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The relaxor-like dynamics of the cubic-tetragonal ferroelectric phase transition was studied by

Brillouin and Raman scattering in K(Ta1�xNbx)O3 (KTN) crystals with x¼ 0.40 (KTN40). The local

symmetry breaking by the polar nanoregions (PNRs) was observed in a paraelectric phase by

Raman scattering on the A1(z) mode of the PNRs with R3m symmetry. Upon cooling from a high

temperature, the remarkable increase in the LA phonon damping starts at 45 K above the cubic-

tetragonal phase transition temperature of TC-T¼ 308 K, which is defined as the intermediate tem-

perature, T*� 353 K, indicating the start of the rapid growth of the PNRs. The coupling between the

LA mode and fluctuation of the PNRs caused a remarkable elastic anomaly in the vicinity of TC-T.

The analysis of the temperature dependent central peak shows a critical slowing down towards TC-T,

which is the evidence for the order-disorder nature of a ferroelectric phase transition. The evolution

of the dynamic PNRs is discussed by the estimation of their length scale, and it is found that it starts

to increase near T* and gradually grows towards TC-T. VC 2014 AIP Publishing LLC.

[http://dx.doi.org/10.1063/1.4893363]

I. INTRODUCTION

The lead-based relaxor ferroelectrics (RFEs) have

attracted much attention due to their significant piezoelectric-

ity and high dielectric response. Thus, the developments of

lead free ferroelectric materials are the urgent topic in applied

physics due to adverse environmental effect of lead. Among

them potassium tantalite niobate, KTa1�xNbxO3 (abbreviated

KTN100x) is of particular interest in its technological impor-

tance for optical applications due to its high quadratic electro-

optic coefficient and excellent photorefractive effect.1 A

recent study of the acoustic emission of a high quality KTN32

(x¼ 0.32) single crystal shows a relaxor-like behavior by

observation of the Burns temperature, TB� 620 K, at which

polar nanoregions (PNRs) appear, and the intermediate tem-

perature, T*� 310 K, indicating the start of the PNRs rapid

growth.2 Such a relaxor-like behavior was observed even in

the normal ferroelectric BaTiO3.3 Based on comparison with

lead-based RFEs, which are highly complex, presenting both

a chemical and structural local order, KTN exhibits relaxor-

like properties, but much less complicated than the lead-based

RFEs.4,5 Moreover, the central peak (CP), a common feature

of the order-disorder phase transition, coexists with the soft

mode, a general property of the displacive phase transition, in

the KTN single crystals.6 Therefore, KTN is better suited for

the investigation of the fundamental origin and mechanism of

the relaxor-like behavior.

The KTN crystals are solid solutions of potassium tanta-

late and potassium niobate. Its end member of KTaO3

displays a quantum paraelectricity and retains a cubic sym-

metry down to 0 K by quantum fluctuations. In KTN, Nb

ions that replaces Ta ions go off-center in the B-site, and

they induce the local polarizations.7 The off-centering of Nb

was described by an eight site model in which the Nb ions

move among the equivalent eight [111] directions.8 The off-

center displacement of Nb ions in the KTN was accurately

determined by X-ray absorption fine-structure measure-

ments.7 The different types of measurements, such as acous-

tic emission,2 infrared absorption,9 Raman scattering,6,10

Brillouin scattering,11 as well as refractive index and linear-

birefringence12 were investigated to clarify the dynamics of

the PNRs in the cubic phase. To the best of our knowledge,

no result was reported regarding to the local symmetry of

PNRs, which are the physical origin of the elastic anomalies

and critical slowing down in high quality KTN single crys-

tals. In spite of many experimental and theoretical efforts

carried out to date, the exact knowledge of the static

and dynamic features of the PNRs is far from completely

understood. The main parameter of understanding the cubic-

tetragonal phase transition behavior is the dynamic proper-

ties related to the temperature evolution of the dynamic and

static PNRs. The static PNRs appear below T*, and the rapid

growth of PNRs occurs. Therefore, it is important to study

the dynamic properties of KTN to clarify the nature of the

ferroelectric phase transition and the dynamics of the PNRs.

In the present study, the local symmetry breaking in the

PNRs was studied by Raman scattering in a paraelectric

phase of the KTN40 (x¼ 0.40) crystals. The dynamics of the

PNRs were studied by Brillouin scattering to clarify the elas-

tic anomaly in the GHz range caused by the coupling of

acoustic phonons with the PNRs and their slowing down.
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II. EXPERIMENT

KTN40 single crystals grown by the top seeded solution

growth method (TSSG)13 were cut into 4�3.2�1 mm3 size

pieces along the a, b, and c axes in the cubic coordinate sys-

tem. The largest (100) surfaces of the crystal were polished

to optical grade. The Brillouin scattering was excited at

532 nm from a single frequency solid state laser and meas-

ured by a Sandercock-type 3þ 3 passes tandem Fabry-Perot

interferometer at a back scattering geometry.14 The free

spectral ranges (FSR) of the spectrometer were fixed at

75 GHz for the longitudinal acoustic (LA), transverse acous-

tic (TA) mode and at 300 GHz for the CP measurements.

The Raman scattering was excited at 532 nm from a single

frequency solid state laser. The scattered light was collected

at the back scattering geometry and analyzed by a triple gra-

ting spectrometer (Jobin Yvon, T64000) with the resolution

of 2 cm�1. The temperature of the sample was regulated by a

heating/cooling stage (Linkam, THMS600) with the temper-

ature stability of 60.1 K over the entire temperature range.

III. RESULTS AND DISCUSSION

A. Local symmetry breaking observed by Raman
scattering

Raman scattering of KTN40 was measured as a function

of temperature to study the local symmetry breaking in the

cubic phase. Recently, Raman scattering of the typical

relaxor, Pb(Zn1/3Nb2/3)O3–PbTiO3 (PZN-PT), with a perov-

skite structure was studied in the cubic phase to clarify the

local symmetry breaking due to the existence of PNRs with a

rhombohedral R3m symmetry.15,16 Figure 1 shows the typi-

cal Raman spectra observed in the a(bc)�a (VH) back scatter-

ing geometry at selected angles rotated along the a-axis,

where 0� means the scattering geometry of a(bc)�a. The inset

shows the spectrum between 400 and 730 cm�1 fitted by the

damped harmonic oscillator (DHO) function. The dotted

(�470 cm�1) and dashed (�575 cm�1) bands denote the

modes of second order scattering, whereas the solid band

(�540 cm�1) indicates the first order scattering of the TO4

mode.17 The temperature dependence of the intensity of the

TO4 mode was measured in the vicinity of TC-T. Above TC-T,

the first order TO4 peak still appeared. According to the

Raman selection rule, this mode is Raman inactive in the

cubic phase with Pm3m symmetry. The temperature depend-

ence of the peak intensity is shown in Fig. 2(b). In the cubic

phase, the weak intensity of the TO4 mode still remains by

the local symmetry breaking in the dynamic PNRs with a

rhombohedral symmetry. In order to clarify the symmetry

breaking caused by the PNRs, we analyzed the angular de-

pendence of the VH spectra in the paraelectric phase as

shown in Fig. 2(a). In particular, we were mainly concerned

about the TO4 mode, and the intensity of this mode clearly

showed the peak variation, which is similar to the behavior

of the PNRs.18

According to the neutron pair distribution function anal-

ysis, the symmetry of the PNR of Pb(Mg1/3Nb2/3)O3 (PMN)

was R3m.19 For R3m symmetry, there are three Raman active

modes, A1(z), E(y) and E(�x) with the following Raman

tensors:18

A1ðzÞ ¼
a 0 0

0 a 0

0 0 b

0
B@

1
CA EðyÞ ¼

c 0 0

0 �c d

0 d 0

0
B@

1
CA

Eð�xÞ ¼
0 �c �d

�c 0 0

�d 0 0

0
B@

1
CA:

The angular dependence was calculated using the following

expression:18

FIG. 1. a(bc)�a Raman spectra of KTN40 at two selected rotation angles in a

cubic symmetry.

FIG. 2. (a) The angular dependence of the TO4 mode intensity, where the

observed intensity is denoted by the open symbols. The solid line denotes

the calculated intensity of the A1(z) mode of the PNRs. (b) Temperature de-

pendence of the TO4 mode intensity at 0�.
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~R
�1
:~C
�1
:ðA1ðzÞorEðyÞorEð�xÞÞ:~R:~C; (1)

where

~R ¼
1 0 0

0 cos h �sin h
0 sin h cos h

0
@

1
A

and ~C is the transformation matrix corresponding to Raman

tensor modification.18 Since the local rhombohedral regions

are randomly oriented with eight equivalent polarization

directions, we calculated the angular dependence in the

multi-domain states in which the contributions of all the

domains are equally summed up.18 The angular dependence

of the TO4 mode intensity is plotted by the open circles in

Fig. 2(a). The observed data were fitted using the bc compo-

nents of Eq. (1) for A1(z) mode. The fitted curve reproduces

the observed intensity variation revealing that the TO4 mode

in the paraelectric phase stems from the A1(z) mode of the

PNRs with a rhombohedral R3m symmetry. Therefore, in the

cubic symmetry, the KTN is considered to be composed of at

least locally distorted PNRs with R3m in the cubic matrix

with Pm3m symmetry below the Burn temperature. The

detailed Raman results of KTN40 will be separately

published.

B. Acoustic anomaly and central peak

The Brillouin scattering spectra of FSR¼ 75 GHz

observed at selected temperatures are shown in Fig. 3(a).

Each spectrum consists of doublet peaks of the LA and TA

modes. In the broadband spectra of FSR¼ 300 GHz, a CP

was observed as shown in Fig. 3(b). The breaking of

Brillouin selection rule is clearly revealed by TA mode

which inactive in cubic symmetry at the back scattering ge-

ometry.20 The TA mode above the Curie temperature was

not only in the present KTN crystals grown in NTT but also

in the KTN crystals grown in MTI, USA. Therefore, it is cer-

tain that the TA mode appears at least in the composition

range x¼ 0.3� 0.4. In Raman scattering, the first order scat-

tering is forbidden in a cubic phase, while the scattering in-

tensity of the first order still remains strongly above TC-T.

We ascribed the origin of local symmetry breaking to PNRs

with high number density.

The frequency shift, DtB, is related to the phase velocity,

V, of a sound wave by Eq. (2)14

DtB ¼ 6
2nV

k0

sin
h
2

� �
; (2)

where k0, n, and h are the wavelength of the incident light,

refractive index of the observed sample, and scattering angle,

respectively. The LA and TA sound velocities determined

from the frequency shifts of the LA and TA peaks are shown

in Figs. 4(a) and 4(b). The observed LA and TA sound veloc-

ities are related to the elastic constants C11 and C44 in a cubic

coordinate, respectively.20 The LA velocity shows a remark-

able softening in the vicinity of the cubic-tetragonal ferro-

electric phase transition temperature, TC-T¼ 308 K, while the

TA velocity shows only a slight softening and a small

discontinuity at TC-T, reflecting the nature of a slightly first

order phase transition. The softening of the LA velocity near

the Curie temperature and marked increase in the sound

attenuation were observed in various lead-based perovskite

relaxors, such as 0.65Pb(Mg1/3Nb2/3)O3–0.35PbTiO3 (PMN-

35PT), 0.70Pb(Sc1/2Nb1/2)O3–0.30PbTiO3 (PSN-30PT),

0.85Pb(Zn1/3Nb2/3)O3–0.15PbTiO3 (PZN-15PT), 0.65Pb

(In1/2Nb1/2)O3–0.35PbTiO3 (PIN-35PT), etc.21–24 Such

softening of the velocity and the increase in the attenuation

in the cubic phase are caused by the piezoelectric

coupling of the strain polarization fluctuations in the non-

centrosymmetric PNRs below the TB.25

The remarkable increase in the absorption coefficient of

the LA mode towards TC-T¼ 308 K was clearly observed as

shown in Fig. 5. The plot of the sound attenuation shows the

clear deviation at about 353 K from the constant temperature

dependence at high temperatures as shown in the inset of

Fig. 5. This temperature was assigned as the intermediate

temperature (T*) at which the rapid growth of PNRs begins.

The increase in the LA mode absorption below the interme-

diate temperature indicates the start of rapid growth of the

dynamic PNRs at T*. A similar remarkable softening of C11

was reported in Ref. 26. When the reported density of

6078.65 kg/cm3 and the refractive index 2.33 (at the wave-

length of 532 nm) of KTN40 are used,27,28 the observed val-

ues at 298 K are the elastic stiffness constant C11¼ 2.69

� 1011 N/m2, and C44¼ 0.97� 1011 N/m2. The LA and TA

FIG. 3. Brillouin scattering spectra at selected temperatures of a KTN40 sin-

gle crystal measured with the FSR (a) 75 GHz and (b) 300 GHz. The solid

lines in (b) indicate the curves fitted by the Voigt function.

074110-3 Rahaman et al. J. Appl. Phys. 116, 074110 (2014)
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sound velocities are 6.65 km/s and 3.99 km/s, respectively.

The values of the longitudinal sound velocity are in good

agreement with the values of KTN32 reported in Ref. 11.

The mean-field theory of the sound attenuation anomaly

was carried out by Landau and Khalatnikov and shows that

this anomaly arises due to coupling between the strains and

order parameter.29 Based on the mean-field approximation,

Levanyuk et al. found the temperature dependence of the

sound attenuation in the following form with the critical

exponent of 1.5 in the case of the order-disorder system30

a ¼ a1ðT � T0Þ�n: (3)

In order to explain the anomalous behavior and order-

disorder nature of the phase transition, we have fitted the

sound attenuation between TC-T and TC-Tþ 40 K using

Eq. (3). A good consistency between the experimental data

and the fitting result was obtained with the exponent of 1.5,

reflecting the order-disorder nature of the phase transition of

the high quality KTN40 single crystals. The parameters

obtained by fitting the sound attenuation are given in Table I.

However, the observed sound attenuation is well fitted by the

theoretical line, indicating that the anomaly arises due to

coupling between the LA phonons and polarization fluctua-

tions in the PNRs.

The critical slowing down is known as the typical phe-

nomenon of the order-disorder phase transition. Currently,

the diversive nature of the relaxation time of the polarization

fluctuations in the ferroelectric phase transitions were

observed by the broadband Brillouin scattering.23,25

As shown in Fig. 3(b), the CP intensity increases with a

decrease in temperature and its intensity becomes a maxi-

mum at TC-T. The relaxation time was determined by the CP

width CCP using the following equation:25

pCCPsCP ¼ 1; (4)

where sCP and CCP are the relaxation time and width of the

CP, respectively. The temperature dependence of the inverse

relaxation time (Fig. 6) shows a linear dependence between

TC-T and 357 K, which indicates the fact that a cubic-

tetragonal ferroelectric phase transition is the order-disorder

type. The critical slowing down in the vicinity of TC-T is

given by

1

s
¼ 1

s0

þ 1

s1

T � TC�T

TC�T

� �
: (5)

In the temperature range of the cubic phase between TC-T

and TC-Tþ 49 K, the observed values are 1/s0¼ 1.61

� 1012 s�1 and 1/s1¼ 1.48� 1011 s�1. The value of s0 can be

attributed to intrinsic lattice defects.31 Upon cooling, the CP

intensity drastically increases toward TC-T below T*, indicat-

ing the rapid growth of the volume fraction of PNRs,8 which

also induces the softening of the LA phonon velocity and the

rapid increase in the attenuation from T* to TC-T.

We also studied the temperature dependence of the

inverse of the susceptibility determined by the CP intensity

and compared this result with the inverse dielectric constant

as shown in Fig. 6(b). The intensity ICP is related to the static

susceptibility, v(0), by the equation, I¼ kBTv(0), where kB

FIG. 5. Sound attenuation of a KTN40 single crystal as a function of temper-

ature. The solid line indicates the curve fitted by Eq. (3). The inset shows the

plot of large scale to show T*.

TABLE I. Parameters obtained from fitting sound attenuation of a KTN40

single crystal.

a1(�106) (cm�1) T0 (K) n

1.03 6 0.10 296.83 6 1.05 1.5

FIG. 4. The temperature dependences of (a) longitudinal velocity of the LA

mode, and (b) transverse velocity of the TA mode in a KTN40 single

crystal.
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denotes the Boltzmann constant. The ratio of the slope just

below and above TC-T is about �3.2, which is less than �2

(that for the second order transition). Therefore, this phase

transition is slightly first order, which is in agreement with

Courdille et al. and Triebwasser’s for x¼ 40% and x¼ 46%

crystals, respectively.32,33

To discuss the temperature evolution of the dynamic na-

ture of the PNRs, the average size of the dynamic PNRs was

estimated by multiplying the relaxation time by the sound

velocity of the LA mode because the maximum of the char-

acteristics length of the strain fluctuations is given by the

propagation length within the relaxation time.34 Upon

cooling, the average size of the dynamic PNRs increases to-

ward TC-T as shown in Fig. 7, reflecting the growth of the

PNRs up to the percolation limit in which the reorientation is

completely suppressed.35 At an intermediate temperature T*,

the size is about 4.5 nm, which is in agreement with the size

of a dynamic polar cluster of 4–6 nm.11,26

IV. CONCLUSIONS

The relaxor-like dynamics related to PNRs have been

investigated in the ferroelectric phase transition of

K(Ta1�xNbx)O3 crystals with x¼ 0.40 using Brillouin and

Raman scatterings. The local symmetry breaking caused by

the PNRs in a paraelectric cubic phase was proved by the

appearance of first-order Raman scattering with a polar

rhombohedral symmetry. The remarkable softening of the

velocity and the increase in attenuation of the LA mode were

observed in the vicinity of the cubic-tetragonal ferroelectric

phase transition temperature, TC-T¼ 308 K. The increase in

the LA mode attenuation was clearly observed below the in-

termediate temperature, T*¼ 353 K, indicating the start of

the rapid growth of the dynamic PNRs. The evolution of the

dynamic PNRs was discussed based on the size growth with

temperature, and below T*, it rapidly increases towards TC-T

up to the percolation limit. The order-disorder nature of the

ferroelectric phase transition is clearly observed by the criti-

cal slowing down towards TC-T by the temperature variation

of the broad central peaks. The soft mode behavior of

KTN40 was not observed by Raman scattering. Therefore, it

is concluded that the nature of the phase transition of KTN40

is purely order-disorder.
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