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1. Introduction

Piezoelectrics are of great interest for energy applications, 
because they can transform environmental mechanical forces 
into potentially useful electricity and can generate mechani-
cal responses driven by electric forces. They are widely used 
in ultrasonics, energy harvesting, etc [1–6]. Ferroelectricity is 
mostly related to the displacement of ions, therefore there is a 
local separation between the center of the distribution of the 
positive and negative charge. The presence of disorder means 
that the interactions caused by displacing atoms cannot con-
stantly induce long-range order, but can result in local ordering. 

For instance, in perovskite PbTiO3, Pb is the twelve-fold coor-
dinated A-site cation and Ti is the six-fold coordinated B-site 
cation. The Ti4+ ion shows a strong positive charge. Therefore, 
if this ion is displaced in parallel away from the center of its 
octahedral layer, the crystal will obtain a net polarization. The 
overall average ordering is conventionally revealed by x-ray 
or neutron diffraction, in which the Bragg peak intensities are 
measured and a unit cell is determined [7, 8]. Note that x-ray 
or neutron diffraction actually reflects an average over numer-
ous local environments. They certainly cannot reflect the local 
crystal chemistry, which plays an important role in physical 
properties. Since the function of materials is related to their 
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Abstract
Optic phonons and lattice vibrations of Pb(In1/2Nb1/2)O3-Pb(Mg1/3Nb2/3)O3-PbTiO3 single 
crystals near the morphotropic phase boundary (MPB) are determined by terahertz (THz) 
reflectance spectra in a temperature range of 5.5–300 K. Raman scattering is measured with a 
He–Ne laser with a wavelength of 632.8 nm as the exciting source. On cooling from 300 K, the 
A1 component of the splitting TO1 mode hardens, which follows the Cochran law with a critical 
softening temperature of 761–861 K. Moreover, the E component of the soft mode is heavily 
damped around 0.81 THz (27 cm  −  1). Additional polar phonon modes, which are forbidden in 
the cubic structure, are activated due to the broken cubic symmetry in polar clusters.
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structures, one can comprehend the origin of the properties 
by resolving the micro structures and electronic structures. 
However, local ordering in relaxor ferroelectrics persists only 
for a few unit cells or nanometers. Disorder, randomness and 
short-range order are invoked to explain many physical and 
chemical key properties [9]. Local order is related to the crys-
tal chemistry of the individual ions, obviously different from 
the global average order revealed by conventional techniques.

As a classic example, the chemical disorder of 
Pb(Mg1/3Nb2/3)O3 (PMN) on the B-site results in a wide 
range of environments for the polar A-site atoms. Recently, 
Pb(In1/2Nb1/2)O3-Pb(Mg1/3Nb2/3)O3-PbTiO3 (PIN-PMN-PT) 
ternary system with a morphotropic phase boundaries (MPB) 
composition was reported to have higher phase transition tem-
peratures with similar piezoelectric properties as compared to 
PMN-PT, which is regarded as broadening the temperature 
and electric field ranges for applications [10]. The origin of 
large piezoelectric properties for PMN-PT based systems is 
polarization rotation induced by the external electric field [11, 
12]. PIN-PMN-PT crystals exhibit MPB between the rhom-
bohedral and tetragonal phases, which are thermodynamically 
equivalent. In the MPB region, monoclinic and/or orthorhom-
bic phases exist that bridge the rhombohedral and tetragonal 
phases. Moreover, the orthorhombic/monoclinic symmetry 
can coexist with a rhombohedral or tetragonal phase [13, 14].

Complex dielectric properties are related to the chemical 
disorder of ions with different valence at the B sites. For PMN, 
Mg2+ and Nb5+ have the ratio of 1 : 2 at the B sites and they 
are short-range 1 : 1 order on a length scale of 20–50 Å. One 
site is occupied by Nb5+ and the other one by a random mix-
ture of 1/3 Nb5+ and 2/3 Mg2+. Terahertz (THz) and Raman 
spectroscopic techniques are sensitive tools for revealing the 
degree of B-site order [15, 16]. In contrast to the well-studied 
ultrahigh dielectric and piezoelectric properties, a quantitative 
understanding of the complex dielectric behavior in relaxors 
has not been fully investigated. Compared with the inelastic 
neutron scattering (INS), which probes couples with a rela-
tive short-wavelength comparable to the nanoclusters' size, 
the THz probe couples with very long-wavelength phonons, 
which can detect the effectively homogeneous medium aver-
aged over the nanoclusters [17–19]. The coherent length for 
the THz activity determined by the range of interatomic forces 
is very short, which makes the local polar distortions in polar 
clusters observable from the THz spectra.

In this letter, we present a detailed analysis of PIN-PMN-PT 
on the basis of THz and Raman measurements, which provide 
information about the microscopic dynamics of single crys-
tals. The results reveal several key features which are closely 
related to the temperature variation of the soft mode. In par-
ticular, the formation of polar clusters is manifested by split-
ting the polar modes from the THz spectra.

2. Experimental details

PIN-PMN-PT single crystals were grown using a vertical 
Bridgman technique [20]. The samples were cut perpen-
dicular to the 〈001〉 direction. The nominal concentration 

of xPIN-(1-x-y)PMN-yPT crystals was x  ∼  0.27–0.28 and 
y  ∼  0.29–0.35. The near-normal incident (∼6°) THz reflec-
tance measurements were performed from 0.75 to 30 THz 
using a Bruker VERTEX 80 V Fourier transform infrared 
spectrometer. The PIN-PMN-PT crystals were mounted into 
an Oxford AC-V12w continuous flow cryostat with the crystal 
samples in He vapor. The temperature could be varied from 
5.5 to 300 K. Gold and aluminum mirrors, whose absolute 
reflectance was measured, were taken as references for the 
spectra in the high and low-frequency regions, respectively. 
Raman scattering measurements were carried out by using a 
Jobin-Yvon LabRAM HR800 UV micro-Raman spectrome-
ter. The He–Ne laser with a wavelength of 632.8 nm was taken 
as the exciting source.

3. Results and discussions

The experimental and fitting THz reflectance spectra of PIN-
PMN-PT crystals, taken at 5.5, 100, 200 and 300 K, are shown 
in figure 1. Generally, THz spectra can be fitted using the fac-
torized oscillator model of the dielectric function:
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. ε∞ is the high frequency dielectric constant, 

νTOj and νLOj are the transverse optic (TO) and longitudinal 
optic (LO) frequency of the jth mode, respectively; γTOj and 
γLOj are the corresponding damping constants.

The fitting parameter values for PIN-PMN-0.29PT at 5.5 K 
are summarized in table 1. The frequency range above 30 THz 
is not shown because the reflectance pattern is almost flat and 
there is no phonon response. The main phonon structure was 
observed below 20 THz. Figure 1(a) shows that there is no 

Figure 1. Temperature dependent THz reflectance spectra for 
PIN-PMN-0.29PT crystal. Inset (a) shows THz reflectance spectra 
of PIN-PMN-PT crystals at 5.5 K. Insets (b) and (c) show the 
experimental (circles) and calculated (solid line) THz reflectance 
spectra and -Im(1/ε) of PIN-PMN-0.29PT crystal at 300 K, 
respectively. 
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obvious difference between the polar phonon structure of vari-
ous PIN-PMN-PT crystals. The damping constants of some 
polar modes are broadening due to the rising chemical disor-
der in the lattice.

Three main peaks are observed in the THz spectra of 
PIN-PMN-PT crystals, corresponding to three infrared (IR) 
active phonons of a simple cubic paraelectric structure, which 
neglects the presence of the polar phase and four differ-
ent types of ions at the B position of the ABO3 perovskite. 
They are Axe-, Slater- and Last-type vibrations, respectively. 
The Last modes express the vibration of rigid BO6 octahedra 
against Pb atoms. Two modes in the range of 4.5–10.5 THz 
are the so-called Slater mode, caused by the vibration of the B 
atoms against the O6 octahedra. It was reported that the piezo-
electric properties of PZN-PT is higher than PMN-PT because 
of overall lower frequencies in the Slater band of PZN-PT. 
The larger mass of the Zn2+ ion than that of the Mg2+ ion leads 
to a lower frequency of the Last-type band. However, the low 
frequency part of the Last band reveals a weak force constant, 
indicating an important Slater-type component in the frozen 
polarization of PZN-PT [22]. The Axe mode corresponding to 
the vibrations above 15 THz is mainly due to the bending of 
the O6 octahedra.

The mode near 12.9 THz is IR active because the local 
order in the B sites leads to mutual B-atom vibrations. Similar 
behavior was observed in Pb(Mg1/3Nb2/3)O3-Pb(Sc1/2Nb1/2)
O3-Pb(Zn1/3Nb2/3)O3 relaxors [23]. Ten polar phonons can be 
resolved from the THz spectra at 5.5 K. This is inconsistent 
with the factor group analysis for the cubic, tetragonal and 
rhombohedral symmetry. The cubic paraelectric perovskite 
structure allows three F1u IR active modes and one silent mode 
of F2u symmetry. In the case of a B-site disorder, the average 
primitive unit cell contains only one formula unit. In the ¯Fm m3  
space group, the factor group analysis yields the following 
optic vibration modes: 4A1g(Raman)  +  Eg(Raman)  +  F1g(-)   
+  4F1u(IR)  +  2F2g(Raman)  +  F2u(-). This indicates that four 
Raman and four IR active modes are expected in the spectra. If 
we assume that the crystals have a macroscopically cubic sym-
metry with the polar nanoregions of rhombohedral symmetry, 
16 IR active modes are expected when considering the rhom-
bohedral structure with 1 : 1 short-range order in the B site. 
In this case, the optic modes are 7A1(Raman,IR)  +  2A2  +  9E 
(Raman,IR) and 1A1  +  1E acoustic modes. The THz probe is 
sensitive enough to observe the polar modes from the rhombo-
hedral structure. Not all of them can be seen because some of 
them are weak or overlap with others due to their finite damp-
ings. Note that the THz spectra shapes are similar to those of 
PMN, PMN-PT and other relaxors [21–24].

The order parameter in the polar nanoregions and ferroelec-
tric phases of Pb-based relaxors is mainly related to displace-
ment of the Pb cation, which leads to the Last-type band at the 
lowest frequencies, giving an evident temperature-dependent 
effect to the static dielectric constant. The polar phonons of 
PMN give the total contribution to static permittivity about 
1000, which corresponds roughly to the dielectric constant in 
the frequency range of 10–100 GHz [25]. This leads to much 
higher dielectric constants in the THz region than those in the 
ultraviolet region [26]. Figure 2 shows the real and imaginary 
parts of the dielectric functions, which describe the polar-
phonon absorption. Figure 2 shows that very high values of 
permittivity are found at low frequencies, which are below the 
phonon frequencies. The results from the first-principles cal-
culation of PMN indicate that the high-energy phonon band is 
not as dispersive compared to the low frequency bands, which 
can be explained by the band folding due to the ordering of 
Mg and Nb [7]. Eigenvectors of the mode below 3 THz are 
important only on Pb, corresponding to low-frequency acous-
tic antiphase Pb displacements caused by a small diagonal ele-
ment of the dynamical matrix for Pb. The origin of the mode 
at 12 THz is puzzling because the first-principles calculations 
do not show any TO mode near this range [7]. However, the 
effective medium model on PMN also reproduces this band 
without assuming any intrinsic TO frequency around 12 
THz [21]. This mode is the so-called geometrical resonances 
(GR), related to the nanoscale polarization inhomogeneity. 

Table 1. Parameter values of the factorized oscillator model for PIN-PMN-0.29PT crystal are obtained by fitting THz reflectance spectra  
at 5.5 K.

Assignment E (TO1) E (TO) A1(TO1) E (TO2) A1(TO2) A1(TO) GR E (TO3) A1(TO3) GR

νTO 0.8 2.3 2.7 5.9 10.3 11.3 12 14.3 18.5 20.1
γTO 1.8 1.6 0.7 2.3 5.9 3.1 4.6 3.1 4.1 1.5
νLO 2.6 7.1 3.5 2.4 13.7 19 12.3 20.4 10.8 21.1
γLO 0.8 4.5 1.2 5.4 1.1 9.2 0.6 2.6 1.8 1.6

Note: the unit is THz and ε∞  =  5.43.

Figure 2. Complex dielectric response of PIN-PMN-0.29PT crystal 
obtained by fitting THz reflectance spectra at selected temperatures. 
The insets show the complex dielectric response of PIN-PMN-
PT crystals at 5.5 K. Note that the horizontal axis is with the 
logarithmic unit.
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It becomes obvious due to a relatively large splitting of the 
LO2 mode in comparison with its damping, which is a generic 
feature present in many other relaxors [21].

Most phonon frequencies show softening behavior on heat-
ing and the most noticeable softening is shown by the lowest 
frequency TO1 mode from figure 3. The TO1 phonon splits 
into A1 and E components below the Curie temperature, which 
could be explained by a ferroelectric soft mode within polar 
clusters [25]. At 5.5 K, the E component is at 0.81 THz while 
the A1 component has a higher frequency of 2.67 THz. The 
symmetry assignments of the A1 and E modes are straight-
forward: E modes form the main bands while the A1 ones are 
taken as the highest frequency component of each band [21]. 
The soft mode frequency in PIN-PMN-PT is in good agree-
ment with those in the PMN crystals and films [25]. The TO1 
phonon behavior follows the Cochran law = −w C T T( )TO1

2
cr ,  

where C is the constant and Tcr is the critical softening tem-
perature. The fitting parameters are listed in table  2. The 
parameters are similar to those of PZN-PMN-PSN ceram-
ics, with C from 9.82 to 13.22 cm2 K  −  1 and Tcr from 599 to 
849 K [23]. Note that a non-complete softening of the TO1 
mode was also found in Pb-based relaxors and ferroelectric 
KaTa1  −  xNbxO3 [25, 27]. The TO1 soft mode in PMN follows 
the Cochran law up to 450 K and levels off near 1.5 THz. 
Above the Burns temperature, it gradually hardens. The soft 
mode in KaTa1  −  xNbxO3 reaches the minimum at 20 K and 
again hardens as the temperature further decreases. However, 
no structural phase transition is revealed in this temperature 
range. In relaxor ferroelectrics, the main contribution to die-
lectric constants originates from the dispersion due to polar 
cluster dynamics below the phonon frequencies.

The damping of the soft mode is 1.8 THz (60 cm  −  1) at 
5.5 K, which indicates that the soft mode is overdamped. 
This is in agreement with the frequency of the overdamped 
soft mode in PMN by the INS probe, in which an overdamp-
ing soft mode of PMN by the polar nanoregions is observed 
between 220 K and 620 K [21, 28]. In this case, the frequency 
of the imaginary parts of permittivity maximum corresponds 
to γv /j j

2  instead of vj. Most Pb-based perovskites including 
PMN and PIN show a quenched short-range B-site order. As a 
result, no superlattice reflections in the x-ray diffraction meas-
urements are shown [25]. However, Pb(Sc1/2Ta1/2)O3 shows 
strong superlattice reflections in x-ray diffraction experiments 
and the degree of the B-site order can be increased by appro-
priate annealing [29]. Neutron measurements also exhibit 
bands near the TO2 mode at 6 THz [28]. The TO mode near 
10.3 THz originates mainly from Nb moving opposite to 
Mg2/3Mg1/3-cation and the TO3 mode near 18.5 THz is from 
O∥-(Mg2/3Mg1/3,Nb) stretching, where O∥ is displaced along 
the B–O bonds. Instability of the Last modes corresponding 
to Pb–BO6 stretching vibrations in chemically ordered regions 
have barriers of the thermal energy order. A highly symmetric 
array of Mg and Nb ions coordinate Pb ions, showing the soft-
est vibrations. These Pb ions have diagonal Pb-frequencies of 
about 2.4 THz [7]. The large damping constants are caused by 
the random fields due to chemical disorder, which can broaden 
the phonon density of states.

Figure 4 shows the comparison between -Im(1/ε) and 
Raman spectra. The internal inhomogeneity of the crystals 
is related to long-wavelength phonons no matter whether 
they are probed in THz or Raman measurement. Raman 
shifts have been usually interpreted as the dynamical inho-
mogeneous depolarization fields, which is from the dynami-
cal charges on the nodal planes of the phonon wave [30]. 
The scattering geometry, incident photon momentum and 
momentum conservation condition determine the distance of 
the nodal planes, which is around a few hundred nanometers. 

Figure 3. The Cochran law for TO1 modes from PIN-PMN-PT 
systems.

Table 2. Parameter values of the Cochran fit to TO1 modes for the 
PIN-PMN-PT crystals.

Crystal C (cm2 K  −  1) Tcr (K)

PIN-PMN-0.29PT 10.4  ± 0.5 761  ± 30
PIN-PMN-0.31PT 8.9  ± 0.4 861  ± 36
PIN-PMN-0.33PT 9.9  ± 0.7 775  ± 44
PIN-PMN-0.35PT 9.1  ± 0.2 821  ± 13

Figure 4. Comparison between Raman spectra and the imaginary 
part of the inverse permittivity for PIN-PMN-0.29PT crystal at 100 
K. The insets (a) and (b) show the imaginary part of the inverse 
permittivity of PIN-PMN-0.29PT crystal at selected temperatures 
and those of PIN-PMN-PT crystals at 5.5 K, respectively.
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Both the Raman and IR active modes below the soft mode 
frequency in the range of 0.75–3 THz reveal antiphase lead 
displacements that are allowed by the low supercell symme-
try [7]. No softening of the TO1 mode is clearly observed in 
ferroelectric phase transitions. The absence of softening near 
ferroelectric phase transitions suggests that the transitions 
are not associated with any changes in the short-range order.

4. Conclusions

In conclusion, the THz spectra and Raman spectra clearly show 
evidence of polar optical modes splitting in PIN-PMN-PT 
relaxors. The THz dielectric response of PIN-PMN-PT crys-
tals is divided into three regions corresponding to Axe, Slater 
and Last-type vibrations, respectively. The Slater band shows 
an additional weak component, which is related to B-site order-
ing. The Last-type vibration modes mainly affect the soft mode, 
describing the homogeneous fluctuations of the order param-
eter. Dielectric functions, which are extracted by the factorized 
oscillator model, explain the pseudo-TO mode near 12 THz as a 
result of nanoscopic heterogeneity. The model is used to express 
the frequencies of three main polar modes in perovskite relaxors 
and the A1–E1 splitting caused by the underlying polarization.
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