 80 V/mm (Fig. 6); however, domain

walls may still move reversibly, thus contributing to the lin-

ear part of the dielectric permittivity.

Considering the significant amount of charged non-180�

and 180� domain walls in KNN ceramics (see Table I) and

the dependence of dielectric permittivity on the domain wall

density, we suggest their influence as conductive inclusions

into a dielectric matrix. Supporting this is the experimentally

confirmed fact that approximately half of the charged

FIG. 4. (a) Image of the domain structure with vector representation of the PFM data. The grain boundary is marked in black. The orientation angle is color

coded as shown with the “color wheel.”29 (b) Scheme of the domain walls in the grain. Charged and neutral domain walls are marked in red and blue, respec-

tively. (c) Schematics demonstrating the difference in orientations of charged and neutral domain walls. The colors correspond to the “color wheel” in (a).

TABLE I. Relative concentrations of domain walls and grain boundaries for

various Sr2þ contents.

Composition

Non-180�

domain walls

180� domain

walls

Grain

boundaries

KNN 0.65 0.2 0.15

KNN 0.5% Sr 0.66 0.19 0.15

KNN 1% Sr 0.72 0.15 0.13

KNN 2% Sr 0.57 0.19 0.24

FIG. 5. (a) In-plane PFM image. (b)

Domain walls extracted by analysis of

the PFM image (grain boundaries are

excluded) (see the supplementary mate-

rial). (c) Experimental data (blue dots)

and theoretical dependence (red line) of

the dielectric permittivity at 10 Hz on

the volume fraction of domain walls

(charged and non-charged).

FIG. 6. Dielectric permittivity in KNN ceramics doped by 1% Sr2þ depen-

dence on AC electric field amplitude at the frequency of 500 Hz.
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domain walls has essentially higher electrical conductivity

than the bulk.38 In light of the predicted enhanced electrical

conductivity at domain walls,38 it is thus possible that these

conductive features create Maxwell-Wagner relaxation

effects. While we cannot exclude contributions from alterna-

tive sources of electrical inhomogeneity, the possible role of

grain boundaries is likely minor because their concentration

is significantly smaller than that of charged domain walls in

ceramics doped with Sr2þ in concentrations lower than 2%

and does not vary significantly as a function of the Sr content

(see Table I) despite the significant increase in the dielectric

permittivity (see Fig. 1(a)).

We have performed theoretical calculations of dielectric

permittivity for ceramics with charged domain walls according

to the Maxwell-Wagner-Sillars model for the medium with

dispersed conductive inclusions. Charged domain walls were

considered as conductive ellipsoids with high aspect ratio n
equal to the ratio between the average grain size and domain

wall thickness. The value of dielectric permittivity of

charged domain walls was taken as dielectric permittivity in

the paraelectric phase of KNN.10 Under these approxima-

tions, the expression from the Maxwell-Wagner-Sillars

model39 is reduced to Debye-type dispersion

eef f ¼ e1 þ
q � n � e1

1þ x2s2ð Þ ; (1)

where e1 dielectric permittivity of the grain, s¼ e1�n/4pr2 is

the relaxation time, r2 is the domain wall conductivity, and q
is the volume fraction of the charged domain walls.

Integration of Eq. (1) for normal distribution of n con-

fined by dispersion Dn determined by the average grain size

gives the following equation for the effective dielectric

permittivity:

eef f ¼ e1 þ
ð1

0

2

Dn2
ne�ð

n
Dn
Þ2 e1nq

1þ x2s2
dn

¼ e1 þ
2q

Dn2

ffiffiffi
p
p

2

e1Dn

x2s2
� e1

x3s3

ffiffiffi
p
p

e
1

s2x2Dn2 Erfc
1

sxDn

� �� �
;

(2)

where ErfcðxÞ ¼ 2
p

Ð1
x e�t2 dt is the Gauss error function.

The calculated dependencies of the dielectric permittivity

on frequency for different values of domain wall conductivity

are presented in Figure 7(a). Variation of conductivity change

from 10�7 O m�1cm�1 (two orders higher bulk conductivity40)

to 103 O m�1 cm�1 (metal conductivity) leads to s shift from

10 to 10�6 s. Nevertheless, the integration of Eq. (2) by the

time constant encounters difficulties with introduction of

appropriate distribution of relaxation times. It must be noted

that inhomogeneity of the ceramic system and random

domain wall orientation lead to significant complication of

the model in comparison with a simple Maxwell-Wagner-

Sillars model. The appearance of such anomalous dielectric

relaxation in disordered systems supports the Cole-Cole

empirical expressions41,42

eef f ¼ e1 þ
Deð1þ xsð Þ1�a sin pa=2ð ÞÞ

1þ 2 xsð Þ1�a sin pa=2ð Þ þ xsð Þ2 1�að Þ ; (3)

where a has a mathematical meaning of “broadening”

parameter, and De is the Maxwell-Wagner assisted dielectric

contribution.

Equation (3) is the mathematical expression of the idea

that the dielectric permittivity represents a collection of indi-

vidual components each being described by a Debye equa-

tion with its own relaxation time.41 Fitting of the

experimental data for KNN with Sr2þ content below 2%

gives reasonable results. a is found to be in the range of 0.6

to 0.7 for all compositions, which is close to the typical value

for the disordered systems (Figure 7(b)).43,44 The wide range

of s from 10 ms to 1 s can be attributed to variations in the

domain wall geometry and conductivity.

The theoretical curve with experimental parameters and

domain wall conductivity of 2� 10�7 O m�1 cm�1 plotted

according to Eq. (2) is close to the obtained experimental

data (Fig. 5(c)). The chosen conductivity value is only two

orders of magnitude higher than the bulk conductivity;40

however, the existence of a high density of domain walls

with conductivity significantly lower than the metallic one

may still result in strong variation of the dielectric permittiv-

ity. Thus, careful control of the domain structure is indispens-

able for the improvement of the dielectric and piezoelectric

performance of ferroelectric ceramics.

IV. CONCLUSION

In conclusion, we proposed that an extrinsic mechanism

possibly contributes to the dielectric permittivity of KNN

ceramics at low frequencies. This mechanism is based on the

experimentally observed existence of charged domain walls

in KNN-based ceramics. We considered the charged domain

wall as conductive inclusions, affecting the dielectric permit-

tivity according to the Maxwell-Wagner-Sillars model for

materials with inhomogeneous electrical conductivity. It was

shown that the dielectric permittivity increases with increas-

ing domain wall density. Frequency dependence of dielectric

permittivity for KNN with different compositions has been

fitted by the Cole-Cole equation and the estimated a parame-

ter was found typical for disordered systems. The source of

disorder in our case could be the continuous distribution of

charged domain walls with different orientations in the vol-

ume of ceramics. Simple considerations in the frame of the

Maxwell-Wagner-Sillars model indicate that the existence of

sufficiently conductive domain walls with high density could

FIG. 7. Frequency dependences of dielectric permittivity: (a) calculated

from Eq. (2) for different inclusion conductivities, (b) measured in KNN

ceramics with different Sr2þ contents fitted by Eq. (3).
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be the reason for the pronounced increase of the dielectric

permittivity in KNN-based ceramics, although other mecha-

nisms, such as polaron hopping conductivity, might also con-

tribute to the dielectric permittivity.

SUPPLEMENTARY MATERIAL

See supplementary material for the experimental details

of dielectric permittivity measurements, experimental details

of microscopic measurements, humidity dependence of

KNN dielectric properties, imaginary part of dielectric per-

mittivity, and algorithm of domain structure analysis.
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