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We report an interesting study of electric-field-induced transformation from a single domain ferroelectric state to the
multiple domain ferroelectric state in a KTa1−xNbxO3 (KTN) crystal. Experimental results obtained using the confocal
μ-Raman spectroscopy confirm the dynamic change of lattice structures induced by an external electric field.
Furthermore, the dependence of relative permittivity on the applied voltage also indicates the transformation of ferroelec-
tric states involving the processes of splintering, inversion, and re-formation of ferroelectric domains.
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1. Introduction

KTa1−xNbxO3 (KTN), a solid solution of potassium tantalate
and potassium niobate, has received much attention in recent
years due to its fascinating properties[1–4], including high dielec-
tric permittivity[5], giant quadratic electro-optic coefficients[6],
and large photorefractive nonlinearity[7]. KTN possesses notice-
able relaxation properties because of the formation of polarized
nanometric regions (PNRs) in the vicinity of its Curie temper-
ature, i.e., the paraelectric–ferroelectric phase transition temper-
ature[8–12]. Nonetheless, the critical state accompanied by the
PNRs is unstable, so the KTN crystal has found most applica-
tions by exploiting its steady states, especially in the ferroelectric
phases[13–18], which possesses several prominent properties,
including the elastic and the piezoelectric effects[19], the linear
electro-optic effect[20], the photorefractive effect[21,22], the pho-
tovoltaic effect[23], and the double polarization-electric field
(P-E) loops[24].
It should be noticed that, even under the ferroelectric phase,

the KTN crystal still presents varying states from its single
domain state to the multiple domain state. The varying states
possess different polarizations and macroscopic properties
and thus different potential applications. In general, themultiple
domain state is suitable for the exploration of the photovoltaic
effect[23], the photorefractive effect[25], and the periodical

poling[26]. While the single domain state demonstrates advan-
tages on the transmittance[4] and the piezoelectric effect[27].
In this sense, it is critical to precisely control the KTN ferroelec-
tric states for diverse potential applications. In addition, electric
fields are commonly applied for most applications and may
have a significant impact on the transformation of ferroelectric
domain states[8]. In this paper, we report an interesting study on
electric-field-induced state transformation of ferroelectric
domains in KTN. We implement experiments and analysis
using microscope imaging, Raman spectra, and relative permit-
tivity measurements to demonstrate the field-induced transfor-
mation. Our study indicates the mechanisms involved in the
state transformation include the processes of splintering, inver-
sion, and re-formation of ferroelectric domains. Our work
provides a useful method to quickly and precisely control the
ferroelectric domain states, facilitating many device applications
using the KTN crystal.

2. Methods

The KTN sample (with Nb concentration x = 0.41, and Curie
temperature TC = 38°C) is grown by the top-seeded solution
growth method[28]. The as-grown sample is cut into a cuboid
shape with the size of 4.0 �x�mm × 3.2 �y�mm × 1.2 �z�mm,
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where the x, y, and z axes correspond to crystallographic direc-
tions [1,10,100], respectively. Both crystal facets parallel to the
xz plane are coated with silver layers as electrodes, while other
facets are all optically polished. For each experiment, we let the
KTN sample stay at room temperature for at least one week to
recover its single domain state.
We first conduct a Raman study of the crystal under different

electric fields and different temperatures by using a confocal
μ-Raman spectroscopy system (XperRam200, Nanobase, Inc.,
South Korea). The wavelength of the incident laser is 532 nm,
and the power is 4.5 mW. A microscope objective (10×,
NA = 0.30) is used to focus the laser beam and collect scattered
light. A detailed beam path diagram can be found here[14]. The
relative permittivity measurement is accomplished by an induct-
ance, capacitance, and resistance (LCR) meter (TH2830,
Changzhou Tonghui Electronic Co. Ltd., China) with a 1 V
AC electric field at the frequency of 1 kHz. The sample temper-
ature is controlled by a heating/cooling stage (THMS600,
Linkam Scientific Instruments Ltd., UK) with an accuracy of
±0.1°C. The external electric field is provided by a DC power
supply (70210 P, General High Voltage Ind. Ltd., UK). A sketch
of the experiment configuration is shown in Fig. 1(a).

3. Results and Discussions

During the process of paraelectric–ferroelectric phase transition,
the ferroelectric domain structures are formed with sizes of sev-
eral micrometers, which can be observed under an optical
microscope. Tominimize the free energy, the PNRs in the crystal
tend to form the standard perovskite 90° ferroelectric domain
structures with an appearance of 45° ferroelectric domain walls.
However, after a long period of relaxation (> 1 week), the
ferroelectric domains are merged into new larger domains.

The crystal will eventually become one whole ferroelectric
domain, a single domain state, as displayed in Fig. 1(b).
When the sample is placed in an electric field (> 78V=mm),

we observe that the crystal undergoes a transformation from its
single ferroelectric domain to multiple ferroelectric domains
immediately, as illustrated in Figs. 1(c)–1(f). The domain boun-
daries formed under the positive electric field are aligned per-
pendicularly to those under the negative electric fields. At 25°C,
the domain boundaries are quasi-periodically aligned along
the same direction since the ferroelectric domains distribute
evenly. However, the inhomogeneity of the ferroelectric
domains appears at 28°C, which is close to the Curie tempera-
ture of the sample. Therefore, this phenomenon can be ascribed
to the relaxation properties of the KTN crystal. The demarcation
lines of the orthometric domain boundaries in Figs. 1(e) and 1(f)
demonstrate the existence of defects or local component inho-
mogeneity in this region. Therewith, in the critical state at 28°C,
PNRs induced by the local inhomogeneity can emerge at the
earliest. These dynamic ferroelectric microstructures present
relatively weak interactions with the external electric field.
Therefore, a large number of PNRs can block the external elec-
tric field locally, leaving an untransformed single domain or
transformed multiple domains but with different polarization
directions with the external electric field. In this sense, the
differences of the Figs. 1(e) and 1(f) are because the PNRs
formed in the inhomogeneous regions block the external electric
field in different regions under the electric fields with different
directions.
To further understand the crystalline differences between the

single domain state and the multiple domain state, Raman spec-
trummeasurements are implemented, and the results are shown
in Fig. 2. There are several typical vibrational modes in the
Raman spectrum of KTN crystal, including the second-order
transverse acoustic (2TA) mode at 120 cm−1, which is induced

Fig. 1. (a) Sketch of the experiment setup; coordinate axes are defined here. (b)–(f) Micrographs of the KTN sample under different conditions. (b) The sample in
the single domain state at 25°C or 28°C. The sample in the multiple domain state (c), (d) at 25°C and (e), (f) at 28°C under positive/negative electric fields. The scale
bar in (b) is 100 μm. The spots on the sample surface assure the measurement position to be the same.
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by two transverse acoustic (TA) phonons at the Brillouin zone
boundary, the A1 � E�TO2�modes at ∼200 cm−1 (i.e., the peak
of the Fano resonance), which represent the relative motion
between the Nb5�=Ta5� ions and the O12−

6 frameworks of
the NbO7−

6 =TaO7−
6 octahedral units, and the B1 � E�TO3�

modes at 279 cm−1 and the A1 � E�TO4� modes at 554 cm−1,
which correspond to the deformation of the O12−

6 frameworks.
Under electric fields, the vibrational modes, 2TA, TO2, and

TO4, are strongly suppressed [Figs. 2(a) and 2(b)], while the
TO3 mode is further enhanced [Figs. 2(c) and 2(d)], compared
to that in the absence of the electric field. The suppression of the
2TAmode can be ascribed to the distortion of the Brillouin zone
in the multiple domain state. The intensity decrement of the
TO2 modes represents the suppression of the relative motions
between the Nb5�=Ta5� ions and the O12−

6 frameworks of the
NbO7−

6 =TaO7−
6 octahedral units. On the other hand, the inten-

sity decrement of the TO4 modes represents the suppression of
the relative motions of the O2− ions, which belong to different
atom layers inside the O12−

6 frameworks. Besides, the enhance-
ment of the TO3 modes is caused by the increasing motions of
the in-layer O2− ions inside the O12−

6 frameworks. This phe-
nomenon is in good agreement with the inference that in the
multiple domain state the relative positions of the atom layers
are “locked” to each other in the domain boundaries, causing
the interlamination relative motions to be restricted.

Correspondingly, the in-layer vibrational modes are further
enhanced because of the conservation of internal energy.
There should be no differences between the positive and nega-
tive electric field conditions if the sample is strictly homo-
geneous. However, the KTN crystal is an incongruent
material with its composition varied gradually along the crystal
growth direction (i.e., the x direction). In the multiple domain
ferroelectric state, this inhomogeneity will extend to the other
two dimensions by the 90° ferroelectric domain structures.
Therefore, the sample in the multiple domain ferroelectric state
presents a slight intensity difference in the Raman spectra under
electric fields with different directions.
The relative permittivity variations also confirm the transfor-

mation from the single domain state to the multiple domain
state under electric field, as shown in Fig. 3. Both the single
domain state before the transition and the multiple domain state
after the transition present relatively stable ferroelectric domain
structures with an ability to resist external electric fields.
Therefore, a relative permittivity peak that represents the trans-
formation will be formed as the electric field intensity increases.
In comparison, the unstable ferroelectric domain structures
formed during the transformation process are much more sen-
sitive to the external alternating electric field. Also, the difference
of the coercive electric fields (defined as the electric field value at
the relative permittivity peak) between the positive and negative
electric fields at 25°C can also be ascribed to the inhomogeneity

Fig. 2. Raman spectra of the KTN sample (a) at 25°C and (c) at 28°C under zero/positive/negative electric fields. The enlarged Raman spectra around the
TO3 modes corresponding to the temperatures of (b) 25°C and (d) 28°C.
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of the sample. At 28°C, the difference of the coercive electric
fields decreases since the formation of PNRs introduces dynamic
polarization and protects several regions from the external elec-
tric field. In addition, the double peaks of the relative permittiv-
ity under a positive electric field also demonstrate the blocking
effect of PNRs.
For a better understanding of the related mechanisms, we

establish an intuitive model to visualize the field-induced trans-
formation process of ferroelectric domains, as illustrated in
Fig. 4. A single domain state will emerge spontaneously with
a long-period relaxation after the sample completes a paraelec-
tric–ferroelectric phase transition. Besides, most of the ferroelec-
tric domains tend to reorientate along the composition gradient
direction.When the sample is in the single domain state, the sin-
gle ferroelectric domain has its polarization aligned to the same
direction, as shown in Fig. 4(a).
However, when the sample is placed in an electric field of

which the intensity can conquer the spontaneous polarization
of the original ferroelectric domain, the single domain breaks

down into multiple ones with the polarization along the external
electric field, forming a 90° ferroelectric domain structure
(i.e., 45° ferroelectric domain boundary), as displayed in
Figs. 4(b) and 4(c). In this case, only the head-to-tail domain
boundaries can form because of the electric dipole-dipole
interactions[29,30]. When the external electric field is reversed,
the ferroelectric domain boundary will form along the
perpendicular direction of the original direction, as illustrated
in Fig. 4(d). In short, the field-induced transformation of the
ferroelectric state includes the processes of splintering, inver-
sion, and re-formation of the ferroelectric domains. According
to the previous report[4], when the external electric field is
more intense than the spontaneous polarization of the ferro-
electric domain, the 90° ferroelectric domain structure can also
be smashed, since the field-induced ferroelectric domain in-
version takes place, and the ferroelectric domain boundaries
disappear. As a result, a new single domain state with spontane-
ous polarization along the external electric field direction is
formed.

Fig. 4. Diagram of the field-induced transition process from the single domain state to the multiple domain state. (a) Sample in the single domain state. (b) Under
a relatively low electric field, the state transition begins. (c) Under a relatively high electric field, the polarization of the field-induced ferroelectric domain can bear
comparison with the polarization of the spontaneous ferroelectric domain; as a result, domain boundaries form. (d) Under the reversed electric field,
the domain boundaries rotate 90°.

Fig. 3. Relative permittivity varying with increasing electric field of the KTN sample (a) at 25°C and (b) at 28°C under positive and negative electric fields.
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4. Conclusions

In conclusion, we have successfully implemented a unique field-
induced state transformation of ferroelectric domains by using
KTN crystal. By applying the electric field, the KTN sample
transforms from its single domain state to the multiple domain
state. Confocal μ-Raman measurement reveals the dynamic
change of lattice structures induced by the external electric field.
The result of the relative permittivity measurement also con-
firms this transformation. The use of the electric field enables
feasibility to precisely manipulate the ferroelectric domain state.
Our study facilitates not only a further understanding of the
ferroelectric phase transition but also wide device applications
by using the ferroelectric KTN crystal.
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