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Extrinsic contributions play an important role in the functionalities of ferroelectric materials, while
domain structure evolution is crucial for understanding the extrinsic dielectric and piezoelectric
responses. In this work, domain configuration changes with an electric field applied along [001]C in
the tetragonal (K, Na, Li)(Nb, Sb, Ta)O3 single crystal were studied by means of polarizing light
microscopy. Results show that parts of the spontaneous polarizations in the (001)C plane are
switched to [001]C direction, while others still stay in the (001)C plane due to high induced internal
stresses. Single domain state cannot be achieved even under a high electric field. After being poled
along [001]C, the volume fraction of domains with polarzations in the (001)C plane is still about
25.2%. The extrinsic contributions to the dielectric constant are 15.7% and 27.2% under the E field
C 2015
of 1 kV/cm and under 2 kV/cm, respectively, estimated by the Rayleigh analysis. V
AIP Publishing LLC. [http://dx.doi.org/10.1063/1.4928756]

(K, Na)NbO3 (KNN) based piezoelectric materials have
been extensively studied in the last decade as lead-free alternatives to PZT ceramics due to their high Curie temperature
(TC > 300  C) and high piezoelectricity (d33 > 300 pC/N).1–4
Great improvement in electrical performance has been made
in recent years, focusing on the modification of compositions
and optimization of preparation techniques.5,6 In general, the
dielectric and piezoelectric properties can be divided into
two parts: intrinsic and extrinsic contributions. The intrinsic
response is related to the relative ionic shift that preserves
the crystal structure orientation and crystal lattice symmetry,
while the extrinsic response is ascribed to the domain wall
motions.7,8 The extrinsic contribution plays a critical role in
various functionalities, such as dielectric properties, piezoelectric activity, and energy loss behavior.9,10 In addition,
understanding the mechanism of domain wall motions is
very helpful to get some insight into the nonlinearity, frequency dispersion, and aging of physical properties.11 For
the investigation of domain structures, single crystals are
preferred over ceramics because dynamic process of domain
evolution with E filed and temperature can be easily
observed in single crystals. Up to date, studies on the domain
evolution in KNN based materials are still limited due to the
lack of available good quality single crystals, especially extrinsic contributions to dielectric and piezoelectric properties
have not been quantified. In order to gain further insight into
the high electromechanical properties of KNN-based materials, it is necessary to study domain evolution and to
a)
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determine the level of extrinsic contributions. In our previous
work, large-sized high quality KNN-based single crystals
with different compositions have been grown by the topseeded solution growth (TSSG) method, which allowed us to
carry out further research on domain configurations and extrinsic responses.12–16
Above room temperature, KNN materials are either in
the orthorhombic phase or tetragonal phase. Compared with
orthorhombic phase, the domain structure of tetragonal phase
is simpler due to its higher symmetry. Therefore, it is easier to
analysis the dynamic process of domain evolution and polarization rotation in tetragonal KNN. In this work, we focus on
the tetragonal (K, Na, Li)(Nb, Sb, Ta)O3 (KNLNST) single
crystal. The evolution of domain configuration with E field
was studied by the polarizing light microscopy (PLM), and
the extrinsic contribution to dielectric properties was
delineated using the Rayleigh analysis.
All samples were oriented along pseudo-cubic h001iC
directions by X-ray diffraction method. The two (001)C
surfaces of the sample used for domain observations were
polished into optical quality. Afterward, all samples were
annealed at 600  C for 1 h to eliminate internal stresses
induced by cutting and polishing. Transparent conductive
films of indium tin oxide (ITO) were deposited on the two
(001)C surfaces by magnetron sputtering for the in situ observation of domain structure evolution with E field. During the
observation, the polarizer was always perpendicular to the
analyzer. The light was propagating along [001]C, the same
direction as the applied E field. Domain structures were
observed on the (001)C surface. The experimental configuration is illustrated in Fig. 1(a). For samples used for electrical
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FIG. 1. (a) The observed domain configuration by PLM. (b) Schematic of
six possible spontaneous polarizations in the tetragonal phase before being
poled.

property measurements, gold electrodes were vacuum sputtered on the two (001)C surfaces. Poling was carried out
under a field of 25 kV/cm for 15 min in silicone oil at room
temperature. The dielectric constant was determined using
an HP 4284D multi-frequency LCR meter. Polarizationelectric loops were measured using a Precision Premier II
tester (Radiant Tech., USA) at the frequency of 2 Hz.
The KNLNST single crystal is in the tetragonal phase at
room temperature.14 The spontaneous polarizations (PS) are
along six h001iC directions (denoted by 1, 2, …, and 6), as
shown in Fig. 1(b), and both 90 and 180 domains are permissible. In this work, PS, which is along a particular direction N (N ¼ 1, 2, and 6) in Fig. 1(b), is written as PS #N. The
angle between [100]C direction on the crystal and the polarizer is defined as h.
The observation of domain configurations using PLM is
based on the birefringence of the crystal.17–19 When a single
domain crystal is placed between the mutually perpendicular
polarizer and analyzer, the transmitted light intensity I is
given by20
I ¼ I0 sin2 2a sin2

u
:
2

(1)

Here, I0 is the incident light intensity into the sample, a is
the angle between the polarizer and the projection of PS at
the plane perpendicular to the light propagation direction,
and u is the phase difference between the ordinary (o) and
extraordinary (e) lights formed in the crystal, which can be
expressed by
u¼

360
ðn1  n2 Þt;
k

(2)

where k is the wavelength of the light in vacuum, t is the
thickness of the domain, and ðn1  n2 Þ is the planobirefringence. According to Eqs. (1) and (2), the intensity I depends
on both t and a. For a certain domain with fixed thickness t,
the maximum intensity should be achieved at a ¼ 45 and
minimum (I ¼ 0) at a ¼ 0 . So, for domains with PS #2, #3,
#4, and #5, the maximum intensity corresponds to h ¼ 45 ,
while complete extinction occurs at h ¼ 0 . For domains
with PS #1 and #6, the birefringence does not happen since
the PS is parallel to the light propagation direction, resulting
in complete extinction at all angles. Based on the above analysis, it can be inferred that the 180 domain cannot be identified by PLM.
In most cases, domain layers overlap with each other in
a sample. Domains with PS #2, #3, #4, and #5 all show

maximum intensity at h ¼ 45 and extinction at h ¼ 0 .
Overlapping of these domains will affect only the transmitted intensity, but not the extinction and maximum intensity
position. Similarly, overlapping of domains with PS #1 and
#6 will also show complete extinction at all angles. When a
domain with PS in the (001)C plane overlaps a domain with
PS perpendicular to this plane, e.g., a PS #1 domain overlaps
with a PS #3 domain, the light intensity and polarized direction will not change when propagate through the PS #1 domain. After passing through the PS #3 domain and analyzer,
the intensity I can also be expressed by Eq. (1), and the phase
difference is also formulated by Eq. (2). This domain structure shows maximum intensity at h ¼ 45 and extinction at
h ¼ 0 . It should be noted that the domain wall between the
two domains is parallel to the (101)C plane (charged domain
wall) or ð101ÞC plane (neutral domain wall), which means
that the thickness of PS #3 domain changes continuously
from 0 to a maximum value t0, leading to the gradual change
of light intensity.
Fig. 2 shows the evolution of domain structure an E field
along [001]C. All images were taken at h ¼ 45 . Before
application of the E field, as shown in Fig. 2(a), most domain
walls are along [110]C (denoted by S1) and ½110C (denoted
by S2). These are all 90 domain walls. These two kinds of
domain walls are formed between PS in the (001)C plane.
Figs. 3(a) and 3(b) show the formation of S1 and S2, respectively. With the application of the E field, more polarizations
switched to [001]C. As a result, the volume fraction of PS #1
domains increases. When the E field increases to 8 kV/cm,
the nucleation of PS #1 domain can be observed, corresponding to the extinction region in Fig. 2(b). With further
increase of the E field, the extinction region is enlarged. At
the same time, the amount of S1 and S2 domain walls
decreased, while the S3 domain wall along [010]C appears, as
shown in Figs. 2(c) and 2(d). Judging from the domain wall
direction and the light intensity, the S3 domain wall should
be formed between PS #1 and #5, or between PS #1 and #3,
as shown in Fig. 3(c). When the E field reaches 21 kV/cm,
all S1 and S2 domain walls disappear, only S3 domain walls
remain (Fig. 2(f)). Further increase of the E field will not
induce any marked changes in domain structures. As the E
field decreases from 25 kV/cm, domain structures do not
show essential changes until E ¼ 10 kV/cm. With further
decrease of the E field, more polarizations return to the
(001)C plane, so that the extinction region decreases (Figs.
2(i) and 2(k)).
There are still S3 domain walls in Fig. 2(g), indicating
that single domain state is difficult to achieve. We also confirmed that the single domain state could not be obtained
even by the high temperature poling process (above TC then
cooled under field). Generally speaking, domain switching is
difficult in materials with high lattice anisotropy. The lattice
parameters of the KNLNST single crystal calculated from
X-ray diffraction pattern (not shown here) are a ¼ 3.9780 Å
and c ¼ 4.0186 Å. The c/a ratio is 1.010, comparable to that
of tetragonal Pb-based relaxor single crystals.21 It is puzzling
that the polarization switching in Pb-based crystals seems
easier than that in KNLNST, in which single domain state
can be obtained by the room temperature or high temperature
poling processes.22–24 When polarizations in (001)C plane
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FIG. 2. E field dependent domain structures observed at room temperature.
(a) 0 kV/cm, (b) 8 kV/cm, (c) 17 kV/cm, (d) 19 kV/cm, (e) 20 kV/cm, (f)
21 kV/cm, and (g) 25 kV/cm during the field increasing process, and (h) 10
kV/cm, (i) 5 kV/cm, and (k) 0 kV/cm during the field decreasing process.

rotate toward [001]C, the strain S4 will be induced, resulting
in the formation of internal stress T4. The relationship is
T4 ¼ c44 S4 ;

(3)

where c44 is the shear elastic stiffness constant. Since
KNLNST and PbTiO3 (PT)-based crystal show comparable

lattice anisotropy, similar S4 will be formed if the in plane
polarizations rotate by the same angle. c44 of KNLNST cannot
be measured for the lack of single domain sample. According
to our precious work, cE44 and cE55 of single domain orthorhombic KNN-based crystal are 7.80  1010 and 1.90  1010 N/m2,
respectively, more than 5 times larger than those of the Pbbased crystals with the same domain structure (cE44 ¼ 1.28 
1010 and cE55 ¼ 0.32  1010 N/m2).25,26 So, we may conclude
that in the tetragonal phase, c44 of KNLNST should be much
larger than that of the Pb-based crystals. Larger stress T4
formed in KNLNST crystal prevents further polarization rotation, so that the single domain state is hard to achieve.
The extent of poling greatly affects the electromechanical properties. Thus, it is important to estimate the percentage of the remaining polarizations in the (001)C plane in a
poled sample. In theory, it can be estimated from Fig. 2 by
calculating the area of extinction regions in the images.16
However, the transmitted light intensity may be affected by
many factors, such as overlapping of domains, scattering of
domain walls, and interference from the transmitted light.
So, there would be a large error if it is calculated by this
method. Therefore, this method was not used here. Instead,
the following method, which is based on the dielectric properties, was adopted.
Before poling, the probabilities of the 6 polarizations
are equal. So, the volume fraction of domains with PS in
the (001)C plane is 2/3, and the volume fraction of domains
with PS #1 and #6 is 1/3. We assume that the two independent dielectric constants of ideal single domain state, e.g.,
longitudinal and transverse dielectric constants, are esd
33 and
,
respectively.
The
dielectric
constant
for
an
unpoled
esd
11
sample along [001]C is defined as er . It can be inferred that
er should be the combined effect of all domains. For
domains with PS #1 and #6, their contributions to er are esd
33 ,
while for domains with PS #2, #3, #4, and #5, the effective
dielectric constant should be esd
11 . The arrangement of different domains will also affect er . The overlapping of domains
along the thickness direction [001]C is unavoidable. Here,
we divide the domains into two types, Type A are domains
with PS in the (001)C plane, while Type B are domains with
PS #1 and #6. When A domains overlap with each other,
the total dielectric properties along [001]C do not change
due the same dielectric constants of all the domains. It is
the same situation when B domains overlap with each other.
However, when an A domain overlaps with a B domain, serial capacitors are formed and the total dielectric constant
should be changed. It should be noted that the volume fraction of the two types of domains that overlapped with each
other should be very small due to the fact that the sample is

FIG. 3. Schematic of (a) domain wall
S1 (neutral domain wall between PS #4
and #5), (b) domain wall S2 (neutral
domain wall between PS #4 and #3),
and (c) domain wall S3 (charged domain wall between PS #1 and #5).
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FIG. 4. Electric field dependence of dielectric permittivity er 0 ðE0 Þ for the
unpoled KNLNST single crystal. The inset shows the comparison between
the measured and calculated P-E hysteresis loop.

very thin (3.0 mm // [100]C  3.0 mm // [010]C  0.3 mm //
[001]C). So, the contribution from serial capacitors is negligible. In addition, the contribution of the domain walls to er
is also neglected. In other words, we just considered the situation of parallel capacitors. The following relationship
may be obtained:
2
1
þ esd :
er ¼ esd
3 11 3 33

(4)

After being poled, parts of the PS #2, #3, #4, and #5 are
switched to become PS #1. We assume that the total volume
fraction of A domains is x, so the volume fraction of B
domains is 1–x. The longitudinal dielectric constant will
become
sd
e33 ¼ x  esd
11 þ ð1  xÞ  e33 :

(5)

In our case, er and e33 are determined to be 2016 and 912,
sd
respectively. esd
11 and e33 cannot be directly measured due to
the lack of single domain sample. In another tetragonal KNN
based single crystal, (K, Na, Li)(Nb, Ta)O3, the single domain state can be achieved, and the measured esd
33 is around
240. Considering that the two crystals show similar phase
transition temperature (TO-T ¼ 23  C, TC ¼ 197  C for (K,
Na, Li)(Nb, Ta)O3 and TO-T ¼ 10  C, TC ¼ 210  C for
KNLNST),14 and both crystals are stable in the tetragonal
phase at room temperature, it is reasonable to assume that esd
33
of KNLNST is around 240, then esd
11 is calculated to be
around 2904 through Eq. (4), and x should be 25.2% accordsd
ing to Eq. (5). Because esd
33 is much smaller than e11 , slight
change of its value will not affect the conclusion.
In order to understand the contribution of domain wall
motions to the dielectric constant, the Rayleigh analysis has
been performed on the KNLNST single crystal27,28
er 0 ðE0 Þ ¼ er 0init þ aE0 ;

(6)

P ¼ e0 ½ðer 0init þ aE0 ÞE6aðE0 2  E2 Þ=2:

(7)

Here, E0 is the amplitude of the electric field, er 0 ðE0 Þ is the
dielectric constant under E0, er 0init is the intrinsic portion of
the dielectric constant, P is the polarization under electric
field E, e0 is the vacuum dielectric permittivity (8.854
 1012 F/m), and a is the Rayleigh parameter. The term

aE0 represents the extrinsic contribution to the total dielectric constant, er 0 ðE0 Þ can be calculated from the peak-to-peak
polarization in P-E hysteresis loop, as shown in the inset of
Fig. 4, er 0init , and a can be obtained by fitting the er 0 ðE0 Þ curve
using Eq. (6), which were found to be 1929 and 360 cm/kV,
respectively, as shown in Fig. 4. It can be concluded that
the extrinsic contribution to the total dielectric response
is 15.7% at E0 ¼ 1 kV/cm and increases to 27.2% at E0
¼ 2 kV/cm. The extrinsic contribution is much larger than
that of the 0.95(K0.5Na0.5)NbO3–0.05LiTaO3 ceramics,
which is lower than 10% in the tetragonal phase.29 Domain
wall motions should be more active in single crystals than in
ceramics due to the nonexistence of grain boundaries, resulting in higher extrinsic contributions in single crystals.
In summary, we have studied the E field induced domain
evolution in tetragonal KNLNST single crystal. It was found
that single domain state cannot be achieved due to the large
shear elastic stiffness constant c44. By comparing the dielectric constants of poled and unpoled samples, the volume
fraction of domains with polarizations remaining in the
(001)C plane was estimated to be 25.2%. Based on the
Rayleigh analysis, the extrinsic contribution to the dielectric
constant in the unpoled sample can be extracted to be 15.7%
under the E field of 1 kV/cm and increase to 27.2% under the
E field of 2 kV/cm.
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