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Introduction

Introduction

In laser physics, particularly in photonics, new materials with improved characteristics
are required. In the list of commonly used materials leading position occupy the oxide crystals
among which especially highlight the multifunctional crystals with optical, nonlinear optical
and other properties. Among these crystals, Lithium Niobate (LiINbOs;, LN) is one of the

mainly used due to its various applications in optics and quantum electronics.

Lithium Niobate shows one remarkable property, namely photorefractivity, which appears
under the illumination with visible or near-infrared light and leads to semi-permanent changes
in the index of refraction of the crystal. As known, the dominant mechanism of the
photorefraction in LiNbO;3 is the bulk photovoltaic effect. Therefore, the photorefractive
properties of LiNbOg in the first instance are defined by the presence of photovoltaic-active
ions, belonging to multi-charge transition metal impurities, mainly Fe, as well as Cu, Mn, Ni,
etc.

By contrast, the photorefractive property is the main drawback for electro-optics and
frequency conversion applications since it causes beam distortion and “optical damage”.
Therefore many studies concern the resistance to photorefraction by adding to LN an

appropriate dopant, such as MgO (at concentrations of 5-6 mol%).

Raman spectroscopy is a powerful technique which provides a number of information
about physical or chemical properties of a material. It can give information about the structure
defects of the lattice as well. That’s why it was interesting to study how the properties of LN

can reflect on Raman spectra.

The aim of my study is Raman studies in photorefractive LN and by this way to
investigate the peculiarities and consequences of the photorefractive properties on the Raman
spectra. Several mechanisms are associated with the photorefractive effect. The question is
how these phenomena affect the Raman spectra. We thus need to distinguish the successive
consequences of the laser beam input: thermal change, the space charge field, and since LN is
piezoelectric the subsequent lattice strain. Therefore we can speak about photo-electrostriction
effect. In a complement we study the Zr doping on LN which is a candidate for inhibiting the

photorefractive effect.




Introduction

The thesis consists of four chapters: the first part concerns the structure and general linear
and non-linear properties of LN. Among photo-induced effects we describe in more details

the photorefractive effect.

The second chapter describes typical Raman spectra characterizing undoped LN crystal.
Generalities of Raman spectroscopy and spectrometer with its’ characteristics are reported.
Then the polarized Raman spectra measured on LN are presented for all possible
configurations according to the direction of polarization and Raman selection rules. All
observed lines are assigned and compared with expectations according to selection rules. In
order to see the polarization influence on the Raman spectra, measurements are performed on
congruent LN powder as well as unpolarized spectra of LN crystals. It is underlined that
Raman spectra of LN are very sensitive to the polarization direction. These results will serve
as references for comparison with data reported in chapter Il (Zr doped LN) and chapter 1V
(Fe doped LN).

In the third chapter, | report Raman spectra on LN samples doped with different
concentration of Zr. Results are analyzed by means of classical deconvolution of spectra and
statistical chemometrics methods. The results are compared and discussed in terms of site

spectroscopy of Zr ions and compared with literature results.

The fourth chapter of the thesis is the investigation of photorefractive effects by polarized
Raman measurements on Fe doped LN as a function of time. Photo-induced space charge
field can lead to a strain of the lattice due to the piezoelectric property of the crystal. It is
shown how mentioned effects can be reflected in Raman spectra. The chapter is divided into
two parts: in the first part are reported and analyzed the data obtained by means of forward
and backward Raman scattering, pointing out the influence of the beam defocusing on the
breaking of Raman selection rules. In the second part the shift of frequency with time of some

lines are studied in order to evidence the photorefractive induced strain effect.

Appendix A presents one of our published results that is temperature dependence of
Raman spectra and anharmonic behavior of some Raman lines. Appendix B concerns the
demonstration of principles of fitting procedure that were performed on all obtained Raman

spectra.
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Chapter I Lithium Niobate crystals. Properties

L.I — Introduction

Lithium Niobate (LiNbOs;, LN) [1] belonging to the ABO3-type ferroelectrics with
oxygen octahedra, is a material that does not exist in nature, but since their first synthesis in
1949, they have been intensely studied [2,3]. Lithium Niobate is a key material in photonic
technology, characterized by a combination of several favorable properties, such as high
nonlinear optical coefficients, wide transparency, established technology for fabricating
waveguides, and a periodically poled structures. It is widely used in various applications such
as electro-optics, acousto-optics and frequency conversion. LN shows another remarkable
property, namely photorefractivity (sometimes called optical damage), which appears under
the illumination with visible or near-infrared light and leads to semi-permanent changes in the
index of refraction of the crystal. This leads to beam distortion and a drastic decrease of the

device efficiency.

Another very interesting property of the crystal is the bulk photovoltaic effect. A feature
expressed by some impurities in the material resulting in the generation of photo-induced
currents or voltages under certain light incidence.

The structure of LiNbOj3 at room temperature (RT) belongs to the rhombohedral (trigonal)
space group R3c, with point group 3m. Above the phase transition temperature (x1150°C) the
crystal transforms into the centrosymmetric space group R3m. The setting of the
crystallographic axes for the trigonal symmetry is not monosemantic. As discussed in the
following section there are three choices of axes for LiNbOs, namely, rhombohedral,
hexagonal, and orthohexagonal cells. For the structure description or determination as well as
for crystallographic aims rhombohedral and hexagonal settings are more suitable. For most
applications the orthohexagonal setting, where all axes are mutually orthogonal, is preferable.

The resistance to optical damage can be increased considerably by changing the lithium
niobate (LN) composition from congruent (cLN; [Li]/[Nb]=0.94) to stoichiometric (SLN:
[Li]/[Nb]=1) or by adding to LN an appropriate dopant. Among the many dopants that have
been tested, the most utilized is, at present, MgO that is known to be effective in molar
concentrations above 5 mol% . The main problem is that it is very difficult to grow large
homogeneous Mg doped LN crystals. Crystals with alternative non-photorefractive ions were
recently synthesized with tetravalent ions (Hf**, Zr**, etc), which were found to be very

efficient with an optical damage threshold around — 2-3mol%.
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L.II — Structure of LN crystals and its defects

L.I1.1 - Structure of LN crystals

The crystallographic structure of the lithium niobate is rhombohedral with 10 atoms per
unit cell (fig 1.1). This structure is characterized by parallel planes of oxygen atoms, in a
compact arrangement (fig 1.1) approximately hexagonal. The latter corresponds to a stack of
oxygen octahedra, along the ferroelectric axis (trigonal), by the following sequence Nb[]
LiNb[J LiNb[J Li Nb ... ([J represents a vacant site). Li and Nb are displaced from the center

of the oxygen octahedron in the direction of the polar axis c.

Tetraedrical site
Li*

vacancy
Octaedrical site
vacancy o
Nb5+
Figure I. 1- unit cell of LN in FE phase Figure 1. 2— hexagonal compact structure

In the paraelectric phase (PE) above the Curie temperature Tc~1150° C, LiNbO3 belongs to

the Réc space group and 3m point group. In this case the Nb atoms come to occupy the
centers of the oxygen octahedra. As for Li atoms, they move on the faces of two adjacent
oxygen [4] octahedra always keeping the sequence described above Nb[] LiNb[] LiNb[] Li
Nb .... The hexagonal unit cell is presented in fig.l.3, including the corresponding hexagonal
axes a,b,c and the axes of the cartesian crystal coordinate system X,Y,Z. The cations Li* and
Nb>* are displaced along the Z axis with respect to their positions above the Curie temperature

in the oxygen planes and in the middle between the oxygen planes, respectively.
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Figure I. 3 - LN structural presentation with the use of hexagonal axes

The threefold axis is Z, the Y axis lies in the mirror plane, and the X axis is orthogonal to both
of them. The c-axis is parallel to the polar Z axis of the crystal, while the X axis is chosen to
be parallel to one of the three equivalent crystallographic axes (a) spaced by 120 ° and which
are perpendicular to the Z axis and to Y-Z plane. Therefore, the Y-axis is along a plane of
symmetry and perpendicular to both X and Z axes [16].

The lattice parameters of LiINbO3 have been studied by several authors. Tables 1.1 and 1.2
summarize the results obtained by R. Hsu et al. [5].

Lattice parameters

a=b=5148(3) A c=13.863(3) A v =318.2(4) A®

Positions of atoms in the lattice (Nb is taken as the origine)

Nb 0 0 -0.02210(2)
0 0.0475(5) 0.34301(5) 0.0625(5)
Li 0 0 0.2086(4)

Table I. 1 — Lattice parameters and positions of the atoms in the unit cell of LN [5]
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Interatomic distances in A

Nb—Nb 3.765(5)
1.876(4)

Nb—O
2.130(5)
3.028(6)
3.058(2)

Nb—Li
3.372(3)
3.904(6)
Li—Li 3.765(5)
2.063(3)
2.245(3)

Li—O
3.291(2)
3.449(8)

Table 1. 2— Interatomic distances of a crystal of congruent composition

The interatomic distances has different values for the same atoms because of taking into

account the Li vacancies.

L.II.2 — Stoichiometric and congruent LN

LN crystals are colorless, chemically stable and insoluble in water and organic solvents,

and have a high melting point. The chemical reaction used to develop lithium niobate from

the Li,CO-Nb,Os system is as follows

Li,CO3 + Nb,Os— 2LiNbOs + CO, (|1)
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Congruent

point
1200 LiNbOs
+ liquid

T, °C

L Linbo, | LINDO; LiNbO3
100 — * ¢

- LiNbsOs LlaNbOa

: (Li-poor) (Li-rich)
1000 || | | d | C

40 44 48 52 56

Lizo . mol.%

Figure I. 4- Schematic phase diagram of the Li,O-Nb,Os of the congruent and stoichiometric
composition of LN

One can see from the phase diagram of the Li,O-Nb,Os system (figure 1.4) that there is
one single point where both compositions and crystal are identical through the growth
process, this is the congruent composition (48.4-48.6 mol%. Li,O, [6,7,8]). This composition
is easier to achieve than a stoichiometric LN crystal that has ideally equivalent percentages of
both Li and Nb species (~ 50 mol%. Li,O). The composition of the LN is defined by:

171
Xc = [Li]+[ND]

(1.2)

where [Li] and [Nb] are the concentrations of Li and Nb respectively. The commercial

congruent LiNbOg3 crystals are grown by the usual Czochralski technique by pulling from a
melt.

L.I1.3 — Defect structure of LN crystals

L.I1.3.1 — Intrinsic defects

As we have seen above, the LN crystal can be synthesized with different
compositions. Generally, they are deficient in Li (or excess Nb) up to 6%. This deficiency is

the cause of the existence of intrinsic defects in the structure of LN that ensures the neutrality
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of electric charge. The nature of the defects may be structural vacancies (Li or Nb vacancy),

or cations occupying sites other than their own sites in the ideal structure of LN.

L.I1.3.2 - Structural defects and models

Lithium deficiency in LN can be described in terms of vacancy cations Li * or Nb>* and
shortcomings of oxygen by different mechanisms of charge compensation. To explain the
structure of intrinsic defects from the crystals listed as pure LN, three models have been

proposed:

a) Oxygen vacancies:

In this model proposed by Fay [9], the structure of LN crystal is given by:

[Li1—2xV2'x]Li[Nb]Nb [03—xVx°°] (|-3)

The charge neutrality is ensured via oxygen vacancies. Their creation results in a decrease
of the density of the material and the lattice parameters. This model was excluded by
measurements of lattice parameters and density of samples of different compositions of LN
[10]. In fact, this model predicted cell parameters higher for a stoichiometric composition

comparing to the congruent, while Lerner et al [10] proved the contrary.

b) Lithium vacancies:
The results obtained by Lerner et al [10] measuring density based on the composition of the
crystals were in contradiction with the model of Fay. So they proposed another model to
describe the structure of LN based on Li vacancies.

[Lil—SxD4bex]LiNb03 (|-4)

In this model one can explain the non-stoichiometric by excess of Nb replacing cations in site

Li + (antisite Nb, Nb *). The charge compensation is provided via Li vacancies.

¢) Niobium vacancies:
Structural investigations carried out by Abrahams and March [11] on congruent
crystals and compositions close to stoichiometry, performed using X-ray measurements, have

shown that the non-stoichiometric structure can be described by:

10
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[Lil—SbeSx]Li [Li1—4xD4x]Nb03 (|-5)

It is observed in this model the presence of Nb antisites and vacancy Nb created to ensure the
balance of electric charge. But the presence of a gap in highly charged Nb is energetically
unstable, as shown by Donnenberg et al [12] with their model. To not to be in contradiction
with the Abrahams and March model, they suggested the existence of an ilmenite structure in

localized regions of the LN.

L.I11.3.3 - Extrinsic defects

Extrinsic defects are due to the presence in the LN matrix of other constituent
elements of LN ( Li, Nb and O) . These foreign elements may be naturally present in LN and
often undesirable, in this case we speak about impurities. And despite all the precautions
taken during the development of LN crystals , we can not prevent the presence of impurities
Also, they may be intentionally added to the matrix LN to improve certain physical
properties , and in this case we speak about doping. The most common dopants are non
photorefractive ions such as Mg, Zn, In, Zr ... to increase the resistance to optical damage or
transition metals such as Fe , Mn, Cu ... for photorefractive applications and rare earths Nd ,
Er, Yb, Dy ... for laser applications.

L.III — Properties of LN crystals

LIII.1 — Ferroelectricity

Ferroelectrics, which concern also LN crystals, are compounds with spontaneous
polarization Ps, the sign of which can be changed under the influence of an external electrical
field [13-15].

The electrical polarization is defined as the average of the dipole moment per unit of

volume:
p@ = p® 4 p) (1.6)
where

PL(“’) = gy WE@ (1.7)

11
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is the linear polarization and P,&Z’) is the NL polarization induced by sufficiently intense light
field. & = 8.085 x 10™? F/m is the dielectric permittivity of vacuum. y(Dis the response of the
dielectric tensor. In linear optics the response ™ of an isotropic medium is a complex

function of frequency and may be expressed as [15]:

@D = )(1(;,1) + i)(l(l) (1.8)

where | and R indices symbolize the real and imaginary parts, respectively.

LIII.2 — Pyroelectric effect

A pyroelectric material shows a change in the spontaneous polarization Ps as a
function of temperature. The relationship between the respective variations of AP and AT is

linear, and can be expressed as [16]

0

b3
where p.y is the pyroelectric tensor (p; = AP,/AT = —8.2nCcm™*K~! in the case of
congruent LN crystal [17-19]. The negative value of p indicates that after cooling, the + ¢

face of the crystal is charged positively.

Any excess or lack in screening charges (o, relatively to Ps) leads to the appearance
of an electrostatic state thus uncompensated charges: p = A(P; — g,.). This generates a strong
electric field within the crystal (Fig. 1.5), which can have the order of 10°-10® VVem™ [20,21].

12
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(b)

AT>0, p<0 —

3} Screening charge, o E_ . I

oy -
eocles

Ps
Ps T

(c) Lo

AT<0, p>0 jj—
E ~
ﬂ Egap

@ DD DD D [zface

Ps
@ T

Figure 1. 5- Schematic diagram of the evolution of electrostatic state for charges which are not
compensated on the surface of the face + z depending on the temperature [16]: (a) at equilibrium, (b)
when the temperature decreases, and (c) when the temperature increases.

The current generated during this phenomenon, in the case of a laser radiation of

intensity Iy is as following [22]:

O0P; dT __ 0P Iy(1—exp (—ad))
oT dt T Cpdp

JPYTO = (1.10)

T is the temperature of the crystal, I,(1 — exp (—ad)) is the intensity of the absorbed light, «
is the absorption coefficient, d is the thickness of the crystal, C,, is the calorific capacity of LN
and p is the density. This effect allows us in particular to determine the orientation of the c
axis which is the same as the current which affected it. It is important to mention that the
EPY"%pyroelectric field is often overlooked but can be important during illuminations with
high intensities [22]:

pyro — 1
EPY" = —paT (1.11)

Where ¢ and ¢, are the dielectric permittivities of LN and vacuum, respectively.

13
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I.II11.3 Piezoelectric effect

Piezoelectricity is the phenomenon where the application of a stress on the crystal
leads to a variation of the polarization (voltage) between its faces [23]. This is due to the
separation of positive and negative charges in the considered medium. The reverse
phenomenon also exists: the application of an external electric field induces a change in the
shape. And the same piezoelectric tensor is used in both cases [24]. The polarization P
generated by the stress o is described (direct piezoelectric effect) by the following equation

[16] in the case of C;, LN symmetry:

U

]
—dy; dy; O0die 0 0 | =

Ty (1.12)
d3; dsz; diz 0 0 0

Pi=%kdijioj; | By
P,

O-xx

0 0 00 dyg —2dy 0”\
O-ZJC
Oxy

where the notation of Voigt is used for indexing the d;j (elements of piezoelectric tensor of
third rank) and oy, (elements of stress tensor of rank 2).

I: x=1, y=2, z=3
jk: xx=1, yy=2, z2z=3, zy=yz=4, X2=2X=5, Xy=yx=6

So the piezoelectric effect can be described by 4 independent coefficients (dis, daz, ds1, ds3).
Piezoelectric applications such as surface wave filters (widely used in telephony) [23] use
single crystals of LN due to their strong coupling coefficients and low temperature

coefficients.

LIV — Linear and non-linear optical properties of LN

I.IV.1 — Linear properties

Lithium niobate is a uniaxial birefringent crystal with a higher ordinary refractive
index n, than the extraordinary index of refraction ne (negative uniaxial) [16]. These refractive
indices vary depending on wavelength of the incident electromagnetic wave (EM) [25] and

the temperature of the crystal. n,=2.29 and n.=2.20 are refractive indices of ordinarily and
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extraordinarily polarized light for LN at the light wavelength 633nm and at room temperature
[26].

I.IV.1.1 — Refractive indices and birefringence of LN

The variation (dispersion) of n, and ne with laser for LN is given by the Sellmeier's
equation [27, 28]. It is used to describe this dependence with the transparency band of LN,
340-4600 nm, and the general expression was determined by U. Schlarb and K. Betzler [28].
The expression is composed of a combination of oscillators contributing to the two refractive
indices n, and n.. For a composition of between 47 and 50 % mol Li,O, and on the intervals
of wavelength in a range of 400 to 1200 nm, and for temperature range of 50 to 600 K, we
have [28]:

2 _(50+X,) Ay, (50-X.) A, A g
o 100 (ﬂm "‘/“o,iF)i2 + 2 " 100 (ﬂ’ll "‘/"1,i|:)72 -7 Arid+ A (1.13)

with:F = f(T)- f(T,)

=(T +273 ? +4.0238x10"°| coth L -1|-f(T,)
0
T+273

(1.14)

where i is the ordinary (0) or extraordinary (e) parts, X is the composition of the sample, 4 is
the wavelength, Ao, Aijare the forces of two oscillators of Sellmeier, Ao, A1; are the
positions of oscillators, o, and zn; are coefficients which present the temperature
dependence, A is the contribution of IR (infrared) zone associated to the absorption, Ayy is
the contribution of plasmons to the index of the refraction, T is the crystal temperature and Ty

is the room temperature.

Figure 1.6 illustrates the evolution of ne and n, indices for a congruent composition of
LN crystal at room temperature. At this temperature, the difference of n, between the
congruent and stoichiometric crystals does not exceed 107. In contrast, the n. index has a clear
difference between the two compositions. The n. index decreases when approaching to the
stoichiometry (about 102), n, varies very little as a function of temperature compared to n, for
all compositions. Schlarb and Betzler [29] have experimentally confirmed the expression of

Sellmeier's equation in the case of Mg and Zn doped LN crystals.
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Figure 1. 6 — Dispersion of the indices of refraction of a congtuent LN crystal at room temperature (by
equation of Sellmeier)

I.IV.1.2 — Elasto-optic effect

The elasto-optic effect is a change in the refractive index as a result of strain applied to
LN. The relation between the deformation and the refractive index is linear, usually described
by [16]:
1 —
A (ﬁ)ij = k1 Dij ki Ski (1.15)
Where A(l/nz)i,- belongs to a tensor of rank 2 describing the changings in the relative
dielectric permeability, Sy, is the deformation in the plane x;, and applied along the axis xk (of

a tensor of rank 2), and pjjq is the effective elasto-optic coefficient that belongs to a tensor of
rank 4.

I.IV.1.3 — Linear electro-optic effect (Pockels effect)

The Pockels effect, or linear electro-optical effect (EO), occurs when the refractive
index of the crystal is changed in proportion to the applied electric field [30]. This effect can

only occur in non centrosymmetric materials. Mathematically, the Pockels effect can be
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described by the induced deformation of the ellipsoid of refractive indices in the presence of

an electric field, which is defined by:

1 1 1
{? + r12Ez + r13E3:|X12 + [F + rzzEz + r23'59,}(22 + [F + rssEs}Xe? (|.16)

0 0 e

+21,E,%,X; + 21, E X X, + 21, E X X, =1

where r;; are the effective EO coefficients of LN. The variation factors of x; (impermeability
dielectric components) due to the electric field E = (E;, E2, E3), are linear and are expressed

as the following [30]:

1 1 1
ol = | == —=
(nz )ij n; n Eo

and B, = giJ - (n_lz), (117)

1

= ZrijkEk = 5Bij(E)
k

~

Iy, tensor of EO coefficients is a tensor of rank 3 with 27 items. Due to its symmetry, it can be

described by 18 independent items, and using Voigt notation (i and j indices) [16], it can be

written as following [6x3] matrix:

Kai
N
=
w

O O o o
Ke!
N
=
w

— 0 r.
= % (1.18)
‘ I, 0
I, 0 0
=1, 0 0

I.IV.2 — Non-linear properties

The non-linear (NL) response is the part of the polarization induced by intense light
beams (such as available with lasers), which depends non-linearly of the optical electric field.
The instantaneous polarization can be generated as a NL response by a development in a

Taylor series: [31]
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P(t) = (X PE(®) + xPE2(t) + x®E3(t) + ) (1.19)

where g, is the dielectric permittivity in vacuum. The first term represents the linear effects
(L), the second term represents the NL effects of 2" order. By switching to (®) frequency
range, the instant polarization of the 2nd order can be expressed in terms of the components of

Fourier of the electric field E () by equation [25]:

P (a’s) = ZZZi(ji)(a)s = tw, )Ej (wl)Ek (‘02)

jk
(1.20)
= Zgodigi)(ws =0, T o, )Ej (a)l)Ek (a)z)
ik
where the NL optical coefficients belong to a tensor of rank 3. By conservation of energy and

moment, the NL optical effects resulting from the last equation are the optical effects of a

generation of a sum of frequencies (or a difference, an #ay) [32, 33]:

E; (o)
2
P.(20) 0 0 0 0 d, -2d, E;Eg
P,(2w)|=2g|~-dy, d,, 0 dy; O 0 |x ‘ (1.21)
P.(20) 6, d, d, o o o ||B@E®
i 2E,(w)E,(w)
| 2E, (®)E, (@) |

L.IV.2.1 — Photorefractive effect, defocusing of the beam

The photorefractive effect (PR) was discovered as an optical damage in nonlinear and
electro-optic crystals. The effect occurs in the illuminated region of the crystal light as a result
of spatial transfer of photocarriers, which are subsequently captured by deep traps and form a
space-charge field. This field through the linear electro-optic effect leads to a change in the
refractive index of the crystal. The refractive index variations induced by the light have
limited the usefulness of non- linear crystals in optical devices. When a crystal is exposed to
intense laser radiation, the inhomogeneous variation causes the refractive index distribution
thus defocusing the laser beam in the optical components such as modulators and frequency

doublers. Generally these changes are retained even after switching off the laser. However,
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materials exhibiting a photorefractive effect are found in important applications such as in

holography field, and in information storage.

Of special importance for photorefractive effects are optical absorption processes.
Pure LN crystal is transparent in the near-IR, the visible, and the near-UV regions up to about

3.8 eV, where the fundamental absorption begins.

Photorefractive effect in LN crystals
As the PR effect is a change of the refractive index of a material caused by an

illumination, the photorefractive effect occurs in the illuminated area of the crystal as a result
of spatial transfer (drift or diffusion) of photocarriers and their subsequent trapping at deep
levels. The trapped carriers form a space-charge field Es., which due to the linear electro-optic

effect leads to changes of refractive index in the non-centrosymmetric crystal.

1

<_) - (i) + TijicEl (1.22)

gij

where g and rijc are components of the tensors of the dielectric permittivity and linear electro-
optic effect, respectively, g is the initial value, Ex is a component of the Es. Transfer of photo

carriers (photocurrent) includes the following components:

J = Jpn ¥ Jarife * Jairs (1.23)

For dielectric oxides with a wide conduction band for photocarriers it is assumed a zone
transfer mechanism. The first term in the above mentioned expression is the bulk photovoltaic
current, which is characteristic only for non-centrosymmetric crystals such as LN. In the case
of a uniform illumination of the crystal in its volume, the photovoltaic current can be

expressed as:
Jpn = Bijkejexl (1.24)

where e and ej; are unit vectors of polarization of light waves, I = |a?| - intensity, B is
the complex photovoltaic tensor. In view of the f;;, tensor properties the above mentioned

expression can be transformed into

Jon = Bijkejer! + iBijreje] = jL +jc (1.25)
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where the first and the second terms are so-called linear and circular photovoltaic currents.
Linear current is different from zero independently on the polarization of the light, circular
current is nonzero for elliptically or circularly polarized light. In the scalar form the

photovoltaic current can be presented as:
jpn=Keal (1.26)

where kg is the Glass constant, o the absorption coefficient and | is the intensity. Upon
reaching the diffusion-drift equilibrium the stationary (limit) value of the photovoltaic current

in the scalar representation can be expressed as:

kgal _ kga

E,, = 22" (1.27)

(ophtogq)  (oprtoq) A

whereo,, and g, are the photo and dark conductivity, respectively.In LN crystals there are
two mechanisms for the transfer of photocarriers. The bulk photovoltaic effect and the
diffusion mechanism. However, the predominant mechanism is the photovoltaic, and the light

induced refractive index change (SAn) can be represented by the following expression [34]:

jph

OANn = Reﬁ Esc = Reﬁ VN
(O-ph +O—d)

(1.28)

where R, is the effective electro-optic coefficient.
Well-known one center model (figure 1.7) of transport in photocarriers in which a
transition metal ion with low valence (Fez+) acts as a donor, and the high-valence ion (

Fe®") as the electron trap [34-36].

conduction band

C’ Ct

valence band
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Figure 1. 7- Photo-induced charge transport schemes. One-center model

For transferring photocarriers between these centers, the photovoltaic current and

photoconductivity are taken into account. This transfer may be represented as:

Fe?* +hv <> Fe* +e (1.29)

In the mentioned model photoconductivity is expressed as:
o =neu=greu=(geu/hv)(S,, /7, )(Ny / N )l = A(Ny /N )I (1.30)

where g is the rate of photogeneration, 7 is the lifetime of photocarriers in the conduction
band, x is the mobility, qis the quantum yield, «is the absorption coefficient, vis the

velocity of the sound, y.is the recombination coefficient, s is the probability of

ph

photoexcitation of the donor, N and N . are concentrations of donors and traps respectively.

If the photoconductivity is proportional to the concentration of donors (Fe?*) and
inversely proportional to the concentration of traps (Fe®"), the photovoltaic current is

determined by the process of photogenerated electrons from donors (Fe®") [35] and is

proportional to the concentration of the donor ( Fe?* ):
jph :ﬂl :ksph[Fe2+]| (|31)

It means that OAN is proportional to the concentration of Fe®".

At the first stage the one-center of the photorefractive effect is quite coincide with the
experimental data. However, the effects observed in crystals doped with iron at high
concentrations , such as sublinear lux-ampere characteristic , it is difficult to fit withthe
mentioned model , and it is necessary its correction in the form of descriptions of charge
transport through two (or more) central scheme. In the role of an additional (“secondary")
shallow level capture photocarriers center Nb;** was proposed [37]. Schematically
photocarriers transfer at the two-center model is shown in figure 1.8 [38]:

From the equation (1.28) it is obvious that the photorefractive effect can be reduced by

an decrease of photovoltaic current (jph_v) and/or increasing of any conductivity (cpn OF Gg).

Attempts to reduce the photovoltaic current by growing very pure crystals in fact yielded no
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results. Significant increase of o4 and a corresponding decrease of SAn was achieved as a
result of a strong reduction of the LN crystal or heavily doping. This however leads to a

staining of the crystals, which excludes their use in optics.

conduction band

e

AN Xt X

c? c

valence band

Figure 1. 8 — Photo-induced charge transport schemes. Two-center model

The suppression of the photorefractive effect by its increasing achieved by doping
crystals with so-called non photorefractive impurity ions [39-43]. Doping LN crystals with
impurity ions at concentrations above the thresholds resulted in a dramatic suppression of
photorefractive effect, reducing the value by two orders of magnitude. It has to be noted, that
although the most common non photorefractive ions on these days are Mg ions, it is required
a high threshold (5-6 mol% MgO) which leads to a significant reduction in the optical quality
of the grown crystals. Among other negative consequences of doping LN crystals with MgO
above the thresholds should be noted drop in almost an order of magnitude of the laser
damage threshold [44] and the lack of reproducibility of the properties of these crystals.

When a laser beam polarized in z-direction propagates through the LN sample for

some time the laser beam expands as it is shown in figure 1.9.

7

AN

Figure 1. 9 — defocusing of the beam with time in the sample due to the photorefractive properties
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Nippus and Claus [45] investigated this process. They recorded the time dependence of the
shape of the laser beam that interacts with the sample. The incident light was polarized once
parallel and perpendicular to the optical Z axis. It was shown the intensity decrease of the

recorded pattern as well as the intensity decrease of Raman intensity of optical phonons.
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Chapter II Polarized Raman spectroscopy on LN single crystal

II.I — Introduction

Generalities on inelastic scattering and Raman spectroscopy are shortly presented. Then
Raman spectra on Lithium Niobate crystal are shown for all possible directions of polarization
of the incident and scattered light. It is underlined that the Raman spectra of this material are
very sensitive to the polarization direction. All spectra lines are attributed to the different TO
and LO phonons according to the configuration and selection rules. This assignment of
Raman lines will serve as standard references for the following chapters.
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II.II — Raman spectroscopy, generalities

The phenomenon of inelastic scattering of light was first postulated by Smekal [1] in 1923
and then observed experimentally in 1928 by Raman and Krishnan [2]. Since then the
phenomenon has been referred to as a Raman spectroscopy. And in 1930 the Nobel Prize in
Physics was awarded to Sir Venkata Raman "for his work on the scattering of light and for the
discovery of the effect named after him".

Raman spectroscopy [3] then became a powerful spectroscopic technique for
characterizing the molecular composition and structure of a material. Raman scattering results
from the light-matter interaction and provides the access to molecular and crystal vibrations
(phonons). The Raman technique consists of focusing with lens (or microscope objective) a
monochromatic light beam on the sample in order to collect the scattered light. This light is
collected by means of a further lens (the same lens in the case of a backscattering) and
analyzed by a spectrometer. This technique complements infrared spectroscopy [4] which also
allows to study the vibrational modes of a material. It has a wide variety of applications in
physics and materials chemistry. This is one of the few methods to obtain a characterization
of a chemical material in wide ranges of temperatures. In addition, it requires only a very
small amount of material without prior preparation. It is also possible, if one has a reference

to estimate the concentrations of chemical species constituting the compound.

II.I1.1 — Phonons, Raman scattering

A phonon [5] describes a quantum (elementary packet) of vibration in a crystalline solid.
A vibration mode of the crystal, defined frequency v, assigns or gain energy per amount of
energy hv, where h is Planck’s constant. This amount is considered as a quasi-particle, that is a
fictive particle associated to the vibration. There are generally two types of phonons: acoustic
phonons and optical phonons. The first typically correspond to sonic or ultrasonic waves in
the network. They correspond to the vibration modes for which the positive and negative ions

on adjacent sites of the lattice create electric dipole moment oscillating with time.

In order to highlight the origin of the frequencies of vibration of a crystal lattice, it will be
sufficient to illustrate the vibrations of a diatomic chain. The crystal lattice containing a

couple of atoms (of masses m and M) reproduces periodically through the lattice parameter a.
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If we use the equations of motion according to displacements x between atoms, the X

coordinate may admit solutions for the n-th atom, it can be formed [6]:

X, = Asingna-at) )

This equation describes a progressive wave of the pulsation @ =2zv and the wave vector §,

suchas: q=2xz/ A. So:

‘”2:A(#H“K%%f_ﬁsmz(qa)} (112

where A is the force constant and is associated with bands between atoms. Fig. I1.1 shows
that v frequency appears as a sinusoidal function of g, with the period 2n/a (the range from —
n/a to n/a is called the Brillouin 1st zone). We are interested in optical phonons. In the center
of the Brilloin zone, where g = 0 and A = oo, all atoms vibrate in the phase, and on the other

hand the optical branch has a positive w(0) frequency and the acoustical branch has a

frequency which is null. In a contrast, on the edge of the zone, g = g and A = 2a, the ions

vibrate in the opposite phases and the optical and acoustical branches have the positive w (g)

frequency.

v u : reduced mass

Acoustical branch

0 Tl:l/a 2n/ a

Figure I1. 1 — Dispersion of the frequencies of longitudinal vibrations of a diatomic chain.
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Raman scattering [8] is a non-linear process (NL) wherein an incident photon creates or
annihilates one or more quasi-particles (phonon) and is distributed with a different energy.
However, the interaction between matter and the excitation from monochromatic light
radiation (laser) leads to elastic scattering (or Rayleigh scattering) and inelastic scattering
with exchange of energy and change of the frequency. This inelastic scattering is called
Raman scattering and is associated with optical phonons, while that the acoustical phonons
are associated with the Brillouin scattering [7, 8]. A Raman spectrum consists of two
symmetrical parts other than the frequency 1 of excitation beam, one called Raman Stokes,
the other anti-Stokes Raman depending on the sign of the exchange (fig. 11.3). A simplified

energy diagram illustrating these concepts is shown in fig. 11.4.

A light wave Ei with @, frequency and wave vectorlzi, passing through a crystal, can be

scattered in all directions. In this case two processes are possible:

1. the frequency of the scattered wave may remain unchanged, it is the Rayleigh
scattering (elastic scattering)

2. the frequency of the scattered wave can be modified by interactions with optical
phonons (inelastic scattering ) this is the Raman effect. In this case, the exchange
process can create a phonon energy (Stokes scattering) or destroy one phonon

(anti-Stokes scattering).

The conservation of energy and the quantity of movement in the Raman interaction

lead to the establishment of selection rules for the first order scattering:
hw; = hwg £+ hQ  (11.3)

and
hk, = hk, + RE  (11.4)

where E and w; characterize the incident photon, kj and w, the scattered photon and K and

Q characterize the created or annihilated phonon by scattering.

By fixing the direction of the incident photons but also of scattered photons (to the
detector), the spatial configuration adopted in an experiment (scattering has an angle of 90° or
backscattering) imposes the direction of wave vector K of the phonon whose creation or

annihilation induced inelastic scattering of photons (fig. 11.2).
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Figure I1. 2 - Raman scattering process Stokes (a) and Anti-Stokes (b).
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Figure I1. 3— Raman spectra illustrating Stokes and anti-Stokes scattering

The mechanism of scattering can be described in a simple schematic way:
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Rayleigh Stokes Anti-Stokes
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Figure 1. 4- interaction between a photon and the material characterized by the vibrational energy
levels

If we consider the field of the laser by the following form:
E = E,cos (wt) (11.5)
And the displacement associated to the phonon by:
u = ugcos (Qt) (11.6)

The induced electrical dipole will be presented as:

fi=aE +-BEE +>yEEE + - (I..7)

N |-
[N

where a is the tensor of the polarizability, g is the tensor of hyper-polarizability, y is the
tensor of the second hyper-polarizability. The first term of equation I1.7 corresponds to the
Raman scattering, the second one to the hyper-Raman scattering e t c.

In practice a > f > y, so u = aE, which means:
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Uy = QyxEx + axyEy + ay,E,
Uy = AyxEx + ay E, + ay,E, (11.8)
Uz = Az Ey + azyEy + a,,E,

In the case of the polarized wave, we have E, # 0 and u,, i, u, can be other than zero, the
direction of the induced dipole will be thus different to the direction of the incident electric
field. The polarization of the scattered light can be different to the polarization of the incident
light. The development of the polarizability around the position of the equilibrium can be

described as:

a(u) = ay +Z—Z LU + - (1.9)
0

i= (ao + g—“| u)E = (ap + c;wE  (11.10)
uly,
The incident field E = Ejcos (wyt), thus:

id= (ao + a_a| u) Eycos (wot)  (11.11)
duly,

II.I1.2 — Selection rules

The intensity of the scattered radiation can be calculated from the average of the

power radiated by the induced oscillating dipole. It can be expressed as:
Iz « |é;Mgé,|? (1.12)

whereé; is the polarization of the incident wave, é, is the polarization of the scattered wave
and My is the Raman tensor which presents the dependence of the modulation of the

polarizability:
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The symmetries of the system as well as vibration modes fix the form of the Raman tensor.

The selection rules are presented as Z—Z # 0, which means that the mode is only active in
Uo

Raman only when the mentioned condition exists.
Concerning the Stokes and anti-Stokes scattering, scattered intensity depends on the

involved population levels. This population is defined by the Bose-Einstein factor:

(11.14)

1
hw

ekBT -1

n(w) =

wherekj is the constant of Boltzmann.

For the vibrational mode j, the dependence of the scattered Raman intensity in
different thermal population factors, n(w;) + 1 and n(w;) for the Stokes and anti-Stokes
processes respectively, implies that the corresponding intensities are different, and their

relationship is determined by Boltzmann factor:

lanti-Stokes (®;) _ n(wj) — e_kf;% (|| 15)

Istokes(wj) N n(wj)+1

Three types of scatterings are available:

I)  backscattering at 180 ° (angle between incident laser and scattered beam)
I) scattering at right angle 90 °

I11) forward scattering

Several configurations are possible depending on the type of the scattering. A(o8)B(A) where
A and B are the directions of the incident and scattered waves, o and 3 show the direction of
the polarization of each beam respectively. In the x y z axis system three geometries and
twelve configurations are possible for each type of scattering. (AB) is called the scattering
plane, Raman active modes are called transverse optical (TO) and longitudinal optical (LO)
modes according to its polarization is perpendicular or parallel to the direction of phonon

propagation (or wave vector transfer).
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I1.11.3 — Application on the Lithium Niobate crystals

The analysis of the vibrational modes of Lithium Niobate (LN) can be simplified by
taking into account its symmetry properties. Indeed, at room temperature LN is uniaxial and
belongs to the C3v space group or 3m symmetry group [9, 10]. The unit cell contains 10
atoms and is rhomboedral which involves 30 degrees of freedom. The irreducible
representations of the optical vibrational modes at the center of the Brillouin zone q = 0, are
given by:

=42 +9EX)+OEM+5A, ) 16)

Modes of A; and E symmetry are active in Raman [11-13] and infrared (IR), while modes of
A, symmetry are inactive in Raman and IR. The non-zero components associated to the

Raman tensor are given by:

a 0o 0 cd 000(“17)
A(Z)=|0 a 0| E(X)=|c 0 0 E(Y)=|0 —-c d '
00 b d 00 0 d 0

where the letters X, Y and Z are the directions of polarizations of the modes referring to the
crystallographic axes, whereas the components of the tensor refer to the rectangular
coordinate system X, y, and z. Expected modes for LN crystal according to selection rules in

backscattering and forward Raman are given in tables I1.1 and 11.2:

Configuration Expected modes according to
selection rules
X(YY)X A1(a)[TOJ+E(-c)[TO]
X(Y2)x E(d)[TO]
X(ZV)X E(d)[TO]
X(Z2D)X A(D)[TC]
Y(XX)Y A1(a)[TOJ+E(c)[LO]
Y(X2)Y E(d)[TO]
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Y(ZX)Y E(d)[TO]
Y(ZZ)Y Aq1(b)[TO]
Z(YX)Z E(Q)[TC]
Z(XY)Z E(Q)[TC]
Z(XX)Z A1(a)[LO]+E(c)[TO]
Z(YV)Z A1(a)[LO]+E(-c)[TO]

Table 11 1- Expected modes according to Raman selection rules in backscattering

Configuration Expected modes according to
selection rules
X(YY)X A;(a)[TO]+E(-c)[TO]
X(YZ)X E(d)[TO]
X(ZY)X E(d)[TO]
X(ZZ)X A.(b)[TO]
Y(XX)Y A1(a)[TO]+E(c)[LO]
Y(X2)Y E(d)[TO]
Y(ZX)Y E(d)[TO]
Y(ZZ2)Y A1(b)[TO]
Z(YX)Z E(c)[TO]
Z(XY)Z E(c)[TO]
Z(XX)Z A1(a)[LOJ+E(0)[TO]
Z(YY)Z A:(a)[LO]+E(-0)[TO]

Table 11 2— Expected modes according to Raman selection rules in forward scattering

Expected modes according to selection
Configuration rules
X(Zz)Y A(b)[TO]
X(ZX)Y E(d)[TO+LO]
X(YZ)Y E(d)[TO+LO]

38



Chapter II Polarized Raman spectroscopy on LN single crystal

X(YX)Y E(c)[TO+LO]
X(ZY)Z E(d)[TO]
X(ZX)z Quasi-modes
X(YY)z E(-c)[TO] + Quasi-modes
X(YX)Z Quasi-modes
Z(X2)Y E(d)[TO]
Z(YX)Y E(c)[TO]
2(Y2)Y Quasi-modes
Z(XX)Y Quasi-modes

Table 11 3— Expected modes according to Raman selection rules in scattering at 90°

In the configuration at 90° quasi-modes appear, which means that phonons are not purely of a
A; or E symmetry and/or have frequency intermediate between frequencies of TO and LO
modes [14]. The indication E[TO+LO] means that the modes E[TO] and E[LO] can be
simultaneously present. Within our study we found out that according to above tables there is
no necessity to perform the measurements for scattering at 90° because by the use of results
on backscattering (or forward scattering Raman measurements) it was possible to obtain in
principle all E[TO], E[LO], A1[TO] and A;[LO] modes.

According to the calculation of normal modes by Caciuc et al. [15] A;[TO1] phonon is
associated to the out of phase [16] motion of Nb and O ions along the ferroelectric z axis,
A1[TO,] is associated to the vibration of Li and O ions along the opposite direction to z axis

and A1[TO4] corresponds to a stretching motion of oxygen octahedra (Figure 11.5).
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Nb(z) <> O(z ) O(xy)

Li(z) <> O(2) O(xy)

Figure I1. 5- Representation of different A;[TO] vibrations in LN [17]

A4[TOg] is associated to the rigid rotation of the oxygen octahedra arount z. The
motion associated with E phonons is more complicated since it involves generally Li, Nb and
various O ions. Only 3 modes as follows can be simply described.

E[TO1] mode (as the mode A;[TO;]) is associated to the vibration of Nb/O in B site,
and the E[TOs] mode (as the mode A31[TO,]) is associated to the vibration of Li/O in A site
and the E[TOg] (as the mode A;[TO4]) corresponds to a stretching motion of oxygen
octahedra.

Now after these generalities on Raman scattering and selection rules applied to LN, |
will describe Raman data obtained on undoped congruent LN crystal by means of back

scattering within various configurations.
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I1.11.4 — Characteristics on Raman spectrometer

A Raman spectrometer includes (1) a laser source, (2) a sample holder, (3) optics for a
collection of the scattered light and coupling with the spectrum analyzer (spectrometer), (4)
spectrometer, (5) a very sensitive light detector, and (6) electronics for acquisition and

treatment of spectral data (Fig.I1.6).

Laser source

CCD detector

Notch filter

4

Diffraction grating

Optics

(Microscope)

Figure I1. 6- Principle of Raman spectrometer

To carry out required measurements for our research the spectrometer Horiba JobinYvon
ARAMIS (Fig. I1.7) was utilized which has automated wavelength selection up to 4 lasers and
¢

filters, adapted for each laser sources: 405nm (diode), 532 (diode) and 785nm (diode) lasers
and an internal He-Ne 632.8 nm laser. Spectrometer is also equipped with a confocal
microscope which gives a possibility to analyze the focal point. Different objectives (5x, 10x,
50x, 100x) lead to observe and realize the measurements of different volumes of the sample.
There is a possibility to polarize the incident and scattered light (linear and circular). It is
possible to perform a mapping on the surface, in depth or in volume of the sample. For all

measurements presented in thesis, a calibration procedure was done using a Silicon wafer.
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Figure I1. 7- Raman spectrometer (Horiba JobinYvon ARAMIS)

II.IIT — Features of Raman spectra on a crystal of
Lithium Niobate

The Raman spectra are specific to the material under study and each line corresponds
to a movement of atoms in the crystal lattice. Here Raman lines corresponding to 1% order
scattering are described by Lorentzian. The model of Lorentz oscillator is used to describe the
response of a damped harmonic oscillator, taking into account the effect of the temperature
due to the population factor of Bose-Einstein. We report here our results obtained in various

configurations of polarized Raman scattering.

II.II1.1 — A,[TO] modes
We expect to obtain four A;[TO] modes for the Y(ZZ)Y configuration according to
Raman selection rules.
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Figure 11. 8— Raman spectrum of A;[TO] modes measured in Y(ZZ)¥Yconfiguration for congruent LN
sample at room temperature. By a red arrow in the figure it is mentioned a leakage of the E[TO1]
mode

The peaks were fitted using the Lorentzian function by fityk software (Appendix B) so the

values of frequencies of each mode were obtained, and are given in the Table 11.4.

Mode at 93K (cm™) at 300K (cm™) | Kaminow et al. (cm™)
(300K)
A[TO] 256.5 251.6 253.4
A[TO,] 278 5 274 276.7
A[TO:] 334.3 331.7 333.6
A[TO,] 634.7 631.4 633.3

Table Il 4- Frequencies of A;[TO] modes of congruent LN obtained at 93K, 300K and comparison
with values by Kaminow et al. [18]

Wide extra bands are detected around 121 cm™ (A), around 194cm™ (B) and 701cm™ (C).
These extra bands are attributed to two-phonon scattering, probably due to a breaking of

selection caused by the presence of intrinsic defects, which always are present in the LN
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crystal of congruent composition. The intensities of extra bands increase with temperature

much faster than the lines of the first order, as it is shown in the fig. I1.9.

673K
473K
273K
B extra ban
A extralband C extra band
y l Y 93K

— T - 1 - T - T T T T T T T T T
100 200 300 400 500 600 700 800 900 1000

Raman shift (cm™)

Figure I1. 9- Raman spectra of A;[TO] modes measured in Y(ZZ)Yconfiguration for congruent LN
sample as a function on temperature

Another proof is given by the measurements at low temperature. While the first order Raman
lines are narrow and better separated, the extra bands nearly disappear in the spectrum Y (Z2)Y

recorded at 93K as illustrated in the figure 11.10.
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Figure I1. 10— Raman spectrum of A,[TO] modes measured at 93K in ¥ (ZZ)Y configuration for
congruent LN sample
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Figure I1. 11— Raman spectrum of A1[TO] modes measured in X (ZZ)Xconfiguration for congruent
LN sample obtained at room temperature
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The same Raman modes (A:[TO]) are detected for the configuration X(ZZ)X as expected

according to selection rules (Fig. 11.11).

II.II1.2 — E[TO] modes
Raman lines corresponding to E[TO] modes can be detected in several configurations.

Some of them are strictly equivalent (since X=Y) but in some cases a different activation is

expected according to the involved polarizability tensor component (XZ # XY).
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Figure 11. 12— Raman spectrum of E[TO] modes measured in ¥ (ZX)¥configuration for congruent
LN sample. There is a leakage of the mode A;[TO4] mode shown by a red arrow (see below the origins
of appearance of leakages)

Raman spectrum recorded in the configuration Y (ZX)Y and Y (XZ)Y are shown in the figures
11.12 and 11.13. Seven lines are clearly detected instead of nine which are expected. The

modes E[TO,] and E[TOg] are absent.
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Figure 11. 13— Raman spectrum of E[TO] modes measured in ¥ (XZ)¥configuration for congruent
LN sample.

Comparing the intensities of the lines Ai[TO] and E[TO] carried out for the
configurations Y(ZZ)Y and Y(ZX)Y one can notice that the intensity of A;[TO] modes are
nearly 3 times higher than the intensity of E[TO] modes.

Spectra obtained for the configurations X(ZY)X and X(YZ)X are identical to those with
the Y direction of propagation. By a contrast, spectra in the configurations Z(XY)Z and
Z(YX)Z the E[TO] modes are slightly different (figs.11.14, 11.15). Here component ¢ of the
Raman tensor (instead of d) is involved in the scattering and observation of E[TO] lines. The

spectra exhibit several differences compared with those above. At first the two missing lines
are now detected.
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Figure 11. 14— Raman spectrum of E[TO] modes measured for Z(XY)Z configuration for congruent
LN sample

There are leakages of A1[LO;] and A;[LO4] modes and additional extra bands (A,F and D) in
the spectra. It has to be mentioned that in the case of leakage due to the misorientation of the
polarization when there are Raman lines of the other symmetry it has to be detected all of
them: for example in the case of fig.11.14, due to the misorientation of polarizers (or with
respect of polarizers) along X or Y, we can also observe the modes A;[LO] and E[TO]
corresponding to the configuration Z(XX) Z or Z(YY) Z. In fig.11.14 we obtain A;[LO,] and
A1[LO4] as they are the most intense among the lines recorded in configurations Z(XX) Z or

Z(YY) Z.
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Figure 11. 15— Raman spectrum of E[TO] modes measured for Z(YX)Z configuration for congruent
LN sample

Modes At 93K (cm™) | At 300K (cm™) Ridah et al. (cm”)
(300K)
E[TO] 151.6 150.8 152.8
E[TO;] 187 186 177.3
E[TO4] 236.4 235.8 238.3
E[TO.] 260.6 260 264.2
E[TO4] 322.4 321 321.9
E[TOq] 370.6 368 369.5
E[TO1] 432.1 431.6 432.4
E[TOg] 579.8 578.3 580.0
E[TOq] 738 609.8

Table 11 5 - Frequencies of E[TO] modes measured at 93K and 300K for Y(XZ)Y and Z(XY)Z
configurations for congruent LN sample. Results are compared with values reported by Ridah et al.
[16]
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If compared with results reported by Ridah et al. on a stoichiometric crystal it can be noted
that, except for the lines TO, and TOg introduced and detectable with difficulties, the
frequency at the same temperature is always smaller in the congruent crystal than in the

stoichiometric sample.

II.II1.3 — A;/LO] modes

According to Raman selection rules and by contrast to A1[TO] modes there isn’t any
Raman configuration that allows to observe only A;[LO] modes. They are present in
combination with other modes here (E[TO] lines), as for the configurations Z(XX)Z and

Z(YY)Z. The four expected A;[LO] modes are detected (figure 11.16):
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Figure I1. 16— Raman spectuma of A1[LO] and E[TO] modes measured in Z(XX)Z configuration for
congruent LN sample

In addition with all nine E[TO] lines and four A;[LO] modes some extra bands (A, F and D)
are detected. The same lines are observed in the configuration Z(YY)Z as it was expected

according to selection rules.
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Figure 11. 17— Raman spectra of A1[LO] and E[TO] modes measured in Z(YY)Zconfiguration for
congruent LN sample

. Kaminow et al. (cm™)
Mode at 300K (cm™)
300K
ALO] 272.4 273.0
ALO;] 332.1 331.0
ALO3] 419.3 428.0
A[LO.] 871.2 874.0

Table 11 6-Frequencies of A1[LO] modes of congruent LN obtained at 300K and comparison with
values by Kaminow et al. [18]
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II.II1.4 — E[LO] modes

Similar to the case of A;[LO] modes there is no Raman configuration which allows to
obtain only E[LO] modes. They are also present with other modes, for example in the

configuration Y (XX)Y for which they are combined with A;[TO] modes (Figure 11.18).
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Figure 11. 18- Raman spectrum of E[LO] and A1[TO] modes measured in ¥ (XX)¥configuration for
congruent LN sample

There are seven E[LO] and 4 A;[TO] lines are detected, in addition with a leakage of the
mode E[TO;] and 2 extra bands (A and C). The same bands are present for the

configuration X(YY)X, as expected according to the selection rules (Figure 11.19).
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Figure 11. 19— Raman spectrum of E[LO] and A1[TO] modes measured in X(¥¥)X configuration for
congruent LN sample

Modes At 300K (cm™) Ridah etal. (cm’)
(300K)
E[LO] 186.5
E[LO;] 194.3 194.9
E[LO;] 238.4 240.4
E[LO.] 295.0 299.0
E[LO4] 365.8 345.0
E[LOg] 425.0 4242
E[LO;] 456.0
E[LOs] 625.0 625.0
E[LOq] 880.0 878.0

Table 11 7— Frequency of E[TO] and E[LO] modes of congruent LN. Results are compared with the
values reported by Ridah et al [16]
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II.IV — Raman spectra on the congruent LN powder and

unpolarized crystal

In principal in a powder of LN we don’t have any privileged direction and therefore
Raman spectra should behave regardless the polarization. In this part we compare the
polarized and non-polarized scattered spectra of the LN powder and crystal as well.

II.IV.1 — Congruent LN powder
We performed Raman measurements on LN powder. Different spectra were recorded
with or without beam polarization. The Raman spectrum presented in fig. 11.20 is recorded

without any polarization.
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Figure I1. 20— Non-polarized Raman spectrum of LN congruent powder, integration time 1s

First-order Raman lines are detected. They correspond to different mode symmetries. They
were assigned to A;[TO], E[TO], E[LO] and A;[LO] according to the analysis described
above on polarized spectra for LN crystal. Some extra bands are present (A, D and G). The
same spectrum was obtained for the case of polarizing the incident and scattered light parallel
and perpendicular to each other (figs. 11.21, 11.22).
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Figure I1. 21 — Raman spectrum of powder of congruent LN, xx polarization, x axis of the setup is

defined as the horizontal direction comparing to the laser.
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Figure 11. 22— Raman spectrum of powder of congruent LN, xy polarization
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In both cases the integration time for recording the spectra is equal to 1s. The difference of
intensities can be explained by the fact that 2 different polarizers are utilized as analyzer (x
and y directions, which have probably different characteristics. As expected the Raman
spectra of the powder is insensitive to the polarization choice (crossed or parallel polarizers).
In addition, it is to be noted that both spectra are exactly similar to the non-polarized
spectrum. This means that irrespectively of the beam polarization, the spectrum of powder
contains main information of the Raman spectra of LN. In other terms as the grains are

completely misoriented, such a spectrum is like a contribution of all directions.

II.IV.2 — Unpolarized spectra on congruent LN crystal

Non-polarized measurement was recorded also for the LN congruent crystal (figure 11.23).
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Figure 11. 23— Non-polarized Raman spectrum of congruent LN crystal

In the non-polarized spectra we obtain the main Raman lines. It represents the sum of
polarized spectra (crossed and parallel). This spectrum is compared with the non-polarized
one of the LN powder (fig.11.24).
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Figure I1. 24— Non-polarized Raman spectrum of congruent LN crystal and powder. The difference of
the intensities of the spectra of LN powder and LN crystal can be explained by the “non-polarization”
conditions of the set up. To obtain the non-polarized case the circular polarization is applied as the
laser has some polarization itself. But the circular polarization of the spectrometer is not ideal, as it

has ellipsoid form.

Spectra are very similar and provide the same information. However we observe differences
between spectra like the intensities of some modes and, small shifts of certain lines (near
200cm™, 300cm™ and 650cm™). . In the case of powder there is no privileged direction in a
contrast for the crystal which has an anisotropy so has different properties in different
directions. All information (present modes) recorded by the Raman spectra on the crystal is
contained in the spectrum recorded on the powder. So the spectra representing the sum of all

directions and the one representing the sum of all polarizations are identical.
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I1.V — Asymmetry of the Raman lines and leakages

As mentioned above the Raman intensity is proportional to the Bose-Einstein
population factor, this factor affects the low-frequency signal especially for the high
temperature, and this can cause asymmetry of some Raman lines and therefore can lead to
misinterpretation of the spectra.

Figure 11.25 shows the lowest frequency E[TO;] Raman spectrum recorded at different
temperatures. This peak displays a stronger asymmetry with the increase in temperature. It is
demonstrated below that this feature is mainly due to the Bose—Einstein thermal factor and its

large variation with wave vector o at high temperature.

25000

20000

S 15000
S
P
2 10000
Q
<

5000 -

0

T T T T T T T T T T T T T T T
100 110 120 130 140 150 160 170 180

Raman shift (cm™)

Figure I1. 25— Lowest-frequency E[TO,] Raman spectra recorded at different temperatures
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Figure I1. 26 - (a) temperature dependence of Bose-Einstein population factor for w(E[TO,]) at room
temperature, (b) frequency dependence of Bose-Einstein population factor at 673K

It is shown indeed in fig. 11.27 that the asymmetry is strongly reduced after dividing the
Raman intensity by the population factor n(w) 4+ lassociated with first-order Stokes
scattering. It can be noted that this effect is particularly large for low-frequency phonon lines
(Fig. 11.26).
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Figure 11. 27- Lowest frequency E[TO1] Raman spectrum at 673K. This spectrum is then divided by
the Bose-Einstein population factor
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In figures 11.28 and 11.29 the measured and corrected spectra by the population factor

are presented for the configuration Y(ZZ)Y and Y(ZX) Y respectively. The correction influence is
much stronger for low frequency ranges.
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Figure I1. 28- Raman spectrum measured at 523K and after correction with the Bose-Einstein thermal
factor. Configuration Y(Z2)Y
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Figure I1. 29- Raman spectrum measured at 673K and after correction with the Bose-Einstein thermal
factor. Configuration Y(ZX) Y
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Other effects have to be invoked to explain the possible asymmetry of high-frequency
peaks. Thus a leakage of lines with another symmetry but with frequency close to the
frequency of the Raman line under consideration can also lead to asymmetric lines. The
leakage arises from any, even small, misorientations of the sample and/or the polarizers thus
causing the detection of lines which are in principle unexpected according to a peculiar
configuration and Raman selection rules. This effect of leakage is illustrated in Fig. 11.30. The
spectrum (ZZ) displays in the low frequency side of the expected and intense A;[TO4] peak, a
small shoulder arising from the other symmetry E. On heating the shift-down of both peaks

and their broadening give rise to a sole but wide and asymmetric band at higher temperatures.
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Figure I1. 30— Raman spectra around the A1[TO4] line. The arrows indicate the position of the
E[TO8] showing a leakage of E[TO] spectrum into the A1[TO] spectrum. A misorientation of 7° can
cause this leakage of 13%

The leakages can be present as well as due to the polarizer and the analyzer in the
spectrometer according to their adaptation to certain wavelength range. In spectrometer that
was used the polarizer is adapted to range 500nm-700nm. So performing the measurements
for other wavelengths (632.8nm and 785nm) additional polarizers were fixed in order to
eliminate the leakages due to the polarizers. Two horizontal (H) polarizers were added in

front of the laser, and the vertical (V) one was fixed after the analyzer. It has to be noted that

61



Chapter II Polarized Raman spectroscopy on LN single crystal

the V one was aligned perpendicular to H till the extinction was found. In the figure 11.31 the
spectra recorded without and with the additional polarizers are illustrated. It can be noted that
the leakage of A;[TO] modes is detected in the first spectra.
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Figure I11. 31-Raman spectra of Y(XZ) ¥ configuration without and with additional polarizers
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Figure 1. 32— Raman spectra for the configurations Y(ZX) Y (black) and Y(ZZ) Y (red) of a congruent
LN crystal

The position of A;[TO] modes in the spectra of E[TO] modes is illustrated in the
figure 11.32. The intensity of A;[TO] lines are less than for E[TQO] line, which is in a contrary
with the difference mentioned above in the chapter. This is explained by the additional
polarizers which decrease the beam intensity.

Additional measurements were performed in order to have a clear idea about the
leakages and additional lines. The crossed polarization was used in order to have a clear
response of the polarizer (fig.11.33).
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Figure 11. 33 —Raman spectra with crossed polarizers
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One can notice that the obtained spectra can be considered as a noise as they have a quite

small intensity comparing the non-crossed Raman spectra.
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I1.VI Conclusion

In this chapter the selection rules of Raman lines were demonstrated for backward,
forward and scattering at 90°. Raman spectra of all configurations of backscattering were
plotted and fitted in order to determine the frequency of all Raman existing modes. These
results are the references for all feature studies. The influence of the temperature on Raman
lines was studied, and it was shown that the asymmetry of lines with low frequency is
strongly reduced after dividing the Raman intensity on the Bose-Einstein population factor.
The presence of leakages was detected for some configurations and different origins were

mentioned.
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Chapter IIT Effect of Zr doping on the structure of LN: Site spectroscopy and Chemometrics

III.I - Introduction

At present, a strong limitation to the applications of LN crystals comes from the fact that,
under illumination with visible or near-infrared light, there are semi-permanent changes in the
index of refraction of the crystal, due to the photorefractive effect (or “optical damage”),
causing beam distortion and dramatically decreasing the device efficiency. This drawbacks
and limitation exist unless some strategy to reduce the photorefractive effect is implemented
[1]. The resistance to optical damage can be increased considerably by changing the LN
crystal composition from congruent to stoichiometric [2,3] and/or by adding to LN an
appropriate non-photorefractive dopant. Among the many dopants that have been tested, the
most utilized is, at present, MgO that is known to be effective in molar concentrations above 5
mol%. The main problem with this is the very huge difficulty to grow large homogeneous
MgO doped LN crystals. Recently, different tetravalent impurity ions (Hf**, Zr**, Sn**) were
proposed as new non-photorefractive impurity ions [4,5]. Complex investigations of Hf as
well as Zr doped congruent composition LN crystals including photorefractive, non-linear
optical, compositional, electro-optical [6-10] properties have been shown that tetravalent
impurity ions with a threshold concentration of around 2-3mol% can be considered as good
candidates for reduction of the photorefractive effect in LN crystals with preserving of its
main characteristics. However, it is very useful to know the environment of the dopants and
the various alternative mechanisms to understand the microscopic mechanisms of induced
effects in the crystals doped ions. In this work the Zr doped LN crystals are investigated in
order to have a clear idea of the threshold concentration of the impurity ion required for the
reduction of the photorefractive effect as well as sites occupied by different concentration Zr
ions in the structure of LN. Raman scattering was used to characterize Zr doped LN crystal
with two complementary ways for exploiting spectra: deconvolution and chemometrics.
Chemometrics is a statistical method which is not so often used in the frame of solid

materials. It is generally useful to compare large databases or/and small variations.
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II1.IT — Site spectroscopy

II1.11.1 — Site spectroscopy probed by Raman spectroscopy

Congruent composition LN crystals doped with various concentration of Zr were
grown by the Czochralski method in a platinum crucible of dimensions 50x50x3mm3 using a
set-up with a radio frequency [11] heating. The crystals were grown along the
crystallographic ¢ axis with a rotation rate of the seed of 20 rotations per minute and pulling
rate 1mm per hour. The ferroelectric critical temperature of the congruent composition crystal
is about 1142 °C, just about 110°C below the melting point of the congruent composition LN
(1253 °C). To obtain single-domain crystals directly during the growth process, we applied
an electric field (a electrical current of 12 A/M? ) to the crystal-melt system [1]. Without
the application of an external electric field, the crystals grow in the paraelectric phase.
Multidomains then appear as the sample is cooled below the Curie temperature, and an
additional post-growth annealing procedure is required. The application of an electric field
to the crystal-melt system during crystal growth leads to a homogeneous distribution of
impurity ions within the main constituents that form the crystal [1]. The starting materials
used for sintering the lithium niobate charges of congruent composition were high purity
Nb,Os and Li,CO3; compounds from Johnson-Mattey and Merck. The amount of impurity
included in each initial charge of LN after the components were thoroughly mixed was
ZrO, with concentration equals to 0.625, 0.75, 0.875,1.00, 1.25, 1.50, 2.00 and 2.50 mol%,
respectively. The grown boules of crystals with diameters of about 20mm and a length of
about 30mm were oriented by the method of Laue. After, samples were cut and polished to
obtain rectangular samples with optical grade facets, perpendicular to the principal axis.

The sizes of the samples were about 10x4x6.5 mm3 along the X, y and z axes, respectively.

As it was mentioned in introduction, Raman spectroscopy is utilized for investigation
of the sites of Zr in LN. Measurements were performed at room (300K) and at low (93K)
temperature in order to have a better resolution (the lines are thinner and more separated).
Spectra were recorded for 2 configurations: Y(ZZ) Y (Ai[TO] modes) and Y(ZX)Y (E[TO]

modes).
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III.I1.2 — Experimental part

Here are presented data recorded in configurations for different concentrations of Zr in
LN (figures I11.1 and 111.2). There is no visible change in the spectra between the samples
except the undoped one which have some leakages in spectra for both configurations. This

may be due to some misorientations of the sample which are more visible at low temperatures
due to the better resolution.
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Figure I11. 1 — A\[TO]Raman spectra in Y(ZZ)Y configuration for different concentrations of Zr ions
in LN obtained at 93K
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Figure 111. 2— E[TO] Raman spectra in Y(ZX)Y configuration for different concentrations of Zr ions
in LN obtained at 93K

As modes A;i[TO;] and A;[TO,] are associated to the sites B and A respectively the
corresponding lines, are plotted in the figure 111.3 for different Zr content, in order to

investigate the Zr site occupation.
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Figure 111. 3 — Modes A;[TO,] and A;[TO]obtained at 93K for different concentrations of Zr
(a) undoped, 0.625mol%, 1mol% (b) 1.25mol%, 2mol%, 2.5mol%

One observes that there is a change in the positions of both lines between the undoped and the
0.625mol% ZrO, doped LN (figure 111.3 (a)). For higher concentration positions are nearly the
same, and only for 2.5mol% ZrO, doped LN, a significant change is detected. In addition we
observe that the linewidths of both lines increase with increasing the concentration of Zr.
Before starting the fitting procedure there is no necessity here to perform the Bose-Einstein
factor correction. Indeed, all measurements were recorded at the same temperature (93K), and
the frequency range for each peak is nearly the same and the shift is very small between
different samples.

The intensity, position and the linewidth are the parameters obtained for all modes by the
fitting procedure.

III.I1.3 — Results

Fitting procedure provides the phonon frequency and damping dependences on the
concentration of Zr ions in LN. Here are the results for A;[TO] modes obtained in the
Y (ZZ)Y configuration:
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Figure 111. 4- Dependences of phonon frequency and phonon damping as a function of concentration
of Zr ions in LN

One can see that the phonon frequency increases with doping the LN with ZrO,
comparing to the undoped one (figure 111.4). For the mode A;[TO] the phonon frequency is
nearly the same for all concentration of ZrO, below 2mol%, and then is larger for higher
concentration. The mode A;[TO,] shows a similar behavior versus Zr concentration. For the
mode A;[TO,4] the frequency is nearly unchanged with the concentration of Zr in LN.The
phonon damping of all modes increases with doping LN with Zr and with increasing
monotonously with doping.

Here are the results for E[TO] modes obtained in Y (ZX)Y configuration:
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Figure I111. 5- Dependences of phonon frequency and phonon damping as a function of concentration
of Zrions in LN

The frequency of the mode E[TO;] is nearly the same varying between 151cm™ and 151.5cm’
L only for the concentrations below 2 mol% of Zr, and increases at 2.5mol% concentration
reaching the value of 152.5cm™. The frequency of the mode E[TOs3] is nearly the same for all
concentrations of Zr, varying between the values of 235.5cm™ and 236.5cm™. For the mode
E[TOs] the frequency increases between undoped sample and 0.625mol% ZrO, doped sample
(nearly 1cm™ of increase) and then is constant between 0.625mol% and 2mol% and at last
increases again for the concentration of 2.5mol% of ZrO, (reaching the value of 323.5cm™).
For the mode E[TOg] the increase of frequency concerns only the change between the
undoped and doped samples (nearly 1.2cm™ of increase). The phonon damping has nearly the
same value for all modes independently of the concentration except the mode E[TOs] where a
large decrease of about 6cm™ is detected between the undoped sample and 0.625mol% ZrO.,

doped sample.

The frequency change is very small for all modes under study so that is seems difficult
to derive some information on the Zr site interpretation from these results. As a consequence

we use an additional method: chemometrics.
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II1.IIT — Chemometrics and PCA

In a first view chemometrics means performing calculations on measurements of
chemical data. More recently, the common usage of the word refers to using linear algebra
calculation methods, to make either quantitative or qualitative measurements of chemical
data, primarily spectra.

The science of chemometrics gives many different ways to solve the calibration
problem for analysis of spectral data. Some are very simple to understand, while others
require a strong background in linear algebra. The key to understanding chemometrics is in
not necessarily understanding the mathematics of all the different methods; it is to know
which model to use for a given analytical problem and properly applying it.

Principal Component Analysis (PCA) is a projection method that provides a
possibility to visualize all the information contained in a data table. In a simple way by
decreasing the number of variables PCA helps to find out which samples are similar and
which are different according to one or more principal component (PC), which variables
contribute most to this difference, and whether those variables contribute in the same way or
independently from each other. It also enables to detect sample patterns, like any particular
grouping with similar variation. Principal component analysis PCA can be applied to obtain
the basic spectral features describing complete series of spectra. These basic spectral features

are called the loadings or principal components PCs of the data set.

III.II1.1 — PCA performed on Raman spectra

Performing a PCA on spectra we obtain the projection values of sample on each PC.
These scores provide a possibility to have an idea of the relative change between different
samples. Loadings represent the new base, which are representative to the variation on each

spectra
Spectrum = (S) + s, PC; + s,PC, + -+ ¢

Where S is the average spectrum, s; are scores, PC; are loading, ¢ are residual values.
That provides a possibility to see the influence of each component on the spectra (it has to be

mentioned that the changings are compared to the average spectra).
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In spectroscopy, PCA calculations are mostly used to follow species concentration
(especially low concentration) through intensity variation. Interpretation of a frequency
variation of one mode could be difficult as the resultant PCA loading is similar to a relative
intensity variation of two peaks, with close frequencies. To illustrate this, two different
spectroscopic cases were numerically generated: the relative intensity variations of two
Gaussian functions (centered at 400cm™ and 419cm™) as shown in fig 111. 6; the frequency
shift of one Gaussian function from 400cm™ to 419cm™ as shown in fig 111.7
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Figure 111. 6- Two Gaussian functions centered at 400cm™ and 419cm™
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Figure 111. 7 -Frequency shift of a Gaussian function from 400cm™ to 419cm™

The first loading (PC1) of each case is shown in fig 111.8. Their shapes are similar.

03 T T T T

0,2

0,14

0,0

PC1

0,14

0,2

— 1 peak freq. shift
— 2 peaks int. variations | 1

-0,3

T T T T T
375 400 425 450

Wavenumber (cm™)

Figure I11. 8- Loadings of PC-1 for one Gaussian peak shift and two Gaussian peaks variations
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This means that performing the PCA on the spectra we can obtain similar results for
completely different spectroscopic cases. So a special attention has to be given to PCA results
interpretation. It can be noticed that the loadings of PC1 for the case of one Gaussian peak
shift is the 1% derivative of the peak [12, 13], in addition it has to be mentioned that the 2™
derivative represents the line width change of the peak. In further investigations in this

chapter these two facts are utilized in order to interpret the obtained results.

In our investigations the principal component analysis (PCA) was performed using the
Unscrambler10.3 software. The analysis was performed after performing a standard normal
variate (SNV) pretreatment on the spectra utilizing the same software. The transformation is
applied to each spectrum individually by subtracting the mean spectrum and scaling with the
spectrum standard deviation. This means that it normalizes the intensity and corrects the
baseline of all spectra. The PCA was done for the spectra of both configurations (Y(Z2)Y and
Y (ZX)Y).

e Y(ZX)Y: Scores and loadings

PCA was performed on the Raman spectra obtained at low temperature (-180°C) for the
Y (ZX)Y configuration, in which case the modes E[TQO] are presented. Before performing the
analysis the spectra were cut taking into account only the range which contains E[TO;] mode
(100cm™ — 200cm™). The scores of the PCA analysis are presented in figure 111.9. The scores
for each sample and component are obtained. Projecting on the axis PC-1 the values of scores
of all samples one can see that the values differ only for samples 0, 2, 1 and 1.25 mol% ZrO,
concentrations. It has to be mentioned that negative or positive sign of the PC is meaningless

for interpretation
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Figure I11. 9- Scores of spectra (range of 100cm™ — 200™") of all samples of Y(ZX)Y configuration
obtained at low temperature (-180°C)

Projecting the scores on the PC-2 axis one can notice that all the samples except the
2.5mol% Zr doped LN sample are nearly the same. PC-1 explains 96% of variance between
spectra and the PC-2 shows the 3% of variance of the spectra, this means that with two
components the variance between all spectra is explained in 99%. Taking into account the
loadings of two components one can mention that the variations of components are present
only in the range of Raman line (E[TO4]), which means that the component corresponds to the

changes of Raman spectra.

In Figure 111.10 the loadings of the components are presented. The first spectrum
(lowest part) is the one of 2mol% ZrO, concentration as is similar to the average spectrum

(nearest to 0 value of PC according to scores).

80



Chapter IIT Effect of Zr doping on the structure of LN: Site spectroscopy and Chemometrics

100 120 140 160 180 200

[EnY
(o2}
o
o

0

-1600

Derivative

-3200
0,48 -

0,24

0,00

PC2

-0,24

0,42

0,28

PC1

0,14

0,00
3 15000 F
S 12000 [
9000 [
6000 -
3000 |-

oL n 1 . 1
100 120 140 160 180 200

Intensity

Raman shift (cm™)

Figure 111. 10 - Loadings of PC1 and PC2 of PCA performed on the spectra (range of 100cm™ —
200cm™) obtained at low temperature 93K, for the Y(ZX)Y configuration. Spectrum of 2mol% ZrO,
and its derivative are shown for comparison

As seen in figure 111.10 the PC-1 is similar to a measured spectrum and doesn’t look
like a derivative. This component reflects the intensity change between spectra. In contrast the
PC-2 is similar to the first derivative of the spectra (which is also shown in the figure). As it
was mentioned above in this chapter, this fact means that the PC-2 represents the shift of the

position of the peak between the spectra.
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e Y(Z2)Y: Scores and loadings

The spectra of Y(ZZ)Y configuration were used in the analysis. The spectra were cut
into two parts. First part contains the modes Ai[TO:] and A;[TO,] (200cm™ — 475cm™), and
the second part contains the mode A;[TO,] (550cm™ — 700cm™).

Performing the PCA on the high frequency peak (range of 550cm™ — 700cm™)

recorded at low temperature (93K) one can obtain the scores for all samples (figure 111.11).
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Figure I11. 11- Scores of spectra (range of 550cm™ — 700cm™) of all samples of Y(ZZ)Y
configuration obtained at low temperature (93K)

Projecting the scores of the samples on the axis PC-1 one can notice that all the
samples except the undoped one have nearly the same value. And projecting the scores on the
axis PC-2 one can see that except the undoped sample, all samples are classified according to
the concentration of Zr. The PC-1 explains the 88 % of variance, and the PC-2 explains 10 %,

this means that with both principal components the 98% of variance of all spectra is reported.

The loadings of this component are presented in the figure 111.12. The first spectrum is
the one of 2 mol% ZrO, doped sample. In the figure the loadings of PC-1 and PC-2 are

presented and the first derivative of the spectra in order to be able to compare with loadings.
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The loadings of mentioned components show variations only at the range of the Raman line,

which means that the components shows the changes of Raman spectra.
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Figure 111. 12- Loadings of PC1 and PC2 of PCA performed on the spectra (range of 550cm™ —
700cm™)obtained at low temperature (93K), for the Y(ZZ) ¥ configuration. Derivative of the Raman
spectra
One can see that PC-1 is quite similar to the 1% derivative with zero crossing (with opposite
sign) of the A;[TO4] mode which means that this component represents the shift of the
position of the line. As it was seen in the figure 1V.11 the scores PC-1 are nearly the same for
all samples except the undoped one. And according to loadings of this component it can be
confirmed as the shift of the position of the peak between Zr doped samples and undoped
sample. The PC-2 reports the mix of 1% derivative with the 2" derivative. As it was
mentioned in the introduction of this chapter, the second derivative describes the linewidth

change between samples. It can be concluded that the PC-2 reports the shift of the position
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and the linewidth change between the spectra. According to scores of this component (figure
[11.11) the values of scores were classified according to the concentration of Zr and the
undoped one has the value which is near to the value of the 2 mol% ZrO, doped sample.

Now we turn on results of PCA on low frequency of all measured spectra. The scores

of each sample are plotted in figure 111.13.
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Figure 111. 13- Scores of spectra (range of 200cm™ — 475¢cm™) of all samples of Y(ZZ)¥configuration
obtained at low temperature ( 93K)

There are two axis (PC-1 and PC-2) which show different values for different samples.
Each component distinguishes the samples differently. Projecting the scores of each sample
on the axis PC-1 one can see that the values corresponding to 2.5mol% ZrO, doped LN and
the value of undoped LN sample are different from each other and from the rest of samples. In
a contrast the scores of the samples 0.625mol%, 1mol%, 1.25mol%, 1.5mol% and 2mol%
ZrO, doped LN are nearly the same. Projecting the scores of all samples on the axis PC-2 it is
visible that the samples are classified according to Zr concentration except the undoped
sample which has the value between the 2mol% and 2.5mol% ZrO, doped LN. It has to be

noted that the 95% of variance is explained with PC-1 and PC-2.

The loadings of the components are presented in figure I11.14. The first spectrum is

the 2 mol% ZrO, doped LN as for previous cases.
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Figure 111. 14 - Loadings of PC1 and PC2 of PCA performed on the spectra (range of 200cm™ —
475cm™)obtained at low temperature 93K, for the Y(ZZ)¥ configuration. Derivative of the Raman
spectra

One remarks that the variations of components correspond to the peak positions of the
mean Raman spectrum. This means that they correspond to the changes of Raman spectra
(between different samples). It has to be noted that in this analysis we have 2 peaks and they
can have different variations comparing to each other. The PC-1 is similar to the 1% derivative
of the spectra so it reflects the shift of the peaks between samples. The peak of the mean
spectrum and this of the PC-2 are at the same position, and the PC-2 doesn’t look like a
derivative. PC-2 represents the intensity change of A;[TO4] relatively to A;[TO,].
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II1.II1.2 — PCA of Raman spectra obtained at room (300K)

temperature

The PCA was performed also for the spectra obtained at room temperature. This

provides a possibility to compare them and to confirm the obtained results as well.

0,6

0,4 4 0,625mo
[ J
0.2 - undoped
o 1mol 1,25mol
o ©

0.0 @®1,5mol

-0,2 + @ 2mol

@® 2,5mol

PC-2 (7%)

-0,4 -
-0,6 -

-0,8 -

-1,0 — T T T T T T T T T T 7 T
35 30 -25 -20 -15 -10 -05 0,0 0,5 1,0

PC-1 (92%)

Figure 111. 15- Scores of spectra (range of 550cm™ — 700™) of all samples of Y(ZZ)¥ configuration
obtained at room temperature (300K)

The scores of all spectra are presented in figure 111.15. The variance is explained within 99%
with PC-1 and PC-2. Comparing these results with the scores of the same mode (A1[TO,]) we
can mention that the behavior is the same according to the consequence of the Zr
concentration and the scores of PC-1 and PC-2. The difference is that in the case of low
temperature the scores are more “expanded” which is due to the better resolution. In figure
[11.16 the spectrum of the 1.5mol % ZrO,:LN is presented and its derivative in order to
compare with loadings. As one can see the PC-1 is very similar to the 1% derivative so
represents the frequency shift between spectra of samples, and this was the case also for the

PC-1 of the same analyses of the spectra at low temperature.
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Figure 111. 16- Loadings of PC1 and PC2 of PCA performed on the spectra (range of 550cm™ —
700cm™) obtained at room temperature (300K), for the Y(ZZ)¥ configuration. Derivative of the
spectrum of the 1.5mol% Zr sample

So we can mention that the PCA reproduces the same results for the spectra obtained at low

and at room temperatures.
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III.IV — Interpretation

II1.IV.1 — Comparison of results betwveen both methods

Now we interpret Raman data from the information given by fits and PCA of the
spectra. For this at first we compare results derived from these two completely different
methods. In figure 111.17 the frequency dependence on the concentration obtained by classical
fitting of Raman spectra, is compared with the variation of PC-2 which, as mentioned above,

reflects the frequency shift (fig 111.10).
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Figure I111. 17 - The frequency of the mode E[TO,] and the scores of PC2 as a function on the
concentration of Zr in LN

A remarkable agreement between these methods is obtained. This corroborates the validity of
the dependence of the E[TO;] frequency.

The same dependencies are plotted for the mode A1[TO4] as presented in figure 111.18.
Fitting results give a frequency increase between the undoped sample and the Zr doped
samples. For the same spectra in PCA analysis it was shown that PC-1 (figure 111.12)
represents the shift of the peak between the spectra of different samples so that this

component is compared with the dependence of the A;[TO,4] frequency.
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Figure I11. 18 - The frequency of the mode A;[TO,4] and the scores of PC1 as a function on the
concentration of Zr in LN

Again a very good agreement is achieved.

Now we consider the low-frequency modes A;[TO;] and A;[TO,]. The frequency
change with Zr concentration is compared with the score of PC-1 (figure 111.19). PC-1 scores
explain the common shift of A;[TO;] and A;[TO,] . When there are 2 modes included in the
same PCA it is not very visible the results for each mode separately. In other terms PC-1
gives the average shift between both modes. Therefore the dependence for the PC-2 is
compared with relative shift Aj[TO1]-A1[TO;] (figure 111.20). Now a better agreement is
obtained showing the consistency between both methods.

89



Chapter IIT Effect of Zr doping on the structure of LN: Site spectroscopy and Chemometrics

A1[TO1] A1[T02]

34
1 —0O—Scores PC1 A ] - 2795
2 —A— Frequency A,[TO,] 2570
—@— Frequency A [TO,] O
-1 4 A -
— AN
A T p— ° o
5 ____—" 2790
O g——0—- O I 256,5 o)
o 0 - g
8 o——9© 2
s ] \ 1 I @
o =
0 14 o - 9]
\ &
] ] I 2785
o—
2 4 256,0
1 [ 1 L
3 o B
T T T T T T T T T T T
0,0 0,5 1,0 1,5 2,0 2,5

Concentration of Zr in LN (mol%)

Figure 111. 19 - The frequencies of the modes A;[TO;] and A;[TO,] and the scores of PC1 as a
function on the concentration of Zr in LN

1,0 -21,7

]

4 n i
T T

05 \ A _
| D/ L 219

0,0 u I
L 220

O |

o / 0

O o5 I L 22,1

- -22,2
--22,3
—0O— Scores PC2 -
—m— Shift of A [TO,]-A,[TO,] I

O
- . u
15 - -22,4

Shift of A [TOJ-A [TO,]

-1,0 4

T T T T T T T T T
0,0 0,5 1,0 1,5 2,0 2,5
Concentration of Zr in LN (mol%)
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III.IV.2 — Site occupation

From Raman results we attempt to describe the mechanism of incorporation of Zr ions
in LN lattice. We remind that the mode A; [TO;] mainly involves B site, where we have Nb
while A;[TO,] corresponds to the motion of Li against the oxygen octahedra. Zr ions can at
first replace the part of Nb antisites on A site, so that we have a frequency increase of the
A;[TO;] mode between the undoped and 0.625mol Zr LN. Increasing the concentration of Zr
will lead to an increasing occupation of Nb antisites and Li vacancies. When Zr replaces Li as
the mass of Zr ion is larger than this of Li ion the frequency of A;[TO,] mode decreases till
the 2mol % concentration. Starting at 2mol % Zr concentration the Zr ions occupy the site B
as well, so the frequency is increasing for A;[TO;] and A;[TO,] modes reflecting a larger
strength of A-O and B-O bands. The mode A;[TO,] corresponds to the movement of oxygen
octahedral and the frequency is increasing continuously with Zr concentration due to the
strengthening of the lattice which becomes more compact. The analysis provides a possibility
to conclude that the optical damage threshold is near 2mol% of Zr concentration. This
interpretation is in agreement with absorption measurements on the same series of samples.
The absorption edge is seen to shift to lower wavelength with Zr content increase and above
the threshold, it shift up to larger wavelength [10] (fig. 111.21).
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from absorption spectra. Insert: Zoom of the absorption spectra in the range of the absorption edge
[10].
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II1.V — Conclusion

Utilizing Raman technique and the chemometrics method the threshold of Zr doped
LN crystals was determined and is near 2mol%, which is in agreement with the results that
were obtained using other techniques [8, 9,10]. It was shown that the PCA, even it gives a
relative and not an absolute shift, can be used in order to help to determine the threshold.
These results provide a possibility to use the PCA to derive the relative change in the spectra
among many samples and to deduce a hierarchy of these samples using the classical fitting

procedure.
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Chapter IV Time dependence of Raman spectra of photorefractive Fe doped LN

IV.I — Introduction

Photorefractive properties of Lithium Niobate crystals are associated with the presence
of space charge field, and the defocusing of the beam inside the crystal (Chapter I). In
particular the space charge field can lead to a strain of the lattice due to the piezoelectric
property of the crystal. In this chapter it will be shown how these mentioned effects can be

reflected in the Raman spectra.

The chapter is divided into two parts. In the first part are reported and analyzed the
data obtained by means of forward and backward Raman scattering on Fe doped LN crystals,
pointing out the influence of the defocusing on the breaking of Raman selection rules. In the
second part the shift of the frequency of some lines is analyzed to evidence the photoreftactive
induced strain effect.
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IV.II — Experimental Part

Forward and backward scattering Raman measurements were performed on a
0.06mol% Fe doped LN crystal and the spectra were recorded as a function of time. The
sample has dimensions of 20x60x24 mm?®. Backscattering measurements were performed
utilizing the Horiba ARAMIS Raman spectrometer, with 532nm excitation laser which has a
power of 10mW on the sample. Forward scattering experiments were performed with our own
set up especially mounted for this aim and presented below. A laser with a radiation at the

wavelength of 532nm and having a power of 350mW was used.

Collection lens

Laser 532nm Spatial filter Polarizer Analyzer Notch filter

350mwW
-0

Optical density

Spectrometer
1200 Gr/mm

Figure IV. 1- Scheme of the experimental set up of forward scattering Raman spectrometer

A Notch filter was used with 200cm™ half width, so all the spectra of forward
scattering shown below are cut below 200cm™. Two linear polarizers with a range 500nm-
700nm are fixed, one in front of the sample and the other behind the sample as the analyzer.
The lens of 40cm focal length was utilized in order to have a parallel beam in the sample,
which provides the possibility to obtain the homogeneous excitation in the sample. The power
of the laser was measured in front of sample with a powermeter and was managed by the
optical density to be 50mW for all measurements. We use this high power for forward Raman
measurements because the beam goes through the sample, by contrast with backscattering
experiments where the beam is focused on the surface of the sample with a depth of about
Ipum.

During forward scattering measurements the beam passes through the sample which

has the thickness from 20 up to60mm according to the direction propagation.
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Lens

Mirror

Figure V. 2— System with lens in order to have a parallel beam inside the sample

As all configuration measurements Raman means were performed on the sample and the
defocusing of the beam was simultaneously detected. In order to eliminate the memory effect
related to the photorefractive effect, a white lamp was fixed near the sample during 45
minutes which allows to “refresh” the sample. In the case of the configuration X(YZ)X it was
checked that the detection of lines is found to be the same before and after “refreshing” the
sample without changing the point under study. It has to be mentioned that as we have
demonstrated changing the point has the same “effect” as the refreshment with the white
lamp. As a consequence we change the point on the sample between each measurement in

order to eliminate the memory effects.
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IV.III — Results

Time dependence Raman spectra were recorded in the backward and forward
scattering configurations. Data obtained in different configurations and for both scatterings

are presented.
> X(ZY)X

For the configuration X(ZY)X in both forward and backscattering we observe the lines
E[TO] as it is expected by Raman selection rules (figures V.3 and 1V.4).
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Figure IV. 3— Forward Raman spectra as a function of time for the configuration X(ZY)X
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Figure IV. 4- Backscattering Raman spectra as a function of time for the configuration X(ZY)X

It has to be noted that we don’t observe any change of the lines neither in their positions, nor
in their intensity as a function of time. We don’t observe any anomaly. In addition we have
recorded the pattern of the scattered beam as a function with time. The image of the emerging
ray was projected and recorded on a screen at a distance of about 35 cm between the sample
and the screen.

In figure 1V.5 the pattern after the sample recorded for the configuration X(ZY)X is
presented. It can be noted that the beam remains a centered beam and doesn’t change with

time.

101



Chapter IV Time dependence of Raman spectra of photorefractive Fe doped LN

a) 12 seconds

b) 60 seconds

c) 240 seconds

Figure IV. 5- Image of forward scattering on Fe doped LN at 12 seconds, 2 minutes and 4 minutes,
for the configuration X(ZY)X (Z axis is vertical)
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> X(YZ)X

The evolution of the forward Raman spectra with time is plotted in Figure IV.6. The
forward scattering spectrum is completely different to which is expected according to
selection rules since A;[TO] are additionally activated. Furthermore the spectrum shows a
large change with time. Thus, while at 0s, the spectrum consists of the expected (according to
Raman selection rules) E[TO] modes only, it exhibits mainly A;[TO] modes after a long time
(4 minutes) (figure IV.7).
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Figure IV. 6- Forward Raman spectra as a function of time for the configuration X(YZ)X

By contrast, the spectra obtained in backscattering do not display the same features — we only
observe E[TO] lines and a small leakage of A;[TO4] mode (figure 1V.7). Furthermore the

spectrum doesn’t change with time.
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Figure IV. 7— Backscattering Raman spectra as a function of time for the configuration X(YZ)X

The forward scattered beam images recorded at different times are presented in figure IV.8.
One can notice that the beam image changes with time with its extent along the axis Y and Z.
In addition 2 lobes become more intense with time. The mentioned pictures report a

defocusing of the beam along Y and Z axis (more defocused along Y than along Z).
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a) 20 seconds

b) 80 seconds

C) 220 seconds

Figure IV. 8- Recorded pattern in forward scattering at 20 seconds, 80 seconds and 220 seconds, for
configuration X(YZ)X for Fe doped LN (Z axis is vertical to the image)

> X(YY)X

For the configuration X(YY)X both modes A;[TO] and E[TO] are expected according
to Raman selection rules, in forward and backscattering. Forward Raman spectra are

presented as a function of time for this configuration in figure IV.9.
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Figure IV. 9- Forward Raman spectra as a function of time for the configuration X(YY)X. Red arrows
indicate unexpected peaks as mentioned

One can see that the lines A;[TO] and E[TO] are obtained as expected, and we have in
addition 3 unexpected peaks near 453cm™, 524cm™ and 580cm™. Small variations of intensity
with time are noticed for the mode A1[TO.] and the peak at 524cm™.

Spectra in backscattering are plotted in figure 1V.10. One can notice that the modes

E[TO] and A;[TO] are obtained as expected and the spectrum doesn’t change with time.
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Figure IV. 10— Backscattering Raman spectra as a function of time for the configuration X(YY)X

Spectra in backscattering and forward scattering are compared in figure I1.11. It can be seen
that the intensity of forward-scattering spectra is smaller and more noisy, comparing to
backscattering. The positions of expected lines are the same for both cases and the forbidden

3 peaks obtained only at forward scattering are clearly evidenced.
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Figure IV. 11- Backscattering and forward Raman spectra recorded at Os for the configuration
X(YV)X (X)

The forward scattered beam shown in the figure 1V.12 exhibits a large defocusing along the Z

axis.

a) 2 seconds
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b) 148 seconds

c) 360 seconds

Figure IV. 12— Image of forward scattering at different times for configuration X(YY)X for Fe doped
LN (Z axis is vertical to the image)

It has to be mentioned that for the configuration Y(XX)Y the modes A;[TO] and
E[LO] are expected according to selection rules. In forward scattering, the same additional
lines as for X(YY)X configuration are detected (near 453cm™, 524cm™ and 580cm™).
Defocusing of the pattern along Z is recorded as well.

> X(ZZ2)X

In the configuration X(ZZ)X only the modes A;[TO] are expected according to
selection rules for forward and backscattering Raman. For this configuration the evolution
with time of the forward Raman spectra are presented in figure 1V.13. In addition of the
expected A;[TO] modes, 4 forbidden lines are observed near 433cm™, 524cm™, 575cm™ and

875cm™. Some intensity changes of forbidden lines are observed with time.
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Figure 1V. 13 — Forward Raman spectra as a function of time for the configuration X(ZZ)X

As seen in figure 1V.14, only 4 lines A;[TQO] are present as expected in the backscattering

spectra and the spectra doesn’t change with time.
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Figure IV. 14— Backscattering Raman spectra as a function of time for the configuration X(ZZ)X

The comparison in the spectra between the backward and forward scattering reported in figure
IV.15 underlines the large difference showing the activation in forward scattering of 4

forbidden lines as follows:
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Figure V. 15— Backscattering and forward Raman spectra as a function of time for the configuration
X(Z2)X (X)

It has to be noted that the spectra obtained with a beam propagation along Y give the same
information as the spectra along X. The patterns of the forward scattered beam in figure 1V.16

show a constant defocusing along Z axis constant with time.

a) 2 seconds
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b) 144 seconds

C) 340 seconds

Figure 1V. 16— Image of forward scattering at different time for the configuration X(ZZ)X for Fe
doped LN (Z axis is horizontal to the image)

> Z(YY)Z

The modes E[TO] and A;[LO] are expected for the configuration Z(YY)Z according
to Raman selection rules for forward and backscattering. In forward Raman spectra (fig.
IV.17) it is seen that forbidden peaks near 300cm™, 518cm™and 626cm™ are detected in
addition to expected E[TO] and A3;[LO] modes. The spectrum doesn’t change with time,
except the change in intensity of the peak at 518cm™.
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Figure IV. 17— Forward Raman spectra as a function of time for the configuration Z(YY)Z

The backscattering spectra show some changes with time. Thus at Os the lines E[TO] and

A;[LO] are obtained as expected, then after some time (20 seconds) a new peak at a 625cm™

appears besides these lines (figure 1V.18). The same behavior as in Z(YY)Z in forward and

backscattering spectra was obtained also for the configuration Z(XX)Z.
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Figure V. 18— Backscattering Raman spectra as a function of time for the configuration Z(YY)Z

The recorded pattern of the forward scattered beam is presented in figure 1V.19. A circular

defocusing is detected normal to Z-axis.

a) 2 seconds
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b) 56 seconds

¢) 340 seconds

Figure 1V. 19— Image of forward scattering at different times for the configuration Z(YY)Z for Fe
doped LN (Z axis is ,normal to the plane of the image)

> Z(XY)Z

Only the modes E[TO] are expected. The time dependence of the Raman spectra
obtained at forward scattering is shown in fig. 1V.20. Beside the E[TO] modes, unexpected

lines near 301cm™, 516cm™ and 874cm™ are detected. No change was observed with time.
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Figure IV. 20— Forward Raman spectra as a function of time for the configuration Z(XY)Z

In backscattering spectra an unexpected peak near 875cm™ is detected and the band near
626cm™ increases with time (figure 1V.21).

The comparison between the forward and backscattering shows the relative intensity
difference between the lines and points out the additional forbidden lines in forward scattering
(fig. IV.22).
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Figure V. 21— Backscattering Raman spectra as a function of time for the configuration Z(XY)Z

Figure 1V. 22— Backscattering and forward Raman spectra recorded at Os for the configuration
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Same results as Z(XY)Z are obtained for the configuration Z(YX)X. The forward scattered
beam pattern shows a circular defocusing (figure 1V.23).

a) 2 seconds

b) 48 seconds

C) 180 seconds

Figure IV. 23— Image of forward scattering on Fe doped LN at different times for the configuration
Z(XY)Z (Z axis is normal to the image plane)
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IV.IV — Interpretation

Summarizing and comparing the forward and backscattered Raman spectra, we
observe that while in backscattering expected lines were generally obtained, in forward
scattering several forbidden lines are present with a time dependence for all configurations
except X(ZY)X (or Y(ZX)Y) for which only expected lines were detected. The results are
reported in table 1.1 (with the main information on the pattern of the forward scattered

beam).
] ] Expected modes Detected lines in o . Forward scattered
Configuration . . Detected lines in forward scattering
by selection rules backscattering beam pattern
X(@ZY)XIY(ZX)Y E[TO] E[TO] E[TO] No defocusing
Extent along Y (X)
X(YZ)XIY(XZ)Y E[TO] E[TO]+A[TO,] E[TO]+A.[TO] iz
an
E[TO]+A([TO]+ forbidden lines at
X(YY)X E[TO]+A[TOQO] E[TO]+ATQ] Extent along Z

453cm’?, 524cm, 580cm™

(2N (Z2)Y A[TO] A[TO] A,[TO]+ forbidden lines at 433cm™, Extent along 2
xtent alon
(e2XN(z2) ' ' 524cm, 575cm™, 875cm™ J

E[LO]+A[TO]+ forbidden lines at

Y(XX)Y E[LO]+ATO E[LO]+ATO Extent along Z
() [Lol+AdlTOl [Lol+AlTOl 453cm™, 524cm, 580cm™ g

E[TO]+A[LO] E[TO]+A[LO]+ forbidden lines at )

Z(YY)ZIZ(XX)Z E[TO]+A[LO] . . . L Circular extent

+625cm’ 300cm™, 518cm™ and 626cm”

E[TO] + peak at E[TO]+ forbidden lines at 301cm™, )

Z(XY)ZIZ(YX)Z E[TO] N N 0 N Circular extent

626cm™ and 875cm 516cm™ and 874cm

Table IV. 1- Expected and obtained Raman modes for forward and backscattering measurements. The
direction of defocusing of the pattern in forward scattering is reported as well

We can underline three points as follows:

e In the configuration X(ZY)X the forward and backscattering Raman spectra shows
only the E[TO] modes as expected by Raman selection rules (table 1V.1) and there is
no defocusing detected in the recorded pattern.

e In the configuration X(YZ)X while the backscattering spectra gives only expected
E[TO] modes (except the small leakage of A;[TO4] mode), spectra obtained in

forward scattering shows a large activation of A;[TO] modes dependent on time. At
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the same time, the defocusing of the forward scattered pattern is observed along Z and
Y directions (more along Y compared with Z).

o For all configurations corresponding to the propagation direction along Z in forward
scattering Raman spectra, some forbidden lines are detected and the circular
defocusing of the recorded pattern is detected (consequently with the equivalence of X

and Y axis).

We can conclude that there is a strong link between the defocusing of the scattered
beam and the detection of forbidden lines in the Raman spectra recorded in forward
scattering. The interpretation as follows is based upon this observation. The defocusing or the
extent of the scattered beam has as an obvious consequence that the incident and scattered
beams are no longer collinear. This leads to some deviation from selection rules which
assume this co-linearity. Subsequently the phonon wave vector (or beam transfer through the
crystal) is strongly dependent on the beam defocusing. The phonon wave vector has therefore
an extra component beside the main component along the incident beam direction.

The scattering geometry for the determination of the directional dispersion of phonons
is shown in figure 1V.24.

Figure V. 24- (a) backscattering geometry (b) forward scattering geometry k; and ks are the wave
vectors of incident and scattered light respectively, and the q is the phonon wave vector.
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Two cases can be encountered. In the first case q is in the plane normal to the optical axis, so
in the ordinary plane. In the second case q is in the extraordinary plane (the wave vector is in
the planes normal to X or Y axis) and makes an angle with Z axis. In this case some quasi-
modes (neither A;, nor E symmetry) can be detected. The frequencies of these quasi-modes
depend on the angle 6 between q and Z and can be obtained from the dispersion when 6 varies
between 0 and 90°. The spectra were recorded under a set of angles between wave vector and
optical axis by X.Yang et al [1]. In figure IV.25 the dispersion of modes depending on the
angle between the incident and optical axis is presented.
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Figure 1V. 25-Directional dispersion branches of phonons in LN [1]
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One can notice that the frequencies of forbidden lines shown in the table above can be found
in this figure. This can be explained by the plane where the wave vector is according to
directions of defocusing of the pattern. For the configuration X(YZ)X the defocusing of the
beam along Y and Z axis were observed mainly along Y so the phonon vector has additional
Y components. The phonon wave vector is in the ordinary plane. When defocused through the
sample the incident beam is therefore depolarized so that the component (ZZ) of the Raman
tensor can be considered. (ZZ) corresponds to activation of A;[TO] lines consequently with
our observation with time. The line intensity increase with time is simultaneous with the
intensity change of the scattered beam.

The defocusing along Z was detected for the configurations X(YY)X and X(ZZ)X. In
this case the wave vector has also a Z component and is in the extraordinary plane. This
means that the quasi-modes can appear which is in agreement with obtained spectra.

A circular defocusing was detected for the configurations Z(YY)Z and Z(XY)Z. In this
case the wave vector is along Z and must have components along X and Y, so will be in the
extraordinary plane and as it was mentioned quasi-modes can be present for these cases.

It has to be mentioned that the quasi-mode detected near 524cm™ was seen in all
spectra where quasi-modes were present. The frequency of this quasi-mode is quite different
of the frequency of normal Raman lines. As it was mentioned in the work of X.Yang et al.
(fig.IV.25), the mode near 530cm™ appears at the angles nearly from 20° to 50° between the
propagation direction and the optical Z axis. And this peak isn’t present at back and 90°

scatterings.

123



Chapter IV Time dependence of Raman spectra of photorefractive Fe doped LN

IV.IV — Strain effect induced by the photorefractive effect

In addition to the activation of forbidden Raman lines discussed above, we observe in
both back- and forward- scattering Raman measurements a shift of the position of some lines,
which is dependent on time: This shift is discussed in terms of strain induced via piezoelectric

effect by the space charge field associated with photorefractive effect.

IV.IV.1 — Backscattering

IV.IV.1.1 — Experimental part

Four different Fe:LN samples were grown by the Czochralski method with dimensions
of about 10 x 10 x 1 mm?® with the major (X) surface optically polished. The effective
concentration of Fe?* and Fe**are reported in table IV.2. We first report data obtained by

backscattering using the Horiba ARAMIS Raman spectrometer with the excitation line of 633

nm.
Sample code and | Fe concentration [Fe™] [Fe*] [Fe")/[Fe*]
description (%omol ) (x10*at./m®) (x10*at./m®)
Fe:LN0.10O 0.1 0 18.8 <0.01
(oxidized)
Fe:LN 0.1 AG 0.1 0.46 18.34 0.025+0.008
(as-grown)
Fe:LN 0.1R 0.1 5.29 13.5 0.39+0.01
(reduced)
Fe:LN 0.05 0.05 1.57 7.83 0.20+0.01

Table IV. 2— Summary of sample codes and characteristics

Raman spectra as a function of time in configuration X(ZZ)X (modes A1(TO)) and
X(YZ)X (modes E(TO)) were collected and analyzed. The peak frequency of each Raman line
was fitted and the results were plotted as a function of time. The acquisition time of a Raman
spectrum is significantly shorter than the photorefractive time constant of the material. In a
given sample, the speed of the PR phenomenon is influenced primarily by the intensity of the
illumination pattern, so that it is mandatory to use low intensities to have large time constants.

Also, the confocal aperture plays an important role. In order to obtain fast acquisition times,
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we had to use a large pinhole size (fixed at 400 um) and consequently large detection volume;
this has important consequences in the dynamics of the measured signal, as it will be shown
below. In the following we used a 10x objective and an excitation beam with a wavelength of
632.8 nm. The incident power was varied by means of three neutral density filters and
measured before the sample surface with the help of a portable power meter to be in the range
between 10 and 0.1 mW.

IV.IV.1.2 — Results

By observing the time evolution of the Raman spectra we found that in general all
Raman peak frequencies shift with time. Although all the modes are shifted of a comparable
amount, the phenomenon is particularly evident for the A1[TO,4] mode because this line is
intense, well separated and with a relatively high frequency of ~ 632 cm™ which makes it
particularly sensitive to any perturbation of the lattice structure. In figure 1V.26 it is reported
the time evolution of the A1(TO,) frequency shift for samples Fe:LN 0.05 and Fe:LN 0.1-AG.
The shift evolves according to a saturation behavior and reaches a limit value as high as 0.7
cm™ and 1.4 cm™ for the sample Fe:LN 0.05 and Fe:LN 0.1-AG, respectively (see table IV.2
for sample description).The time evolution of the frequency shift depends on the light

intensity, becoming faster for higher intensities.
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Figure V. 26-Time evolution for the peak frequency of the A1[TO4] mode in samples Fe:LN 0.05 and
Fe:LN 0.1 asgrown (see table 1V.2)
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IV.IV.1.3 — Discussion and Analysis
It is clear that the time dependent shift of the Raman lines is due to some kind of local
modification induced by the excitation beam in the sample. A change in Raman lines
frequency can be due to several reasons, such as a change in the sample temperature or stress.
Our first aim is therefore to figure out what are the important couplings responsible for the

observed shifts in the Raman spectra.

In Figure IV.27 are represented the possible effects arising when an absorbing lithium
niobate sample is illuminated with a laser beam, together with the possible couplings between
the different fields. The arrow B, the photo-induced charge transport, is of particular interest
to us. It is known [2-5] that typical space charge fields in Fe:LiNbO3 samples can easily reach
values as high as 10”7 VV/m, with a major component along the positive z direction.

Light Beam

Strain

Y
Shift of the Raman
Frequency

Figure V. 27— Scheme of the possible couplings between different light induced effects in Fe:LN.
Dashed arrows represent contributions that can be neglected

It is known that strain may modify the frequencies of Raman modes. As LN is
piezoelectric, the photorefractive electric field is able to induce such a strain, affecting

indirectly the lattice modes frequency (figure 1V.27).

126



Chapter IV Time dependence of Raman spectra of photorefractive Fe doped LN

In our experiments we aim at investigating the effect of a light-induced space charge
field on the Raman spectra. This study can be compared with the changes in the Raman
spectra directly induced by a static electric field or a temperature change applied on the
sample. Therefore, we also performed a series of experiments which were useful to clarify
our observations. The effect of a static electric field on the Raman spectra was evaluated in
the following way: a couple of planar electrodes were deposited on the X surface of an
undoped LN sample, leaving between them a gap of about 100 um, so that the electric field
was along the Z direction. Those electrodes were connected with a power supply able to span
a voltage range of 1 kV, which can be doubled by inverting the electrical connections with the
sample. We measured the Raman spectra in backward scattering at different voltages focusing
at the surface of the region between the electrodes, using the lowest possible power and an
excitation wavelength at 785 nm, in order to limit to the maximum possible extent the
influence of the photorefractive effect. When the field is ramped between — 10" to 10" VV/m, a
linear change in the frequency of the Raman modes is observed. By repeating several times
our experiments and by fitting the obtained dependences with a linear law we were able to
estimate a calibration coefficient Raman frequency/Electric field of +0.5x107 cm™ mV™ for
the A;[TO,4] mode (Figures 1V.28).
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Figure V. 28- Frequency dependence of the mode A;[TO,4] on the electric field by sequence

Moreover the PR effect on the Raman spectrum has to be distinguished from other
contributions, such as those deriving from sample heating, which may play a role during the

Raman measurements Then, in order to verify whether the heating of the sample due to the
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sample absorption can affect the Raman modes frequency, we performed also measurements
of the Raman frequency change due to the sample temperature with the 633 nm excitation
line. A pure lithium Niobate sample (i.e. with negligible absorption) was mounted into a
thermal stage and measured between room temperature and 675K (appendix A). The
experiments as function of temperature show an opposite behavior since in the explored range
the frequency is shifted to lower values by increasing the temperature. From our data we
obtained a time dependent coefficient with temperature of -0.024 cm™K™ (appendix A).

IV.IV.2 — Forward scattering

In the previous part it was shown that the frequency shift with time is originated by the
photo-induced space charge field through to the piezoelectric effect. As it was seen in forward
scattering measurements for the configuration X(YZ)X (or Y(XZ)Y) unexpected A;[TO]
modes are activated with time and after long time the A;[TO] are mainly present. In this part
we will report the frequency shift of these activated modes A;". We will concentrate on the
same Raman line (Ai[TO,4]) as for the backscattering case. For these measurements the
samples with 0.03mol and 0.05mol % Fe were used, for each concentration of Fe oxidized
and as grown samples were measured. The frequency values were fitted by the LabSpec
software which provides a possibility to fit the peak and reproduce the dependence with time.
In figure 1V.29 the shift of forbidden A.[TO,] (we will name it A;[TO4]) line as a function

of time is presented for two concentrations of Fe.
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Figure IV. 29 -Time evolution of the frequency shift of activated A;[TO,] in the configuration X(YZ)X,
0.03mol and 0.05mol Fe doped asgrown samples are presented

In addition the shift is sensitive to the concentration of Fe and to the reduction degree of the

samples as well (figures 1V.30 and 1V.31).
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Figure 1V. 30-Time evolution of the frequency shift of activated A;[TO,] in the configuration X(YZ)X,
0.03mol Fe doped asgrown and oxidized samples are presented
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Figure 1V. 31 -Time evolution of the frequency shift of activated A;[TO,] in the configuration X(YZ)X,
0.05mol Fe doped asgrown and oxidized samples are presented

It has to be mentioned that the frequency shifts have the values between 3 and 6.5cm™ in a
contrast with a backscattering case where the frequency shift was between 1 and 1.4cm™.

The activation of A;[TO] modes occurs with time. It is thus interesting to exploit the
intensity dependence with time in order to have an idea about the time constant. In figure
IV.32 the integrated intensity ratio between activated A;[TO,]" and expected E[TOg] is
plotted. As one can see the time required for detecting the activation of A;[TO] modes is less
for the as grown sample comparing to the oxidized one. The time of saturation of the ratio is
nearly the same for both samples. In addition it is important to mention that the ratio is higher
for the asgrown sample comparing to the oxidized one. The same behavior is detected for the

samples with 0.05 mol% of Fe.
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Figure 1V. 32-The ratio between integrated intensity of activated A;[TO,]” and expected E[TOg] in
the X(YZ)X configuration. Fe:LN 0.03 asgrown and oxidized samples are presented.
Summarizing all the results above we can conclude that the frequency shift of the
forbidden A1[TO4] is originated by the strain effect due to photorefractive space charge field
and the piezoelectric properties of Fe doped LN samples as for the case of backscattering
discussed above. The frequency shifts are much higher in the forward scattering case as the
beam traverses the sample which is not the case of the backscattering case where the

measured volume and so the induced strain is much smaller.

IV.IV.3 — Interpretation

One — center model analysis

The above reported analysis indicates the photorefractive space charge field as the
possible origin of an elastic strain through the reverse piezoelectric effect, just as the same
field induces a change in the optical properties through the electro optic effect. Raman
spectroscopy is sensitive to strain changes so that the Raman frequency change during time
exhibits some typical features of the photorefractive phenomena.

For sake of simplicity, in this first analysis we will approximate the illumination as

uniform inside the spot area, with an average intensity given by the beam power divided by
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the spot area. Of course this is a crude approximation but allows capturing the essential
features of the phenomenon using simple mathematics. In this case, according to the well —
known one — center model for photorefractive phenomena in Fe:LN [6], the space charge field

should evolve following a saturated exponential law:

b0 =1 e (9] v

The parameter Egy is proportional to the concentration of Fe** ions [7] according to the

formula;

Esar = Cpr T [Fe®*] (IV.2)

ue

where Ky, is the Glass constant, hv the photon energy, r the recombination rate, u is the

mobility of light induced charge carriers and e the elementary charge. The expected value of
the proportionality constant in eq. (2) is of the order of 10" - 10" Vm? [6]. On the other
hand, the time constant z is given by:

€€ (IV.3)

T=—"

Opc
where opc is the material photoconductivity if the dark conductivity of the sample was
neglected.

According to experiments performed under applied electric field, Af(t) = sE(t)
where s = 0.5x10_7cm"1% was estimated for the A;[TO4] mode. Using this value and

assuming for the moment that the space charge field is the only origin of the observed shifts,
we may use our data to obtain the time evolution of the field amplitude in the different
samples. According to this view, the time evolution of the Raman frequency shift of the
A1[TO,4] line was first converted in the space charge amplitude using the constant s and
subsequently fitted using equation (IV.1). The Esy values were obtained for back and forward
scattering frequency shifts and are shown in the figs. V.33 and 1V.34.

The space charge field value in backscattering is one order of magnitude less than the one in
forward scattering. As the photorefractive space charge field depends on the absorption
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coefficient, so the difference in values in backward and forward scatterings is explained by

the difference of wavelengths used in both cases
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Figure 1V. 33-Saturation value of the space charge field in backscattering determined by converting
the shift of the Raman frequency to space charge field and subsequent fitting with eq. (1V.1)

As on can see the space charge field value is higher for the reduced sample comparing to the
oxidized and asgrown, this is due to the difference of concentration of Fe** (table 1V.2) in
samples, as the space the saturation value of space charge field is proportional to Fe®".
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Figure 1V. 34-Saturation value of the space charge field in forward scattering determined by
converting the shift in the Raman frequency in space charge field and subsequent fitting with eq. (1V.1)
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IV.V — Conclusion

The photorefractive effect in Fe doped LN crystals can lead to some changes in Raman
spectra and so can be characterized by it. One of the results of the photorefractive
phenomenon is the defocusing of the beam after interaction with a photorefractive LN crystal
which can lead to significant changes in Raman spectra. It was shown that the defocusing of
the beam leads to the activation of forbidden Raman lines of other symmetry and quasi-modes
as well. Activations are due to the changing of the plane of wave vector and are originated by
the defocusing of the beam.

In the second part of the chapter it was shown that there is a frequency shift of some
Raman lines with time in back and forward scattering spectra. The A;[TO4] line was
analyzed. The frequency shift is due the piezoelectric strain and is originated by the photo-
induced space charge field. Using a calibration value the space charge field saturation values
can be calculated. It is shown indeed that the space charge values are higher in forward

scattering results.

135



Chapter IV Time dependence of Raman spectra of photorefractive Fe doped LN

IV.VI — References

[1] X. Yang, G. Lan, B. Li, H. Wang “Raman Spectra and Directional Dispersion in LiNbO;z; and
LiTaO;“ phys. stat. sol. (b) 141, 287 (1987)

[2] R. Grousson, M. Henry, S. Mallick, and S. L. Xu, J. Appl. Phys. 54, 3012 (1983)

[3] F.S.Chen “Optically induced change of refractive indices in LINbO3 and LiTaO3”, J. of Applied
Physics 40, 3389 (1969)

[4] A. M. Glass, D. von der Linde, T. J. Negran ,,High-voltage bulk photovoltaic effect and the
photorefractive process in LiNbO3” Appl. Phys. Letters 25, 233 (1974)

[5] B.GKim, B.K. Rhee “Determination of photovoltaic constant and photoconductivity in
LiNbO3:Fe using Maker fringes” Optics Communications 198, 193 (2001)

[6] P. Gunter and J. P. Huignard, “Photorefractive Materials and their Applications 1: Basic effects”
Springer-Verlag, Berlin, 426 (2006)

[7] T. Volk and M. Wohlecke, “Lithium Niobate: Defects, Photorefracion, and Ferroelectric
Switching” Springer, Berlin, 264 (2008)

136






Conclusion

Conclusion

We have investigated by Raman spectroscopy the different and successive effects
caused by photorefractivity in LN crystal, and especially Fe doped LN sample. Results were
compared with data on undoped LN and on Zr doped crystals as well, which are considered as

optical damage resistive crystals.

At first, the influence of the polarization on the Raman spectra of LN were studied and
compared with those expected by selection rules. It was shown that the spectra are strongly
sensitive to the polarization direction and that obtained lines are in agreement with Raman
selection rules. We establish a nearly complete table of the frequency of all A; and E modes,
for TO and LO components It was seen as well that a small misorientation of the sample or
polarizers can lead to the presence of leakages of other symmetry. It is shown indeed that the
asymmetry is strongly reduced after dividing the Raman intensity by the population factor
n(w) + 1associated with first-order Stokes scattering. This effect is particularly large for low-
frequency phonon lines. The powder of congruent LN was measured as well and it was
shown that Raman spectra are insensitive to the polarization choice (crossed or parallel
polarizers). In addition, it was shown that both spectra are exactly similar to the non-polarized
spectrum. In order to investigate the resistance to photorefractivity, Zr doped LN samples
with different Zr content were studied by Raman spectroscopy. The frequency changes of
Raman lines between samples as obtained by fitting procedure are quite small (1 cm™). The
additional statistical treatment was applied on same spectra (chemometrics). We showed that
this method provides the frequency shift behavior for each mode and each sample and it is in
agreement with those obtained by classical fitting procedure. Utilizing Raman technique and
chemometrics method the optical damage threshold of Zr doped LN crystals was determined
and is near 2mol%, which is in agreement with results reported in literature obtained by other
techniques. The site occupation of Zr ions was interpreted. It was shown that the Principal
Component Analysis (PCA) can be used in order to help to determine the threshold. These
results provide a possibility to use the PCA to derive the relative change in the spectra among

many samples and to deduce a hierarchy of these samples using the classical fitting procedure.

For investigations of the influence of the photorefractive effect on the Raman spectra,
Fe doped samples were used performing time dependence Raman measurements in back- and
forward- scatterings. It was shown that the selection rules do not completely hold in forward

scattering and forbidden lines of other symmetries and quasi-modes were detected. This is
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explained by defocusing of the scattered beam linked to photorefractive effect of the Fe doped
LN. In addition Raman lines show a frequency shift with time in backward and forward
scatterings. It is shown that this shift is due to piezoelectric strain and is originated by photo-
induced space charge field. The frequency shift of A;[TO4] was analyzed. Performing a
calibration experiments and utilizing the obtained calibration value between the frequency
shift and the applied external electric field, space charge field values of each sample were
calculated. The values are sensitive to the concentration of Fe in LN as expected. In addition
it is shown that the space charge field is one order of magnitude higher in forward scattering
comparing with this for backscattering which is due to the difference of the excitation
wavelength. So photo-induced space charge field can be characterized utilizing Raman

spectroscopy and can be observed by calculating the frequency shift of Raman lines.

Perspectives

Next step of the work is to give more quantitative view on obtained results. Thus
several physical parameters can be deduced from the evaluation of the space charge field
deduced from Raman data. Indeed the concentration of Fe** can be reduced from the

saturation value of the space charge field as:

e 1
[Fe3+] = —-

*
Kpnhvr  Egqe

As well as using the time constant of space charge field we can obtain the photoconductivity

values for each sample: o, = %

For different configuration as a function on propagation and polarization directions we
obtained different direction of defocusing. In addition it could be interesting to study the
physical origins of the defocusing, specially to explain the difference of configurations
X(YZ)X and X(ZY)X.

In forward Raman measurements for the configuration X(YY)X (Y(XX)Y) the activation of
A4[TO] modes were detected and the integrated intensity of the Ai[TO.]" activated has a

saturated form with time (figure P.1). It will be interesting to exploit these results and find out
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the link with photorefractive phenomenon and use new technic in order to characterize

photorefractive properties.

Figure P. 1 - Activated A;[TO,]" and it’s integrated intensity as a function on time. For the
configuration X(ZZ)X

At last, dopants relevant for laser emission after cations could be interesting to be studied.
Thus doping LN with Cr and Ho ions leads to obtain a laser crystal, so it will be interesting to
study them by Raman spectroscopy in order to investigate non-linear properties and the
influence of Cr and Ho ions on the structure of LN.
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Appendix A.  Temperature dependence of Raman scattering and anharmonic properties in LINbO,

A.I — Introduction

Here we study in more detail the temperature dependence of modes A; polarized along the
FE c axis but also the optical phonons E corresponding to ionic motions in the plane normal to
c. At first the different origins of asymmetry in line shapes are considered before deriving
from the fitting procedure the temperature dependences of phonon-frequency and -damping.
Our measurements were recorded from low temperature (93 K) to establish a clear assignment
of all detected lines, up to very high temperature (673 K), but much below T..

Frequency and damping of each optical phonon were then plotted as function of
temperature and their dependences were analyzed in terms of contributions coming from

normal volume and anharmonic effects.

143



Appendix A.  Temperature dependence of Raman scattering and anharmonic properties in LINbO,

A.IT — Experimental

Raman measurements were performed with the 633 nm exciting line of a He—Ne laser at a
power of 50 mW.. LinKam LTS420 set up was used with a temperature controller within 2 K.
According to C3v point group of LN, 4 Raman active phonons with A; symmetry and 9
Raman active phonons with E symmetry are expected. To detect A;[TO] and E[TQO]
transverse optical (TO) phonons, Y(Z2)Y and Y(ZX)Y backscattering configurations were
used, respectively. These configurations are chosen because they allow in principle
discrimination between the two phonon symmetries. Raman spectra recorded at various

temperatures within both scattering configurations are shown in figs. A.1 and A.2.

At low temperature Fig. A.1 displays the four lines corresponding to the expected A;[TO]
phonons whereas Fig. A.2 exhibits seven peaks for E[TO] phonons. A clear assignment
of different Raman lines to first-order phonons was achieved at low temperature (93 K) in
both spectra so that their dependences on T can be studied without ambiguity. As expected
Raman peaks broaden with increasing temperature so that several peaks are not longer well
detected at very high temperature. Moreover second-order scattering is enhanced at high
temperature and causes additional broadening. But its effect is relatively small in the
temperature range under study. At temperature above 800 K its influence becomes dominant
and the Raman spectrum consists only into very wide bands [2] leading to some ambiguous

interpretations of the spectra
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Figure A.1 — A;[TO] Raman spectrum of LN recorded at several temperatures
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Figure A.2 — E[TO] Raman spectrum of LN recorded at several temperatures
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A. III — Results

Figure A.3 shows the lowest frequency E[TO;] Raman spectrum recorded at different
temperatures. A clear down-shift of the maximum and increase of the width is detected on

heating for this peak.
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Figure A.3 — Lowest-frequency E[TO;] Raman spectra recorded at different temperatures. Inset:

temperature dependence of Bose-Einstein population factor for w(E[TO,]) at room temperature
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Figure A.4 — Lowest frequency E[TO;] Raman spectrum at 673K. This spectrum is then divided
by the Bose-Einstein population factor (reported in the inset) and finally fitted to two Lorentzian

functions

As a consequence, the line shape Raman profile has to be carefully analyzed to
distinguish between the different origins of asymmetry: the population factor, the occurrence
of peak with a different symmetry and the presence of second-order bands. Our Raman
spectra, after correction by the population factor, are fitted to a sum of lorentzians. The
frequency and the damping of each A1[TO] and E[TO] phonons are derived from this fit so
that their dependences on temperature are plotted in Figs. A.5 and A.6. The changes with
temperature are much larger for A1l phonons than E modes. This is true for frequency and
damping as well. The frequency decrease is strong and nearly linear with temperature for Al
mode in the whole temperature range whereas the frequency change is much smaller in E
phonons and is observed above 400 K only (Fig. A.7). The damping of A;[TO] exhibits a
large and rapid increase with temperature showing a deviation from the linear behavior above

400 K whereas the damping increase of E phonon is nearly linear with T. The T dependences
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of both frequency and damping of each Al and E phonon are interpreted and discussed below

from a model accounting for different contributions and described here.

A. IV — Anharmonic behavior : model and calculations

The temperature dependence of j-th optical phonon frequency results from the

combination of various effects as:

w;(T) = w;(0) + Awj(ent) + Aw;(anh) (A.1)

where w;(0) is the frequency value assumed at 0 K, Awj(ent) and Aw;(anh) are the shifts
due to the entropy driven part of the volume expansion and anharmonic effects, respectively.
The first shift results from entropic part of volume or thermal expansion effect and can be
expressed as:

T !/ !/
Awj(ent) = w;(0)g; [, a(T")dT (A.2)
where g; is the Gruneisen parameter (—fg—‘;, with V cell volume) and o is the thermal
J

expansion coefficient of the cell.

The linear thermal expansion coefficient relates the change in a material's linear
dimensions to a change in temperature. It is the fractional change in length per degree of
temperature change. Ignoring pressure, we may write:

_1dL

where L is the linear dimension (e.g. length) and dL / dT is the rate of change of that linear

dimension per unit change in temperature. The change in the linear dimension can be

estimated to be:

AL
L

For congruent LN the thermal expansion coefficients are:
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aa =15x10°°/°C
ac =7.5x10°/°C
The relative change of the frequency with temperature is assumed to be linear as:

da)l-

= KdT (A5)

i

The Gruneisen parameter g is expressed as:

V dw;
9="uw (A.6)

The physical meaning of the parameter can also be extended by combining thermodynamics
with a reasonable microphysics model for the vibrating atoms within a crystal. When the
restoring force acting on an atom displaced from its equilibrium position is linear in the
atom's displacement, the frequencies wi of individual phonons do not depend on the volume
of the crystal or on the presence of other phonons, and the thermal expansion (and thus v) is
zero. When the restoring force is non-linear in the displacement, the phonon frequencies
oi change with the volume V. The Gruneisen parameter of an individual vibrational
mode i can then be defined as (the negative of) the logarithmic derivative of the
corresponding frequency ;.

V = a®c
dV = 2acda + a*dc

dV _ 2acda + a’dc 2da dc

%4 a?c a c

From the equation of Gruneisen parameter (A.6):

dw; dv 2da dc 2a,dw;  a.dw; Cag + a.)dw;
() o et )
w; vV a c K w; K w; K w;
So:
K
y=- 205+a, (A7)

As a, and a, are linear within the temperature range under study [3] we have:
Aw;j(ent) = w;(0)g;aT = w;(0)K;T (A.8)

where K = g;a is a parameter for each j mode. The anharmonic term in the equation (A.1) is

assuming to come from the third-order anharmonic potential [4,5]. Within this model the TO
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phonon decays into two phonons of lower frequency [5, 6]. Due to momentum conservation,
these phonons have opposite wave vectors and belong to the same mode, and due to energy
conservation their frequencies equal to half of the considered TO phonons [6-8].
Within this assumption the anharmonic term can be written as:
_ w;(0)
Awj(anh) = =D {1 + 2n (T)} (A.9)
where D is a coefficient depending on the third-order process and n is the Bose-Einstein
population factor. Therefore according to equation (A.1) the temperature dependence of each

optical phonon frequency can be fitted to (the index j is hereafter omitted)
o(T) = w(0) + w(0)KT — D{1 + 2n (*£2)} (A.10)

with only two adjusted parameters w(0) and D. K = ga is a constant for each phonon as
deduced from Gruneisen and thermal dilatation coefficients issued from literature [2,3,9]. Due
to the quasi linear T dependence of n(w) (see insert of Fig. A.3) a linear change of phonon
frequency is expected with T. It is to be stressed that both terms (entropic and anharmonic)
are negative (note that g and therefore K is negative) and have to contribute to phonon

frequency diminishing.
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Figure A.5 — Temperature dependence of the frequency (part a) and damping (part b) of
A1[TO] phonons in LN. Dots are experimental data and continuous lines are fits to equations 5 and 6,
respectively. Dashed lines correspond to calculations when the last term in these equations is

neglected

The temperature change of the phonon damping can be expressed and fitted to

Ay(T) =y(0) + B {1+ 2n (@)} +CT? (A1)

where the first term corresponds to the residual linewidth including spectrometer resolution.
Due to the effects other than the anharmonicity, its value at the O K limit depends on the
defects or impurities only. The second and third terms come from 3- and 4- phonon processes
via parameters B and C, respectively. By contrast to the frequency dependence, in which only
the term coming from the third-order potential is needed for fitting (see equation A.10), here
for the damping, the fourth potential introducing a quadric dependence is necessary to
reproduce the temperature dependence especially at high temperature as shown below.
Experimental T dependences of phonon frequency and damping are fitted to egs A.10 and

A.11 respectively.Results are reported in fig A.6 for Al phonons and fig A.7 for E modes.
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Only phonons for which the behavior can be unambiguously studied as function of T are

reported. For E phonon frequency data are fitted in the range above 375 K since below this

temperature the frequency is almost T independent (the change is about 1 cm™ only). Fitted

values of the parameters (0), D, y(0), B and C are reported in Table A.1.

Modes  ®(273K) G K D w(0)  y(73K)  (0) B C

(cm™) -10°kY  (em® cem?) em?) (em?)  (em?) (10%em*K?
A1TO1 251.9 0.9 34 29 2625 15.1 10.3 1.9 2.0
A1TO2 274 2.5 94 14 2843 17.7 05.5 2.4 0.0
A1TO4 631.8 0.4 14 7.0  643.6 14.0 11.8 7.4 1.6
ETO1 151.4 1.3 49 0.8 159 08.3 07.1 0.2 1.4
ETO3 236.1 0.2 07 05 2384 10.0 07.2 0.3 2.6
ETO5 321.2 1.1 43 01 3246 13.1 11.3 0.0 4.2
ETO6 368.6 2.0 75 00 3779 17.0 14.9 0.1 2.6
ETO8 578.4 0.8 30 15  587.2 17.4 04.4 8.9 0.0

Table A.1 — Values of the parameters D, B, C, w(0) and y(0) deduced from the fits of experimental
data to Egs. A.10 and A.11. g is the Gruneisen parameter value given in literature [9] (except for

E[TO¢] where g is arbitrary fixed to 2). The experimental values of the frequency and damping at

273K are also reported for comparison with the respective fitted values at 0K
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Figure A.6 — Temperature dependence of the frequency (part a) and damping (part b) of
E[TO] phonons in LN. Dots are experimental data and continuous lines are fits to equations A.10 and

A.11, respectively
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A.V — Discussion and conclusion

As shown in figs. A.6 and A.7 a fairly good agreement is achieved between
experimental data and calculations in temperature plots of both frequency and damping for all
Al and E phonons as well. This result is remarkable since obtained with a relatively simple
model from two or three adjusted parameters for frequency and damping, respectively. It is to
be mentioned that the value of the parameter w(0) derived from fit of frequency plot is then

introduced as one constant in the treatment of the T dependence of the damping.

Results (presented in Table A.1) pointed out that anharmonic parameters D and B
related to third-order potential are very large for each A; phonon. By contrast these
coefficients are small in all E[TO] phonons, except the E[TOg] which shows values close to
those of Al. The strong anharmonic contribution in Al phonons is emphasized in Fig. A.6a
showing the large difference in the dependence of frequency between the experimental data
and the calculated plots if only the entropic term is considered in eq. A.10. This is especially
observed in TO; and TO,4 whereas the entropic term is nearly sufficient to describe the T
dependence of the A;[TO,] frequency. The fourth order-potential (parameter C) present in
damping only has very small values in all E and A1 modes. This contribution is shown to
increase with growing T, as seen in Fig. A.6.b.

Our results are consistent with ab initio calculations reported by Caciuc et al. [1].
From local-density approximation they computed total energy for different modes and they
demonstrated a large anharmonicity of A;[TO;] and A1[TO4] phonons, while TO, and TO;
modes (this last mode was not considered in our study) are nearly entropic. The origin of this
strong anharmonic behaviour can be related to ionic motion pattern associated with the
different modes. Thus TO1 is an out-ofphase motion of Nb and O ions along the z axis
whereas the TO4 corresponds to a stretching motion of oxygen octahedra [10]. It is to be
noted that a vibration similar to A;[TO,] is associated with E[TOg] which was found in our
study to be anharmonic as well. This large anharmonicity within ionic motions along the FE
axis c is also in accordance with calculations of Inbar and Cohen [11], predicting large double
well potentials for oxygen displacements towards Nb ions, in agreement with a main order—

disorder character of the FE-PE phase transition.
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Appendix B Fitting procedure of Raman lines

Fitting procedure of Raman lines

In our work it was necessary to fit the Raman lines of the main part of obtained spectra. In

order to fit the peaks we used the Fityk 0.9.8 software. As a function we utilized the Lorentzian:

2
f((l); wWo,Y, I) = [m] xI (Bl)

After correcting the baseline of the spectra by the software and performing a single fit we observe 3
parameters: w, which shows the position of the peak and corresponds to the frequency of the phonon,
y which is the linewidth and shows the phonon damping and | is the height of the line and shows the
intensity.

In figure B.1 an example of the fitted spectra is presented:

Figure B. 1 — Fitted Raman spectra of congruent LN for Y(ZZ)Y configuration

In the case of the presence of asymmetries of the peaks there is a necessity to use an additional peak or
peaks in order to limit the error of the fit. In addition when we have a number of spectra to fit in order
to have comparable results between them the additional peaks can be fixed with nearly same
parameters for all fitted spectra, which was done for the fitting of Zr doped LN Raman spectra.
Additional peaks were fixed by their positions and linewidths for all fitted spectra (in the figure, the
additional peaks are near 220cm™, 240cm™ and 700cm™).
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