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Abstract

The lead-based oxide relaxor ferroelectrics (RFEs) such as (1-x)Pb(Mgi3Nb2303)-xPbTiO3 (PMN-
xPT) and (1-x)Pb(Zn13Nb2303)-xPbTiO3 (PZN-xPT) have been extensively used in piezoelectric devices
for their colossal piezoelectricity and dielectric responses. However, its future applicability is highly
limited because of the toxic nature of lead. Therefore, the development of lead free ferroelectric materials
is the urgent topic in materials science from an environmental view point. In the midst of lead free
ferroelectrics, the potassium tantalate niobate (KTa;..NbiO3, KTN) exhibits high quadratic electro-optic
(EO) coefficient and good photorefractive effects. In addition, the excellent piezoelectric and high EO
effects of KTN are improved by the Li-doping. Therefore, KTN emerges as the potential alternative of the
lead-based ferroelectrics as a promising material for the applications to not only optical but also
electromechanical devices. KTN has been extensively studied due to a unique combination of physical
properties and lead free chemical composition. However, the microscopic origin of the Fano resonance, a
phenomenon in which a discrete state interferes with the continuum states results in an asymmetric line
shape, at around 196 cm™ in not only non-doped KTN but also Li-doped KTN still remains unclear.
Moreover, in non-doped Nb rich KTN and Li-doped KTN, the experimental evidence of polar nanoregions
(PNRs), which was responsible for the excellent EO and piezoelectric response, is rather scarce.

In this study, the high quality non-doped Nb rich KTN and Li-doped KTN single crystals were
investigated to clarify the precursor dynamics and the related physical properties by Brillouin and Raman
scattering. The comparative study between non-doped KTN and Li-doped KTN was performed to discuss
the effect of Li-doping on PNRs and the lattice dynamical properties related to a relaxor ferroelectric
(RFE) phase transition. The physical origin of the Fano resonance in Li-doped KTN single crystals was
discussed on the basis of the results of Raman scattering.

The precursor dynamics of a relaxor-like phase transition in KTN crystals with x = 0.40 (KTN/0.40)
were investigated by Brillouin and Raman scattering. Upon cooling, the remarkable increase in the
damping of the LA phonon and significant softening of the frequency of the TA phonon start at 45 K
above the Curie temperature of 7c = 308 K, which is defined as the intermediate temperature, T ~353 K,
implying the start of the rapid growth of the dynamic PNRs. The coupling of the LA and the TA phonons
with the fluctuations of local polarization in PNRs caused a prominent elastic anomalies in the vicinity of
Tc. The relaxation time estimated from the central peak (CP) shows a critical slowing down towards Tc,
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 7" and gradually grows towards 7c. The breaking of local symmetry and the microscopic origin of the
central peak (CP) in the cubic phase caused by the A4(z) symmetry of PNRs with a rhombohedral R3m
symmetry were discussed on the basis of the results of the angular dependence of Raman scattering. The
phase difference between different Raman tensor components related to PNRs with the A1(z) symmetry
was observed.

The high quality 5%Li doped-KTN crystals with x = 0.27 (KLTN/0.05/0.27) was studied to
investigate the effect of Li-doping on the lattice dynamical properties related to a RFEs phase transition in
comparison with the non-doped KTN/0.40 crystal. The anomalous changes of the elastic properties in the
KLTN/0.05/0.27 were observed in the vicinity of the Tc = 304 K. By the Li-doping, the temperature
region of the elastic anomaly was extended in comparison with that of the non-doped KTN crystal. This
fact demonstrates that the Li-doping enhances the growth of PNRs, while the remarkable elastic anomaly
just above Tc is suppressed. The growth of PNRs was also evident from the change in the behavior of the



CP in comparison with the non-doped KTN. The broadening of the elastic anomaly can be the evidence of
the enhanced diffusive nature of the ferroelectric phase transition, which is induced by Li ions. By the Li-
doping, the enhanced diffusive nature was also confirmed by the dielectric properties using the extended
Curie-Weiss law.

The Li-doping effect in KLTN/0.05/0.27 crystal was also studied by the observation of the critical
slowing down using Brillouin scattering, transformation of local symmetry of PNRs by Raman scattering,
and first-principles calculations. Above the T¢, the suppression of the critical slowing down of 5%Li-
doped KTN was clearly observed in comparison with that of the non-doped crystal. It can be attributed to
the increase of the random fields by the Li-doping. By the 5%Li-doping in KTN, the transformation of
local A1(z) symmetry to E(x,y) symmetry of PNRs was observed by Raman scattering. The site occupancy
for the 5%Li-doping in the perovskite structure was calculated by the density functional theory, and it
shows that 4.2%Li ions occupy at A-site, while the 0.8%Li ions occupy at B-site. In the 5% Li-doped
KTN crystals, the hetero-valence random occupation of 0.8% Li ions at B-site can be the origin to enhance
the random fields strength. The microscopic origin of the stretched critical slowing down and the change
of the local symmetry of PNRs in 5%Li-doped KTN crystal can be the hetero-valence charge disorder at
B-site, which is induced by the partial occupancy of Li ions at B-site.

The enhancement of functionality of perovskite ferroelectrics by local structure is one of current
interests. By the Li-doping to KTN, the large piezoelectric and electro-optic effects were reported. In order
to give new insights into the mechanism of doping, the microscopic origin of the Fano resonance induced
by the local structure was investigated in 5%Li-doped KTN single crystals by Raman scattering. The
coupling between the continuum states and the transverse optical phonon near 196 cm™ (Slater mode)
caused a Fano resonance. In the vicinity of the 7c = 304 K, the almost disappearance of the Fano
resonance and the remarkable change of the CP intensity were observed upon heating. The local broken
symmetry of the polar nanoregions (PNRs) related to CP was determined to E(x,y) symmetry by the
angular dependence of Raman scattering. The electric field induced the significant change in the intensity
of both CP and Fano resonance. From these experimental results, it is concluded that the origin of the
Fano resonance in 5%Li-doped KTN crystals is the coupling between polarization fluctuations in PNRs
and the Slater mode, both belong to the E(x,y) symmetry.

As for integrated optics a value of Tc near room temperature (RT) is desirable, therefore it is
necessary to study the composition gradient of a KTN crystal wafer sliced from a bulk as grown crystal of
which Tc is close to RT. The composition gradient Li-doped KTa:xNbxOs wafer with the size of about 3.5
cm square with thickness 1.5 mm was investigated by micro-Brillouin scattering. The positional
dependence of elastic constants was clearly observed. The origin of positional dependence was discussed
by the comparison with the temperature variation of elastic constants of the homogeneous crystal. The
difference of elastic constants between high and low defect density regions in a wafer was also studied.
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Chapter 1

Ferroelectrics and Theory of Structural Phase Transition
1.1  Ferroelectricity

In crystal symmetry, there are 32 microscopic point groups, among them 11 point groups are centro-
symmetric and 21 are noncentro-symmetric. A crystal having a centro-symmetric does not possess any
polarity and also has no third-rank tensor properties such as linear electro-optic and piezoelectric effects.
The other 21 noncetro-symmetric groups can possess one or more crystallographic unique directions. All
of the noncentro-symmetry groups exhibit third-rank tensor properties along a unique direction except 432
point group. In the midst of the noncentro-symmetry groups, 10 point groups, i.e., I, 2, m, mm2, 4, 4mm,
3, 3m, 6 and 6mm are referred to as pyroelectric classes. A crystal having one of this point group symmetry
has a unique rotation axis, but does not have any mirror perpendicular to this axis. Consequently, the
atomic arrangement at one end along the unique rotation axis is different from that at the other end. Hence,
the crystal becomes bi-polar and it shows spontaneous polarization.! Ferroelectricity is the phenomenon
which refers to the state of spontaneous polarization, i.e., polarization of the material in the absence of an
electric field. The phenomenon of ferroelectricity was observed in 1921 for the first time in Rochelle salt,
NaK C4H406.4H,0.?

A crystal is said to be ferroelectric when it possesses an electric polarization in the absence of an
external applied electric field, and the direction of the polarization can be reversed by the application of an
external electric field. The important characteristics of ferroelectric materials are: (i) the existence of
spontaneous polarization and ferroelectric domains (ii) P-E hysteresis loop and (iii) ferroelectric Curie
temperature (T¢) at which a ferroelectric crystal undergoes a structural phase transition from a paraelectric
phase to ferroelectric phase.

1.2  Properties of ferroelectrics

1.2.1 Ferroelectric domains and domain walls

A ferroelectric domain is a region in which the spontaneous polarization is uniformly oriented. The
six possible orientation of spontaneous polarization in the ferroelectric tetragonal phase is displayed in

Fig. 1.1.

t — =
X
4. /\\ /

Domain Domain wall

Fig. 1.1. Schematic illustration of ferroelectric domains and domain walls in ferroelectric materials. The
arrow indicates the direction of the spontaneous polarization.

The interface between two domains is called a domain wall (Fig. 1.1). In a tetragonal ferroelectric phase,
the angles between two domains are either 90° or 180°, whereas they are 71°, 109°, or 180° in a
1



rhombohedral phase. The walls separated by oppositely oriented polarization are called 180° domain
walls, while 90° domain walls separate perpendicular domains. The 180° domains can be reversed with
minimal structural strains. However, a significant structural deformation is required for switching of 71°,
90°, and 109° domains.

1.2.2 P-E hysteresis loop

Figure 1.2 shows the typical ferroelectric P-E hysteresis loop. When an external electric field is
applied in one direction, the polarization of domains with an unfavorable direction of polarization trend to
align in the direction of the applied field.* When all of the domains are aligned in the direction of the filed,
the nominal value of the polarization becomes a maximum, and is called saturated or spontaneous
polarization, Ps. This process is reversible and is called polarization switching. When the field reduces to
zero, the polarization does not return back to the initial value. The amount of switchable polarization after
the removal of an applied field is called the remnant polarization, P.. The application of the reverse
electric field is required to reach the initial state of polarization. The strength of the electric field to bring
the initial sate of polarization is called the coercive field, Ec. The process can be repeated.

P

P 9

S

Fig. 1.2. Typical diagram of a P-E hysteresis loop in ferroelectric materials.

1.2.3 Ferroelectric Curie temperature and phase transition

One of the important property of the ferroelectric materials is the temperature of structural phase
transition. The certain temperature at which a ferroelectric material under goes structural phase transition
from a paraelectric phase to a ferroelectric phase is called the Curie temperature (7c). If there are more
than one ferroelectric phase in a crystal, the 7¢ only determine the temperature at which a paraelectric to
ferroelectric phase transition occurs. The temperature at which a crystal transforms from one ferroelectric
phase to another ferroelectric phase is simply called the transition temperature.

The concept of phase transition is vital for explaining ferroelectric properties. In general, the
phase transitions are characterized by a quantity referred to as the order parameter, #(7), which decreases
with increasing temperature and goes to zero at the 7c. The parameter #(7T) denotes the polarization in the
case of ferroelectric phase transition. In accordance with the nature of the order parameter and the details
of its interaction with the macroscopic parameter such as strain, there are three types of phase transition
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observed in crystals, namely; order-disorder, displacive, and electronic. The order-disorder and the
displacive involve order parameters which are primarily atomic, whereas electronically induced transitions
involve an electron-lattice coupled order parameter.

V(Q) V(Q
V0 Vv, >> kT0 V<< kTo
Vo
Q Q
(a) (b)

Fig. 1.3. Single cell potentials in (a) order-disorder type and (b) displacive type structural phase
transitions.

The order-disorder and the displacive types of phase transition can be distinguished in terms of a single
cell potential (Fig. 1.3.) for a special coordinate Q with an anharmonic potential of the form?

V(0) = aQ*+b0* (1.2)

with constants a < 0 and b > 0. The Eq. (1.1) corresponds to a double well potential with an energy
difference Vo between the maximum and two minima. When Vo >> kTo (To is the transition temperature),
the phase transition would be an associated with the dynamic ordering at one site or orientation. When Vg
<< KTy, a cooperative displacements of atoms along Q occurs upon cooling from high temperature, which
describes the limiting case of a displacive type phase transition. In inelastic light scattering spectra, the
displacive type phase transition is characterized by the existence of the soft optic phonon, whereas the
presence of the central peak symbolize the order-disorder type phase transition in case of ferroelectric
materials.

1.2.4 Electrostrictive effect

The electrostriction is an electromechanical phenomenon in all dielectric materials, and is caused by
a small displacements of ions in the crystal upon being exposed to an external field result in overall strain
in the direction of the field. The electrostrictive effect describes the electric field/polarization induced
strain (Sjj), which is proportional to the square of the electric field/polarization in the following equations:

where M, and O, are the electrostrictive coefficients. The electrostriction is a four-rank tensor
property and it can be observed in all crystalline materials.* The electrostrictive coefficients are related to
each other via the dielectric susceptibility by the following relation:

Mijmn = Zkl)(km)f]n Qijkl (14)
3



The Eqg. (1.2) holds only for weak fields, thus Eq. (1.3) is more suitable one, whereas the Eq. (1.4) is
always valid for pure electrostrictive effect. In ferroelectric materials, therefore, piezoelectric effect is a
kind of electrostriction biased by the Ps. In general, the piezoelectric effect is much larger than the
electrostrictive effect. However, in certain materials the electrostrictive effect dominates and is preferred
because the strain direction is independent of the field direction and hysteresis effects are reduced. The
Pb(Mg3Nb23)Os (PMN), PbTiOs (PT) and PMN-xPT are the most commonly used electrostrictive
materials.

1.2.5 Piezoelectric effect

The effect known as piezoelectricity was discovered by Pierre and Jacque Curie in 1880.° The term
“piezoelectricity” comes from the Greek word piezo or piezein, which means to squeeze or press. In a
more precise sense, piezoelectricity means the ability of materials by which we can convert mechanical
stress into electric charge.® In crystalline materials with centro-symmetry structure, the piezoelectric effect
is understood as the linear electromechanical interaction between the mechanical and the electrical state.
For ferroelectric materials whose paraelectric phase is centro-symmetric, the piezoelectric coefficient dmj
can be expressed as a derivative of strain to electric field by

d. = 0Sj; _ Q,'jklpkapl n Q,’jkIPlaPk
my - oE, OE,, OE,,

(1.5)

dmij = Qijklpkglnz+Ql_-ik1Plgkm (16)
where ¢;; is the dielectric permittivity.

1.2.6 Electro-optic effect

In a material, the speed of light is mainly determined by its refractive index, n, and is defined as the
ratio of the velocity of light in vacuum c to that in the material V, i.e., n = ¢/V. Maxwell’s equations show
that the propagation velocity of light in non-magnetic materials is given by the following equation, in
which the relative permeability (u/uo) is taken as 1.

V= é Landn = Ve, , (1.7)
where ¢, is the dielectric constant that associates with the dielectric displacement (D) and electric field at
optical frequency in the medium as D = ¢ye E, here, &, is the permittivity in vacuum. When an electric
field is applied to certain materials, the optical properties of these are changed. This is caused by the
forces that distort the orientation, position, or shape of the molecule, which constitute of the materials. The
electro-optic effect is the change in the refractive index resulting from the application of a dc or low
frequency electric filed. For non-linear polarization properties:

D = eye E+aE’ +BE° (1.8)
where « and f are the non-linear co-efficients of the materials. The permittivity of materials is defined by

the slope of the curve:

D = ey t2E3PE (1.9)
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In Eq. (1.9), the first term is a constant and other terms demonstrate the change in permittivity owing to
the applied electric field. Since the refractive index of materials is directly related to its permittivity,
therefore the refractive index also changes under the electric filed due to the non-linear effect. This
phenomenon is known as the electro-optic effect, which was first discovered in 1875 by Kerr. For
simplicity, the change in refractive index can be described as a modulation of the optical impermeability
by the external electric field:

1
A (,72) = ripErtRyuEE; (1.10)
ij

where the first term is a linear electro-optic effect known as Pockels effect with the coefficient ;. , and the
second term is a quadratic electro-optic effect known as Kerr effect with the coefficient R;,." The co-
efficient r;;;, describing the linear electro-optic effect is a third rank-tensor, and is absent in materials with
a centro-symmetry.

1.3 Classification of ferroelectrics

On the basis of their dielectric, polarization, and phase transition scenario, ferroelectrics can be
classified into two categories:®°

(i) Normal ferroelectrics
(i) Relaxor ferroelectrics

(1) Normal ferroelectrics: The normal ferroelectric materials exhibits weak frequency
dependent of the dielectric permittivity and under goes a sharp or progress vanishing of the spontaneous
polarization, Ps, related to a first or second order phase transition. In the paraelectric phase of normal

ferroelectrics, the dielectric constant follow the well-known Curie-Weiss law as follows:

,T>Tc (1.11)

where Tc and C are the Curie temperature and Curie constant, respectively. The temperature dependence
of the dielectric constant of a normal ferroelectric BaTiO3 single crystal is shown in Fig. 1.4.

3
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Fig. 1.4. The temperature dependence of the dielectric constant of a BaTiOs (BT) single crystal at some
selected frequencies.



() Relaxor ferroelectrics: The relaxor ferroelectrics (RFEs) possess a diffuse phase transition
over a wide range of temperature and exhibit strong frequency dispersion on the lower side of the
temperature of dielectric maximum, 7m, as shown in Fig. 1.5. In the high temperature range RFEs first
follow the Curie-Weiss law, but show the deviation from it below the Burns temperature, Ts, at which
dynamic polar nanoregions (PNRs) starts to appear. Below the 7y the dielectric permittivity in the
paraelectric phase of the RFEs can be explained by the following phenomenological equation:!!

(-T)
20%

1 1

;:s_[l—i_ ], (T>Tw); 1<y=<2 (1.12)

where en is the magnitude of the dielectric peak at the Tm. y and ¢ are fitting parameters mentioning the
degree of the diffuseness of the phase transition. When y = 1, Eq. (1.12) is the same as Curie-Weiss
relation, while the case of y = 2 describe a typical relaxor property. It is believed that such a peculiar
properties in relaxor ferroelectrics attributed to random fields related to PNRs.

3
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Fig.1.5. The dielectric constant of the Pb(MgusNb2s)Os (PMN)! single crystal at some selected
frequencies as a function of temperatures.

1.4 Existence of polar nanoregions (PNRs) above the 7,

Albeit the existence of polar nanoregions (PNRs) in relaxor ferroelectrics (RFEs) seems to be
doubtless; however, the exact knowledge of the cause and mechanism of their formations is far from
completely understood. In RFEs, the presence of PNRs was first observed by Burns and Docal'*** in
measurements of the refractive index, n, as a function of temperature as shown in Fig. 1.6. In normal
ferroelectrics, upon cooling from high temperature, the n decreases linearly with decreasing temperature
down to Tc where n deviates from the linearity. The abrupt change of the n at Tc is for the first order
normal ferroelectric materials. Below the T, n has an extra contribution that varies as the square of the
spontaneous polarization, Ps. On the other hand, the n starts to deviate from linearity well above Tc¢ in the
case of RFEs. The temperature of the onset of the deviation of the n is known as the Burns temperature,
Tg, which is 620 K for the Pb(Mg1sNb25)Os (PMN) RFEs.*® This effect was rationalized by the quadratic
electro-optic effect. This effect arises in all crystals classes and relates in change in refractive index to the
square of the local polarization, P4. There is no macroscopic polarization i.e., ), P4 = 0 because of random
orientation of PNRs, however, ZPﬁ # 0. The existence of PNRs well above T, at which the dielectric
constant attains a maximum value, also came from high resolution transmission electron microscope
(TEM) and showed their growth with decreasing temperature.!>
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Fig. 1.6. The temperature dependence of the refractive index, n and calculated local polarization, Pg, in
Pb(MgusNb2s3)Os (PMN) relaxor ferroelectrics as a function temperatures after Burns and Dacol.*® The
solid line is guide to eyes.

1.5 Theory of structural phase transition of ferroelectrics

1.5.1 Thermodynamics of the phase transition

A phenomenological or thermodynamic theory which is used extensively to explain the phase
transition is the Landau-Ginzburg free energy theory.'”'® By considering the polarization, P, as an order
parameter, Devonshire!®? developed a phenomenological theory of ferroelectricity based on the Landau-
Ginzburg theory of phase transition. In this theory, the thermodynamic potential is expressed in terms of
an order parameter. In general, the most convenient thermodynamic potential is the elastic Gibbs function,
Gi1, which can be expressed as a function temperature, stress, and polarization.?! For simplicity,
Devonshire considered a ferroelectric crystal having an intrinsic spontaneous polarization, Ps, along a
specific axis, and expressed the G; as a function of polarization by the following equation:?°

G(T, P)-Go(T) = %ﬁ(T)P2+i§(T)P4+éC(DP6+... , (1.13)

where G, is the free energy for P = 0. A stable state of a thermodynamic system is characterized by the
minimum value of the G (G1= G, when E = 0). The conditions for the minimum value of the G are given

by
£= (), (52), > 0.0 (37), =2t >0 (114

If Egs. (1.13) and (1.14) are combined, the equation takes the following form:

oG

E =6_P=

Ps(B + fpsz + Cps4) =0, (1.15)
Xt =(B+ 3P+ 5P >0 (1.16)

where E is the Maxwell field (parallel to Ps). The G versus Ps curves are qualitatively sketched in Fig.
(1.7) with the Eq. (1.13) in which ¢and ¢ are positive. When the value of the g is positive the free energy
curve has single minimum at Ps = 0, but when £ is negative the curve acquires a double-minimum at non-
zero value of polarization. Since the minima describe the equilibrium value of polarization as a function
of temperature, therefore the change of the value of the S from positive to negative corresponds to change

7



of the stable paraelectric state with P = 0 to a ferroelectric state with Ps # 0. This is called the ferroelectric
phase transition.
If Ps =0, the Eq. (1.16) can be expressed as

xt=p8>0 (1.17)
It is clear that # must be a positive value when a stable state is paraelectric phase. Thus, the boundary
condition at Tc is > 0. Expanding £ as a Taylor series in (T-To) and considering only the first term in (T-
To), B can be expressed as

B=PB,(T-Ty) (1.18)
By combining Egs. (1.17) and (1.18), the dielectric susceptibility can be expressed by the following

equation.
1

B (T-Ty)
This is called the Curie-Weiss law that applies to the dielectric permittivity in the paraelectric phase. Since
& and ¢ have a very weak temperature dependence, therefore it can be neglected. However, in the case of
Ps # 0, one result corresponds to first order phase transition when & < 0, and other result to a second order
phase transition when ¢ > 0. According to the Devonshire theory, the temperature dependence of the free
energy, polarization, and dielectric susceptibility for the second order and first order phase transition are
displayed in Fig. 1.7 and 1.8, respectively.

X = (1.19)

A A A
G P 1
T> Tc X
T=T,
T<T,
\ / > > >
N P T T T, =T, T
(@ (b) (c)

Fig. 1.7. The temperature dependence of (a) the free energy, (b) polarization, and (c) dielectric
susceptibility for the second order phase transition.
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Gt P P
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T T T
@) (b) c T Ty Te T

(©

Fig. 1.8. The temperature dependence of (a) the free energy, (b) polarization, and (c) dielectric
susceptibility for the first order phase transition.



1.5.2 Devonshire theory

In ferroelectric materials, Devonshire rationalized the phase and phase transition mechanism in
terms of Landau-type expansion of the free energy in terms of an order parameter polarization, P. He
induced a straightforward model with a single temperature dependent second order coefficient and three
temperature independent higher order coefficients for the expansion of the free energy to six order in P."”
The free energy, G, can be expressed as a function of polarization components P,, P,, and P. by the
following reation:

G :é B (PP )ﬁf’u (PH+Pi+P )+%5’12 (P2P2+P:P2+P2P: )+é ¢ (Po+PS+P?) (1.20)

where f is a decreasing function of temperature which passes through a zero value in the vicinity of the
paraelectric to ferroelectric phase transition, and ¢&,,, ¢&,, and ¢ are the temperature independent
coefficients in which { > 0, &, > 0,and &, < 0.

The derivatives of the G with respect to Py give the field components for the unstressed crystal.
aG ' ' !
Ex =50 = BP+ & B + &0 P(PF + P2) + (PP (1.21)

In the absence of electric field, Ex must be zero and for stability free energy must be a minimum. When g
is sufficient large, the minimum value of G corresponds to zero polarization. However, for g small or
negative, the minimum value of the G will correspond to a finite polarization. The second order term in
Eq. (1.20) is the direction independent, but for a given resultant polarization the fourth and sixth order
terms have its minima along the axial and diagonal directions, respectively. Therefore, when the
temperature decreases and the magnitude of the polarization increases the direction of the polarization will
change from an axial to a diagonal one. For zero electric field, the Eq. (1.21) and similar equations
become:

P, =0,0r (P} + & P2 + &, (P2 + P2) + =0,
P, =0,0r (P} + & P2 +¢&,(P2+ PR + =0, (1.22)
P,=0,0r (P} + & P2+ &,(P2+B2) + =0,

For corresponding minima of the G, there are four sets of solution of these equations

P,=P,=P, =0,
P,=P,=0,(P}+&, B2+ /=0,

Px=O,Py=PZ, C‘PZ4+(511+@Z;2)PZZ+ﬁ:O’ (1'23)
P = Py =P, C'PZ4 + (511 + 2512)1322 +p=0

Hence, upon cooling from high temperature, the polarization, which was zero in the paraelectric phase,
will in turn point along a cubic edge, a face diagonal, and a body diagonal. The corresponding effect on
the crystal symmetry will be to change from the paraelectric cubic ( Pm3m) symmetry successively to
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tetragonal (P4mm), orthorhombic (Pmm2) and rhombohedral (R3m) symmetry. The typical directions of
polarization in respective phase are depicted in Fig. 1.9.
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Ve o o

Fig. 1.9. Schematic illustration of the direction of polarization in (a) cubic phase (b) tetragonal phase (c)
orthorhombic phase (d) rhombohedral phase.

1.6  Perovskite structures

The name of perovskite is originated from Perovsky who discovered mineral crystals composed of
calcium titanate, with the chemical formula CaTiOs. The materials which have the same type of crystal
structure as CaTiOs, known as the perovskite structure. The general chemical formula for perovskite oxide
compounds is ABOs, where O is oxygen, A represents a cation with a larger ionic radius, and B a cation
with a smaller ionic radius. Figure 1.10 shows a unit cell of the ABOs-type cubic perovskite structure.
Most of the ferroelectrics with the perovskite-type structure are compounds with either A2+B4+O§' or
A”B“Og' -type formula. The crystals with perovskite ABOs-type structure, and its derivative have
received significant attention because the structure can accommodate various metals with a wide range of
valence and ionic radii. The perovskite structure is essentially a three dimensional network of BOsg

octahedral, it can be considered also as a cubic close pack arrangement of A and O ions with B ions filling
the octahedral interstitial positions.
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Fig.1.10. A cubic ABOzs-type perovskite unit cell.

The stability of the BOs octahedral can be described by the tolerance factor, t:

t= ﬁ—iggf;o) (1.24)

where Ra, Rg and Ro are the ionic radii of A, B and O ions, respectively. The t can be used as a degree of
distortion of a perovskite from the ideal cubic phase. Therefore, the closer to the cubic, the value of the t
closer to the unity. In general, to form a stable perovskite structure, one requires 0.9 < t < 1.1. Above the
Tc, these materials have a centro-symmetric structure and therefore lose all spontaneous polarization. In
this state, the material is termed as paraelectric. When the temperature is lowered trough the Tc, a phase
transformation takes place from the paraelectric to the ferroelectric state. The transitions from the ideal
cubic phase to the tetragonal, orthorhombic, and rhombohedral phases are well known in many perovskite
ferroelectric materials. These transitions from the cubic perovskite structure proceed from a simple
distortion of the cubic unit cell, or an enlargement of the cubic unit cell, or a combination of both.

From an environmental view point, the advancement of lead free ferroelectric is the urgent topic in
material sciences. The well-known lead free perovskite ferroelectrics are barium titanate (BaTiOs),
potassium niobate (KNbQO3), potassium sodium niobate (KxNai;xNbQs), and potassium tantalate niobate
(KTa1xNbxO3). Among them the study of KTai1.<NbxOs (KTN) has attracted a great deal of attention owing
to their enormous quadratic electro-optic coefficient???®, large electrostriction?, and excellent
piezoelectric effect?®, which make them one of the potential candidates for not only optical but also
electromechanical device applications.

1.7 Ideas and goals of my Ph.D. study

The lead-based oxide perovskite relaxor ferroelectrics (RFESs) have attracted much attention because
of their outstanding electromechanical properties and potential applications in piezoelectric devices.?2
However, lead affects on the natural environment owing to its toxicity. Therefore, the development of the
lead free ferroelectric materials is an imperative matter in applied physics. The potassium tantalate niobate
(KTa1xNbyO3z, KTN) is one of the well-known lead free relaxor-like ferroelectrics with the ABOs-type
perovskite structure. The investigation of KTN has fascinated much scientific attention because of their
high quadratic electro-optic coefficient and excellent photorefractive effect in the vicinity of the
paraelectric to ferroelectric phase transition?>2°, which make them one of the promising material for the
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application to the optical devices such as an optical beam scanner, an optical intensity modulator, an
optical beam deflector, a varifocal lens, and an optical coherence tomography.3°-%

The KTN crystals are the solid solution of the potassium tantalate (KTaOs) and potassium niobate
(KNDbOQ3). Its end member of KTaOs displays a quantum paraelectricity and retains a cubic symmetry
down to 0 K because of quantum fluctuations.®® KTN crystals undergo a successive phase transition of a
cubic-tetragonal-orthorhombic-rhombohedral sequence as same as KNbOs (x = 1) for solid solutions of x
> (.05, and three phase transition temperature can be modified by the Nb content.®”* The KTN crystal of
x = 0.008-0.05 undergoes a cubic-rhombohedral phase transition without tetragonal and rhombohedral
phases. Samara reported that KTN with small Nb content (x < 0.02) exhibit relaxational glass-like
behavior rather than a ferroelectric structural phase transition.®® Moreover, the KTN with x = 0.02 i.e.,
KTN/0.02 did not exhibit any frequency dispersion unless subject to high pressure.*® However, the diffuse
ferroelectric phase transition KTN/0.02 crystal was observed by refractive index and linear birefringence
measurements.*® On the other hand, Toulouse et al. observed the structural phase transition and existence
of polar nanoregions (PNRs) well above Tc of KTN/0.012 crystal by dielectric, polarization, and Raman
measurements.** An inelastic light scattering study also revealed the presence of PNRs in KTN/0.09
crystal, which led to the relaxor-like nature of the KTN/0.09 crystal.*? Recently, the relaxor-like behaviors
of a high quality KT/0.32 single crystal were observed by the observation of the Burns temperature, Tg ~
620 K, at which the dynamic PNRs appear, and intermediate temperature, T* ~ 310 K, indicating the begin
of the PNRs rapid growth.** By the Brillouin scattering, the relaxor-like dynamics in the vicinity of a
ferroelectric phase transition of the KTN/0.32 crystal were also studied.** Hence, there is a considerable
debate on the optimum composition at which KTN crystal exhibit relaxor-to-normal crossover
ferroelectric phase transition.

RFEs are characterized by the diffusive temperature dependence and the remarkable frequency
dispersion of the dielectric properties. It is well known that such peculiar properties are attributed to PNRs
related to random fields.*® In ferroelectrics, the relaxor behavior results from the structural disorder.*4
The main structural disorder is the random occupation of different ions on a crystallographic equivalent
site, a common origin of the relaxor nature in the RFEs. Heterovalency and the difference in the ionic radii
of the B-site cations [e.g., Mg?* and Nb*>* in Pb(Mg13Nb2s3)Os, PMN] can lead to the formation of random
fields related to chemical order region (COR) and PNRs.*® RFEs also typically exhibit three characteristic
temperatures known as the Burns temperature, Tg, the intermediate temperature, T*, and the freezing
temperature, Tr*2%944 |t js believed that the Tg is associated with the start of the formation of dynamical
PNRs, the T* corresponds to the temperature at which dynamic to static transition of PNRs begins, and the
Ts corresponds to the temperature at which PNRs percolate into a ferroelectric state. In spite of many
experimental®®®* and theoretical efforts including the random field model,* the dipole glass model,*® and
the spherical random-bond-random-field model®® carried out to date on relaxors, the exact knowledge of
the static and the dynamical aspect of PNRs is far from completely understood. However, in the case of
KTN, the two B-site cations are homovalent and their raddi are similar. In KTN, the Nb ions at the B-site
go off-center, and therefore they induce PNRs.” By the X-ray absorption fine structure (XAFS)
measurement, the Nb ions in KTN crystals were found to occupy one of eight off-center positions along
the equivalent [111] direction.® The microscopic origin of the off-centering of Nb was rationalized by the
pseudo Jahn-Teller effect (PJTE).>® Based on the comparison with lead-based RFEs, which are highly
complex, presenting both chemical and structural local order, KTN exhibits relaxor-like properties, but
much less complicated than the lead-based RFEs.**3® Therefore, KTN is better suited for the
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investigation of the fundamental origin and mechanism of the relaxor-like phenomenon as the case of
mean random fields.

Recently, the Li-doping effect on the KTaOs is one of the interesting research fields in materials
science. By the Li-doping to KTaOs, the quantum paraelectricity was suppressed and ferroelectricity
appeared.®®2 However, in Ky LiyTaOs; (KLT) there is a crossover at around critical concentration yc =
0.022 between a freezing and a structural transition with a critical level of local polarization.®* Therefore,
the Li-doped KTN is an intriguing topic to investigate the Li-doping effects on precursor dynamics and the
related physical properties of a RFE phase transition. In addition, Zhou et al. reported the excellent
piezoelectric response of a high quality Li-doped KTN single crystal.?® The excellent piezoelectric
properties indicate that the Li-doped KTN is a very promising lead free piezoelectric material for the
applications to electromechanical devices such as transducers, actuators, and sensors.

Since the value of Tc near room temperature (RT) is highly desirable for integrated optics,
therefore, it is necessary to investigate the KTN with the composition where Tc is close to RT. By inelastic
light scattering, the dynamical aspect of PNRs was extensively studied in the cubic phase of KTN with
compositions where Tc is far below from RT 4424463 However, the study of the dynamical behaviors of
PNRs in Nb rich KTN is rather scarce. Furthermore, the physical origin of the Fano resonance, a
phenomenon which results from the interaction between a discrete state and continuum states showing an
asymmetry of the spectral line shape, at around 196 cm™in KTN still remains unclear. Therefore, in this
study, we aim to clarify the precursor dynamics and thus also related physical properties in high quality
Nb rich not only KTN but also Li-doped KTN single crystals by Brillouin and Raman scattering. The
comparative study between KTN and Li-doped KTN was performed to discuss the effect of Li-doping on
PNRs and the lattice dynamical properties related to a RFE phase transition. The microscopic origin of the
Fano resonance of Li-doped KTN crystals was discussed on the basis of the results of Raman scattering.

1.8  Major findings of this study

In this study, the high quality Nb rich KTN and Li-doped KTN crystals were investigated to clarify
the elastic anomaly in the GHz range caused by the coupling of acoustic phonons and CPs with the
dynamical PNRs and their slowing down. The thesis is composed of mainly four parts:

i) The experimental evidence of PNRs in Nb rich KTN and Li-doped KTN single crystals.

i) The effects of Li-doping on PNRs and the related physical properties of a RFE phase
transition.

iii) The discussion of the microscopic origin of the Fano resonance in Li-doped KTN single
crystals.

iv) The effects of composition and defects on elastic properties of Li-doped KTN single
crystals.
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Chapter 2

Inelastic Light Scattering and Dielectric Spectroscopy

2.1 Light scattering

In materials, light is scattered by the fluctuations in the dielectric tensor. The fluctuations of certain
physical quantities are coupled to the fluctuations in the dielectric tensor. In the vicinity of the phase
transitions, the fluctuations of some physical quantities become significant and give some useful
informations regarding the dynamical aspect of structural phase transition. Thus, the light scattering is a
powerful tool for the investigation of the structural phase transitions phenomena. The measured integrated
scattered intensity provides essential information in connection to the total fluctuation of the appropriate
physical quantity that coherently related to the phase transition. On the other hand, the measurements of
the peak frequency and line width of the spectral power density yield information about the structure and
dynamics of the solid undergoing the phase transition.*”’

In a light scattering experiment, an incident light having frequency wy coming from an intense
monochromatic light source, usually a laser, interacts with the collective excitations present in a medium,
giving rise to scattered light with a spectral distribution of frequencies {w,} as shown in Fig. 2.1.

anti-Stokes Rayleigh Stokes

1 \ l \

{ Raman Brillouin\ {Brillouin Raman \

Intensity

v

Frequency shift

Fig. 2.1. Schematic diagram of a light scattering spectrum

In the center of the spectrum, the peak is the contribution of incident photons which have been elastically
or quasi-elastically scattered with no change in frequency. The remaining peaks correspond to inelastic
scattering and their shifts from wy normally occur in two separate ranges of frequency. One is the
Brillouin scattering component and other is the Raman scattering component (Fig. 2.1). The component of
Brillouin scattering, resulting from sound waves, occurs close to the wq. The typical shifts of the Brillouin
component are approximately at the range 3~30 GHz (0.1~1 cm™). The component of Raman scattering,
resulting from the scattering of phonon by internal vibrations of molecules or optic vibrations in crystals,
lies at higher shifts, normally is in the range of 10~4000 cm™. The inelastic light scattering spectrum is
subdivided into two events namely Stokes (energy-loss) and anti-Stokes (energy-gain) related to the
creation and annihilation of the excitation quanta.

The kinematics of light scattering can be derived from either a quantum mechanical or classical
point of view. Classically, It is imagined that each lattice vibration, (q, ») perturbs the dielectric constant,
g, in such a way that it can be expressed by the following relation:®
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& =gt Zq’w Skwexpi(q'l‘-a)t) =gy toe (2.1)
or in the tensor form
&jj (l‘,l) = éi-s(r,t).éj = 8?j+68ij (l’,l) (22)

When a plane of monochromatic light wave E(r,/) =E,expi (ko-r—a)ot) transverses through the crystal,
there will be an “excess polarization” 6pij = dejjEo/4m, that will give rise to a scattered field £(r,?). This

scattered field can be expressed in the following form
E(r,t) = deii(r,f)ex Zk,wq expi [ks-r-(a)O?a)q)t] fVexpi (koFq-k).r'dy (2.3)

The volume integral in Eq. (2.3) gives a J-function in (ky+q-ks), that imposes wave vector conservation.
Therefore, there are 3sN normal modes in a crystal, where s is the number of atoms in the unit cell and N
is the number of unit cell. The kinematically 3s of the (one on each branch) can produce scattering of light
of frequency wy in a given direction. Thus, the scattered field will consist of components at w+cw4 where
w4 are the 3s frequencies at which a vertical line at |q| = |k0-ks| = 2|k0|sin%g0 intersects the 3s branches of
the dispersion curve.

It is significant to decompose Je;;(r,¢) in terms of Fourier components in frequency « and in wave vector g
according to

. A
Og;j (q,a))zﬁ f f wégij (r,0) exp(iq.r-iwt) d’rdt
=L [* e (q.0)edt (2.4)
27 J-00 77 q '

From the second-quantized theory of lattice dynamics, the same results are obtained and each normal
mode {q,w} is described in terms of a number of quanta (phonons) of energy of Aw and crystal momentum
hq. A light scattering event is produced by the creation or annihilation of a phonon as depicted in Fig. 2.2.

w
q, @, q, o,

k
WoKo woky
wSkS

Phonon creation
(Stokes event)

wsks

Phonon annihilation
(anti-Stokes event)

Fig. 2.2. Typical diagram for the first order photon-phonon scattering.

The conservation of momentum and energy between the photons and phonons yields for Stokes event

ks = kO'q (2 5)
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05 = 0y-04

For anti-Stokes event

ks = k0+q
(2.6)
w5 = wgtwg
The spectral power density of the scattered light is obtained from Eg. (2.4) by
2 1 ‘ .
Tyao)  da(ae]” « - [ dre'<on(aie@0)>
o [n(0)+1]imdy, (q.0) (27)

In Eq. (2.7), the second identity is the result of the Wiener-Khinchine theorem and the angle brackets
represent ensemble (thermal) average. The third identity is the fluctuation-dissipation theorem, where X is

the dielectric susceptibility, n(w) is the Bose-Einstein population factor and is given by

n(w) =;) , in which kg is the Boltzmann constant and 7 is the Dirac constant.

exp(kh?mr -1

It is readily seen from Eq. (2.7) that the spectral power density of scattered light is proportional to
the Furier transform of the time correlation function of the fluctuation of the dielectric tensor Jde;(q,2).
Therefore, the mechanism underlying the phase transition in solids is contained in the time correlation
function <de;;(q,1)de;;(q,0)>. The order parameter, polarization P in the case of ferroelectric materials, can
be approximately characterized by two quantities the coherence length and the correlation time. It is
important to note that the spectral intensity is proportional to the imaginary part of the dielectric
susceptibility. It is very useful when analyze a spectrum.

2.2 Brillouin scattering
2.2.1 General theory of Brillouin scattering

Since the values of the wave vector g are very small, the components due to the acoustic modes,
which are measured by the Brillouin scattering, appear at frequencies very much lower than those of optic
modes. The optic modes are measured by Raman scattering spectra. The main difference between
Brillouin and Raman scattering comes from the dispersion relation of the quasi-particle generated. We talk
about a Brillouin process if the frequency is zero for g = 0 and about a Raman process if w(q=0) #0.
Since the long wavelength acoustic modes involve in-phase motion of all atoms in the unit cell, the atomic
displacements are almost constant over the distances on the order of = 100 unit cell, so that one may
discuss these modes in terms of an elastic continuum model.

In Brillouin scattering, the Stokes and anti-Stokes doublet symmetrically positioned about the
unshifted line occur as a result of the Bragg-like scattering by propagating sound waves in a solid. The
condition of Bragg-like scattering can be expressed as

.0
=2 Asin—
A sm2

where /1 is the wavelength of the light in the medium, ¢ is the scattered angle and 4 is the wavelength of
the propagating sound wave. The Brillouin scattering components are then as result of a Doppler shift Aw
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give rise to the movement of the atomic grating via sound wave propagation. Thus, the Aw is then given
by

cvay 1
Aw=wg-wg=%2 sm§¢
=+2 vn|kolsing ¢ =+4 Zvsin: ¢ (2.8)
Lo

where o and w are the frequency of the incident and scattered light, respectively. n is the refractive
index of the medium and ko is the wave vector of the incident light. In 1922, Brillouin was first derived

the Eg. (2.8) and shows that the frequency shifts are linear function of sin%qﬁ, and a maximum shift is
obtained for back scattering geometry (¢ = x).

In the long wavelength limit, for a particular g, the polarization and frequencies of the three acoustic
modes are estimated by the elastic constants Ciam through the equation of motion;

. Suy
pu = Citgm Wl;r, : (2.9)

where u(r,t) is the local displacement vector. The solution of Eq. (2.9) is considerably simplified by the
restrictions placed on the elastic constants by crystal symmetry.® The plane wave solutions to Eq. (2.9) can
be found for a given g, and one can be obtained 3 modes, usually of mixed polarization. One can find pure
one longitudinal mode and two pure transverse modes only for special directions of q.

The optical coupling between dielectric tensor and strain can be solved completely in terms of the
Poockel’s elasto-optic or photoelastic constants Pmn.° In 6-component notation, the reciprocal dielectric
tensor B is distorted by the strain field X, following AB,,= P,,,X,. However, in Brillouin scattering, the
q—0 limit of the acoustic modes correspond to rigid translation of the crystal as a whole, and cannot
perturb the dielectric constant. The Brillouin effect is only observed in the limit q # 0. As a result, unlike
the Raman scattering, the Brillouin scattering tensors will depend on the direction of g as well as Eo and
Es. Thus, we cannot generate a single set of scattering tensors comparable to Raman scattering tensors, but
are compelled to calculate the scattering tensors for every direction of g. The Brillouin scattering tensors
for all crystal in different directions of q were reported in Ref. 10.

2.2.2 Brillouin scattering tensors and selection rules

Assuming plane wave solutions of the form u; = ulexpi(q-r-wt), and substituting it into the Eq.
(2.9) leads to

lCiklmqkql'pvzaimJugn (210)
Eqgs. (2.10) have non-trivial solutions only if the secular determinant vanishes
lCiklmqkql'pvzéimJ =0

where q, and q, are the components of g. If the elastic constants, Cium Of a crystal are known, then the Eq.
(2.10) can be solved for any direction of g, and will give three eigenvalues of velocity v; (i =1 ,2, 3). Each
v; can be put back into Eq. (2.10), and displacement eigenvectors associated with each v; can be obtained.
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If g is chosen in a high symmetry direction, then the displacement eigenvectors will be perpendicular or
parallel to g, corresponding to two transverse (T) and one longitudinal (L) modes. The displacement
vectors can be neither perpendicular nor parallel to g for general g-directions results in mixed polarization
modes. The mixed polarization modes are indicated by the QT (quasi-transverse) or the QL (quasi-

longitudinal) to show that displacement vector is more nearly perpendicular or parallel to g.
In the long wavelength limit, the distortion of the local dielectric constant is induced by the local

strain through the elasto-optic or photoelastic effect. The multiplication of the 6-component stain by the 6
x 6 Pockel’s tensor gives a 6-component AB that can be converted to 3 x 3 form AB,g. If the xyz-axes are

chosen to correspond to the principle axes of the dielectric tensor, then the AB;;, which are related to
change in the dielectric tensor ¢;;, can be expressed as:®

deij = -6gii0ji AB (2.11)

ij
Therefore, one can obtain the distortion in the dielectric tensor produced by an acoustic wave by a tensor
|0¢;| = quT (2.12)

where the element Tj; of the tensor T is ejie;; times ABj;/qu. The Rayleigh ratio (differential cross section

i
per unit volume) is derived from the excess dipole moment per unit volume p.(r) = de; E0/47r If we

assume that the excitation of each acoustic mode is in thermal equilibrium at temperature T, then.
<(qu)*>= kg T2Vpv? (2.13)

Therefore, for the Rayleigh ratio of the jth acoustic mode (j = 1,2,3) with velocity v;, assuming eo and es be
unit vectors in the direction of the polarization of the incident and scattered fields,>'*!2 we have
i krr
R=5rs e T (2 ). (2.14)
where J is the wavelength of the scattered light.
For scattering geometries in which sound waves propagate in high symmetry directions, however, the
structure of the T-tensors is sufficiently simple so that selection rules can be deduced without specifying

the numerical values of the elastic constants. The scattering tensors for a number of high symmetry
directions in each of the crystal classes have been competed previously in the literature.>”

2.3 Raman scattering

In crystals, Raman scattering is induced owing to the fluctuations of polarizability tensor o;(r,t) or
dielectric permeability Ae;(r,t) modulated by the lattice vibrations.®* The vibrations of lattice can be
described in terms of phonon energy, 7w, and momentum, #q. Due to the translational symmetry, the
wave vector g of lattice vibrations can take only N discrete values for a crystal with N unit cells and s
atoms in each unit cell. According to lattice dynamics, there are 3s normal modes each of them is a linear
superposition of 3s Cartesian displacements of atoms in the unit cell for each value of .28 In the midst of
the 3s normal modes, 3 are acoustic modes and the left 3s-3 are optic modes. Depending on the energy
state of the molecule, Raman scattering can be described by Jablonski diagram as shown Fig. 2.3. When
light interacts with the molecule and distorts the electron clouds around the nuclei to form a short lived
high energetic complex state (virtual sate). When this occurs, there are the three potential outcomes.
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Fig. 2.3. Jablonski diagram showing the transition of energy for Raleigh and Raman scattering.

First, the molecule is initially in its ground state. After excitation, the molecule can relax back down to the
ground state and emit a photon of equal energy to that of the incident photon; this scattering process is
regarded as an elastic process and is also referred to as Rayleigh scattering. Second, the molecule is
initially in its ground state. After excitation, the molecule can relax to a real phonon state and emit a
photon with less energy than the incident photon; this scattering process is referred as Stokes scattering.
The third potential outcome is that the molecule, already in an excited phonon state, is excited to a higher
virtual state, and then relaxes back down to the ground state emitting a photon with more energy than the
incident photon; this scattering process is called anti-Stokes scattering.

Based on the quantum theory of dispersion, Placzek has given a rigorous theory of the Raman
effect. The light scattering process can be visualized as the absorption of an incident photon of frequency
o by a molecule in a given initial state, thus raising the molecule to a “virtual” state from which it
immediately returns to a final state emitting the scattered photon. As the polarizability a;; relates an
electric field to a polarization by P, = and the polarizability a;; can be expanded in a power series of
normal coordinates:*

&j J’

0" aij

o= [aoj] Zk[aau] Ot Zkl[OQ OQ] 0,0,%... (2.19)

where Q, and Q, are normal coordinates. By ignoring the tensor notation and writing the time dependence
of phonon modes as cos wyt, & = ag+A4 cos wgyt for the first terms. Thus, under the electric field of the
incident light with frequency w,, the polarization can be expressed as:

P= (a0+A cos a)ql) (Eq cos wyt)
= ayE( cos wgt+ %AEO[ cos(w0+wq) t+ cos(wo-wq) f] (2.16)

The first term on the right hand side of the Eq. (2.16) causes emission at just the incident light frequency
and is referred as the Rayleigh scattering or an elastic scattering, the two terms in the brackets will result
in emission at wy-w4 and my+w, are known as Stokes and anti-Stokes radiation, respectively.

The experimentally confirmed laws of Raman scattering are as follows:

(8) The pattern of Raman lines are expressed as frequency shifts from the exciting line, and the shifts are

independent of the exciting frequency.
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(b) The pattern of Raman frequency shifts is symmetrical about the exciting line. However, the lines on the
high-frequency side of the exciting line (anti-Stokes lines) are always less intense than the
corresponding lines on the low-frequency side (Stokes lines). The ratio of the intensities of

. . N/ -
corresponding anti-Stokes and Stokes lines is 1—"= exp( k—(; ).
s B

(c) A given Raman line shows a degree of polarization that depends both on the origin of the line and on

the experimental arrangement.

2.3.1 Raman selection rules

The wave vector transfer of light scattering is q = %sin(%), that is the order of 105 cm™® while the
0

phonon wave vector ranges (0, #/d) and z/d is typically of the order of 108 cm™. Thus, Raman scattering
only measures phonons of wave vectors lying very close to the Brillouin zone center, I" point (except
second order scattering). Loudon?® reviewed the Raman scattering theory and developed a level of Raman
tensors for different crystal systems. The calculation of the magnitude of Raman scattering effect is very
complicated. On the other hand, the selection rules can be obtained directly from the point symmetry of
the crystal. We can use the susceptibility tensor X instead of the polarizability o in the case of crystal.

The susceptibility can then be extended with respect to the normal coordinates O, and one can be obtained

in analogy with a; in™®

ij = (Xoj')o 2 [%]O Qk+zk,l[aQ aQ] 0,0, +. (2.17)

where the sum runs over all normal coordinates. Q‘J is a component of the derived polarizability tensor,

which is also known as the Raman tensor. Since every vibrational state must transform an irreducible
representation of the crystal point group, and only those normal modes that transform as one of the six

components of X will have a nonzero [ji] . Thus the Raman selection rules can be stated as*
A Raman mode of frequency w will be allowed whenever the normal modes transforms as one or more of
six symmetry terms x;x;, where (1 < i, j <3).

The character tables for the 32 crystallographic point groups are listed in elsewhere®>® from which
one can easily find transformation properties of different irreducible representations. Therefore, Raman
active modes and relative Raman tensor components can be selectively measured by choosing different

scattering geometries. There are several ways to find the symmetry species for zone center phonons and
one of the standard method is the factor group analysis method.*6:%/

2.4  Dielectric spectroscopy

For an isotropic and linear dielectrics, the time dependent dielectric displacement D(t) and
polarization P(t) are related to the time dependent electric field E(t) through the susceptibility y as:

D(t) = eE(t), (2.18A)

P(t) = YE(D), (2.18B)
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where ¢ =4my+1, is the dielectric permittivity. In the dynamical case, the dielectric displacements and
polarization will cease when the frequency w of the time dependent electric field of amplitude, £° [ E(t) =
Ecoswt] is high enough, because the motions of the microscopic particles cannot follow the changes in
the filed fast enough. In this case, D(t) can also be described with w, an amplitude, 2°, and a phase
difference, o, with respect to the electric field as:

D(t) = D’cos(wt-0) , (2.19)

Thus, the value of phase difference changes by the variation of the frequency of the electric field. When
the frequency is too low, ¢ becomes zero reaching to quasi-static state. The D(t) can be divided into two
parts, one in phase with E(t) and other having a phase difference of n/2:

D(t) = D’cosd coswt+D’sind sinwt (2.20)

((u)EO ing = & ((u)E0

defining cosd = oo sin , the D(t) can be expressed as

D(t) = &(w)E° coswt + ¢ (w)E° sinwt (2.21)

where ¢(w) and ¢ (w) are the real and imaginary parts of the frequency dependent of the complex

dielectric constants " (w). Equations (2.20) and (2.21) are equivalent if we take D° = Ve2+¢2 and tang = %

. &(w) is assumed the generalization of the dielectric permittivity for sinusoidally varying fields and
¢ (w) determines the energy loss in the dielectrics. The typical frequency dependent behavior of ¢(w) and
¢ () for all polar compounds in condensed phase is displayed in Fig. 2.4.
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Fig. 2.4. Typical illustration of dielectric dispersion and loss tangent of polar compound.

In different frequency regions, the frequency dependence of the dielectric constant and loss factor
are different. At low frequencies, ¢ (w) is equal to the static dielectric constant ¢ and & () is zero. As the
frequency increases, ¢ (w) decreases rather slowly at first, whereas there are sharp increases followed by a
decrease in the higher frequencies of the electromagnetic waves (IR, visible light, and UV). The ¢ () has
peaks in the neighborhood of the frequencies where &'(w) changes. The non-equilibrium effects appearing
with increase in frequency come from the electric polarization which is built up of three parts, the
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electronic, atomic, and orientation polarization, and each part corresponding with the motions of electrons,
atoms, and molecules and ions, respectively, with different characteristic of times. In the orientationl
polarization range, the broad absorption peaks (Fig. 2.4) indicates that no discrete energy level exist for
the rotational motion of the molecules owing to manifold interactions. Owing to this reason, the
orientationl polarization is characterized by the relaxation process and the induced polarization by a
number of resonance process. The complex dielectric permittivity can be expressed in terms of relaxation
(with relaxation time z) as:

e (W) = gt —2 (2.22)

1+iot

with real and imaginary part as

£(w) = eoo-i-l;;frz , (2.23)
(@) = (2.29)

To account for the broader peaks in ¢ (w) more realistically, it is considered that different parts of the
orientational polarization decline with the distribution of relaxation times with the distribution function

9(2):

&= e,He-e,) fooo 9(@dz : (2.25)

1+iwt

with Jy g@dr=1, (2.26)

The presence of the dielectric dispersion in the complex dielectric response is one of the important
signatures of the relaxor ferroelectric materials. Therefore, the study of dielectric properties is very
important to clarify the relaxor nature of the relaxor ferroelectric materials.

In this study, the complex dielectric constant was measured using a home-made furnace and an
impedance/gain-phase analyzer (SI 1260). The dielectric properties were also studied using a LCR meter
(Agilent 4263B).

25 Instrumentation of inelastic light scattering
251 Brillouin scattering spectroscopy
2.5.1.1 Properties of Fabry-Perot interferometer

In 1899, C. Fabry and A. Perot designed the Fabry-perot interferometer (FPI) with a significant
improvement over the Michelson interferometer. The FPI is used when a high resolution spectroscopy
where a resolution of MHz to GHz is required. The FPI consists of two plane mirrors, mounted accurately
parallel to one another, with an optical spacing L1 between them. For a given Lj, the interferometer will
transmit only certain wavelengths A as defined by

T=—n 2.27)
1+<4”—’f> sin’ (2”%)
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where 7, (< 1) is the maximum possible transmission determined by losses in the system, and F, the
finesse, is a quality factor depending primarily on the flatness and mirror reflectivity. Equation (2.27)
shows that only those wavelengths satisfying

Li=5m, (2.28)
for integral values of m, can be transmitted. The condition is illustrated schematically in Fig. 2.5.
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Fig. 2.5. Two successively transmitted wavelengths from a single FPI.

The finesse F, which is related to the spacing between successive transmitted wavelengths A4 (known as
the free spectral range, FSR) and the width Ad of a given transmission peak, can be expressed by the
following relation:

F=AJAS, (2.29)

Since the FPI is used as a spectrometer by varying the spacing L., therefore it can scan the light intensity
at different wavelengths. However, at a given spacing, the measured intensity is the sum of the intensities
at all wavelengths satisfying Eq. (2.28).
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Fig. 2.6. The transmission properties of FP2 and FP1 and FPs in series.
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Thus, an unambiguous interpretation of the spectrum is impossible unless it is known a priori that the
spectrum of the light lies entirely within a wavelength spread <AA. It is true that since

AL =222, (2.30)

It is apparent from Eqg. (2.30) that one may make AA arbitrarily by decreasing Li. However, Ad increases
proportional to A4 and so the resolution decreases. In fact Eq. (2.29) shows that the finesse F is just the
ratio between FSR, A1 and the resolution Ad. In practice, due to limitations on the quality of mirror
substrates and coatings, the F cannot be made much greater than about 100. Therefore, the relationship
between FSR and resolution is fixed within limits determined by the achievable values of F.

2.5.1.2 Tandem interferometer

L,=L,cost
FP2 >//
7 N\

Translation stage

FP1

Y

«—» ﬁ
Direction of movement

s

Fig. 2.7. A practical design of a tandem FP interferometer.

Based on the concept of a scanning stage, it is possible to improve the functionality of FPI by the
combination of two interferometers on the single scanning stage to obtain both statically and dynamically
stable synchronisation. The most useful arrangement is a Vernier system as shown in Fig. 2.7, where the
spacing of the second interferometer L. is close to L;. The wavelengths transmitted by the combination
simultaneously satisfy the following condition

Ly=sm2 and L, = 5l (2.31)

for integral values of m and n. The combined transmitted light passing successively through both FP1 and
FP2 is illustrated in Fig. 2.6. in which the spacing L1 and L are independently set so as to transmit a given
wavelength 2. The neighboring transmission peaks do not coincide; however, the FSR of FP1 do the
transmission peaks coincide again after several times. Small “ghosts” of intervening transmission peaks
remain since the transmission of either interferometer as show in Eq. (2.27) never falls exactly to zero.
Therefore, the FSR of the tandem system is increased considerable factor over that of the single
interferometer maintaining the similar resolution Aé. In order that the first ghost is not too noticeable one
should chose Liand L in a way that F> L,/(L-L,). The optimum value of L,/L,is around 0.95.
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It is necessary to scan the two interferometers synchronously by changing the spacing L; and L,
simultaneously to use the tandem interferometer system as a spectrometer. It is apparent from Eqgs. (2.28)
and (2.31) that to scan a given wavelength increment, the changes 6L, and L, must satisfy the condition
as follows:

% = i—; (2.32)

The magnitude of 6L, and JL, are typically 1 to a few wm. The principle of the scanning tandem FP is
seen in Fig. 2.7, which was designed by the Sandercock. The first interferometer FP1 is organized to lie in
the direction of the movement of the translation stage, where one mirror sits on the translation stage and
the other on a separate angular orientation device. The second interferometer FP2 lies with its axis at an
angle 4 to the direction of scan, where one mirror is mounted on the translation stage in close proximity to
the mirror of FP1 and the other mirror for adjustment purposes. The relative spacing of the mirrors is set
so that that the movement of the translation stage to the left would bring both sets of mirrors into
simultaneous contact. On the other hand, the movement of the translational stage to the right sets the
spacing to L1 and L,cosé. Therefore, a scan of 6L, of the translation stage produces a change of spacing
oL, in FP1 and JLcosé in FP2. In other words, the two interferometers scan synchronously and Eq. (2.32)
is satisfied.

2.5.1.3 Optical system for a Sandercock six pass tandem interferometer
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Fig. 2.8. Optics for a Sandercock 3+3 pass tandem interferometer equipped with microscope and photo
multiplier.

The Optical arrangement, which was designed by Sandercock!®!® using the combination of two
interferometers FP1 and FP2, of Brillouin scattering experiment is illustrated in Fig. 2.8. In this study, an
optical microscope is employed for backward scattering geometry. The diode pumped solid state (DPSS)
laser with 532 nm wavelength is introduced into the optical microscope with the aid of small mirror to
focus the sample. The scattered light is collected by the objective lens and enter into the FP interferometer

through the adjustable pinhole P1. The aperture Al then defines the cone of light which is accepted. The
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mirror M1 reflects the light towards the lens L1, and after the collimation, it redirects via mirror M2 to
FP1. The redirected light is then passed through aperture 1 of the mask A2 and is directed via mirror M3
to FP2. After transmission through FP2, the light strikes the 90° prism PR1 and is reflected downwards
and returned parallel to itself towards FP2 and it continues through the aperture 2 of A2 to FP1. After
transmission through FP1, the light is passed through the lens L1 and underneath of the mirror M1, and is
focused onto the mirror M4. The mirror M4 returns the light through lens L1, and after again collimation
the light is directed to FP1 via the mirror M2. The combination of lens L1 and mirror M4 lying at its focus
is known as a catseye, and is optically equivalent to a corner cube but has the advantage that it also acts as
a spatial filter that removes undesirable beams such as the beams reflected from the rear surfaces of the
interferometer mirrors. After the final pass through the interferometers, the light is directed to the prism
PR2 via the mirror M5. The combination of prism PR2, lens L2, and the output pinhole P2 forms a
bandpass filter with a width determined by the size of the pinhole. The mirror M6 sends the light onto the
photomultiplier through the aperture A3, lens L2 and output pinhole P2. Finally, the scattered signal is
recorded by a multichannel analyzer (MCA). In fact, every optical component including the two FPs
inside the box of the interferometer has adjustable screws for convenient operation, we have thus followed
the six pass light optics without explaining in detail of the optical adjustment. Special techniques such as
stabilization, isolation vibration, and insurance of linear scan are employed and realized by the control
unit.

2.5.2 Raman scattering

In Raman scattering experiments, the spectral dispersion is performed by a double or triple grating
monochromator to enhance contrast so that Raman modes in the vicinity of the laser excitation frequency
can be observed. The laser with high collimation and narrow bandwidth is used as a Raman excitation
source, which provides much higher spectral source purity, intensity, polarization, and directionality. The
detection of the dispersed component is usually done by a photon counting techniques with the aid of a
photomultiplier (P.M) tube, and can achieve sensitivities on the order of one photon per second in the
ultraviolet and visible spectral regions.
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Fig. 2.9. A schematic set up of a double monochromator in Cherny-Tuners arrangement equipped with
microscope and P.M tube.
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In general, a modern Raman spectroscopy is equipped with multiple monochromators, and can be
operated either in a subtractive or in an additive mode. Figure. 2.9 displays the schematic diagram of a
double monochromator in an additive mode for a Cherny-Turner arrangement equipped with the
microscope and P.M tube. The two gratings, three slits, and four concave mirrors are required in this
configuration. By the gratings G1 and G2, the incoming light is two times additively dispersed and
scanning occurs by synchronous rotation of both gratings. The suppression of stray light and resolution are
greatly improved compared to that of a single monochromator. A third monochromator can be arranged
behind the exit slit for further improvement of spectral resolution and the system called as a triple
monochromator system. The third monochromator must be turned to be synchronous with the other two
gratings. The triple monochromator system is often used for spectroscopic analyses in the immediate
vicinity of a very strong line such as a laser line. It is very advantageous to study the low frequency
relaxation process and soft mode dynamics in ferroelectric materials. In this case the third monochromator
operates with a wide slit and a sharp cut off towards the laser line.

In the case of subtractive mode, the first two monochromators have oppositely directed spatial
dispersions. This means that after passing the first two monchromators the light that satisfies the bandpass
condition is refocused on the exit slit that serves as the entrance slit of the third monochromator. Only the
latter provides the spatial dispersion. In the case of additive mode configuration, the output slit is wide, the
linear dispersion and the resolution are higher than that of the subtractive mode configuration. The
detector can only record a small part of the spectrum in this configuration. On the other hand, the output
slit is narrow, the linear dispersion and the resolution are low in the subtractive mode configuration but the
detector can record a much large part of the spectrum.

In this study, a diode pumped solid state (DPSS) laser with a wavelength of 532 nm and a power of
about 100 mW was used as an excitation source. The light beam is introduced into the optical microscope
with the aid of small mirror to focus the sample. The scattered light is then collected by objective lens
using backward geometry, and analyzed using double (Horiba-JY, U-1000) and single (Lucir)
monochromator spectrometer of additive dispersion. The temperature of the specimen was controlled by
the heating/cooling stage (Linkam, THMS600) with £0.1 K accuracy over all temperatures.

a ki Ks
14 vV VH
— a(cc)a a(bc)a
—F i E,
R e — E E
b Specimen

Fig. 2.10. Schematic illustration of VV and VH scattering geometry.

For transparent crystals, the study of the polarization dependence of Raman spectra is very
important to clarify the symmetry properties of the Raman modes. Therefore, an analyzer is usually
inserted to choose the polarizations of the scattered light. As a convention rule, the scattering geometries
are described by the Porto’s notation like a(b,c)d; where a and b represent the direction of the propagation
of incident and scattered light ki, ks; ¢ and d are the directions of polarization of incident and scattered
light, respectively. In general, all the Raman active modes will appear in a single scattering geometry in
the case of ceramic samples. In the present study, Raman spectra were carried out using a(cc)a (VV) and
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a(cc)a (VH) scattering geometry. The schematic diagram of VV and VH scattering configurations at back
scattering geometry is shown in Fig. 2.10, where a and a denote the directions of the propagation of
incident (ki) and scattered (ks) light, respectively. In the case of VV scattering the directions of the
polarization of incident and scattered light are parallel to each other represented by, for example, cc.
However, in the case of VH scattering the directions of the polarization of incident and scattered light are
perpendicular to each other, for example, along ¢ and b axes, respectively represented by bc.
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Chapter 3
Experimental Study of Polar-Nanoregions in KTai1.xNbxO3z Single Crystals
3 Relaxor-like Dynamics and Polar-Nano Regions in Ferroelectric K(TaixNby)Os Crystals
3.1 Introduction

The oxide ferroelectrics with the perovskite structure are one of the most active research fields for
investigating the role of the polar nanoregions (PNRs) in relation to a relaxor ferroelectric (RFE) phase
transition. Among them the relaxor-like ferroelectrics KTaixNbyO3; (KTN) with homovalent B-site cations
are better suited for studying the dynamical anomalies associated to PNRs, because of its structural
simplicity in comparison with the lead-based RFEs with heterovalent B-site cations. The KTN is of
particular interest in its technological importance for optical applications owing to its high quadratic
electro-optic coefficient and excellent photorefractive effect in the vicinity of the Curie temperature
(Tc),2? which are attributed to the presence of local polar structure called PNRs. Therefore, the study of
the role of local structure is very important to enhance the functionality of ferroelectric materials.

In KTN, Nb ions that replace Ta ions go off-center in the B-site, and therefore they induce PNRs.*
The microscopic origin of the off-center displacements of Nb ions was rationalized by the pseudo Jahn-
Teller effect (PJTE).® The off-centering of Nb ions in KTN was described by an eight site model in which
the Nb ions move among the equivalent eight [111] directions.® In relaxor-like ferroelectrics, the main
parameter of understanding the paraelectric cubic to ferroelectric tetragonal phase transition behavior is
the dynamic properties related to the temperature evolution of the dynamic and static PNRs. The static
PNRs appears below the intermediate temperature, 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. The different types of measurements, such as acoustic emission,’
infrared absorption,® Raman scattering,®*° Brillouin scattering,!! as well as refractive index and linear-
birefringence,'? were investigated to clarify the dynamics of the PNRs in the cubic phase of KTN crystals.
To the best of our knowledge, no result was reported regarding to the local symmetry of PNRs, which is
the physical origin of the elastic anomalies and critical slowing down in high quality KTN single crystals.
In the present study, the dynamics of the PNRs were studied by Brillouin scattering to clarify the elastic
anomaly in the GHz range caused by the coupling of acoustic phonons with the PNRs and their slowing
down. The microscopic origin of the central peak (CP) in the cubic phase of the KTN/0.40 crystal was
discussed on the basis of the results of the angular dependence of Raman scattering. The local symmetry
breaking in the paraelectric cubic phase was also studied by Raman scattering.

3.2 Experimental method of inelastic light scattering

The KTagsoNbo4003 (KTN/0.40) single crystal grown by the top seeded solution growth method
(TSSG)*® was cut into 4.0 X 3.2 1.0 mm? size pieces along the a, b, and ¢ axes in the cubic coordinate
system. The largest (100) surfaces of the crystal were polished to optical grade for Brillouin and Raman
scattering. The Brillouin scattering was measured by a Sandercock-type 3+3 passes tandem Fabry-Perot
interferometer at a back scattering geometry.'* The free spectral ranges (FSR) of the spectrometer were
fixed at 75 GHz for the longitudinal acoustic (LA), transverse acoustic (TA) mode and at 300 GHz for the
central peak (CP) measurements.
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The temperature dependence of Raman spectra were measured using a double monochromator
(Horiba-JY, U-1000) with the resolution 1 cm™ at a back scattering geometry. A polarization rotation
device (Sigma Koki) equipped with a broadband half-waveplate (Kogakugiken) was used to obtain the
angular dependence of Raman spectra. The angular dependence of Raman spectra were recorded by a
single monochromator (Lucir) combined with a charge coupled device (CCD, Andor) and the xyz mapping
stage (Tokyo Instruments) installed in the microscope (Olympus). A diode-pumped solid state laser
(DPSS) with a wavelength of 532 nm was used to excite the sample for Brillouin and Raman scattering.
The temperature of the sample was controlled by a heating/cooling stage (Linkam, THMS600) with the
temperature stability of +0.1 K accuracy over all temperatures.

3.3 Results and discussion on inelastic light scattering

3.3.1 Acoustic anomaly and central peak

The Brillouin scattering spectra of FSR = 75 GHz observed at selected temperatures are shown in
Fig. 3.1(a). Each spectrum consists of doublet peaks of the longitudinal acoustic (LA) and transverse
acoustic (TA) modes. In the broadband spectra of FSR = 300 GHz, a CP was observed as shown in Fig.
3.1(b). The breaking of Brillouin selection rule is clearly revealed by TA mode which inactive in the cubic
symmetry at the back scattering geometry.®
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Fig. 3.1. Brillouin scattering spectra at selected temperatures of a KTN/0.40 single 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.

The LA and TA sound velocities were determined from the frequency shifts of the LA and TA modes
using Eq. (2.8). The temperature dependences of the LA and TA sound velocities are shown in Figs. 3.2(a)
and 3.2(b), respectively. The observed LA and TA sound velocities are related to the elastic constants Ci1
and Cuin a cubic coordinate, respectively.'® The LA velocity shows a remarkable softening in the vicinity
of the Tc = 308 K, while the TA velocity shows only a slight softening and a small discontinuity at Tc,
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(Mg13Nb23)03-0.35PbTiO; (PMN-35PT), 0.70Pb(Sci2Nbai;)Os-
0.30PbTiOs  (PSN-30PT), 0.85Pb(ZnusNb23)03-0.15PbTiOs  (PZN-15PT),  0.65Pb(In12Nbi2)Os-
0.35PbTiO; (PIN-35PT), etc.’82° Such softening of the velocity and the increase in the attenuation in the
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cubic phase are caused by the piezoelectric coupling of the strain polarization fluctuations in the non-
centrosymmetric PNRs below the Tg.%
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Fig. 3.2. The temperature dependences of (a) longitudinal velocity of the LA mode, and (b) transverse
velocity of the TA mode in a KTN/0.40 single crystal.

The remarkable increase in the absorption coefficient of the LA mode towards Tc = 308 K was
clearly observed as shown in Fig. 3.3(b). 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.
3.3(b). 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 intermediate temperature indicates the
start of rapid growth of the dynamic PNRs at T*. The sudden growth of PNRs also induces the significant
softening of the Vra and the remarkable increase of the CP intensity from T* to Tc¢ as shown in Figs. 3.2(b)
and 3.3(a), respectively. A similar remarkable softening of Cy; was reported in Ref. 21. When the reported
density of 6078.65 kg/cm? and the refractive index 2.33 (at the wavelength of 532 nm) of KTN/0.40 are
used,?% the observed values at 298 K are the elastic constant C11 = 2.69x10 N/m?, and Cas = 0.97x10!
N/m2. The LA and TA 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 KTN/0.32 reported in Ref. 11.
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Fig. 3.3. (a) Temperature dependence of the CP intensity of the KTN/0.40 single crystal. (b) Longitudinal
sound attenuation in a KTN/0.40 crystal as a function of temperature. The solid lines in (a) and (b) are the
guide to eyes and best fit result obtained by Eq. (3.3), respectively. The inset shows the plot of large scale
to show T*.
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In relaxor-like ferroelectrics, the anomalous changes in the acoustic properties can be described by
the Landau theory assuming the coupling between order parameter and strain in the free energy expression.
In general, the Landau expression for the free energy, F of ferroelectrics can be consisted of three parts:
the first part is associated with order parameter i.e., polarization P in the present case, the second part is
associated with the elastic energy, and finally the coupling term between the order parameter and strain, X.
The effective elastic constant Cjj due to the change in polarization, driven by the change in strain, can be
described by the following expression:2*

_ &*F 2F \' [ &F
Cij 7639'2"”(0%@1),{) (aPkaP,) (axjap,) (3.1)

where Cj; is the bare elastic constant independent of P, of which the temperature dependence is
determined by the lattice anharmonicity. In the relaxor-like phase of KTN, there is no macroscopic
spontaneous polarization i.e. <P>=0 owing to the random orientations of PNRs, we expect the quadratic
piezoelectric coupling between the order parameter and strain would dominate the coupling terms in the
free energy below Tg. The change in elastic constant owing to the quadratic piezoelectric coupling can be
expressed as®

AC=C-C* =y<P*>y (3.2)

where <P*> is the mean value of the squared local polarization of PNRs, y is the piezoelectric coupling
coefficient and y is the susceptibility for the order parameter. The classical Landau theory for the second-
order phase transition predicts only a steplike anomaly for C(T) at the phase transition temperature. In
contrast, the local polarizations appear at Tg and they gradually grow with decreasing temperature down to
Tc in relaxor-like ferroelectrics. Albeit the average polarization is zero, their appearance contributes to the
decrease of the elastic constants owing to the quadratic nature of the piezoelectric interaction. This
decrease would evolve continuously without any abrupt change until the local polarization of PNRs is
saturated upon cooling. Therefore, a significant softening and a clear anomaly in both the Vi a (related to
C1) and Vra (related to Ca4) corresponding to the Tc, which is attributed to the coupling of the LA and the
TA modes with fluctuation of local polarization in PNRs. These characteristics have been observed in
many relaxors and relaxor-based systems, for example PZN-xPT systems.?®

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.?’
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 phase
transition.?

o= 0o (T'T())-n . (33)

In order to explain the anomalous behavior and order-disorder nature of the phase transition, we have
fitted the sound attenuation between Tc and Tc+40 K using Eq. (3.3) as shown in Fig. 3.3(b). 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 KTN/0.40 single crystal. The
parameters obtained by fitting the sound attenuation are given in Table 3.1. However, the observed sound
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attenuation is well fitted by the theoretical line indicating that the anomaly arises due to coupling between
the LA phonons and polarization fluctuations in the PNRs.

Table 3.1. Parameters obtained from fitting sound attenuation of a KTN/0.40 single crystal.

a1(*x106) To n
(cm™) (K)
1.03+£0.10 296.83 £ 1.05 1.5

The critical slowing down is known as the typical phenomenon 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.#2° As shown in Fig.
3.3(a), the CP intensity increases with a decrease in temperature and its intensity becomes a maximum at
Tc. Upon cooling from high temperature, the increase of the intensity of the CP demonstrates the increase
of the correlation among PNRs. The insights about the strong correlations between the local polarizations
of PNRs and strain were revealed by various measurement such as neutron scattering, acoustic emission,
Raman and Brillouin scattering. Based on the temperature evolution of Raman and diffuse neutron
scattering on PMN, PZN and PZN-0.045PT, Toulouse et al. reported that the T* exist between Tg and
Tc.2° The existence of the T* was reflected in the anomalous variations in the intensity and frequency of
the optical Raman modes and the CP. In typical relaxor, Brillouin scattering study reported that the
significant increase in the acoustic damping and the CP intensity begin to take place around T*.16-19.30
According to Toulouse et al.® the temperature region between Tg and T* can be marked with the
formation of short lived correlations between the off-centered ions, which result in the formation of small
dynamic PNRs, while the region between T* and Tc is characterized by the coupling between the adjacent
PNRs and their aggregation to form the larger static PNRs. In the present study, the remarkable increase in
the damping of the LA mode was observed below the T*, at which rapid growth of PNRs begins, which
also induces the significant softening of Vra and remarkable increase in the CP intensity. The relaxation
time was determined by the CP width using the following equation:*

nFCPTCP = 1, (34)

where zcp and 7ceare the relaxation time and width of the CP, respectively. The temperature dependence
of the inverse relaxation time [Fig. 3.4(a)] shows a linear dependence between Tc 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 is given by

L) 3
In the temperature range of the cubic phase between Tcand Tc+49 K, the observed values are 7o = 1.61 ps
and 71 = 14.8 ps. The value of 7o can be attributed to intrinsic lattice defects.! It is worthy to compare the
value of t,, for other relaxor system which exhibited the order-disorder nature of the ferroelectric phase
transition in the vicinity of Tc. The value of 7, is similar to that reported for PZN-0.15PT.*? From these
result one can conclude that an order-disorder mechanism contributes to the slowing down of the
dynamics PNRs in a KTN/0.40 single crystal. Upon cooling, the CP intensity drastically increases towards
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Tc below T*, indicating the rapid growth of the volume fraction of PNRs,*!! which also induces the
softening of the LA phonon velocity and the rapid increase in the attenuation from T~ to Te.
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Fig. 3.4. The temperature dependence of (a) the inverse of the relaxation time determined from the CP
width, where the solid line shown in (a) is result fitted using Eq. (3.5). (b) Temperature dependence of
T/lce (closed circles) and the inverse dielectric constant (open circles) at the frequency of 1 kHz.

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. 3.4(b). The CP
intensity Icpis related to the static susceptibility, y(0), by the equation, | = ksT%(0), where ks denotes the
Boltzmann constant. The ratio of the slope just below and above Tc 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 X = 40% and x = 46% crystals, respectively.®3*

To discuss the temperature evolution of the dynamic nature of the PNRs, the average size of the
dynamic PNRs, Ieng, Was estimated by multiplying the relaxation time by the sound velocity of the LA
mode because the maximum of the characteristics length of the strain fluctuations is given by the
propagation length within the relaxation time.*® Upon cooling, the average size of the dynamic PNRs
increases towards Tc as shown in Fig. 3.5, reflecting the growth of the PNRs up to the percolation limit in
which the reorientation is completely suppressed.® At an intermediate temperature T7, the size is about 4.5
nm, which is in agreement with the size of a dynamic polar cluster of 4-6 nm.!
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Fig. 3.5. The mean size of the dynamic PNRs as a function of temperature.
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3.3.2 Temperature dependence of Raman scattering spectra

The precursor dynamics in the KTN/0.40 single crystal were also investigated by Raman scattering.
The temperature dependence of reduced VV and VH Raman spectra of the KTN/0.40 single crystal is
shown in Fig. 3.6. At 300 K, the presence of the strong first order TO, mode at around 196 cm™ in both
VV and VH spectra and TO; mode at around 279 cm™ in the VH spectrum suggests that the KTN/0.40
crystal does not belong to the cubic Pm3m symmetry at room temperature (RT), which is in good
agreement with the phase diagram."*® The detailed mode assignment of the KTN crystals were reported
in Refs. 39 and 40.
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Fig 3.6. Reduced (a) a(cc)a (VV) and (b) a(bc)a (VH) Raman spectra of the KTN/0.40 single crystal at
some selected temperatures.

The reduced intensity of the Stokes component, /"(w), was calculated by

J(@)
M= (3.6)

where n(w) = (—

I(w) and n(w) are the observed Raman intensity and the Bose-Einstein population factor, respectively. In
order to investigate the temperature dependence of a CP, which is related to the relaxation process of
dynamic PNRs, all spectra in the frequency range between 20 cm™ ~ 320 cm were fitted by a Lorentzian
central peak, the damped harmonic oscillator (DHO) model, and the third order polynomial with a Fano
function given by*+42

2
AiI}wi

(o20f) +ort}

() 2L 37)

(@) = 2dce_ Ice .
I'(w) = + 2 (1+22)

n 4a)2+[’(2:P

where Iz (w) = P(w'wT02)3+Q(w‘a’TO2)2+R(W'C"TO2)+S'

Here Acp and 7cp are intensity and width of the CP, respectively. A;, 75, and wiare the intensity factor, the
damping constant and the mode frequency of the ith Raman active mode, respectively. lo is intensity of the
Fano like asymmetric peak (TO, mode), g is the asymmetry parameter, € = Z(w-wToz)/FToz is the
reduced energy and /7o2 is its width. P, Q, R, and S are constants.
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Fig 3.7. (a) Temperature dependence of reduced intensity and width of the CP of the KTN/0.40 single
crystal approximated by Lorentzian function using the Eq. (3.7). The example of approximation is shown
in (b).

The temperature evolution of the reduced intensity, Ace, and the width, I'ce, of the CP observed at VV
scattering is displayed in Fig. 3.7(a). The existence of the CP is a direct consequence of the relaxation
process of the local polarization fluctuations. Due to the fast relaxation process, the CP is weak and
broad.* Its slowing down causes the growth and narrowing of the CP. In the vicinity of the Tc, the
temperature dependence of the CP in the KTN/0.40 crystal [Fig. 3.7(a)] is very similar with those of
PZN,* and Pb(MgusNb2s)Os (PMN)* crystals, and this fact suggests the applicability of the model*!44
explaining the CP by the relaxational motion of PNRs and its progressive motion restriction upon cooling.
It is worth noting that both Ace and I'ce show the clear anomaly in the vicinity of the T¢ = 308 K as shown
in Fig. 3.7(a). As can be seen in Fig. 3.7(a), the CP intensity increases towards the Tc upon cooling,
demonstrating the increase of the correlation among PNRs. In addition, the Icp, which is inversely
proportional to the relaxation time, becomes narrower significantly towards the Tc, indicating the slowing
down of the precursor dynamics.

3.3.3 Angular dependence of Raman scattering spectra
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Fig. 3.8 Angular dependence of (a) a(cc)a (VV) and (b) a(bc)a (VH) Raman spectra of the KTN/0.40
crystal measured in a cubic phase.
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For the better understanding of the microscopic origin of the CP in the KTN/0.40 crystal, we
studied the angular dependence of both VV and VH spectra in the paraelectric cubic phase as shown in Fig.
3.8. The Raman spectra clearly changed periodically with the rotation of the plane of the polarization. In
particular, the intensity of the CP changed markedly with the rotation of the plane of the polarization, and
the variation of the intensity is mutually opposite between the VV and VH spectra (Fig. 3.8). To clarify
the origin of the CP caused by PNRs, we performed the Raman tensor calculation considering the local
symmetry of PNRs. In PMN, the local symmetry of the PNR was reported as rhombohedral R3m on the
basis of the neutron pair distribution function (PDF) analysis.* There are three Raman active modes, A1(z),
E(-x) and E(y) of the R3m symmetry with the following Raman tensors:*

a 0 0 0 ¢ -d c 0 0
AI(Z)_<0 a 0>,E(-x)— < 0 0 ,E(y)—<o -c d> (3.8)
0 0 b d 0 0 0 d 0

The angular dependence was calculated using the Raman tensor by

R'-C'(4,@oEG)orE(-x))-RT (3.9)

3 1 0 0
where R= (0 cost -sin9)

0 sind cosf

and C is the transformation matrix corresponding to the Raman tensor modification and @ is the rotation
angle of the experimental coordinates.*® It is well established that local rombohedral regions are oriented
randomly along the eight equivalent polarization directions. For this reason, the angular dependence was
calculated in the multidomain states in which the contributions of all eight domains are summed up
equally. It is important to note that the variation of the CP intensity (Fig. 3.9) of the KTN/0.40 crystal in
the cubic phase is similar to the behavior of PNRs with A;(z) symmetry.“¢ One can obtain the values of the
intensity of the cc (VV) and bc (VH) components for Ai(z) and E(x,y) symmetries of PNRs after the
transformation of Raman tensor components using Eqg. (3.9) as follows:

8 .
G %5 [4lal*+4]al |blcosg+|bI>+(lal*-2lal blcosg+]b|?)sin*26] (3.10)
b o< (lalP-2lal |bleosg 6| )cos*20 (3.11)
l%‘éx,y)ocgsiﬁ9[2|d|2+|c|2+3|c|20052 (9]+§ [(5|c|2+16|d|2) cos* 8-2(|c|*+5]d|?) c0529+|c|2+2|d|2] , (3.12)

E‘&x,y)ocg[Blclz008229+|c|2+2|d|2]+§[(5|c|2+16|d|2) sin® 20+4|c|>+2|d|?] | (3.13)

where ¢ = arg(b)-arg(a) stands for the phase difference of the two independent components of the Raman
tensor of the A1(z) symmetry of PNRs.

The angular dependence of the observed intensity, Icp, of the CP obtained from VV and VH spectra
is shown in Figs. 3.9(a) and 3.9(b), respectively. As shown in Fig. 3.9, the variation of the intensity of the
CP with the rotation angle exhibits the sinusoidal tendency, reflecting the anisotropy of Raman scattering
of the KTN/0.40 crystal. The theoretical fits were performed via Egs. (3.10) and (3.11), which
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demonstrate the phase difference between the different Raman tensor components contributing to the
susceptibility of the polarized angle.
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Fig. 3.9. The intensity of the CP observed in (a) VV and (b) VH spectra as a function of the rotation angle.
The solid lines in (a) and (b) are best results fitted by Egs. (3.10) and (3.11), respectively.

The observed intensity variation of the CP measured at both VV and VH scattering was well fitted by Egs.
(3.10) and (3.11), respectively, implying that the CP in the paraelectric cubic phase of the KTN/0.40
crystal stem from Ai(z) symmetry of PNRs with a rhombohedral polar R3m symmetry. The best-fitted
results for obtaining phase difference between different components of the Raman tensor for the Ai(z)
symmetry are listed in Table 3.2.

Table 3.2. The best fit results of the anisotropy ratio and the phase difference between different Raman
tensor components of PNRs with A:(z) symmetry.

Ai(z) symmetry

\AY/ VH
Anisotropy ratio, |b/a| 0.15 0.18
Phase difference 0527 0.52 ®

Fixed parameter

It is seen that the anisotropy ratio and the phase difference of the Ai(z) symmetry of PNRs are
similar even for different polarization geometries. These results suggest that the phase difference exist
between different Raman tensor components, and the phase difference and related anisotropic properties
appear in both VV and VH scattering. The similar phase difference and anisotropic property in both VV
and VH scattering were also reported in the A; mode of the GaN by Lin et al..*” The value of the phase
difference between various vibrating components of the Ai(z) symmetry of PNRs is in good agreement
with the values reported for PbTiO; single crystal and SmBa,CuzO; thin films.*84° The significant effect of
the phase difference on the intensity of the Aig-like phonons was reported in Ref. 49.

3.34 Local symmetry breaking observed by Raman scattering

Raman scattering of the KTN/0.40 was measured as a function of temperature to study the local
symmetry breaking in the cubic phase. Recently, Raman scattering of the typical relaxor,
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Pb(Zn1sNb2)Os—PbTiOs (PZN-PT), with a perovskite structure was studied in the cubic phase to clarify
the local symmetry breaking due to the existence of PNRs with a rhombohedral R3m symmetry.®0-5!
According to the Raman selection rule, the first order Raman mode is not allowed in the cubic phase with
the Pm3m symmetry. However, the first order TO, and TOs; modes are still prominent in a cubic phase
(Fig. 3.6). Figure 3.10(a) shows the temperature dependence of reduced intensity, Aros, and width, I'ros, of
the TO3s mode of the KTN/0.40 single crystal.
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Fig. 3.10. (a) Temperature dependence of reduced intensity and width of the TO3 of the KTN/0.40 single
crystal. The solid line in (a) is guide to eyes. (b) Example of fit of the TO3; mode by DHO model, where
the solid line is the best-fitted line by the DHO function.

It is significant that the intensity of the TO3; mode decreases rapidly as the Tc is approached. Above
the T¢, the TO; mode continues to decrease slowly in intensity showing anomaly around the T* ~ 353 K,
where the dynamic to static transition of PNRs begins. The value of the characteristic temperatures is
consistent with the Brillouin scattering results. It is also important to note that the Iros exhibits noticeable
changes associated with these precursor effects as shown in the lower part of the Fig. 3.10(a). Therefore,
the existence of the weak intensity of the TOs in a cubic phase indicates the local symmetry breaking
caused by the existence of PNRs with rhombohedral symmetry.

In order to clarify local symmetry of PNRs, which was responsible for the breaking of local
symmetry in the cubic phase of KTN crystals, we also analyze the angular dependence of Raman spectra.
Since the intensity of the TO; mode was too weak in angular dependence of Raman spectra (Fig. 3.8),
therefore we were mainly concerned about the TO4 mode. The example of fit in the frequency range
between 400 and 730 cm™ fitted by the damped harmonic oscillator (DHO) function is shown in Fig.
3.11(a). The dotted (~ 470 cm?) and dashed (~ 575 cm™) bands denote the modes of second order
scattering, whereas the solid band (~ 540 cm™) indicates the first order scattering of the TO4 mode.* The
angular dependence of the TO, mode intensity is plotted by the solid circles in Fig. 3.11(c). The observed
intensity of the TOs mode was well fitted using the Eq. (3.11) for Ai(z) symmetry of PNRs. The fitted
curve reproduces the observed intensity variation revealing that the TO4 mode in the paraelectric phase
stems from the Ai(z) symmetry 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.
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Fig. 3.11. (a) The example of fit of Raman spectra in the frequency range between 400 and 730 cm™ by
the DHO model. (b) The temperature dependence of the TO, mode intensity of the KTN/0.40 single
crystal. (c) The angular dependence of the TO4 mode intensity, where the observed intensity is denoted by
the solid symbols. The solid line denotes the calculated intensity of the A:(z) symmetry of the PNRs.

3.4 Summary

The relaxor-like dynamics related to PNRs have been investigated in the ferroelectric phase
transition of K(Tai1-«Nby)Oscrystals with x = 0.40 using Brillouin and Raman scatterings. According to the
analysis of the angular dependence of Raman scattering, the microscopic origin of the CP in the cubic
phase of KTN crystals was attribute to PNRs with A:(z) symmetry with a polar rhnombohedral symmetry.
The phase difference Raman tensor components of Ai(z) symmetry of PNRs was determined. The
breaking of local symmetry due to the existence of PNRs was observed by the appearance of the first order
Raman scattering in the cubic phase, which is inactive in accordance to the Raman selection rule. The
significant softening of the velocity and the increase in attenuation of the LA mode were observed in the
vicinity of the Curie temperature, Tc = 308 K. The increase in the LA mode attenuation was clearly
observed below the intermediate temperature, T~ = 353 K, indicating the start of the rapid growth of the
dynamic PNRs, which also induced the remarkable softening of the TA mode and increase in the intensity
of the CP. The evolution of the dynamic PNRs was discussed based on the size growth with temperature,
and below T, it rapidly increases towards Tc up to the percolation limit. The order-disorder nature of the
ferroelectric phase transition is clearly observed by the critical slowing down towards Tc by the
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temperature variation of the broad central peaks. By Raman scattering, the soft mode behavior of
KTN/0.40 was not observed. Therefore, it is concluded that the nature of the phase transition of KTN/0.40
is purely order-disorder.
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Chapter 4
Effects of Li-Doping in KTa1.xNbxOs Single Crystals

4.1 The Li-Doping Effect on Polar-Nanoregions in K(Ta:1xNbx)Os Single Crystals
4.1.1 Introduction

The Li-doping effect on the KTaOs3 is one of the current topics in materials science. The quantum
paraelectricity was suppressed and a ferroelectricity appeared by the Li-doping.? In Ky.,Li,TaOs; (KLT),
there is the critical Li concentration yc = 0.022 above which the KLT undergoes a ferroelectric transition
at Tc, and below the concentration yc it freezes into a dipole glass state at the glass transition temperature,
Ty.2 Cai et al. reported that such a drastic change in transition behavior of KLT across the yc attributed to
the piezoelectric character of PNRs, which ultimately drives the structural transition, with a critical level
of local polarization.? Therefore, the Li-doped KTN can be an interesting system for investigating the
effects of Li ions on the precursor dynamics of the relaxor ferroelectric phase transition and thus also
related physical properties. The shear components of piezoelectric response of the high quality Li-doped
KTN single crystals were studied with the aim of applying these materials as transducers, actuators, and
sensors.>* Of late, the remarkable increase in capacitance and permittivity of the Li-doped KTN single
crystal was observed by injecting electrons with the application of a voltage using titanium electrodes.®
However, the extensive studies on the effect of Li ions on the phase transition behaviors of the Li-doped
KTN are rather scarce, which will be indispensable for accelerating the application of these materials. In
the present study, therefore, the Li-doped high quality KTN single crystals were studied to investigate the
effect of Li-doping on PNRs and the lattice dynamical properties related to a relaxor ferroelectric phase
transition in comparison with the non-doped KTN crystals.®

4.1.2 Experimental

The KogsLioosTaozsNbo 2703 (KLTN/0.05/0.27) single crystals used in the present study were grown
by the top seeded solution growth (TSSG) technique at NTT Corporation. The specimen was cut having
the size of 4.0x3.2x1.2 mm? with the largest faces oriented perpendicular to the [100] direction. Micro-
Brillouin spectra were measured at the backscattering geometry using a high-contrast 3+3 passes tandem
Fabry-Perot interferometer.® The specimen was excited using a diode-pumped solid state (DPSS) laser
with a wavelength of 532 nm and a power about 100 mW. The spectra were recorded using the free
spectral range (FSR) of 75 GHz for the longitudinal acoustic (LA) and the transverse acoustic (TA) modes
and 300 GHz for the central peak (CP) measurements. The specimen temperature was controlled using a
cooling/heating stage (Linkam THMS600). The temperature stability of the specimen was within £0.1 K
over all temperatures. The dielectric properties were measured using an impedance/gain-phase analyzer
(SI1260, Solarto) combined with a home-made furnace and temperature controller (CHINO, KP 1000).

4.1.3 Results and discussion

4.1.3.1 Sound velocity and attenuation of Li-doped KTN

The Brillouin scattering spectra of a KLTN/0.05/0.27 single crystal at some selected temperatures in

a narrow frequency range is shown in Fig. 4.1.1. As can be seen from the Fig. 4.1.1, the LA and TA

modes appeared in each spectrum in the wide temperature range. In addition, a CP developed on cooling
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and its intensity showed the maximum around Tc. The qualitatively similar spectra were already reported
in a high quality KTN/0.40 single crystal with no Li content.® Recently, Rahaman et al. reported the
breaking of the Raman selection rule in the high quality KTN/0.40 single crystal by the observation of
Ai(z) symmetry of PNRs with the rhombohedral polar symmetry using Raman scattering.®
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Fig. 4.1.1. Brillouin scattering spectra of a KLTN/0.05/0.27 single crystal measured in the FSR =75 GHz
at some selected temperatures.

The temperature dependences of the LA velocity, Via, and the TA velocity, Vra, as well as the TA
attenuation, ara, of the KLTN/0.05/0.27 single crystal were determined and plotted in Figs. 4.1.2(a) and
4.1.2(b), respectively. The observed sound velocities of the LA and TA modes are related to the elastic
constants Cy; and Cas in a cubic symmetry, respectively.®
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Fig. 4.1.2. Temperature dependence of (a) sound velocity of the LA mode and (b) sound velocity and
attenuation of the TA mode in a KLTN/0.05/0.27 single crystal. The solid lines in (b) are guide to eyes.

Upon cooling, a significant softening of the Via and a clear anomaly in the vicinity of the Tc = 304 K were
observed, while Vra showed a small discontinuity and only the slight softening towards Tc, indicating the
nature of a first order phase transition.® The nature of the first order ferroelectric phase transition of a high
quality KTN single crystal was also reported by the ultrasonic measurement.® According to the phase
diagram of KTN,! the expected Tc of the KTN/0.27 is about 222 K. However, in 5%Li-doped KTN
(KLTN/0.05/0.27) the value of Tc is increased by 82 K, although the Nb concentrations are equal. The
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increase of the T¢ indicates that the ferroelectric instability of KTN is enhanced by the Li-doping.
Hofmeister et al. reported the marked increase of the Tc of the KTN/0.65 single crystal by the Li-doping.?
The remarkable softening of the Via and Vra can be caused by the piezoelectric coupling of LA and TA
modes with the fluctuations of the local polarization in PNRs, respectively.5% It is seen from Fig. 4.1.2
that the Va begins to soften at the higher temperature than that of the Vra, implying that the piezoelectric
interactions might be different between the LA and TA modes.* In addition, the Vra showed a linear
decrease upon heating above the T* as shown in Fig. 4.1.2(b). Since the V+a starts to soften at the T* by
the piezoelectric coupling between the fluctuating PNRs and the TA mode, therefore, noticeable coupling
is not expected between the TA mode and fluctuating PNRs in the temperature range above the T*.** The
mild variation of the TA mode in this temperature range can be mainly dominated by the third order lattice
anharmonicity as similar to thermal expansion. The lattice anharmonicity refers to the vibrational effects
that do not follow simple harmonic motion. Such a behavior was also observed in PMN, Pb(Mg13Taz3)O3
(PMT), and 0.955Ph(Zn1;sNb2/3)03-0.045PbhTiOs (PZN-0.045PT) single crystals.** In a paraelectric phase
below the T* ~ 373 K, the CP intensity drastically increases toward Tc upon cooling, indicating the start of
rapid growth of volume fraction of PNRs.®*® The sudden growth of PNRs also induces the significant
softening of the Vra and the remarkable increase of the arafrom T™ to Tc as shown in Fig. 4.1.2(b). In the
vicinity of the T¢ the softening of the sound velocity and the significant increase of the attenuation in a
cubic phase owing to piezoelectric coupling between acoustic modes and polarization fluctuations in
PNRs were observed in various lead-based relaxor.141

4.1.3.2 Li-doped effect on elastic constants and attenuation

The elastic constants were calculated from the sound velocities using the following equations:
Cn :PV%A , (4.1.1)
Cas=pVia (4.1.2)

where p is the density of a crystal. The value of density, p = 6630 kg/m?, was used to calculate the elastic
constants of KLTN/0.05/0.27,® whereas p = 6078.65 kg/m® was used for KTN/0.40.1” The temperature
dependences of the elastic stiffness constant Cy; of the Li-doped and the non-doped KTN are shown in Fig. 4.1.3.
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Fig. 4.1.3. Elastic constant Cy; of both KLTN/0.05/0.27 and KTN/0.40 single crystals as a function of
temperature. The solid lines are the best fit result obtained by Eq. (4.1.3).

49



At 298 K, the value of Ci; of the KTN/0.40 was 269 GPa reported in Ref. 6, while for KLTN/0.05/0.27,
Ci11 = 313 GPa. It is found that the value of the elastic constants of the Li-doped KTN is larger than that of
the non-doped one in the whole temperature range. However, it is readily seen from Fig. 4.1.3 that the
temperature region of the elastic anomaly was broadened by the Li-doping. This result indicates that Li-
doping increases the temperature region on the growth of PNRs. In Li-doped KTN, therefore, the observed
broadening of the elastic anomaly can be the evidence of the extension of the temperature region of the
elastic anomaly in comparison to that of the non-doped KTN. In order to show the effects of Li ions in the
KTN single crystals, we also studied the sound attenuation of the acoustic phonons. On fitting spectra
using Lorentzian functions, it was difficult to make reliable data of the damping of the LA mode because
of its asymmetric nature. Therefore, we were concentrated to the damping of the TA mode. Figure 4.1.4
shows the ara of the Li-doped and the non-doped KTN as a function of T/Tc. It is clearly seen from Fig.
4.1.4 that the ara increases by the Li-doping. This means that the TA phonons were markedly scattered by
the Li-doping. These results suggest that the Li ions enhance the growth of PNRs. It is significant that the
temperature interval between Tc and T* was increased by the Li-doping as shown in Fig. 4.1.4. The
extension of the temperature interval between Tc and T* can be attributed to the enhanced stability of
PNRs, induced by Li ions. The enhanced stability of PNRs by the Li-doping induces the broadening of
elastic anomaly, which can be the evidence of the enhanced relaxor nature of 5%Li-doped KTN single
crystals.
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Fig. 4.1.4. The attenuation of the TA mode in the KLTN/0.05/0.27 and KTN/0.40 single crystals as a
function of T/Tc.

4.1.3.3 Critical index of elastic constant

In order to rationalize the remarkable elastic anomaly by the PNRs, the Cii curves of the
KLTN/0.05/0.27 and KTN/0.40 single crystals (Fig. 4.1.3) were fitted by the following equation:18-2

Ci1 = A +A, T-A5(T-Ty) . (4.1.3)

The anharmonic behavior is described by the second term. The third term describes the critical softening
due to polarization fluctuations in PNRs, where As is the amplitude of the elastic anomaly. The value of
the critical exponent n was predicted to be 1.5 for one dimensional fluctuations, 1.0 for two dimensional
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fluctuations and 0.5 for three dimensional fluctuations.® The temperature, To extrapolated in a cubic phase
was determined by fitting the Via with the equation reported by Kashida et al.?* The parameters obtained
by the fitting of Cy1 are given in Table 4.1.1. A good consistency between the experimental data and the
fitting result was obtained with an exponent of 0.5 indicating three dimensional fluctuations of
polarization in a cubic phase. The fitting results are in good agreement with the values reported in Ref. 18.

Table 4.1.1. Fitting parameters of Ci: to Eq. (4.1.3) for the KLTN/0.05/0.27 and KTN/0.40 single crystals.

A Az Az To n
(GPa) (GPa) (GPa) (K)
KLTN/0.05/0.27 326.68 +5.20 0.053+0.011 358.92 + 10.50 276 0.5
KTN/0.40 285.78 + 7.56 0.064 +0.018 242.55 + 8.49 297 0.5

It is worthy to compare the value of the A; of the Li-doped KTN with the non-doped KTN. The amplitude
of the anomalous part was markedly increased by the Li-doping as shown in Table 4.1.1. In Li-doped
KTN, the remarkable increase of the amplitude of the elastic anomaly can be the clear evidence of the
extension of the temperature region of the elastic anomaly in comparison to that of the non-doped KTN. It
is also found from Table 4.1.1 that the lattice anharmonicity is decreased by the Li-doping. To show the
effects of Li ions on the nature of the phase transition, we compare the values of the difference between Tc
and To i.e., AT = Tc-To in the case of Li-doped and non-doped KTN. In the case of a second order phase
transition, it holds that Tc = To, while for a first order phase transition To< Tc. In both cases, the lower
value of Ty in comparison to Tc (Table 4.1.1) is the clear indication of the first order nature of a
ferroelectric phase transition. However, it was seen that the value of AT markedly increased by the Li-
doping. This result demonstrates that the first order nature of a ferroelectric phase transition is enhanced
by the Li-doping

4.1.3.4 Central peak and size of dynamic PNR
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Fig. 4.1.5. The CP spectra of the KLTN/0.05/0.27 and the KTN/0.40 single crystals measured in the FSR
=300 GHz at 353 K.

In order to have a better understanding of the effects of Li ions, we also study the temperature dependence
of the CP, which is related to the relaxation process of polarization fluctuations in PNRs. The CP spectra
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of the KLTN/0.05/0.27 and KTN/0.40 single crystals at 353 K are shown in Fig. 4.1.5. The CP spectrum
was fitted by the Voigt function centered at zero. At high temperatures in the cubic phase, the Brillouin
spectra of the CP were almost flat and did not show any significant change during the temperature
variation. However, the CP developed upon cooling as shown in Fig. 4.1.6. In relaxor-like ferroelectrics,
the CP which begins to appear well above T* is attributed to the relaxational dynamics of PNRs.®® As
shown in Fig. 4.1.6, the increase of the intensity of the CP upon cooling reflects the increase of the
correlation among PNRs. It was found that the CP intensity became stronger by the Li-doping as shown in
Fig. 4.1.6. The marked increase of the CP intensity of the Li-doped KTN is due to the growth of PNRs,
which is induced by Li ions.
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Fig. 4.1.6. The intensity of the CP of the KLTN/0.05/0.27 (solid circles) and KTN/0.40 (solid diamonds)
single crystals as a function of T/Tc,

In order to clarify the effects of the Li-doping on PNRs, we estimated the size of the dynamic PNR
of the Li-doped KTN crystals and compared with the non-doped one. In RFEs, the dynamic PNRs play the
dominant role in the high frequency local dynamics on a nanometer length scale. The size of a dynamic
PNR, leng, Was estimated by the equation, leng = Viaxzce, because the characteristic length of polarization
flipping can be given by the propagation length of local strain in the period of relaxation time.?
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Fig. 4.1.7. Size of a dynamic PNR of the KLTN/0.05/0.27 and KTN/0.40 crystals as a function of T/Tc.

The relaxation time, zcp, was determined from the FWHM (full width at half maximum) of the CP by the
relation, 7x(CP FWHM)xzcp = 1.2 Figure 4.1.7 shows the Ipng Of the Li-doped and the non-doped KTN as
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a function of T/Tc. It is apparent from Fig. 4.1.7 that the size of the dynamic PNR markedly increased by
the Li-doping. Therefore, it is concluded that the intense CP of the Li-doped KTN in comparison to that of
the non-doped KTN can be attributed to the enhanced growth of PNRs, which is induced by Li ions.

4.1.3.5 Dielectric anomaly

To confirm the enhanced relaxor nature of KTN by the Li-doping, we also performed the
comparative study of the dielectric properties between 5%Li-doped and non-doped KTN single crystals.
The inverse of the real part of the dielectric constant of KTN/0.40 and KLTN/0.05/0.26 crystals is
displayed in Fig. 4.1.8.
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Fig. 4.1.8. The real part of the complex dielectric constant of KTN/0.40 and KLTN/0.05/0.26 single

crystals measured at 1 kHz as a function of normalized temperature. The solid lines denote the best fitted
lines with the Eq. (4.1.6).

The dielectric constants of KTN/0.40 and KLTN/0.05/0.26 crystals attain a maximum at about 308 K and
294 K, respectively, which correspond to the Tc. These values are consistent with the Brillouin scattering
results. It is found that the T¢ of the KLTN/0.05/0.26 crystal is lower than that of the KLTN/0.05/0.27
crystal. The lower value of the Tc of the KLTN/0.05/0.26 crystal is due to the lower Nb concentrations.
Above Tc, the temperature dependence of the dielectric constant was extensively studied to characterize
the dielectric relaxation behavior of RFEs.?*?¢ Unlike, in normal ferroelectrics whose dielectric constant
above the Tc follows the well-known Curie-Weiss law 1/e = (T-Tc)/C, where C is the Curie constant; in
RFEs this law was observed only at temperatures higher than the Tg.??” Below the Tg, the dielectric
constant in the paraelectric phase of the relaxor-like ferroelectrics can be explained using Eq. (1.12). As
can be seen in Fig. 4.1.8, the inverse of the dielectric constant of both Li-doped and non-doped KTN
crystals is well fitted by the Eq. (1.12), indicating relaxor-like behavior of the KTN and the Li-doped KTN
single crystals. To clarify the effect of Li-doping on relaxor natures of KTN crystals, it is worthy to
compare the values of fitting parameters (Table 4.1.2) obtained by the Eqg. (1.12).

Table 4.1.2. The obtained fitting parameters for the dielectric constant of KTN/0.40 and KLTN/0.05/0.26
single crystals using Eq. (4.1.6).

Em Tm = TC (K) Y 6
KLTN/0.05/0.27 18040 294 1.31+£0.005 3.45 + 0.068
KTN/0.40 50106 308 1.12 + 0.006 151+0.074
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It is apparent from Table 4.1.2 that the parameters denoting the degree of diffuseness of the phase
transition are markedly increased by the Li-doping in KTN, implying the enhanced relaxor nature of KTN
induced by the Li-doping. This may be attributed to the enhanced growth of PNRs, which is induced by
the Li ions.

4.2  Site Occupancy of Li lons in 5%Li-Doped K(TaixNbx)Os; Single Crystals Proved by
Inelastic Light Scattering and First-Principles Calculation

4.2.1 Introduction

The understanding of the doping effect of the perovskite oxide ferroelectrics is one of the most
attractive topics, which is important for both fundamental physics and engineering related to their
outstanding functionality.?®=? Recently, there has been a great deal of interest and challenge to understand
the doping effect of oxide ferroelectric materials, especially, investigating the relationship among the site
occupancy, charge and size mismatch of the cations at the crystallographic equivalent sites, which are the
origins of the relaxor nature of relaxor ferroelectrics (RFEs).3%32

Nowadays, the Li-doped KTN is an interesting system for investigating the effects of the Li ions on
the physical properties related to a ferroelectric phase transition. The dielectric, piezoelectric, and electro-
optic properties were reported on the Li-doped high quality KTN crystals by assuming the site occupancy
of Li ions at A-site.>*%* In our knowledge, there are no optical or X-ray evidences for the site occupancy of
the Li ions at A-site for the Li-doped KTN. By considering the ionic size Samara et al. reported that the
Ca dopant in KTN the substitution occurs at B-site.*® Such a site occupancy of cations in perovskite oxides
becomes one of current topics of applied physics, for example, in SnTiOs, the occupancy of Sn ions at A-
and B- sites was discussed from the energy point of view by first-principles calculations.®” In this study,
we discuss the site occupancy of Li ions in 5%Li-doped KTN single crystals on the basis of the
observation of the elastic anomaly and the slowing down using the Brillouin scattering, the change of local
symmetry of PNRs by Raman scattering and the first-principles calculations.

4.2.2 Methodology

4.2.2.1 Experimental

For angular dependence of Raman scattering spectra, a polarization rotation device (Sigma Koki)
equipped with a broadband half-waveplate (Kogakugiken) was used. The Raman spectra were measured at
a back scattering geometry using a single-monochromator (Lucir) combined with a charge coupled device
(CCD, Andor) and the xyz mapping stage (Tokyo Instruments) installed in the microscope (Olympus).
The two volume Bragg gratings so called "ultra narrow-band notch filters" (OptiGrate) were used to
reduce the strong elastic scattering. A diode-pumped solid state (DPSS) laser with a wavelength of 532 nm
was used to excite the sample which was inserted in a compact heating/cooling stage (Linkam THMS600).

4.2.2.2 Theoretical

The first-principles calculations were carried out using the density functional theory (DFT)38:3¢
based CASTEP code.*** The ultrasoft pseudopotential formalism of Vanderbilt was used to simulate the
interactions of valence electrons with ions cores within the generalized gradient approximation (GGA),
and the electron wave function was expanded in plane waves up to an energy cutoff of 500 eV. In
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CASTEP, the choice of exchange-correlation functions (ECFs) is crucial for precision in energy
calculation. Since the experimental lattice parameters of the KTN/0.27 crystal were not available,
therefore, before calculating the total energy of Li-doped KTN/0.27 (x = 0.27) single crystals, a geometry
optimization of KTN/0.33 crystal was carried out by Broyden-Fletcher-Goldfarb-Shannon (BFGS)
algorithm using various ECFs to obtain the best cell parameters and compared with the experimental one.
The ECF which induced the best results of KTN/0.33 was used to calculate the total energy of Li-doped
KTN/0.27 crystals. All the structures were relaxed during geometry optimization. The 14x14x14
Monkhorst-Pack mesh was employed for the sampling of the Brillouin zone. The tolerance of energy,
force, and displacement was 5x10¢ eV/atom, 0.01 eV/A, and 5x10* A during geometry optimization,
respectively. The optimized equilibrium lattice parameter of the KTN/0.33 single crystal with different
ECFsiis listed in Table 4.2.1.

Table 4.2.1. The optimized lattice parameter the KTN/0.33 single crystal calculated with different ECFs
and compared with the experimental data reported in Ref. 42.

Space group  Pseudopotential ECF Lattice parameter, a (A)  Expt.t®
Ultrasoft PBE 4.03669
Ultrasoft RPBE 4.10256

Pm3m Ultrasoft PWI1 4.02924 3.99279
Ultrasoft wcC 3.97921
Ultrasoft PBESOL 3.97782

423 Results and discussion

4.2.3.1 Acoustic anomaly

36.0 . : : :
T
356 L l C - 0I‘(TN/O4O ]
. S~ 1T =353K
N 352f WAPTTILIESO400 2 4 o 4
5 Q f
~.34.8f T*=373K
>l—
34.4} s KTN/0.05/0.40]
<< @ ¥V U N NS SSsF§
T
300l T = 373 K :
0 30 60 90 120 150

T-T, (K)

Fig. 4.2.1. The TA frequency shift of KTN/0.40, KLTN/0.025/0.38, and KLTN/0.05/0.27 single crystals
as a function of normalized temperature. The solid lines are guide to eyes.

For better understanding the Li-doping effects in KTN, the comparative study among the non-doped
KTN/0.40, 2.5%Li-dope KTN/0.38 (KLTN/0.025/0.38) and KLTN/0.05/0.27 single crystals was

performed using Brillouin and Raman scattering. The temperature dependences of the TA frequency shift,
55



vra, 0f KTN/0.40, KLTN/0.025/0.38, and KLTN/0.05/0.27 crystals are shown in Fig. 4.2.1. It is worth
noting that the vra shows the linear temperature behaviors at very high temperatures. While upon cooling
the vra starts to deviate from the high temperature linearity, reaches a maximum value near the T* ~ 373
K and 353 K for the Li-doped and the non-doped KTN, respectively. For further cooling they show a
significant softening towards Tc. The remarkable softening of the vra just above Tc is caused by the
piezoelectric coupling between the fluctuating PNRs and the TA/LA phonons.®® These behaviors are very
similar to those observed in the relaxor ferroelectric PZN-0.045PT and the PZN-0.09PT single crystals.'*
It was also found that the acoustic damping of the LA phonon of KTN/0.40 begins to increase below the
T* ~ 353 K upon cooling.® In addition, the clear anomalies of the vra were observed at Tc = 304 K, 308 K
and 319 K of KLTN/0.05/0.27, KTN/0.40, and KLTN/0.025/0.38 crystals, respectively as shown in Fig.
4.2.1. According to the phase diagram of KTN,! the expected Tc of KTN/0.27 and KTN/0.38 crystals is
about 222 K and 297 K, respectively. However, the value of Tc is increased about 82 K and 22 K in
KLTN/0.05/0.27 and KLTN/0.025/0.38 crystals, respectively, albeit the concentrations of Nb are equal.
The increase of the T¢ indicates that the Li-doping stabilizes the ferroelectricity of KTN. The significant
increase of the Tc of the KTN/0.65 single crystal by the Li-doping was also reported in Ref. 12. It is
significant that acoustic phonons were markedly scattered by the Li-doping, thus the attenuation increase
while ora slightly decreases by the Li ions as shown in Fig. 4.2.1. This fact suggest that Li-doping
enhance the growth of PNRs.*® It is also important to note that the temperature interval between Tc and T*
was gradually increased by the Li-doping as shown in Fig. 4.2.1. The extension of this temperature region
can be attributed to the enhanced stability of PNRs, induced by the Li ions.

4.2.3.2 Critical slowing down

1.6 : .
= KTN/0.40
KLTN/0.025/0.38
o 120 4 KLTN/0.05/0.27
gO
= N
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NS 08 -
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Fig. 4.2.2. The inverse of the relaxation time determined from the CP width in KTN/0.40,
KLTN/0.025/0.38, and KLTN/0.05/0.27 single crystals as a function of normalized temperature. The solid
lines are the fitted lines by the Eq. (4.2.1).

The temperature dependences of the inverse relaxation time determined from the width of the CP in
the Li-doped and the non-doped KTN single crystals are shown in Fig. 4.2.2. It was seen that the inverse
of the relaxation time showed the stretched-type slowing down only in the 5%Li-doped KTN, while
2.5%Li-doped KTN and the non-doped KTN showed the normal critical slowing down. Such a stretched-
type slowing down behavior of the relaxation time under the influence of random fields might be
described by the following empirical relation:??
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where fgis the stretched index related to the random fields. g = 1.0 means the normal critical slowing
down without random fields and it assumes values > 1 depending on the strength of the random fields. The
observed relaxation time (Fig. 4.2.2) is well fitted by the Eq. (4.2.1) implying the order-disorder nature of
the ferroelectric phase transition.'®® The best fitted results using Eq. (4.2.1) are listed in Table 4.2.2. The
observed value of the £ more than 1.0 in 5%Li-doped KTN can be attributed to the enhanced random
fields by the Li-doping. The microscopic origin of the enhanced random fields in 5%Li-doped KTN can

be the hetero-valence charge disorder at B-site, which is induced due to the partial occupancy of Li ions at
B-site.

Table 4.2.2. The best fitted parameters obtained from the inverse relaxation time using Eq. (4.2.1) for
KTN/0.40, KLTN/0.025/0.38, and KLTN/0.05/0.27 single crystals.

7o (ps) 7y (ps) B Tc (K)
KTN/0.40 1.63 £ 0.021 14.78 £ 0.03 1.0 308
KLTN/0.025/0.38 1.90 £0.025 2.32+£0.078 1.0 319
KLTN/0.05/0.27 1.77 £ 0.009 4.83£0.09 1.18 £ 0.03 304

4.2.3.3.  Angular dependence of Raman scattering spectra
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Fig. 4.2.3. Angular dependence of a(bc)a (VH) Raman scattering spectra of (a) KLTN/0.05/0.27, (b)
KTN/0.40, and (c) KLTN/0.025/0.38 single crystals measured in the cubic phase.
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In order to have a better understanding the partial occupancy of Li ions in 5%Li-doped KTN
crystals, we also performed comparative study between Li-doped and non-doped KTN crystals by Raman
scattering. The angular dependence of a(bc)a (VH) Raman scattering spectra in the cubic phase of
KTN/0.40, KLTN/0.025/0.38, and KLTN/0.05/0.27 crystals is shown in Fig. 4.2.3. By the rotation of the
plane of polarization, the angular dependence of Raman spectra exhibits the sinusoidal tendency, implying
the anisotropy of Raman scattering of both non-doped and Li-doped KTN crystals. In particular, the
remarkable variation of the CP intensity of Li-doped and non-doped KTN single crystals was observed
with the rotation of the plane of polarization. It is worth noting that the variation of the intensity of the CP
observed in VH scattering was in phase between non-doped and 2.5%L.i-doped KTN, while the variation
of the intensity of the CP was out of phase between 5%L.i-doped and non-doped KTN crystals (Fig. 4.2.3).
To figure out the physical origin of the CP of non-doped and Li-doped KTN crystals, all spectra were
fitted by the Eq. (3.7). The angular dependence of the observed intensity of the CP of the KTN/0.40,
KLTN/0.025/0.38, and KLTN/0.05/0.27 single crystals is displayed in Fig. 4.2.4.
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Fig. 4.2.4. The integrated intensity of the CP of (a) KLTN/0.05/0.27, (b) KLTN/0.40, and (c)
KLTN/0.025/0.38 single crystals measured in the cubic phase. The solid line in (a) is the best fitted line
using the Eq. (3.13). The solid lines in (b) and (c) denote the best results fitted by the Eq. (3.11).

In KTN/0.40 and KLTN/0.025/0.38 single crystals, the intensity of the CP obtained from the VH
spectra is well fitted by the Eq. (3.11), while the change of the intensity of the CP of the KLTN/0.05/0.27
crystal is fitted by the Eq. (3.13) as shown in Fig. 4.2.4. A good consistency between experimental data
and the fitting result by the theory via Egs. (3.11) and (3.13), implying that the CP in the cubic phase of
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KTN/0.40 and KLTN/0.025/0.38 crystals stem from the Ai(z) symmetry of PNRs, while in the case of
KLTN/0.05/.27 crystal the CP comes from the E(x,y) symmetry of PNRs with a rhombohedral R3m
symmetry. By Brillouin scattering, the intense CP of the KLTN/0.05/0.27 single crystal was observed in
comparison to that of the non-doped one, which attributed to the growth of PNRs.** The angular
dependence of Raman scattering results suggests that the intense CP of the KLTN/0.05/0.27 crystal can be
due to the transformation of local symmetry of PNRs in addition to the growth of PNRs. In KTN/0.28,
Sokoloff et al. reported that the CP intensity caused by the E-symmetry fluctuations is more intense than
the A-symmetry fluctuations.*

It is significant to clarify the microscopic origin of the change of local symmetry of PNRs in
KLTN/0.05/0.27 single crystal. The PNRs in KTN can be induced only by off-center displacements of Nb
ions at the B-site corresponding to one set of atomic displacements, hence the Ai(z) symmetry of PNRs is
reasonable in the case of KTN crystals. On the other hand, in Li-doped KTN crystals, it is believed that
off-center displacements of Li ions occur along the equivalent [100] directions at the A-site. The off-
center displacements of Li ions along equivalent [100] directions at A-site was reported in Refs. 2 and 45.
However, the local [100] displacements are correlated in the medium range with the [111] displacements,
and on an average Li ions for the [100], [010], and [001] displacements is along an equivalent [111]
directions.*® In KLTN/0.025/0.38, the doping of small amount of Li in KTN may comprise an additional
polarization due to the off-center displacements of Li ions at A-site. This additional polarization is
cooperative with the neighboring polar clusters resulting in a larger polar cluster that suppress the phonon
frequency as shown in Fig. 4.2.2.4” Therefore, up to 2.5%L.i doping in KTN, the invariant local symmetry
of PNRs may due to the occupancy of Li ions at A-site only. In 5%Li-doped KTN, the stretched type
critical slowing down near Tc was observed by the strong random fields and we speculated that a few
percentage of Li ions may be occupied at B-site. Hence, it is expected that there is a strong interactions
between Li and Nb ions in a fluctuating PNRs corresponding to two sets of atomic displacements result in
the E(x,y) symmetry of PNRs in 5%L.i-doped KTN crystals. These results are similar to those observed in
a PMN single crystal, in which off-center displacements of cations occur at both A- and B-site whereas
charge disorder exist at B-site.*®

4.2.3.4 First-principles calculation on the site occupancy of Li ions

It is very important to discuss the microscopic origin of the enhanced random fields and
transformation of local symmetry of PNRs in 5%Li-doped KTN on the basis of the structural viewpoint.
In the non-doped KTN of the perovskite structure, the A-site is occupied by the larger K* ions (ionic
radius 1.38 A) and B site is occupied by smaller Ta®* (ionic radius 0.64 A) and Nb®* ions (ionic radius
0.64 A). The B-site cations have comparable sizes and homovalent, KTN possesses no charge disorder.
Therefore, its random fields* is too weak to suppress the critical slowing down. In the Li-doped KTN, the
Lit* (ionic radius 0.76 A) would be expected to substitute for K!* at A-site owing to the similar chemistry
between K'* and Li'*. However, the size consideration of the perovskite structure could make the A-site
occupation slightly unfavorable.® Therefore, there is a probability of partial occupancy of Li ions at B-
site. Since the energy of a unit cell is the key parameter for an equilibrium structure, therefore, the total
energy of the Li-doped KTN/0.27 was evaluated by the first-principles calculations. As can be seen in
Table 4.2.1, the calculated value of the lattice parameter of the KTN/0.33 with GGA/PBESOL is the good
agreement with the experimental one among five ECFs. Therefore, the total energy of the KTN/0.27 by
the Li-doping was carried out with the GGA/PBESOL. For better understanding the microscopic origin of

59



the enhanced random fields, at first, the calculation of total energy of the KTN/0.27 was performed by the
Li-doping at A-site. It is clearly seen from Fig. 4.2.5(a) that the total energy decreases by the Li-doping
and exhibits minimum when the Li content was 4.9% at A-site (see the expanded view in the inset). This
result can be the evident of the occupancy of Li ions at A-site only in 2.5%L.i-doped KTN crystal.
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Fig. 4.2.5. The calculated total energy per formula unit vs. the Li content (a) at A and (b) at A and B-sites
of the 5% Li-doped KTN single crystal.

However, the energy begins to increase above the 4.9%Li doing at A-site [Fig. 4.2.5(a)] and this result
stimulate to investigate the partial occupancy of Li ions at B-site in 5%Li-doped KTN/0.27 crystal. In
order to clarify the B-site occupancy of Li ions in part, we calculated the energy of the Li occupancy at
both A and B-sites. It is significant that the total energy shows more minimum value when the substitution
level was 4.2% at A-site and 0.8% at B-site as shown in Fig. 4.2.5(b). Based on this result we can propose
that 0.8% Li ions occupy at B-site in the KLTN/0.05/0.27 single crystals. In the 5%Li-doped KTN,
therefore, the strength of random fields increases essentially by the hetero-valence charge disorder at B-
site, which suppresses the critical slowing down of the relaxation time near Tc and change the local
symmetry of PNRs. This can also be the reason of the extension of the temperature region between T¢ and
T* and the enhanced diffusive nature of the ferroelectric phase transition of the KLTN/0.05/0.27 single
crystals. In RFEs, the suppression of the critical slowing down of the relaxation time by the random fields
was reproduced by the stretched-type slowing down near Tc.? Since the random fields are implicated as
the genesis of relaxor behavior,*® the stretching of the slowing down by the random fields can be the
manifestation of the enhanced relaxor nature of KLTN/0.05/0.27, which is mainly dominated by the
partial occupancy of Li ions at B-site.

4.3 Summary

By the comparative study between 5%L.i-doped KTN and non-doped KTN, the effects of Li-doping
on KTN crystals were clearly observed by the broadening of elastic anomaly and stretching of slowing
down by Brillouin scattering and the transformation of local A:(z) symmetry to E(x,y) symmetry of PNRs
by Raman scattering. In Li-doped KTN, the enhanced temperature interval of the elastic anomaly may be
attributed to the fact that the random fields by doped Li ions increase the growth of PNRs. The significant
increase of the size of the dynamic PNRs towards T was found by the Li-doping. The enhanced stability
of PNRs by the Li-doping induces the broadening of elastic anomaly, which can be the evidence of the
enhanced relaxor nature of 5%Li-doped KTN single crystals. By the Li-doping, the enhanced relaxor
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nature of KTN was also confirmed by the dielectric properties. By 5%Li-doping to KTN, the first-
principles calculation revealed that 4.2%L.i ions occupy at A-site, while the rest of 0.8%L.i ions occupy at
B-site in a stable equilibrium state. Therefore, the hetero-valence random occupation of 0.8%L.i ions at B-
site can be the microscopic origin for the increase of the random field strength, which suppresses the
critical slowing down of the relaxation time near T¢ and changes the local symmetry of PNRs.
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Chapter 5

The Effect of Electric Field on Fano Resonance of Li-doped KTai1.xNbxO3 Single
Crystals Investigated by Raman Scattering

5.1 Introduction

The Fano resonance is a general phenomenon which is rather well known, for example, photonics
and nonlinear optics, but less documented in materials science. The phenomenon of a Fano resonance
results from the interaction between a discrete state and continuum states showing an asymmetry of the
spectral line shape.! The possible continuum states, that can interfere with the optical phonons and give
rise to a Fano resonance, are the two acoustical phonon state,? another transverse optic (TO) phonon via
acoustic phonons,® and the rapid polarization fluctuations in PNRs.*° The Fano resonance in relaxor
ferroelectrics Ba(Zr12Ti12)Os (BZT) was caused by the interaction between the Zr and Ti sublattices
studied by Wang et al..® In ferroelectric semiconductor Sn,P,Ses, the Fano resonance was attribute to the
coupling between the central peak (CP) and the TO phonon.” Recently, Yoshino et al. reported that
dynamical coupling between fast-relaxing Rabi oscillations (ROs) and slow-relaxing coherent longitudinal
optic (LO) phonon resulting in a Fano resonance in CuCl semiconductor microcavities.®

In order to improve the functionality of ferroelectric materials, the investigation of the role of local
structure called polar nanoregions (PNRs) is very important.® By inelastic light scattering, the dynamical
aspect of PNRs was extensively studied in the cubic phase of the KTN crystals.’* However, the
microscopic origin of the Fano resonance at around 196 cm™ in not only KTN but also Li-doped KTN
crystals still remains unclear. In this study, we investigated the microscopic origin of the Fano resonance
in Li-doped KTN crystals using the temperature, angular, and electric field dependences of Raman
scattering. The broken symmetry was discussed on the basis of the evolution of the PNRs by the existence
of the first order Raman modes in the cubic phase.

5.2 Experimental

The KogslioosTao7sNbo270s (KLTN/0.05/0.27) and KogslioosTao7aNbo2s0s (KLTN/0.05/0.26)
single crystals used in the present study were grown by the top seeded solution growth technique at NTT
Corporation. The crystals were cut having the size of 4.00x3.20x1.20 mm? and 4.00x3.18x1.00 mm? with
the largest faces perpendicular to the [100] direction, respectively. In KLTN/0.05/0.26 crystal, the
platinum electrodes were deposited on the faces perpendicular to the [100] direction to apply the electric
field. The Raman scattering was measured at a(cc)a (VV) and a(bc)a (VH) configurations at a back
scattering geometry. A diode pumped solid state (DPSS) laser with a wavelength of 532 nm was used to
excite the samples. The temperature and electric field dependences of Raman spectra were measured using
a double monochromator (Horiba-JY, U-1000) with the resolution of 1 cm™. The temperature of the
sample was controlled by the heating/cooling stage (Linkam, THMS600) with £0.1 K accuracy over all
temperatures.

For the angular dependence of Raman scattering, the KLTN/0.05/0.27 crystal was put on the xyz
mapping stage (Tokyo Instruments) inside the Linkam installed in the optical reflection microscope
(Olympus). The linearly polarized light from DPSS was incident to the sample through a polarization
rotation device (Sigma Koki) equipped with a broadband half-waveplate (Kogakugiken). The strong
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elastic scattering was highly reduced by two volume Bragg gratings so called “ultra narrow-band notch
filters" (OptiGrate). The inelastic scattering light was dispersed by a single-monochromator (Lucir) and
the dispersed component was detected using a charge coupled device (CCD, Andor).

5.3 Results

5.3.1 Temperature dependence of Raman scattering spectra
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Fig 5.1. Reduced (a) a(cc)a (VV) and (b) a(bc)a (VH) Raman scattering spectra at some selected
temperatures of the KLTN/0.05/0.27 single crystal.

In the analysis of Raman scattering spectra, the reduced intensity, I'(w), was calculated from the Stokes
component of Raman scattering intensity using Eq. (3.6). In the reduced intensity, the effect of phonon
population on spectra can be avoided. The temperature dependence of the reduced a(cc)a (VV) and a(bc)a
(VH) Raman spectra of a 5%Li-doped KTN i.e., KogsLioosTao73sNbo 2703 (KLTN/0.05/0.27) single crystal
is shown in Fig. 5.1. The existence of a prominent first order TO, mode at about 196 cm™ in both VV and
VH spectra and a TO; mode at around 277 cm™ at 299 K demonstrates that the symmetry of the
KLTN/0.05/0.27 single crystal is not cubic Pm3m symmetry at room temperature (RT). The detailed
mode assignment of the KTN single crystals were studied in Refs. 15-18. According to the phase diagram
of KTN,*2° a cubic phase is indeed expected for the non-doped KTN/0.27 crystal at RT. However, Li
doping raises the Curie temperature (Tc) and the tetragonal phase with PAmm symmetry was reported at
RT in KLTN/0.05/0.27.2* By Raman scattering, the effect of Li-doping on the phase transition of the KTN
crystals was also reported by Prater et al..??

To investigate the temperature dependence of a central peak (CP), which is related to the precursor
dynamics, all Raman spectra were fitted using the Eq. (3.7). Figure 5.2(a) shows the example of fitted
curves using Eqg. (3.7). The temperature dependence of the reduced intensity, 4cp, and FWHM, I'cp, of the
CP observed in the VV scattering spectrum is shown in Fig. 5.2(b). As can be seen in Fig. 5.2(b), the
reduced intensity, Acp, of the CP begins to increase below the intermediate temperature, T* ~ 373 K, upon
cooling, reflecting the rapid growth of the volume fraction of PNRs.*221 In Fig. 5.2(b), the temperature
dependence of 7ce, Which is inversely proportional to the relaxation time, becomes narrower remarkably
towards the Tc upon cooling, implying the slowing down of the relevant polarization fluctuations in PNRs.
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Therefore, the anomaly at around 373 K must reflects a significant change in the dynamical properties of
the KLTN/0.05/0.27 crystal upon cooling.
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Fig. 5.2. (a) The example of a fitted Raman spectrum of the KLTN/0.05/0.27 single crystal using the Eq.
(3.7). (b) Temperature dependence of the integrated reduced intensity and FWHM of the CP at the VV
scattering. The dotted and dash-dotted lines in (b) are guide to eyes. (c) The frequency shift of the first
order TO; and TO2 modes (upper half) and the variation of the intensity of the 2TA mode (lower half) at
the VV scattering of the KLTN/0.05/0.27 crystal as a function of temperature.

It is significant that both 4cp and I'cr exhibit a clear anomaly in the vicinity of the Tc = 304 K. Moreover,
the first order TO1 mode in the VVV spectra completely vanished at Tc upon heating [Fig 5.2(c)], which can
be the clear indication of the phase transition of the KLTN/0.05/0.27 single crystal. The similar variation
of the intensity and the I'cp of the CP associated with the precursor dynamics was also observed in
Pb(ZnwusNb2s)Os (PZN) single crystal.? The values of the characteristic temperatures Tc and T* are in
good agreement with the values reported in Ref. 21. It is worth noting that the temperature dependence of
the reduced intensity, lo, of the Fano resonance decreases rather fast in the vicinity of the Tc upon heating,
while it is still intense above the Tc¢ [Figs. 5.3(a) and 5.3(b)], indicating the symmetry breaking caused by
the dynamic PNRs. In a typical relaxor, the breaking of symmetry in the cubic phase due to the existence
PNRs with rhombohedral R3m symmetry was also studied by Raman scattering.?#?
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Fig. 5.3. The temperature dependence of reduced intensity, /,, line shape parameter, q, and FWHM, I'ro,
of the Fano resonance in (a) VV and (b) VH scattering spectra of the KLTN/0.05/0.27 crystal fitted by Eq.
(3.7). The example of a fitted curve is shown in (c). (d) The temperature dependence of ¢! and I'ro,
observed at the V'V scattering geometry in the ferroelectric phase. The solid lines in (d) are guide to eyes.

It is also significant that the Iro, shows the noticeable change associated with these precursor
effects, therefore, the Fano resonance might be correlated with the PNRs. Since the polarization
fluctuations of the PNRs give rise to the CP, hence, the coupling between the CP and the TO, phonon can
a Fano resonance at about 196 cm™ in Li-doped KTN crystals. The schematic illustration of the coupling
phenomenon between CP and TO; phonon is shown in Fig. 5.4, where the broad CP induces by the
fluctuating PNRs providing the continuum states, and sharp TO. phonon (Slater mode) gives a discrete
state. The fluctuations of local polarizations in rhombohedral PNRs and the displacement pattern of the
Slater mode are depicted in the left and right side in Fig. 5.4, respectively.
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Fig. 5.4. A schematic illustration of the coupling between slow-relaxing CP (a broad spectrum indicates
continuum states) and TO, phonon (a sharp spectrum indicates discrete state). The 7ce and 770, are the
relaxation rates of the CP and TO, phonon, respectively, (Ice > I702). The displacement pattern of Slater
mode is depicted in the right side, whereas dynamic PNRs is displayed in the left side. The local
polarization in PNRs fluctuates along the equivalent [111] directions indicated by an arrow.

5.3.2 Angular dependence of Raman scattering spectra

For better understanding the physical origin of the Fano resonance in Li-doped KTN crystals, we
analyzed the angular dependence of both VV and VH spectra in the cubic phase as shown in Figs. 5.5(a)
and 5.5(b), respectively. The angular dependence of Raman spectra shows the periodic variation with the
rotation of the plane of polarization, and the variation of the intensity was out of phase between VV and
VH spectra. We are mainly concerned about the microscopic origin of the Fano resonance. In order to
clarify the physical origin of the CP and the Fano resonance in the cubic phase, the angular dependence of
Raman spectra was analyzed on the basis of Raman tensor calculations using Eqg. (3.9) assuming the local
symmetry of PNRs to The angular dependence of observed Raman intensity of the CP, I-p, and the Fano
resonance, Ito,, in both VV and VH spectra in the cubic phase are plotted in Figs. 5.5(c) and 5.5(d),
respectively. It is worth noting that the change of the intensity of the CP and the Fano resonance shows the
similar dependence with the rotation of the plane of polarization. The change of the intensity of the CP
and the Fano resonance observed at both VV and VH spectra is well fitted by the theory via Egs. (3.12)
and (3.13) as shown in Figs. 5.5(c) and 5.5(d), respectively. The fitted curves reproduce the observed
intensity variations rather well, indicating that the CP and the Fano resonance in the cubic phase stem
from the E(x,y) symmetry of a rhombohedral R3m symmetry of PNRs.
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Fig. 5.5. Angular dependence of (a) VV and (b) VH Raman scattering spectra of the KLTN/0.05/0.27
single crystal measured at 313 K. The observed intensity of the CP (upper half) and the Fano resonance
(lower half) in (c) VV and (d) VH spectra as a function of rotation angle. The solid lines in (c) and (d) are
the best fitted curves using Egs. (3.12) and (3.13), respectively.

5.3.3. Electric field induced Raman scattering spectra
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Fig 5.6. (a) Electric field dependence of both VV (upper half) and VH (lower half) Raman spectra of the
KLTN/0.05/0.26 single crystal measured at 298 K. (b) The reduced intensity of the Fano resonance as a
function of the electric field in both V'V (upper half) and VVH (lower half) spectra measured at 298 K.
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In order to clarify the physical origin of the Fano resonance, the electric field dependence of Raman
scattering spectra of the KLTN/0.05/0.26 single crystal was investigated above and below the Tc = 294 K.
The lower value of the Tc of the KLTN/0.05/0.26 crystal than that of the KLTN/0.05/0.27 crystal occurs
by the lower Nb concentrations. Figure 5.6 (a) shows the electric field dependence of Raman spectra of
the KLTN/0.05/0.26 crystal in both VV and VH scattering measured at 298 K. It is interesting to note that
the application of the electric fields causes the increase of the intensity for the VH spectra in the cubic
phase, while no noticeable change appears for the VV spectra. In KTN, the relaxor-like behavior is
originated from the correlated motion of the off-center Nb ions. These displacements are along equivalent
[111] directions, and each one can switch between several equivalents or symmetry related sites as shown
in Fig. 5.7(a).'*?® The motion between these various orientations affects the off-diagonal components of
the polarizability tensors, and therefore influences the intensity of the VH scattering. In this study, the
electric field was applied along the x i.e., [100] direction, which is orthogonal to the b-c scattering plane.
As a result, Nb ions became constrained for moving in this plane i.e., amongst four equivalent positions
[Fig. 5.7(b)]. Such a motion enhances the intensity of the VVH scattering, while preventing that of the VV
one. This effect is clearly seen in Fig. 5.6(b), where the 7, increases with increasing electric field in the
VH spectrum, while in the VV spectrum the 7, does not exhibit any appreciable change by the electric
field. The switching of the Nb ions amongst four equivalent sites under the moderate electric fields can be
the evidence of the dynamical response of local polarizations in the PNRs. Recently, the dynamic response
of the PNRs under an electric field in the cubic phase of KTN was reported in Ref. 27. It is also expected
that the restriction of the Nb ions to four sites results in a [100] time-averaged polarizations with the
application of the sufficient applied field, and resulting in a crystal transforms into a lower tetragonal
P4mm symmetry. Since the applied electric filed was not as high as that can induce the phase transition of
the KLTN/0.05/0.26 crystal at 298 K, therefore the Raman spectra below 2.75 kV/cm was not same as
observed spectra in the tetragonal phase, as presented in Fig. 5.1.
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Fig. 5.7. A schematic illustration of off-center displacements of Nb ions in the cubic phase of the Li-doped
KTN crystals in (a) before applied field and (b) after applied field. The off-centering of Li ions among the
equivalent symmetry related sites, albeit not shown in the figure, can be described in a similar way.

To clarify the effects of the electric field on the Fano resonance of the Li-doped KTN crystals, we
also performed the field induced Raman scattering in the ferroelectric phase where the microscopic local
polarizations became a nanodomain state owing to the pinning of domain walls by the random fields. The
electric field dependence of the 7, and the A-p measured at 275 K is displayed in Fig. 5.8. It is worth
noting that the 7, and the 4Aqp exhibits the anomalous change at E = 1.5 kV/cm. Since the applied electric
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field along [100] direction stabilizes a tetragonal phase, therefore, the field induced change at 1.5 kV/cm
can be the transition from random nano-domain state caused by the freezing of PNRs to a single/macro
domain state. Under electric field, such a transition from nano-domain state to a single/macro-domain state
was observed in typical relaxor ferroelectrics.?%°
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Fig. 5.8. The electric field dependence of the reduced intensity of the Fano resonance (upper half) and the
CP (lower half) measured at 275 K.

5.4. Discussion on Fano resonance in Ferroelectrics

In the present study, the attention has been paid to clarify the microscopic origin of the Fano
resonance in Li-doped KTN single crystals. The physical origin of the Fano resonance is discussed on the
basis of different types of models and finally one model is chosen which reproduces the observed results
appropriately. The Fano resonances reported in different types of materials may result from several
different physical origins.?® In BaTiOs single crystals, the Fano resonance at around 175 cm™ was
attributed to the interference effect arising from the coupling of a single phonon state to a two acoustical
phonon state through the anharmonic terms in the potential function.? In that case, the variation of the
intensity of the acoustical mode and the Fano resonance should be same in the wide temperature range.
However, in Li-doped KTN crystals, the intensity of the 2T A mode did not exhibit any appreciable change
in the cubic phase [Fig. 5.2(c)], whereas the intensity of the Fano resonance showed the noticeable
temperature dependence [Figs. 5.3(a) and 5.3(b)]. Therefore, the coupling between the TO, phonon and
the two acoustic phonons cannot be the origin of the Fano resonance in Li-doped KTN crystals.

Pinczuk et al. also suggested that the interference in BaTiOs crystals at about 175 cm™ can be due to
the anharmonic coupling of the lowest frequency TO phonon with the higher frequency TO phonon via
acoustic phonons.® In Li-doped KTN crystals, the lowest frequency TO phonon vanished at the Tc,
whereas the Fano resonance still existed above the Tc¢ [Fig. 5.2(c)], and this fact again rules out the
coupling of the lowest frequency TO phonon with the higher frequency TO phonon via acoustical phonons
as the origin of our observation.

In the relaxor Ba(Zr1,Tii2)Os (BZT), the Fano resonance at around 155 cm™ was caused by the
interaction between the Ti and the Zr sublattices.® Interestingly, the Fano resonance in BZT was persisted
up to 902 K, which is far above the Tg ~ 450 K at which dynamic PNRs start to appear. This is contrary to
what was observed in the present observation, because the Fano resonance in Li-doped KTN crystals
disappeared slightly above the T* at which the dynamic to static transition of PNRs begins.
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The inelastic light scattering study reported that the rapid polarization fluctuations in PNRs interfere
with a polar TO phonon resulting in the Fano resonance in SrTiOs thin films and, SrTiO; and CaxSr1xTiO3
nanocubes.*® In Li-doped KTN crystals, since the 7, and the Iro, showed the noticeable change
associated with these precursor effects, therefore the rapid polarization fluctuations in PNRs can be a good
candidate for the continuum states. If the continuum states, which can interfere with the TO, phonon, are
the rapid polarization fluctuations in PNRs in the Li-doped KTN crystals, then the Fano resonance must be
appear just below the Tg. On the other hand, the Fano resonance in Li-doped KTN crystals disappeared
just slightly above the T*. Furthermore, it is significant that the value of the ¢ gradually increased towards
the Tc and became the maximum in the ferroelectric phase, where the local polarization fluctuations were
totally absent.

According to the theory, the q parameter is the inversely proportional to the density of continuum
states (p) and the interaction strength (V).3%%! The I'ro, of the Fano resonance is proportional to the p V2. It
is interesting to note that both I'ro; and ¢! increased approximately linearly with the temperature towards
the Tc in the ferroelectric phase as shown in Fig. 5.3(d). These results reflect that the V does not vary
strongly with the temperature, and the temperature dependence of both Iro; and ¢! was caused by the
increase of the density of continuum states towards the Tc. These results are similar to those observed in a
ferroelectric semiconductor Sn,P2Ses.” Hence, the interference between the polarization fluctuations in
PNRs and the TO, phonon cannot be the origin of the Fano resonance in Li-doped KTN crystals.

Since the Fano resonance in Li-doped KTN crystals is affected by the precursor dynamics in the
cubic phase, there can be the correlation between the Fano resonance and PNRs. It is well established that
the dynamic PNRs in KTN and Li-doped KTN crystals are observed as the CP.2%-122! Therefore, to clarify
the physical origin of the Fano resonance, it is worthy to compare the variation of the intensity of CP and
the Fano resonance with the temperature, angular and electric field dependences of Raman spectra. It is
clearly seen that the CP and the Fano resonance intensities showed the similar dependences on
temperature, angular and electric field, which demonstrates that the Fano resonance is driven by the CP.
On the basis of these results, it is concluded that the coupling between the CP and the TO, phonon can be
the origin of the Fano resonance in Li-doped KTN single crystals.®

5.5 Summary

The microscopic origin of the Fano resonance in Li-doped KTN single crystals was investigated by
the temperature, angular, and electric field dependences of Raman scattering. The local symmetry
breaking in the cubic phase due to the existence of PNRs with E(x,y) symmetry was observed by the
intense first order Raman scattering, in which the first order scattering is forbidden by the cubic Pm3m
symmetry. In the VH Raman spectra, the remarkable field dependence of the Fano resonance intensity in
the cubic phase can be the dynamical response of local polarizations to the electric field. The CP and TO;
phonon intensities showed the similar dependences on temperature, angular and electric field. From these
experimental results, it is concluded that the origin of the Fano resonance in Li-doped KTN crystals is the
coupling between polarization fluctuations in PNRs and the TO, phonon, both belong to the E(x,y)
symmetry of a rhombohedral R3m symmetry of PNRs.
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Chapter 6

The Study on Composition Gradient Li-Doped KTai1.xNbxO3 Wafer by Micro-
Brillouin Scattering

6.1 Introduction

The physical properties and structure of KTaixNbxOs (KTN) are strongly dependent on the Nb
content.? The physical properties such as an elastic constant, Cij, which is related to the phase velocity of
acoustic phonons at the center of the Brillouin zone and the inter-atomic potential, play an important role
in materials science. Therefore, the accurate measurement of elastic constants and their temperature
dependence as well as composition variation are important. By the ultrasonic pulse echo technique, the
temperature dependences of the elastic properties of KTN with x = 0.012, 0.03, 0.08 and 0.157 were
studied.® They observed that the elastic constants gradually decrease with the increase of Nb content. The
similar results of KTN (0.003 < x < 0.057) were also reported in Ref. 4. By Brillouin scattering, the
variation of elastic constants was reported in the case of PZN-0.045PT and PZN-0.09PT single crystals.®
The analysis of temperature dependence of the elastic constants in the cubic phase of KTN single crystals
suggested a strong coupling between phonons and polar nanoregions (PNRs).>¢ As for integrated optics, a
value of Curie temperature (T¢) near room temperature (RT) is highly desirable. However, as a common
nature of solid solutions, the composition variation frequently occurs in a crystalline wafer. Therefore, it is
necessary to characterize the composition gradient of a KTN wafer in the range where T¢ is around RT.
Moreover, another recent derivative i.e., Li-doped KTN an interesting system suitable for investigation of
the effects of Li ions on the Tc and thus also related physical properties. Recently, Imai et al. observed the
significant change in the capacitance and permittivity of the Li-doped KTN (KogsLio.osTao.73Nbo2703,
KLTN/0.05/0.27) crystal, which was induced by injecting electrons with the application of a voltage.” The
injected electrons were trapped by the localized states in the crystal. The Li ions may be contributed to
enhance the trap of injected electrons in the crystal. Therefore, for Li-doped KTN, the spatial variation of
not only Nb but also Li ions also contribute the variation of the Tc.

On the other hand, defects have another important role on the elastic properties of materials.
Theoretical study of the defect dependence of elastic properties of silicon crystals reported that both
vacancy and interstitial defects, singly and/or in random combination, affect the elastic constants Ci; and
Cus of the silicon.® The decrease of the elastic constants Ci1; and Caq of the silicon by the defects was also
reported in Ref. 9. Within our knowledge, no result was reported on the effect of defects on the elastic
properties of high quality not only KTN but also Li-doped KTN single crystals.

In the present study, we investigated the defect dependence of the elastic properties of the
composition gradient Li-doped KTN crystal wafer by micro-Brillouin scattering. The origin of positional
dependence was discussed by the comparison with the temperature variation of elastic constants of the
homogeneous KLTN/0.05/0.27 crystal.

6.2 Experimental

The Li-doped KTN single crystals used in the current study were grown at NTT Corporation by the
top seeded solution growth technique. A crystal of an approximate size 36.00x35.00x1.48 mm? with large
faces normal to [100] was polished to optical quality. Brillouin scattering in the frequency range from -65
to 65 GHz was studied by the high-contrast six-pass tandem Fabry-Perot interferometer (JRS TFP-1)
combined with a modified optical microscope (Olympus BX60).1° A free spectral range (FSR) of 75 GHz
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with a scan amplitude 470 nm was used to observe the Brillouin scattering spectra with a finesse ~100. A
diode-pumped solid state laser (DPSS) was used to excite the sample with a wavelength of 532 nm and a
power about 100 mW. A back scattering geometry was used to measure the Brillouin spectra.

6.3 Results and discussion

The composition gradient Li-doped KTN crystal wafer includes dislocations which appear during
crystal growth from a seed along the [100] direction and the spatial distribution of Tc reflecting the
composition gradient was schematically drawn in Figs. 6.1(a) and 6.1(b), respectively. The number
density of dislocations was high near the center (grey color) of the sample along the [100] direction from
the seed during crystal growth, which is from the top to the bottom in Fig. 6.1(a). By this reason, we
divided the area of the sample into two parts to observe the effects of defects on the composition gradient
Li-doped KTN. The region, where the number density of dislocation is high, marked by closed circles
(red) are denoted as “high defects”, whereas other regions marked by closed rectangles (blue) are denoted
as “low defects” throughout the article. The origin of the defects might be essentially screw dislocations,
and additionally oxygen vacancies or protons.!!
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Fig. 6.1. Schematic illustration of (a) spatial heterogeneity and (b) the spatial dependence of Curie
temperature in a composition gradient Li-doped KTN wafer. Closed circles (red) and rectangles (blue)
denote the regions with high and low defect density regions, respectively.!?

The typical Brillouin spectra of a FSR = 75 GHz observed at different positions in the low defects regions
at RT (297 K) are shown in Fig. 6.2. The Brillouin doublet of longitudinal acoustic (LA) and transverse
acoustic (TA) phonons was found in each spectrum. In addition, a central peak (CP), which is related to
the relaxation process of dynamic PNRs, appeared in each spectrum. Similar spectra were observed in a
homogeneous KTaosNbo.400s (KTN/0.40) single crystal in the vicinity of the Tc.® The observed LA and
TA phonons are related to the elastic constants Ci1 and Cas, respectively.** In cubic symmetry, the TA
mode is forbidden at the back scattering geometry in accordance to Brillouin selection rule.** Therefore,
the existence of the TA mode in a cubic phase demonstrates the breaking of the cubic symmetry. Recently,
the breaking of Raman selection rule of cubic symmetry in the high quality KTN/0.40 single crystal
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caused by PNRs with A;(z) symmetry was observed by Raman scattering measurement.* The Brillouin
doublet and CP were fitted using a Voigt function, where a width of a Gaussian component in the Voigt
was fixed as an instrumental function. It is readily noticeable from Fig. 6.2 that the LA and TA phonons
frequencies vary slightly with the positions. The positional variation of LA and TA phonon frequencies
reflect the composition gradient.
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Fig. 6.2. Brillouin spectra at three positions, 1, 2, 4 in the low defects region.

The temperature dependences of the frequency shifts of LA and TA modes of a homogeneous Li-doped
KTN i.e., KogsLioosTao7sNbo 27 (KLTN/0.05/0.27) single crystal are shown in Fig. 6.3. It is found that the
LA phonon frequency exhibits the remarkable softening upon cooling towards Tc = 304 K, at the same
time the TA phonon frequency shows the small discontinuity and slight softening. The continuous
softening of LA and TA phonons down to the Tc = 304 K is due to the piezoelectric coupling of the
fluctuating PNRs to the LA and TA phonons.*3%* It is clearly seen from Fig. 6.3 that the frequency of the
LA phonon begins to soften at higher temperature than the frequency of the TA phonon, implying that
piezoelectric coupling for LA phonon is larger than that for the TA phonon near Burns temperature.®
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Fig. 6.3. The frequency shifts of (a) LA and (b) TA modes of a homogeneous KLTN/0.05/0.27 single
crystal as a function of temperature.

The elastic constants Cy: (related to LA phonon) and Cas (related to TA phonon) were determined using
Eq. (4.1.1) and (4.1.2), respectively. The value of refractive index, n = 2.33, were used to calculate the
elastic constants.'® On the other hand, the value of density was used based on the expected value of Tc to
calculate the elastic constants of the composition gradient Li-doped KTN crystal.” Figure 6.4 shows the
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positional dependence of elastic constants of the composition gradient Li-doped KTN crystal in the cubic
coordinate system. It is found that both the elastic constants Ci1 and Cas gradually decrease with the

increase of Tc i.e., increasing the Nb concentration in the low defects regions.
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Fig. 6.4. Positional dependence of elastic constants (a) Ci1 and (b) Cas of the composition gradient Li-
doped KTN wafer.

The variation of elastic constants C11 and Casis related to the interaction of LA and TA phonon with
PNRs, respectively.®> These behaviours are very similar to those of temperature dependences observed in
KTN single crystals by the ultrasonic pulse echo technique.> At 300 K, in the case of KTN/0.08 and
KTN/0.157 crystals, the values of Ci1 around 390 GPa and 360 GPa were observed by the ultrasonic
technique, respectively,® somewhat higher than those of our present results. Ko et al. studied the variation
of elastic constants in 0.955Pb(Zn13Nb3)03-0.045PbTiO; (PZN-0.045PT) and PZN-0.09PT crystals in
the ferroelectric tetragonal symmetry at RT and they ascribed that the large difference was due to the
difference in the contribution from the domain motion and domain walls.> However, we clearly observed
the variation of elastic constants in the cubic phase (Fig. 6.4) where, there was no extrinsic contribution
from the domain configurations. This fact indicates that the difference in Ci; and Cas Of the composition
gradient Li-doped KTN single crystals can be caused only by the number density of defects and their
different composition. Another possibility is that there might be the frequency dispersion of sound
velocity among the high quality KTN crystals due to the difference of number densities of PNRs and their
correlation length depending mainly on the Nb concentration. However, the acoustic phonons were
markedly scattered by defects in the high defects regions, therefore the attenuations increase while
velocity slightly decreases by the increase of the density of defects as shown in Fig. 6.4. The frequency of
phonons decreased by the increase of defects, and it may indicate that defects enhance the creation of
PNRs. In the non- ferroelectric materials such as silicon, the similar variation of elastic constants C11 and
Cus by the density of defects was reported in Refs. 8 and 9.

In order to clarify the positional dependence of elastic constants of the composition gradient Li-
doped KTN wafer, we compared the positional dependence with our results of the temperature
dependence in a homogeneous KLTN/0.05/0.27 single crystal. The temperature dependence of the elastic
constant Cy1 of a KLTN/0.05/0.27 crystal was determined from LA phonon frequency and plotted in Fig.
6.5. It is evident that the elastic constant C11 shows softening on approaching Tc = 304 K as similar to our
previous study with no Li content. The elastic constant C1; measured on cooling exhibits almost a constant
value at high temperatures, however on further cooling then significant softening occurs. Such a behavior
was also observed in typical lead base relaxor ferroelectric materials.*®2° The similar softening of the Cy;
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in KTN crystals was also studied by the ultrasonic pulse echo technique.® The softening of the Cy1in the
vicinity of the T¢ can be caused by the piezoelectric coupling of the fluctuating PNRs and strain caused by
acoustic waves.®>!® As Li replaces K ions in KTN, the off-centered displacement of Li ions at the A-site
may comprise an additional polarization.?
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Fig. 6.5. Temperature dependence of the elastic constant Cy; of a homogeneous KLTN/0.05/0.27 crystal.

This additional polarization is expected to be cooperative with neighboring polar clusters resulting in
larger polar clusters which suppress the phonon frequency. Giulotto et al. observed such cooperative
phenomena in KLTN/0.05/0.27 by Raman scattering in low Li concentrations.?? The dipolar entities
formed by the substitution of Nb and Li ions, of course, create random fields in the host KTaOs. The
lattice strains associated with these substituents also couple to the polarization setting up additional
random fields or enhancing their presence.?® The presence of random fields in KLTN/0.05/0.27 was
related to the observation of stretched critical slowing down behavior in the vicinity of the Tc. The
suppression of slowing down of the relaxation time by random fields was observed in relaxor ferroelectric
PZN-0.07PT by the observation of stretched critical slowing down.? Figure 6.6 shows the comparison of
elastic constant Ci1 between composition and temperature dependences. The effects of defects on the
composition gradient KTN can be understood as the variation of the Tc on the basis of the result of
KLTN/0.05/0.27 as shown in Fig. 6.6. It is clear from Fig. 6.6 that the value of Ci: of the
KLTN/0.05/0.27 is slightly larger than those values of the composition gradient Li-doped KTN at Tc. This
might be due to the defect density and their composition variation.
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Fig. 6.6. Comparison of the elastic constant Ci1 between composition, defect density, and temperature
dependences. The lower and upper transverse axes denote the difference in temperature from Tc in
KLTN/0.05/0.27 and the difference in Tc from RT in a composition gradient Li-doped KTN, respectively.
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6.4 Summary

The positional dependence of the elastic properties of the composition gradient KTN crystal wafer
was investigated by micro-Brillouin scattering. The variation of elastic constants with the composition
gradient was clearly observed. The positional change of elastic constants Ci1 and C.s was discussed in
relation with the temperature dependences of LA and TA phonons of a homogeneous sample. The
suppression of elastic constants by the defects of the composition gradient KTN wafer was observed with
the comparison of the regions between high and low defect density.
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Conclusions

This dissertation is devoted to clarify the dynamical behaviors of polar nanoregions (PNRs) in high
quality Nb rich KTa;«NbxOs (KTN) and Li-doped KTN single crystals by inelastic light scattering. The
dielectric measurements were also carried out to understand the dynamical behavior of relaxor-like
ferroelectrics. The KTN high quality single crystals of with x = 0.40, 2.5%Li-doped KTN with x = 0.38,
5%Li-doped KTN with x = 0.27 and 0.26 were studied. The conclusions are as follows:

The precursor dynamics of relaxor-like ferroelectric phase transitions in non-dope and Li-doped
KTN single crystals were investigated by Brillouin and Raman scattering. In the vicinity of the Curie
temperature, Tc, the remarkable softening of sound velocity and the increase of sound attenuation were
observed in both non-doped and Li-doped KTN single crystals. The increase in the central peak (CP)
intensity and sound attenuation as well as significant softening of the Vra were clearly observed below the
intermediate temperature, T*, indicating the start of the rapid growth of dynamic PNRs. The temperature
variation of the mean size of dynamic PNRs in both crystals is evaluated, and below the T*, it markedly
increases down to Tctowards the percolation limit. In non-doped and Li-doped KTN, the relaxation time
estimated by the width of a broad CP shows the critical slowing down towards Tc, which is the evidence
of the order-disorder nature of a ferroelectric phase transition. Any soft mode behavior of both non-doped
and Li-doped KTN crystals was not found by Raman scattering. Thus, it is concluded that the nature of the
phase transition of non-doped, 2.5%L.i-doped, 5%L.i-doped KTN crystals is purely order-disorder. In the
paraelectric cubic phase, the broken symmetry due to the existence of dynamic PNRs was proved by the
intense first-order Raman scattering, nevertheless the first order scattering is Raman inactive for the cubic
Pm3m symmetry. In the cubic phase, the microscopic origin of the CP of non-doped and 2.5%Li-doped
KTN is attributed to Ai(z) symmetry mode of PNRs, while in 5%Li-doped KTN the CP is attributed to
E(x,y) symmetry mode of PNRs by the measurement of the angular dependence of Raman scattering.

The Li-doping effect on KTN crystals was clearly seen as the stretching of the slowing down and
broadening of the elastic anomaly in the 5%Li-doped KTN in comparison with those of the non-doped
KTN by Brillouin scattering. The enlargement of the temperature region of the elastic anomaly in Li-
doped KTN can be attributed to the fact that the random fields by doped Li ions enhance the growth of
PNRs. By the Li-doping, the remarkable increase of the mean size of the dynamic PNRs towards Tc was
also found. The broadening of the elastic anomaly can be the evidence of the enhanced relaxor nature of
5%Li-doped KTN single crystals. The enhanced relaxor nature by the Li-doping was also confirmed by
the dielectric properties using the extended Curie-Weiss law. By the 5%Li-doping, the change of
symmetry from Ai(z) to E(x,y) of the local modes in PNRs was observed by the angular dependence of
Raman scattering. The first-principles calculation shows the partial occupancy of 5%L.i ions at B-site. The
total energy at A- and B-site occupancy of the perovskite structure for the Li-doped KTN was calculated
by the density functional theory. In a stable equilibrium state, 4.2%L.i ions occupy A-site, while the rest of
0.8% Li ions occupy B-site. Thus, the increase of the random field strength induced the partial occupancy
of Li ions at B-site can cause by the hetero-valence charge disorder at B-site. Such an enhancement of
random fields can be the physical origin on the suppression of the critical slowing down of the relaxation
time near Tc and the change of the local mode symmetry of PNRs.
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The microscopic origin of the Fano resonance was investigated in 5%Li-doped KTN single crystals
by Raman scattering. The intensity of the CP (polarization fluctuations in PNRs) and the transverse optical
phonon at about 196 cm™ (Slater mode) shows the similar dependences on temperature, angular and
electric field dependences of Raman scattering spectra. The angular dependence shows that the CP and the
Slater mode belong to the E(x,y) symmetry. In the cubic phase, the significant electric field dependence of
the Fano resonace intensity in the VH Raman spectra can be caused by the switching of local polarizations
in PNRs perpendicular to the applied electric field. At constant temperature of 275K, the significant
change of the intensity of both CP and Fano resonance was attributed to the transition from random nano-
domain state to a single/macro-domain state at the field, E ~ 1.5 kV/cm. From these observations, it is
concluded that the origin of the Fano resonance in 5%Li-doped KTN crystals is the coupling between
polarization fluctuations in PNRs and the Slater mode with the E(x,y) symmetry.

We clearly observed the variation of elastic constants in a composition gradient KTN crystal wafer
by micro-Brillouin scattering. The effect of defects on the elastic properties of was also investigated using
the same wafer. By the defects, the suppression of elastic constants was observed in comparison between
the regions of high and low defect density regions in the wafer.
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