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The broadband inelastic light scattering spectra of ternary Pb(In1/2Nb1/2)-Pb(Mg1/3Nb2/3)O3-PbTiO3

single crystals were investigated as a function of temperature and crystal orientation by combining

Raman and Brillouin spectroscopies. The angular dependence of the strong Raman peak located at

�50 cm�1 was investigated at 300 �C. The intensity variation of this mode with rotation angle was

compatible with the F2g mode of Fm�3m symmetry, suggesting that this mode arises from the 1:1

chemical order at the B-site in this perovskite structure. The temperature evolution of the polar

nanoregions was associated with the growth of two central peaks and the change in the intensity of

some Raman peaks, which were known to be sensitive to the rhombohedral symmetry. Both

relaxation processes exhibited partial slowing-down behaviors with a common critical temperature of

�160 �C. Poling the crystal along the [001] direction induced abrupt changes in some of the

Raman bands at the rhombohedral–tetragonal phase transition. On the other hand, the diffuse

tetragonal–cubic phase transition was not affected by the poling process. This high-temperature phase

transformation seems to be smeared out by the inherent disorder and strong random fields enhanced

by the addition of Pb(In1/2Nb1/2) into Pb(Mg1/3Nb2/3)O3-PbTiO3. VC 2014 AIP Publishing LLC.

[http://dx.doi.org/10.1063/1.4878855]

I. INTRODUCTION

Binary relaxor-based ferroelectric single crystals,

such as (1� x)Pb(Mg1/3Nb2/3)O3-xPbTiO3 (PMN-xPT) and

(1� x)Pb(Zn1/3Nb2/3)O3-xPbTiO3 (PZN-xPT), near the

morphotropic phase boundary (MPB) have attracted high

attention because of their superior piezoelectric (d33

> 1500 pC/N) and electromechanical properties

(k33> 0.9).1 These complex perovskite solid solutions have

already been adopted in various piezoelectric applications

as actuators, transducers, etc., but they suffer from some

shortcomings, e.g., low coercive fields and low phase tran-

sition temperatures. These properties limit the device appli-

cation range in both temperature and electric-field windows.

Recently, ternary relaxor ferroelectric single crystals of

Pb(In1/2Nb1/2)-Pb(Mg1/3Nb2/3)O3-PbTiO3 (PIN– PMN–PT)

with compositions near MPB have been explored exten-

sively due to their higher coercive fields, excellent piezo-

electric performances, and higher phase transition

temperatures than the binary systems.2–15 Besides the supe-

rior characteristics of PIN-PMN-PT from the viewpoint of

applications, it exhibits complex phase transition behaviors

owing to the enhanced frustration, which needs more inves-

tigation from the fundamental point of view.16–18 In particu-

lar, the effect of the antiferroelectric interaction arising from

the addition of PIN with B-site ordering on the diffuse phase

transition remains unsettled and should be revealed in more

detail.

In spite of recent thorough studies on ternary PIN-PMN-

PT single crystals, most studies have focused on macroscopic

properties of this system, such as dielectric and piezoelectric

characteristics.2–18 In order to get more insights into the nature

of phase transition behaviors, some experimental methods

with different length and time scales other than the macro-

scopic measurements are necessary. In this sense, broadband

inelastic light scattering spectroscopy can be an appropriate

approach, because it is very sensitive to structural transforma-

tions occurring on a very short length and time scales and thus

to local symmetry changes. In particular, it has been a power-

ful tool in the investigation of structural characteristics of

relaxors on the nanometer scale, such as polar nanoregions

(PNR) and chemically ordered regions (COR) in relaxor

ferroelectrics.19–26 In addition, low-frequency (low-wavenum-

ber) spectral range is very important because soft optic pho-

non mode and/or central peak (CP) can be probed and

investigated in relation to the nature of phase transition behav-

iors and relaxation dynamics.27–29

The motivation of the present study is to carry out sys-

tematic investigation of PIN-PMN-PT single crystals by

using a high-resolution Raman spectroscopy with the high

stray light rejection, including polarization effect, tempera-

ture, and angular dependences of vibrational spectra. In addi-

tion, we examined the relaxational dynamics of PNR by

combining the quasi-elastic spectra measured by both

Brillouin and Raman spectroscopy. This unified approach28

is very promising for the accurate analysis of relaxational

dynamics because many previous studies on the central peak

behaviors have been handled separately in either the

Brillouin or Raman frequency window.

a)Electronic mail: kojima@bk.tsukuba.ac.jp
b)Electronic mail: hwangko@hallym.ac.kr
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II. EXPERIMENT

A. Experimental details

The ternary 0.26PIN-0.46PMN-0.28PT single crystals

were grown using the modified Bridgman method (TRS

Technologies Inc). Samples were cut into (001)-oriented pla-

telets, which were polished to optical quality. The largest

(001) surfaces of some samples were vacuum-sputtered by

gold to apply an external electric field. In this case, the crys-

tal was poled at 15 kV/cm immersed in silicon oil at room

temperature to prevent arcing.

The Brillouin and Raman spectra for both [001]-poled

and unpoled PIN-PMN-PT single crystals were collected in

the macroconfiguration (BX-60, Olympus) and backscatter-

ing geometry (spot diameter �5 lm). The sample tempera-

ture was controlled by using a cryostat developed for a

microscope (THMS600, Linkam) with a stability of 60.1 �C.

The Brillouin spectra were obtained by using a 6-pass tan-

dem Fabry-Perot interferometer (TFP-1, JRS Co.) with a free

spectral range of 300 GHz for CP. A diode-pumped solid-

state (DPSS) laser (Compass 315M-100, Coherent) with sin-

gle frequency operation at 532 nm was used for Brillouin

scattering. The Raman scattering experiment was carried by

using a triple-grating Raman spectrometer of additive disper-

sion (T64000, Jobin Yvon) combined with a photomultiplier

tube (R464, Hamamatsu). The excitation source for Raman

scattering was also a DPSS laser (Ventus, Laser Quantum)

with a wavelength of 532 nm. All spectra were recorded with

a spectral range from �100 to 950 cm�1 and spectral resolu-

tion of about 1.5 cm�1. To protect the photomultiplier from

the strong Rayleigh scattering, the spectral region from �10

to þ10 cm�1 was excluded from the acquisition. In order to

investigate angular dependence of Raman spectra at 300 �C,

we measured polarized (VV) and depolarized (VH) Raman

spectra at the zðx; xÞ�z and zðx; yÞ�z scattering geometries,

respectively. These coordinates are expressed with respect to

the pseudo-cubic crystal axes. For this measurement, a modi-

fied microscope was used, where a 1/2 k wave-plate was

inserted to control the polarization directions of the incident

laser beam and the scattered light.25

B. Analysis

The polarized Raman spectra of unpoled PIN-PMN-PT

measured at 30 �C are shown in Fig. 1 along with the reduced

intensity by considering the Bose-Einstein population factor.

As can be seen from these spectra, all phonon modes are

broad and seem to partly overlap. In order to derive the pho-

non frequencies, line widths, and line-shape parameters of

CP from the measured spectra, we directly decomposed the

measured spectra using a multiple-peak fitting procedure.

The Bose-Einstein factor F of Eq. (1) was considered in the

fitting process,19–21

F x; Tð Þ ¼ n xð Þ þ 1;
n xð Þ;

for Stokes part

for anti� Stokes part;

�
(1)

where n xð Þ ¼ 1= exp �hx
kT

� �
� 1

� �
, �h the Planck constant, x

the angular frequency, k the Boltzmann constant, and T the

temperature. The best-fitted result could be achieved with

the assumption of a Lorentzian-type CP by the high-

temperature approximation and the spectral response func-

tion of a damped harmonic oscillator for phonon modes, the

latter being modified by the Bose-Einstein factor as follows:

I xð Þ ¼ A

p
Dx

4x2 þ Dx2
þ F x; Tð Þ

X
i

2AiCix2
i x

ðx2 � x2
i Þ

2 þ 4x2C2
i

:

(2)

In Eq. (2), A and Dx are the proportional constant and the

width of CP, respectively. Ai, xi, and Ci are the amplitude,

peak position, and damping constant, respectively, of the ith
Raman mode. Dx of CP is usually considered to be related

to 1=ps, where s denotes a relaxation time of the relevant

relaxation process responsible for the formation of CP.27–29

III. RESULTS AND DISCUSSION

A. Angular dependence of Raman spectra in unpoled
PIN-PMN-PT

The first-order Raman spectrum in the cubic phase of

Pm�3m symmetry is forbidden in principle. Previous Raman

studies on relaxors have shown first-order Raman peaks in

the paraelectric phase of typical relaxors such as PMN, and

the existence of COR and/or PNR was considered as possible

origins.19–26 The COR with a Fm�3m symmetry originates

from the chemical 1:1 order in the B-site of the perovskite

structure. Recently, the angular dependence of the strong

low-frequency mode of PMN near 45 cm�1 was measured

and analyzed, which clearly showed that this peak corre-

sponds to the F2g mode of Fm�3m symmetry.25 However,

there has been no experimental study reporting the existence

of COR in the ternary PIN-PMN-PT system.

Figs. 2(a) and 2(b) show the angular dependence of

Raman spectra in unpoled 0.26PIN-0.46PMN-0.28PT meas-

ured at 300 �C and observed at the VV and VH configura-

tions, respectively. The Raman spectrum changes

periodically with rotation angle. In particular, the intense

peak at around 50 cm�1, indicated by solid red circles,

FIG. 1. Polarized Raman spectra from raw data (black line) and the one with

reduced intensity corrected by the Bose-Einstein population factor (red line).
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changes in intensity markedly. However, the angular varia-

tion of the intensities of other peaks is smaller compared to

the case of PMN crystal.25 According to the group theoreti-

cal analysis, there are four Raman active modes,

2 F2g þ EgþA1g, in the Fm�3m symmetry. The angular de-

pendence of the Raman intensity was suggested to be propor-

tional to ~R
�1 � ðA1g or Eg or F2g) � ~R, where ~R is the rotation

matrix.25 In case of PMN, the observed intensity of the band

located near 45 cm�1 showed the angular variation compati-

ble with the calculated results as described above. This

showed that this component is due to the chemically ordered

regions having a Fm�3m symmetry.25

Figure 3(a) shows the extended view of the Raman spec-

trum of a 0.26PIN-0.46PMN-0.28PT single crystal in the

low-frequency region. The periodic change in the Raman

intensity of the low-frequency mode is clearly seen. The

observed intensity variation for the low-frequency compo-

nent at �50 cm�1 is shown in Fig. 3(b). The oscillating

behavior could be nicely fitted by using the variation of

sin 2h according to ~R
�1 � F2g � ~R, similar to the case of

PMN.25 This result clearly shows that the strong peak near

50 cm�1 of PIN-PMN-PT is the F2g mode of Fm�3m symme-

try. This also indicates that the observed angular dependence

of this mode is not consistent with the R3m symmetry. In

spite of the recent extensive study on PIN-PMN-PT single

crystals, the atomistic arrangement of cations has not

been investigated in detail. The present result clearly sug-

gests that there are chemically ordered regions in

0.26PIN-0.46PMN-0.28PT, where 1:1 ordered B-site cations

exhibit Fm�3m symmetry. In case of PMN-xPT, there is no

COR at high PT concentration with x> 0.21.23 In case of

0.26PIN-0.46PMN-0.28PT, COR seems to be persistent in

spite of the high PT concentration of 28%, which may be

attributed to the more complex disordered matrix formed by

including the antiferroelectric PIN composition. It is well

known that the complete 1:1 cation order at the B-site of

PIN induces long-range antiferroelectric order at low

temperatures.30

B. Temperature dependence of Raman spectra

The deconvolution of Raman spectra of an unpoled

0.26PIN-0.46PMN-0.28PT crystal is presented in Fig. 4. At

30 �C, a polarized spectrum is decomposed into 9 lines. In

case of the unpoled sample, there are no appreciable changes

in the peak frequencies of Raman bands depending on tem-

perature in the measured temperature range. The depolarized

FIG. 2. Angular dependences of the Raman spectra in unpoled PIN-PMN-

PT. (a) and (b) present the spectra observed at the VV and VH configura-

tions, respectively. The red solid circles denote the strong line located near

50 cm�1.

FIG. 3. (a) A contour map of the polarized (VV) Raman spectra observed

from an unpoled PIN-PMN-PT crystal versus the rotation angle and the

wavenumber (�100–150 cm�1). (b) Angular dependence of intensity of the

Raman peak located at �50 cm�1 (circles) along with the calculated results

based on Raman tensor analysis (solid line). See the text for more details.
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spectrum shown in Fig. 4(b) also exhibits similar spectral

features as those of polarized one. Usually, the characteristic

length scale of COR does not show any temperature depend-

ence. Therefore, the peak intensity of F2g mode of Fm�3m
symmetry, which is associated with COR, does not expect to

exhibit any appreciable change when the temperature passes

through the Burns temperature. Fig. 5(a) shows the tempera-

ture dependence of the reduced intensity of the F2g mode

measured at the depolarized condition. The intensity is

almost flat at high temperatures down to 250 �C. However, it

shows some anomalous behavior near the dielectric maxi-

mum temperature Tm, which seems to indicate that the for-

mation of mesoscopic polar regions near Tm has some effect

on the temperature evolution of COR.

The Raman band located near 560 cm�1 is known to be

related to PNRs, the local symmetry of which is rhombohe-

dral.25 The temperature dependence of the reduced intensity

of this mode is shown in Fig. 5(b), which displays a noticea-

ble increase at around 300 �C. This is the same temperature,

denoted as T�, around which the central peak grows rapidly

and its half width decreases substantially as revealed by

recent Brillouin scattering study.16 This temperature was

suggested to indicate the onset of rapid growth in the size of

PNRs and their local phase transformation into quasi-static

ones.20,21,26 In addition, the angular dependence of the inten-

sity variation of 560 cm�1 peak was compatible with the

R3m symmetry as predicted by Raman tensor analysis.25

The peak positions of an unpoled 0.26PIN-0.46PMN-

0.28PT crystal do not show any appreciable changes although

anomalous changes in the peak intensity could be observed as

seen in Fig. 5(b). This seems to be consistent with the previ-

ous study that the dielectric constant exhibits typical fre-

quency dispersion as observed from relaxors.16 Recent

neutron diffraction study also came to the same conclusion.15

As a next step, the poling effect on the lattice vibration was

investigated accordingly. The [001] plate was poled under the

condition as described in Sec. II, and its depolarized Raman

spectrum was measured upon heating. Fig. 6(a) shows temper-

ature dependences of the Raman peak position. Some of the

peaks in the low-frequency range show discontinuous changes

in the mode frequency at the rhombohedral-tetragonal phase

transition (TR-T). Figure 6(b) shows the temperature depend-

ence of the reduced intensity of the split peaks near 50 cm�1.

Both peaks exhibit step-like changes in the intensity near

TR-T. On the other hand, both the mode frequencies and inten-

sities do not show any appreciable changes at the

tetragonal-cubic phase transition point. According to previous

dielectric study on this system,16 the tetragonal-cubic phase

transition was found to be highly diffused even under the

FIG. 4. Examples of multiple peak decomposition of Rama spectra meas-

ured at 30 �C in (a) VV and (b) VH geometry. The mode assignment cited

results of first principles computations in Pm�3m.14

FIG. 5. Temperature dependences of the intensity of the Raman peaks

located at (a) 50 cm�1 and (b) 560 cm�1 measured from unpoled

PIN-PMN-PT.
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poled condition. In addition, the acoustic properties, which are

sensitive to the polarization state of the sample, did not exhibit

any drastic changes at Tc.
16,18 This result indicates that the

apparent phase transformation reported as tetragonal-cubic

phase transition does not seem to undergo a sharp, drastic

change accompanied by the long-range order due to inherent

disorder and strong random fields. It was suggested that the in-

termediate phase between TR-T and Tc is characterized by the

coexistence of mesoscopic polarizations and dynamic polar

regions.16 The diffuse dielectric maximum at around Tc thus

indicates the characteristic temperature range where the meso-

scopic polarizations disappear gradually. The effect of this dif-

fuse phase transformation is not expected to induce any

discontinuous changes in the vibrational properties, which

was indeed confirmed in this study.

C. Two polarization relaxation processes

The quasi-elastic central peak was previously reported

by Brillouin scattering in a limited frequency range.16,18 The

obtained relaxation time increased upon cooling indicating

the slowing down behaviors of PNRs. However, the detailed

spectral shape of CP could not be resolved due to the limita-

tion of the narrow frequency window, which can only be

observed by measuring the inelastic light scattering spectrum

over a wide frequency range. In this context, the combination

of Brillouin and Raman spectroscopy is an appropriate

approach toward the exact characterization of the quasi-

elastic CP of PIN-PMN-PT. For this purpose, the depolarized

spectra of unpoled 0.26PIN-0.46PMN-0.28PT was measured

and analyzed. Fig. 7 shows the combined spectra at two tem-

peratures. The overlapped spectral regions around 10 cm�1

were used to connect the independently measured Brillouin

and Raman spectra.

Each spectrum consists of broad quasi-elastic central

peaks and optic phonon modes. The quasi-elastic CP was

usually fitted by using a single Lorentzian model. However,

the broad central-peak feature shown in Fig. 7 could not be

fitted based on this model. Instead, two Lorentzian functions

could be used to reproduce the spectrum similar to the case

of PZN-0.07PT.28 Fig. 7 includes the individual fitting lines

of each mode and CP in addition to the best-fitted result for

the whole spectrum. It is clearly seen that the two Debye

relaxation processes in addition to multi-phonon lines were

enough to explain the whole spectral features measured from

FIG. 6. Temperature dependences of (a) all the Raman peak positions and

(b) the intensity of the split peaks located at �50 cm�1 measured under the

depolarized condition.
FIG. 7. Two broadband spectra of PIN-PMN-PT at the depolarized scatter-

ing geometry at (a) 300 �C and (b) 180 �C in logarithmic scales. The fitting

lines consist of narrow CP, broad CP, and the response functions of the

damped harmonic oscillators (DHO).
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0.33 to 950 cm�1. The appearance of CPs in relaxors has

been associated with the condensation of softening trans-

verse optical phonon resulting in the formation of PNRs at

and below Burns temperature.12,20 The fluctuations of local

polarization inside the PNRs are the most probable origin of

the relaxation processes observed in the CP.31

The quasi-elastic central peaks were fitted by using two

Lorentzian functions, from which the intensity and the

half-width could be derived. The obtained temperature

dependences of the relaxation time (denoted as sncp) and the

CP intensity of the slower relaxation process are shown in

Figs. 8(a) and 8(b), respectively. The CP intensity grows rap-

idly toward and shows a maximum at around Tm: sncp is in the

order of picosecond range and increases toward Tm. However,

the inverse of sncp does not exhibit a linear behavior in the

paraelectric phase, as shown in Fig. 8(b). The typical critical

slowing-down behavior is not observed from sncp. One possi-

ble origin of this temperature dependence is that the local

transition from dynamic to static PNRs hinders PNRs from

slowing down further. To explain such a suppressed slowing

down behavior which may be caused by random fields, the

following empirical equation was proposed32 in the vicinity of

TC as given by

1

sncp
¼ 1

s0

þ ðT � TcÞb

D0
; ð1 � bÞ; (3)

where b is the stretched index, s0, TC, and D0 are fitting

parameters. In the case of b¼ 1.0, Eq. (3) exhibits the nor-

mal critical slowing-down behavior shown from order

disorder-type ferroelectrics. In the case of b> 1.0, the

slowing-down behavior of the relevant relaxation process is

suppressed and stretched, the degree of which may be con-

trolled by the strength of random fields. The best-fitted result

is shown as a solid line in Fig. 8(b), and the obtained value

of b was 1.3. Other parameters are s0¼ 3.64� 10�12 s,

D0 ¼ 2.29� 10�9 K, and TC¼ 162 �C.

On the other hand, the inverse of the fast relaxation time

(denoted as sbcp) from the broad central peak is shown in

Fig. 9 as a function of temperature. Interestingly, the inverse

of sbcp shows a linear behavior near the dielectric maximum

temperature, and becomes minimum at 160 �C. This kind of

temperature dependence is usually observed from order-

disorder type ferroelectrics that exhibit critical slowing-down

behavior near the Curie point.29,33 It is interesting that the

minimum temperature of sbcp (�160 �C) shown in Fig. 9 is

almost the same to 160 �C derived from sncp by using Eq. (3).

This agreement clearly indicates that a common microscopic

origin, i.e., PNRs, is responsible for the two relaxation proc-

esses represented by the narrow and broad central peaks.

The origin of the two CPs and the corresponding two

relaxation processes may be explained by the flipping

motions of the polarization inside a PNR, as suggested by

Tsukada et al.28 From diffuse neutron scattering on PMN,34

the polarization inside a PNR has been reported to align

along the eight equivalent h111i directions in the cubic coor-

dinates. Therefore, the slower relaxation process (the narrow

Lorentzian peak) can correspond to the non-180� flipping

accompanied by the change in strain, while the faster relaxa-

tion process (the broad peak) can correspond to the 180� flip-

ping free from any change in strain.28 However, it is not

clear at the moment why the two relaxation processes occur-

ring in PNRs exhibit different slowing-down behaviors as

revealed in Figs. 8(b) and 9. Apparently, the fast relaxation

process seems to associate with the “hidden” structural phase

transition of unpoled 0.26PIN-0.46PMN-0.28PT, which is

smeared by the strong random fields and the resulting

FIG. 8. Temperature dependences of (a) the intensity and (b) the inverse of

the relaxation time of a narrow central peak. The solid line denotes the cal-

culation results by Eq. (3).

FIG. 9. The inverse of the relaxation time of the broad central peak. The

solid lines denote the linear behavior of 1/sbcp.
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diffuseness. This fact may be associated with the recent

report that the field-induced phase transition occurs at almost

the same temperature of �162 �C.15 More detailed study is

necessary for getting clearer insights into the nature of these

two relaxation processes.

IV. CONCLUSION

Vibrational properties and the dynamics of PNRs of a

relaxor ferroelectric 0.26PIN-0.46PMN-0.28PT single crystal

were studied in a broad frequency range from 0.33 to

950 cm�1 by Brillouin and Raman spectroscopies. The angular

dependence of the intensity of a strong Raman peak located at

50 cm�1 was compatible with the F2g mode of Fm�3m symme-

try, suggesting that this mode is due to the 1:1 chemical order

at the B-site of this system. Broadband spectra in the paraelec-

tric phase of unpoled 0.26PIN-0.46PMN-0.28PT exhibited two

central peaks, indicating two relaxation processes associated

with the polarization flipping in PNRs. The slow process

showed a stretched slowing-down behavior, while the fast pro-

cess exhibited a linear decrease in the relaxation time resulting

in the minimum at �160 �C. The temperature evolution of

PNRs was manifested in the Raman intensity of the peak

located near 560 cm�1, which was known to be sensitive to

PNRs. The intensity of this mode exhibited a sudden increase

at �300 �C, at which the onset of rapid growth in the size of

PNRs and their local phase transformation into quasi-static

ones occur. Poling the crystal along the [001] direction

induced abrupt changes in some of the Raman bands at the

rhombohedral–tetragonal phase transition. However, the dif-

fuse tetragonal–cubic phase transition was not affected by the

poling process, indicating that this high-temperature phase

transition reported as tetragonal-cubic phase transition does

not seem to be a clear structural phase transition even under

the poling condition. It may be smeared out due to inherent

disorder and strong random fields enhanced by the addition of

PIN into PMN-PT.
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