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Abstract

Resonance Ramaspectroscopywith <=325nm has beenapplied to study leadbased
perovkite-type (ABQ) relaxor ferroelectridPbSg sTay 505 (PS] and PbSg sNiy 03 (PSN as
well asrelated doped compoundwith Bi, Ba, La and ,Srartially substitutingfor Pbonthe A
site and compoundsith a third type ofB-site cation (Nb or Sn substituting for TaJhe
excitationwith radiation exhibitingenergyslightly above theoptical absorption edgé; and
correspanding to the maximum of the optical dielectric permittiviggs a function of photon
energy promotes the enhancemenof intrinsic antisymmetric BObending and stretching
vibrations associated with polar LO phonon modeg to Frohlich interactionas wellas the
appearance of intense twphonon scattering from the same vibration¥he performed
group theory analysis on the resonance Raman scatt¢RigSallowed in cubic as well as in
possible polar and nepolar ferroic phase, together with the temperature dependenof

the observed RRS reveals that taighanced Raman scatterirty resonancedue to Frohlich
interactions arisesexclusivelyfrom ferroelectric domains angbolar nanoregiong PNR)i.e.
polar structural distortionswhile the scattering conibution from the average cubioon-
polar matrix is below the detection limit upon the experimental setuphe pressure
evolution of RRS collected from PST reveals that the polarity of the structure persists up to
10 GPa.Resonane Raman scattering of-And B-site doped compoundsn generalfollows

the previouslyestablishedirends (by XRD and neRRSabout the effectof different type of
chemical substitutionTheBadoped compounds were found to show an increased individual
polarity while the coherence of polar coupling and thus the formation of ferroelectric-long
range order is disturbedalthough the overall polarity appears to be strongly increabgd
small amouts of Ba A completely different nature of deformation could be found for
compounds heavily doped with La or Sr, respectively. In this case, the facilitation of
antiphase B@octahedral tilts and the simultaneous suppression efaion offcentered
shifts leads to a drastic decrease of polarity while the doubling of the unit cell inherently
induces a coherentinferior polarity of symmetric B@ stretching vibrationsdue to the

deformation of adjacent Bgbctahedra by different Aite cation surroundings.

Vi



In contrast topreviously used methods as neoesonant Raman spectroscopy and XRD

resonance Raman spectroscopy allows to selectigdélyglying the ferroic phases othe
perovskitetype relaxor compounds and enable® distinguishbetween polaritygenerated

by the meansize of polar structural regions, polarity due to individual local distortion as well

as the overall polaritpf different compounds
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Fig. 1: Hysteresis loop of the net polarization (P) as a function of extemal electric field (E). After
all ferroelectric domains ar aligned in the same direction (arrows) a saturation of the
polarization is reached. By removing the external electric field, a remanent polarizagjjetill(P

exists. The net polarization can be suppressed to zero by applying a coercive electrig)field (.2

Fig. 2. The aristotype perovskite structure with symmetry Rmend unit cell parameter @
Large grey sphere at the center of the cube represents tsgecation. Small, grey spheres at
the corners of the cube are-8te cations and white spheres are anions i.e. oxygen atoms. By
doubling the structure (8 primitive &ic unit cells in total with unit cell lengthx2a,) changes

the symmetry to Fmm (Mihailova, et al., 2008 @).............ceeviiiiiiiiii e eee e 3

Fig. 3: a) Sketch of the structural state oftfsed relaxors at ambient conditions. Competitive
polar and antiferrodistortive ferroic order simultaneously exists on a mesoscuale, while
the average, longange order shows cubic symme{Waeselmann, et al., 2013)) Ferreplus

antiferroelectric order results in a fermeleCtriC STAB... .. ... v e 4

Fig. 4. Dispersion relation of a odémensional, diatomic chain with the phonon angular
FNBIjdzZSy Oe 6. 0 Ipkionoh watesrgtd {kKih Phy poltTatkic&r®@sponds to
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0KS dzyAd OStf LI NIYYSGOSND ! 02dza A0 LIK2y2ya 6 NBRO
at the FBZcenter. Optical phonons (blue) have naero frequency for any wavevector

tArOUGNOUL thE FBZ... ... e et e e e et e e e e e eanas 8

Fig. 5:Elastic (Rayleigh) and inelastic (Stokes &&tukes) light scattering and corresponding

transitions between vibrational states during the Raman scattering process.............c.c........ 10

Fig. 6:Elastic (Rayleigh) and inelastic (Stokes) Igglatttering and corresponding transitions
between vibrational states under resonance and under-resonance conditions. In the case

of RRS the intermediate state is an eigenstate and not a virtual state.................ccceeeeveeennnn. 13

Fig. 7:Resonance (solid lines) and Amsonance Raman spectra (dashed lines) of PST
(PbSgsTays05), measured in parallel (XX) and crpstarized (XY) scattering geometry. The
peaks arising from antisymmetric bending (AB) and antisymmetric stretching (AS) as well as

the corresponding twephonon scattering (two overtones and one combioa) are labelled.
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The spectra are vertically shifted for clarity. The leaonance spectra are normalized by the

same coefficient to match the vertical Size Of RRS........coonie i 26

Fig. 8:Resonance (salid lines) and nmsonance Raman spectra (dashed lines) of PSN
(PbSgsNIy s05), measured irparallel (XX) and crogmlarized (XY) scattering geometry. The
peaks arising from antisymmetric bending (AB) and antisymmetric stretching (AS) as well as
the corresponding twephonon scattering (two overtones and one combination) are labelled.
The spectrare vertically shifted for clarity. The neasonance spectra are normmalized by the

same coefficient to match the vertical Size Of RRS.......coooniiiiii e e 27

Fig. 9:Spliting of the electron states of-&tion d and oxygen 2p level for the cubic point
symmetry (mm) representing the noipolar matrix. Additioally, splitting of electron states
due to rhombohedral deviation from the ideal cubic structure in the form of polar ferroic (3m,
3) and antiferrodistortive ferroic speciesrq, ) is illustrated. In contrast to phonon modes,
the irreducible representabns of electron states are labeled following the Mulliken notation,

but lowercase letters are used instead Of UPPEICASE..........viiviiiiiii e eeeeas 31

Fig. 10:Temperature dependent parallel and crgsslarized RRS of PST. The spectra are

shifted vertically for clarity. On coolinggeals start to appear at temperatures near.T*............ 34

Fig. 11:.Temperature dependent parallel and cross polarized RRS of PSN. The spectra are

Fig. 12: Parallel polarized resonance Raman spectra of PST under high pressure at room
temperature. The spectra are vertically shifted for clarity. The spectrum at ambient pressure

has been collected after deCOMPIESSION..........iiiiiiiiii e eem e e e 37

Fig. 13:Parallel and cross polarized RRS spectra of PST related compounds. Spectra are only
corrected for the glassontribution but not for the BoséEinstein digibution and vertically

shifted for darity. The intensity and the position of the continuum photoluminescence
maximum (dotted lines) are different for all compounds. EspeciallyB¥S3hows very strong

luminescence background with maximum very closenihcident photon energy.................... 38

Fig.14: Maxima of the continuum photoluminescence background for PST and PSN as well as
their related doped compounds. For nearly all compounds there is a clear energy down shift
with respect to the incident laser energy. Only H&aiTshows a photoluminescenogaximum

that is very close to the excitation wavelength of 32B. For all samples the error is below
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Fig. 15Parallel and cross polarized RRS spectra of PSN related compounds. Spectra are only
corrected for glassontribution but not for the BoseEinstein distribution and vedally shifted
for clarity. The intensity and the position of the continuum photoluminescence maximum

(dotted lines) are different for all COMPOUNGS............uuuiiiiiiiiii e 40

Fig. 16: The wavenumbeatio of 2 (1) and corresponding™(l) order RRS. The upper part
shows the ratio of antisymmetric bending (AB) antisymmetric stretching (AS) vs. the
combinational mode (ABAS). In the middle antisymmetric bending and its overtone are
plotted. The lower part shows the antisymmetric stretching and its overtone. For all

compounds and vibrational modes, the ratiomsany equal t0 UNity...........oooeviiiiiiiiiiiiieniiee. 41

Fig. 17: Paallel and crosgolarized spectra of PS&lated compounds at ambient conditions.
The spectra have been corrected for the contribution of photoluminescence and are vertically
£ L1 CT0 I T0] o3 F= 1 Y/ 42

Fig. 18: Total scattering intensity of the RRS spectra of alsuneé samples at ambient

conditions in counts per second (cps) upon scattering geometyA™H..........cocceevveveeeinennn.. A3

Fig. 19: Parallel and crepslarized spectra of PSidlated compounds at ambient conditions.

The spectra have been corrected for the contribution of photoluminescence....................... 45

Fig. 20: Total fraction of"®order resonance Ramastattering as a function of-gite doping
content at ambient conditions. 8ite substitution for Pb strongly affects the ratio df-and
270TAET RRS........viviitiieeeeteee e ee ettt eems st snesane s ssenn e enene s BB

Fig. 21: Integrated intensity ratio of%2 and corresponding®torder RRS of different spectral
features. The upper plot shows theti@ between antisymmetric stretching AS) and its
overtone (IIAS), in the middle antisymmetric bendingAB) and its overtone (AB) are
concerned while at the bottom both fundamentalsAB& | AS) and the combinational mode
(I1ABAS) are presente@he normalized intensity of the fundamental modes has been squared

in order to follow the cross sectional dependence for tpltonon scattering...............eeveeeevennnn. 47

Fig. 22: Intensity of internal B@brations for all measured samples normalized to the total
intensity of £-order RRS. The upper plot shoastisymmetric B@ bending, the middle

antisymmetric B@stretching and in the bottom plot symmetric BSretching is concerned....... 50

Fig. 23: Intensity of the single internal B@brations with respect to the total scattering
intensity from of all intemal B@vibrations. Especially for the fraction of antisymmetric
bending in the upper plot it can be seen, that the Ba doped compounds behave differently

compared With the Other SAMPIES.......cooii e 52
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1 Introduction

Relaxor ferroelectrics have attracted much attention since decades as they possess
interesting and useful properties. iBnhincludes for example high dielectric response over a
wide temperature range, as well as high eleedqatic, electro-elastic pieze and pyroeletric
coefficients. Therefore, they are applicable for a variety of purposes such as ferroelectric
memories, snall-size actuators(Granzow, et al., 2004)ultrasonic sensors and capacitors
(Yamashita, et al., 1998jc. It is well established thatie properties of relaxor ferroelectrics
arise from theircomplex nanoscale structurdue to the existence of coherergtructural

polar distortions called polar nanoregions (PNR)ose PNR are spatiedgions of coupled
atomic displacements from thatomic positions in the aristotype structureembedded in a
pseudo-cubic nonpolar matrix consisting of uncoupled atomic displacemefitse size of
PNR is insufficiertb form ferroic orderon the length scaledetectible by Xay or neutron
diffraction. Although there havéeen extensive structuraltgdies in the pastthereis still an
ongoing discussion about the origin of the relaxor state and how chemical variation
influences the size and formation of PNEBokov & Ye, 2006)PNRhave drectly been
observed byhigh resolution transmission electron microscq@ursill, et al., 1995and are
responsible for the dffise Xray scatteringd t I T OA I | X, difu$enéutrod Scattaringn T 0
(LaOrauttapong, et al.,, 2001ps well as for the anomalous Raman scatteringthe
paraelectricphase (Mihailova, et al., 2002)Furthermore, PNR inrelaxors have been for
example studied by applying Brillouin spectroscqpym, et al.,, 2012and neutron pair

distribution function analysi§leong, et al., 2005)

Ferroelectricity is theproperty of certain materials to showa spontaneous net polarization
that can be switched between at least two different states by applying an external electric
field. Materials showing this phenomenon are called ferroelectr®g.cooling down from
high temperatues, tpically these materials show a paraelectieferroelectric phase
transitionat the socalled Curigemperature T, where domains with longangeferroelectric
order developin symmetry allowed orientatios Ferroelectric domains carrglectrical
polarization Pand thus generate an electric fieldJpon an external electric field E the

spontaneously formed domains realign giving risetbysteresis loopHig.1). The domains
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are forcedto align their orientation to thedirection of the external electric field. When all
domains are aligned in the same direction, a saturation ofriégpolarization is established.
By removing the external electric ftethe domains behave inertially and a net polarization
remains (P. Only by applying a coercive electric field) (ith reverse orientation and

maghnitude the total net polarization becomes zero again.

P1 The establishmentof polar properties depends
/'Pr/ I I on the crystal symmetryStructural polarity is
Ec\ allowed only in the absence of a center of
> inversion andin the presence of a polar axis
= (axis of symmetry with no mirror plane
l l _’_/’/ perpendicular to it). The former is fulfilled for

20 point groups (piezoelectric crystal classes),
Fig. 1: Hysteresis loopof the net polarization (P) as

while the latter only for 10 point gpups (polar
function of external electric field (E). After ¢

ferroelectric domains are aligned in the same directi crystal ClasseSHence’ be parato-ferroelectrlc

(arrows) a saturation of the polarization is reached. phase transitionshould beaccompanied by a
removing the external electric field, a remane

change of the crystal pot symmetry. A

polarizaton (R) still exists. The net polarization can |
characteristic property of ferroelectris is to

suppressed to zero by applying a coercive electric f
(B). show a sharp maximum ofthe dielectric
permittivity at the phase transition temperaturec. TRelaxor ferroelectrics in this context
show a broad, strong frequenedependent maximum of the dielectric permittivity § due

to their nanoscale structural arrangemeraind the maximumof & § i¢ often in the vicinity of
room temperature. The dielectric permittivity describes the resistivity that is encountered by
a dielectric material when an electric field is formed within it. The name of relaxors stems
from their distinctive different dielectric relaxation behavior compared to classical
ferroelectrics. The vast majority of relaxors has perovskipe structure (ABg) where the
Asite usually is occupied by Pbwhile the Bsite accommodates at least two chemical
elements.There are ao other structure types bearing materialgth relaxor behavior e.g.

the tungstenbronze (Stephanovich, 201@nd pyrochlore structurgDu, et al., 2008)

The perovskitaype structure Fig.2) allowsthe incorporation of variougations on the A
and B site, where the range of ionic radii is limited by a relation called the tolerance factor,
introduced by V. M. Goldschmidt in 1926.
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0 = Eq.1

Eg.1 gives the tolerance factor, wherg and i represent the ionic radius of the-And B-
Site cation respectively,oris the ionic radius of the anionyhichis oxygen in most of the
cases. Paovskitetype relaxors are Asite
and/or Bsite complex. Thésite is typically
occupied by PB* B&*, Na, K, Sf*, L&
and/or B*. The Bsite should be occupied by
a delement asTa", NB*, Ti**in combination
with Mg?*, zrt*, sé*, Ir?*, Fé* and/or Zf*.
Due to the occupation of the same
crystallographic site byt leasttwo ions of

difference valene and/or different ionic

radius, electric and/or elastic fields are

chemically induced to the structure. These
Fig.2: The aristotype perovskite structure with symmet ) o
electric and elastic fields are sasmed to be

Pm m and unit cell parameter g Large grey sphere
the centerof the cuberepresensthe Asite cation. Small  the basis for relaxor propertiesfor a long
grey spheres at the corneref the cubeare Bsite cations time. the common opinion wa that the

and white spheres are anions i.e. oxygen atoms.

doubling the structure (8 primitive cubic unit cells in tol imbalance of Charge and ionic radii ige

with unit cell length 2x a) changes the symmetry reason for dynamic nanosizeolar structural
Fm m (Mihailova, et al., 2008 a) species called polar nanoregions (PNR) to
appear. These PNR are embedde @ nonpolar, cubic matrix. At temperatures hundreds of
Kelvin above the maximum of the dielectric permittivity,f;Tonly uncoupled polar shifts
exist. By cooling down, at the @alled Burns temperature gJ; these uncoupled polar shifts
merge to nuclate PNR(Burns & Scott, 1973)n this ergodic state (accessible microstates
are equiprobable over a long period of time), PNR flip dynamically along symaiktwed
orientations. At further cooling, once the characteristic temperature T* is reaclieel,
dynamic of present PNR slowswdo and they merge to form larger polar clustets. clearly
can be identified e.g. via acoustic emissidul’kin, et al., 2010)In the regime down to
room temperature the lifetime of individual polar clusters apprisx.10* to 10° s (Blinc, et

al., 2000)according tonuclear magnetic resonanc®MR)spectroscopy Finally by passing
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Tm, for lower temperatures there are different

a) / / possibilities for structural evolution. Some
relaxors undergo aparato-ferroelectric phase

/ transition with the development oflong-range

e \ ferroelectric  order. Othes, the socalled

canonical relaxors do not show any ferroelectric

b) long-range orderdown to 4K but PNR eventually

become static at the freezing temperatur@y)

+ leading to a norergodic state (Bokov & Ye,
2006)

ferro anti-ferro

Studies during the last years promoted the
/\ perception, that perovskiteype relaxors witha
complex occupied Aand/or Bsite possess an

average cubic structure with two additional

competitive mesoscopic ferroic orders which

have a polar and antiferrodistortive character,

ferri

respectively(Waeselmann, et al., 20L1Ppue to

the coexistence of these two types of ferroic

Fig.3: a) Sketch of the structural state of Himsec ) ]
. . iy order in Pbbased relaxorgFig.3a), the structural
relaxors at ambient conditions. Competitive pol

and antiferrodistortive ferroic order simultaneous! State of these materials can be described as
exists on a mesoscopic scale, while the average, k rstrated ferrielectic (Fig.3b) (Mihailova, et al.,
range order shows cubic symmetfWWaeselmann, €

al.,, 2013) b) Ferre plus antiferroelectric orde 2015)

results in a ferrielectric state.



2 Objectives

The scopeof this thesis is to study perovskitgpe relaxor ferroelectrics with various- And
B-site doping by resonance Raman scatteril@RS) For this purpose stoichiometric
PbSe.5Tas0: (PST) and Ph&iNby s0; (PSN) Asite doped PST and PSN witlf B&f*, L&,
Bi**as well aB-site doped PST with Rband Sfi* were considered.The basic motivation at
this is to improve the understanding of the relationship between relaxor properties and their
complex nanosale structure. The first aim wds establishwhether RRS has the famtial to
selectively enhance th&aman scattering arising from PNR while suppressing scattering
from nonpolar cubic structural species. In this context the polarity of &ingtomic
vibrational modes coulde clarified and furtherrare, how the temperature evolution of
ferroic structural species takes place. Second, RRS spectra of different dopeducais@t
ambient conditions werecompared in order to determine the influence of atomic
substitution on the size, fraction and coherenof polar structural species as well as on the
electronphonon coupling. Third, the distinctive difference af increased and decreased
tolerance factor due to doping comped with pure compounds wasestimated by
considering RRS specté materials withA-site dopants having larger or smaller ionic radii
than PB*as a function of temperaturéThe evaluation ofthe measured spectra isupported

by RRS selection rules derived from group theory analiiseover, pressuralependent
Raman spectroscopyunder resonane conditions wa applied to characterize the

competitive behavior of polar and &ferrodistortive ferroic order.

A deeper understanding of the connection between the complex nanoscale structure
influenced by a varying chemistand the remakable properties of perovskiteype relaxor

ferroelectricsmay allowdevelopingnew useful ferroic materials in the future.






3 Methods and theoretical &sis

The data underlying this thesigere all conducted using resonant and a@sonant Raman
spectroscopy. The following seat® should give an overview tiie methodological issues
as well asof the fundamental theory of crystal lattice dynamics and the relevant scattering

processes.

3.1 Electromagnetic adiation

In order to understand the used experimental methods, it is necessary to characterize the
properties of the utilized information carrier. In generdde electromagnetic radiation is
described as a wave of oscillating electric andgnetic field perpendicular to each other
while the direction of propagation is perpendicular to both fields (transversal). The
O2yySOilA2y 06S06SSYy (GKS FNBljdzSyoe 2F 2a0Artf
@
= _Q Eq.2

where c is the speed of light in vacuum. The quantum of an electromagnetic wave is

represented by an elementary particle called photon, while the energy of a photon is given
by
0O Q9 Eq.3

where h is the Planck constart, is the reduced Planck consta(=K Kk H = 0 WY F 0e A&l (K
angular frequency. Photonmteract with matter in terms of transmission, absorption or
scattering.Depending on their energy, photons camuce electron transitionsor interact

with atomic vibrations and thus provideformation aboutstructure and chemical bonding.

Raman spectroscopy is based the scattering of photons bgtomic vibrations i.e. lattice
vibrations or phonons in crystalsThe energy of these photontypically is in the nar-

infrared (1400to 780 nm), visible (78Qo 380nm) or UV spectral range (380 to 2#46n).



3.2 Lattice dynamics ofrgstals

Even though Raman spectroscopy is also used to study molecules of gases andifiaals

the thesis is focusik on crystalline compounds,his paragraph only deals with the

consideration of atomic dynamics of solids, more precisely crystals.

All vibrations in a crystal lattice can be described by the superposition of its normal

vibrational modes, which correspontb the irreducible representations in terms of the

crystal symmetry. Each atom in a crydtak 3 degrees of freedom, one along each direction

of space.The number of normal vibrational modes in a crystal is given oW3with N atoms

A
| optical \
>
(&)
c
[B)
>
O
L
=
]
g_’ .
o | acoustic
S
_ >
- la 0 la

wavevector (K)

Fig.4: Dispersion relation of a onglimensional, diatomic chai
with the phonon angular freque®& 6.0 & |

phonon wavevector (k). The point at 0 corresponds to thi
center2 ¥ G KS C. % gKENBNE LINBEBSY
2F 0GKS C.% 6A0GK al ¢ o0SAy3d

LK2y2ya& ONBRO aK2g A& hebdngsTerdR
the FBZcenter. Optical phonons (blue) have nerero fre quency

for any wavevector throughout the FBZ.

in the primitive unit cell.The energy of
lattice vibrations is quantized, just like
the energyof an electromagnetic wave,
and the quantum of lattice vibration is
represented by quasiparticle called
phonors. The phonon density of stadas
the complete set of phonorbranches
within the first Brillouin zone (FBZ)he
FBZ is the WigneiSetz cell of the
reciprocal space, where the Wignrgeitz
cell is one type of primitive unit cell
confined by planes, bisecting the
distance between one lattice point and
all its direct neighboring tdce points.
The phonon branches describe the

dispersion throughout the FBZ i.e. the

angular frequency as a function of theavevector(k). In general three phonon modes are

acoustic (A), meaning the participating atoms move in phase and behave as savad.w

Basically, those modes defitiee velocity of sound icrystak. If the atomic basis consists of

at least two atoms, 3N 3 phonon modes are optic (O). For optical phonat@ms move out

of phasewhich inducesa dipole moment due tahe off-shifting of the center of gravity of

negative charge carriers with respect to that of pogtbharge carriersThis dipole moment

is capable to interact with the electric field of light.
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The principle dispersion relation of phonons shown inFig.4, using the example of ane-
dimensionaldiatomic chain. In this case the number of phonon branches is determined by

1 (dimensions) 2 (number of atoms ta primitive unit cell) yielding2 branches The upper

band with relativelysmall dispersion is the optical branch, whereas the acoustic branch
below shows strong dispersion throughotite FBZ with zerfrequency ati KS OSy (i SNJ
point). Phonons are additionallycharacterized by theorientation of atomic displacement

vectors tothe direction of propagation. If atoms vibrate along the direction of propagation

the wavecharacter is longitudinal (L), whereas in the case of atoms vibrating perpendicular

to the wave popagation it is transversal (T). Thus, altogether there are four different

combinations of dispersion relation and wave character: LO, TO, LA, TA.
J= = Eq.4

The underlying basis of modelling lattice vibrations is lihemonic oscillato(Eq.40 & A (i K
the angularfrequency, Khe force camstant and mthe atomic mass, i.evibrations involving
heavy atoms and/or weaker interatomic interactions have lower frequefdderefore the
phonon energy E 2. is mainly determined by the mass of participating atoms and by the

bonding forces between these atoms.

3.3 Raman pectroscopy

Raman spectroscopy is based on the Raman effect, which was already predicted in 1923 by
the Austrian physicist A. Smekal, ames first experimentally provefior crystals by G.
Landsberg and L. I. Mandelstam in 1928. Some days after them C.V. Rama8.dfsknan

found the same effect for liquids and gasd®wever both groups published their results
almostat the same timethe phenomenon was naetd Raman scattering and in 19B@&man

received the Nobel Prize for his work.



Raman scattering can be considered as inelastic scattefirglectromagnetic radiabn by
atomic vibrations. Usually a sample is irradiated with a lme=am of welldefined
wavelength of the visiblaear-visiblespectrum and as a resunergyshifts of the scattered
from the incidentphoton energyare detected.Figure 5shows differentscattering processes
includingthe corresponding energy levetd atomic vibrations Basically, the incident photon
excites the sample toraintermediatevirtual state and it subsequently relaxes back to a
vibrational state. In the most probable case theident and the final vibrational state
coincide and thencident as well as the scattergghoton has the sameenergy, thusthe
photon is scattered elastically (Rayleigh). Since the probability for inelastic scattering is
dramatically smaller than for ed¢ic scattering only one of £Go 10°photons is scattered
inelastically(Smith & Dent, 2005, p. 73Yhus, the intensity of Raman scattering is weak
compared with Rayleigh scatterinf.the final vibrational state hakigher energy than the
incident level, the scattered photon shows lower energy than iti@dent photon. This ia
so-called Stokes process. By contrast an abtbkes process involves an initial vibrational

state with higher energy than the final state.

_____ Intermediate

0 M 0 virtual state
Groundelectronicstate
andvibrationalstates

Rayleigh Raman Raman

scattering scattering scattering
(Stokes) (anti-Stokes)

Fig. 5: Elastic (Rayleigh) a@hinelastic (Stokes & aniStokeg light scattering and corresponding transitions betwe:

vibrational statesduring the Raman scattering process.

Both Stokes as well as a18tokes araeferred to as Ramanshifts. For an antiStokes shift a
higher vibrational level has already to be populated in order to increase the energy of a
scattered photon.Raman spectra are typically plotted with intensity adunction of the
Ramanshift wavenumber, usually given in inverse centimeters, i.e. inversely proportional to

the wavelength EQq.5).
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8 - Eq.5

The ratio between the intensity of Stokes and aBtokes inelastic scattering is given by

Qwn — Eq.6

where ¢ is the wavenumber of the incident photos, is the wavenumber of the scattered
photon, kg is the Boltzmann constant and T is the absolute temperature. From the second
term of the equation it follows, that up to temperatures where crystals can typicadly b
studied without melting the intensity of anttStokes is usually weaker thanetintensity of
Stokes, wherebythe ratio betweenanti-Stokes and Stokescattering increases witthe

temperature

However, Raman scattering cannot be observed for all phonons within the FBZ. The
scattering ofa photon bya phonon must obethe energy and momentum conservation law.

This means only phonons with wavevector @ fromi KS OSy G4 SNJ 2 Fpoit KS C. 1
can be observed, since the magnitude of the incident radiations wavevector has typical

order of 10 to 10° cm? (infrared to ultraviolet).

Phonons can be Ramaactive, IRactive or silent. In order to be Ramawctive the atom
movement of a vibrational magl must induce a change of tHeond-polarizability which is

given by

CA

| O Eq.7

GKSNBE t A& GKS LREFNRT I GA2Y JodhandiQ Rnsa.dn 'y St
the case of Raman scattering, tpelarizability is the tendency of the electron cloud around
atomic bonds to be distorted by the electric field of light. Whether a phonon is Rautiawve

can be calculated bgpplyinggroup theory analysis, which will be treated later on.
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Raman spectroscopoffers some advantages in structural analysis. Time tesolution is
high due to the short lifetime of eoited virtual states in a Raman scatteriqmyocess
(ca.10"s)* and corresponds to the period of atomic vibrations whichugually about
10" s (Quinn & Yi, 2009, p. 43Jurthermore the Raman scatteringvent in semiconductors
and insulatorsoccurs withinthe range of a few unit cells. In combination, this allows
detection of signals from local, smaltale stuctural states which at the same time may

show strong dynamics, just like PNR in relaxor ferroelectrics.

The intensity of Raman scattering depends on a variety of parameters. As can be &egn in

7, Raman scattering on the one hand dependstlmn direction, since thepolariability is

expressed via a"%rank tensor. On the other hand, the population of vibrational states
depends on terperature. Sincephonons are bosonghave integer spin)this population

follows the Bos®@ A YA 1 SAY RAAGNAROdziA2Yyd ¢KS 200dzZLd GA 2

with wavenumberd therefore is given byeq.8.

P

H Eq.8
ADBy~ P

£ w

In orderto compare spectra measured different temperatures, it is necessary to correct
for this dependence. Additionally, the overall intensity increases with thepdwer of

incident photon energyKuzmany, 2009, p. 191)

3.4 Resonancdramanspectroscopy

Resonance Raman scattering (RRS) ocdutke iwavelength and thus the energy of the
incident radiation is close to aoincident with a allowed electricdipole transition Under
such conditions the incident photon excites also the corresponding electitong with
phonons.Hence, fundamental RRS is a process of tpadicle interaction: photon, phonon

and electon. Consequentlythe scattering intensitycan beenhanced by a factor of £ao

! (Ferraro & Nakamoto, 1994, p. 17)
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10%(Smith & Dent, 2005, p. 93}his makegesonance Raman spectroscapyechnique very
sensitive even for a small salapsize.Besides by utilizingRRShe selection rules chage
comparedto the nonresonancecase, because the activatedectron transtion has to be
taken into acount. For example, this cape the way to observe phonon modes which are
symmetry forbidden under noemesonance conditions.Figure 6 expands the Raman
scattering processhown inFig.5 by the process of RRS with involved electronic and
vibrational energy levels. The striking difference compared to the-nesionant case is the
fact that the excited electronenergy level cogsponding to the incident photon engyi.e.

the intermediate states not a virtual state but amigenstate of the sample

Excitedelectronicstate
andvibrationalstates

Intermediate
virtual state

Energygap(g) - (non-resonant)

Groundelectronicstate
andvibrationalstates

Rayleigh Raman Resonant Resonant
scattering  scattering Rayleigh Raman
(Stokes) scattering  scattering
(Stokes)

Fig. 6: Elastic (Rayleigh) ahinelastic (Stokek light scattering and corresponding transitions between vibrational sta
under resonance and under neresonance conditionslin the case of RRS the intermediate state is an eigenstate and r

virtual state.

That means thatthe incident photonexcites the electronin accordance witbsymmetry
allowedelectrontransitions. Thus, during a RRS process not only the vibrational but also the
electronic energy state changes. In consequence of the fact that a transition to an eigenstate
occurs, the lifetime of the intermediate excited state is strongly inceeband this promotes

the probability of phonon creatio(Kuzmany, 2009, p. 2Q5)

The underling phenomenon is Heisenberg's uncertaintynpiple that limits the precision
with whichtwo complementary particle pertiescan be determinedOne of those pairs is

time (t) together with energy(E)(Eq.9).
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wo w0 Eq.9

The energy conservation law is less violated by an intermediate state which is an eigenstate

of the system, thus the excitation is more stable.

Basically, RRS depends thie electronphonon interaction i.e. the strength of electron
phonon coupling for a certaimaterial or morepreciselythe couplingof specific phonongo

the excited electrons Optical phonons can be congi@d as instantaneous structural
distortions and there are at least two different mechanisms of electigimonon interaction
related with irsulators and also semiconductors cemning optical phonons. Othe one
hand, enhancement of Raman scatterigggnals from optical phonon modes due to
resonance can be achieved by thl-called deformationpotential interaction between
electrons and opticephonons This term considers the capability of optical phonons to
influence the electronic band structure i.e. electron energy levels due to a change of bond
angles and bond lengths during corresponding atomic vibrati@erdona & Yu, 2005, p.
132) This type of RRS involves both LO and TO phodamshe other hand the RRS process
can also be dominated bthe sccalled Frohlichinteraction It is based on electrostatic
interaction between electrons anthe electricfield that is generated by longitudinal optical
(LO) phononghat carry polarity, i.e. which involvdisplacemers of oppositely charged ions

(Cardona & Yu, 2005, p. 134)

In *-order RR$one photon interacting with ong@honon) usually phonons near the center

of the FBZ interact with the electroexciied due to the incident photon energy, since the
majority of related electron transitions will be directqoesses i.e. vertical. An electron
transition is called direct ifthe highest energy state of the valence band and the lowest
energy state of the conduction band share the same momentum at the center of the FBZ.

However, indirect processes can also be realized by additional momentum due to a phonon.

Acoustic phonongan alsobecome Ramaiactiveunder resonance conditions.g. due to the
piezoelectric effect. In pizoelectric materials no center of inversion) the strain
accompanied by acoustic phonons is able to induce an electric field whicms interacts

with the electric field of electrongCardona & Yu, 2005, p. 131)
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3.5 Multi-phonon Ramancattering

In principle, photons are also capable to interact with more than phenon during a single
Raman scattering event. This phenoroercommonly $ called multiphonon a higherorder
scatteringwhile onephonon scattering is denoted asindamentalor 1°-order. The most
probable multi-phonon scattering implies the picipation of two phonons and its called
2"%order Raman scattering. For insulators, under -mesonant conditions, mukphonon
scattering is usually expected to show very weak intensitiestiGan hardlybe observed
Under resonance conditions, however, mypthonon Raman scattering often can be

triggered and is significantly enhanced.

2 KSNBFa FdzyRIYSYyGlFf wl YEy &O0Ol ((p8mikEBzEntek)a NI & i
due tothe already mentioned energy and momentum conservation, niitonon Raman

scattering can involve alsacontribution from nonrcenter phonons, if the vector sum of

phonon momenta iszero. Thus 2"%-order Raman scatteringbasically reflects the
corresponding phonon dispersion, depending on whether there are distinctive varying

frequencies for other points of the FB&th respectll 2 (péirs )

Two types of multiphonon scattering can bdistinguisted. Interactionsbetween phonon

modes with identical mechanical representatiand the same energgre calledovertones

Interplays between phonon modes having different ahanical representationsand/or

different energiesare calledcombinationsor difference modesdepending on whether the

resulting frequency corresponds either to the sum or to the difference of the involved
fundamentals. Multiphonon Raman scattering cée realized in two ways: (i) by a single
multi-phonon scattering event or (ii) due to rescatteridgF A Y RA @A R dzl fpoitIK 2 y 2 v 3
(Sherwood, 1972, p. 141f.)n the course of these both processes, tatter is most often

negligible due to low probability of the event. The former should involve phepttomon

coupling given by the anharmonic term in the crystal potential.

The relationship between the wavenumber of fundamental ahd correspondingmulti-
phonon scattering is approxiely given by the absolute suire. difference of involved
fundamental phonon modes. This implies e.g. fof%-&der overtone scattering

that ¢ y a3 o 06 :8h G- Nevertheless, due tdhe anharmonic characteof phonon
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phonon interaction regarding the crystal potentiale. the binding energy of the

correspondingphononsusually’ gwill be slightly shifted to lower wavenumbers.

The temperature dependence of mufthonon Raman scatterings dominated by the
increase in thethermal phonon population byncreasing temperaturgust as fundamental
Raman scatteringThus the intensity of multtphonon Raman scattering isgmoted athigh
temperatures. However, the influence of thermally popuéal vibrational states ortwo-
phonon scattering is strongethan compared tol*-order Raman scatteringlhis is due to
the fact that the intensity of fundamentals isnhancedby [n(d) + 1] (cf. Eq.8) while 2"-
orderscattering intensity is increased n@) + 1F (Sherwood, 1972, p. 1503ince ng) is an
exponential function, its slope becomes higheby squaring Thus thermal coefficients of
Raman scattering intensityith significant value appear also forhigher wavenumbers

compared to fundamental Raman scattering.

3.6 Grouptheory analysis and Raman selectiarnes

Group theory isa mathematial discipline, whicldeals with the symmetrical aspects of
algebraic structures. In terms of physics, it is a useful tool to describe the connection
between structure andoroperties of a crystal. Grougheory analysis can be performed to

determine selection rules for electron as well@®nontransitions. In this sense group

Table 1: Irreducible representations of optical phonon modes in Phsed perovskitetype relaxors with Pmm
symmetry, along with their Raman/IRactivity, approximate wavenumbers and the type of atomic vibrations after

(Welsch, et al., 2011)For completeness: the irreducible representation of the acoustic modesis T

Irreducible Optical Approx.

representation activity wavenumber Vibrations
Tou - 300, 350 ¢t Pb-O bond stretching within the {111}
plane can be considered as §ilting
Tiu IR 140 cnt  PbBQ;translation
Tiu IR 430 cmt anti-symmetric B@bending vibrations
Tiu IR 700 cm' anti-symmetric BQ@ stretching vibrations

theory analysis is applied to predict which norn@ionon modes of a point group are

Ramanactive under different conditions (nomesonance, resonance,4order, 2'%order

16



etc.). In the context of groupheory, crystal normal modes are irreducible representations of

the crystal dynamic¢Jacobs, 2005, p. 81)

Irreducible representations can be expressed via different notati@se way is taise the
Miller-Love notation,which isoften used ininelastic neutron scattering experiments and

model calculations, when the wavenumber dispersions are studidler & Love, 1967)

The maincharacter denotes the corresponding2 A yi 2F (GKS C. % o60So®3d m
the subscriptnumber ascendinglyabels the irreduciblerepresentatiors starting with i=1

from the highest to the lowest symmetrg )nThe preferredstyle in connection with this

thesisto express the irrducible representations of specific space groupghe Mulliken

notation after the US physicist Robert Sanderson Mullikém this notation 6A¢ and 0B
representthe non-degenerate states which are symmetric or antisymmetric with respect to
rotations about the principal axis, respectivelywhereastEs and GT€ denote the doubly and

triply degenerate states¢ KS & dzo & O NA LXjedadexs 1 y B DE dedhbayaiidS NY | y' Y
label representation that are symmetric or antisymmetric with respect to the centef

inversion. In the same manneBr & m ¢ |, resyeRtivalyHhe sperscripts @ I )/ iRdicate

whether a representation is symrtrec or antisymmetric toa mirror planeeither vertical or
perpendicular to the principal axis of tedion. The dgeneracy of an irreducible
representation is equivalent to the superposition of energetically indiscernible,

symmetrically related normal vibrational modes.

For a single perovskitecubic structure (Pmom) which isassociated withchemicallyB-site
disordered relaxorstudied here there areno phonon modeghat are Ramaractive under
non-resonance conditiongTable1). As mentioned in the introductiondespite of chemical
disorder, on a local scale chemicalsiB order @minates in perovskitél & LIS B ©30 .
relaxors, thus the Raman spectra of perovskyee relaxor ferroelectrics with a complex
occupied crystallographic-&te must be interpreted by candering a doubled perovskite
structure (Fnom). The irreducible representations of phonon modes for this space group

and their Rama#activity are given iffable2.
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Table 2: Irreducible representations of optical phonon modes in fPased perovskitetype relaxors with Fm m
symmetry, along with their Raman/IRactivity, approximate wavenumbers and the type of atomic vibrations after

(Welsch, et al., 2011)For completeness: the irreducible representation of the acoustic mode,js T

Irreducible Optical Approx.

representation activity wavenumber Vibrations
Ag Raman 820 cntt symmetric B@stretching
B Raman 800 cm’  symmetric BO stretching
Tou - 300, 350 cmt  Pb-O bond stretching within the {111}

plane can be considered as §ilting

Tog Raman 50 cnt  Pb vibrations
Tog Raman 550 cnt O-B-O symmetrical bending vibrations
Tiu IR 140 cnt  PbBQ;translation
Tiu IR 240 cm' B-site cation vibrations
Tiu IR 430 cmt anti-symmetric B@bending vibrations
Tiy IR 700 cmt  anti-symmetric B@stretching vibrations
Tig - 230 cnt  BQyrotations

According toTable 2 four phonon modes are expected to h@bserved in Raman experiments
undernon-resonance condition$or the cubic matrix Ay + B +2Toq. The T;ymodes are IRactive

and thus carnpolarity. It is basically possible that phonon modes are simultaneously Raman and
IRactive but for centrosymmetric structures there is a mutual exclusion ruethis to occur

The Agmode embodies the sealled totally symmetric representation of the corresponding
space groupFmom. This is important for thelater discussion of theselection rules for

resonance Raman scattering.
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4 Samplesand experimental anditions

4.1 Samples

All measured samples are relaxor ferroelectric single crystals that are based on the two
model compounds PST and PSN. In the contept@fiousstudies, both have been doped
with different cations on the perovskite And/or B site in order to study the consequences

on their structural state i.e. their ferroic properties. All samples are listed with their

chemistry, tolerance factor and abbreviationTiable3.

Table3: List of chemical compositions, abbreviations and tolerance factors of the samples studied in this thesis.

Sample Chemical composition Tolerance factor
PSN PbSe 5Ny 503 0.977
PSNBa Phy.93Ba.07S® 9Ny £03 0.981
PSNBI Phy.06Bi0.02A 0.025@.51Nb0.48030.06 0.976
PSNLa Phy. 702 29A 0.075@.62N0.38030.075 0.926 / 0.961*
PSNSr Phy 66510.345¢ 5Ny 503 0.971
PST PbSes5Ta 503 0.977
PSiBa Ply 76822256 50T a0.5d03 0.985
PStLa Phy s6L2.00A 0.065@.53T20.47030.075 0.941/0.971*
PSTN PbSeg.5Ta 36Nbo. 1403 0.977
PSTRBa Phy 8B 125@ 5T 2.38ND0.1203 0.979
PSTS PbSg.40T & 385 203 0.977

* tolerance factor without taking into accountexisting vacancies

PST and PSN havevery similar chemistry where only the second&ion is different. T&

and NB* possess the same charge and the same ionic radius in octahedral coordination.
Thus, the tolerance factor of both materials is equal. However, neither the mass nor@he B
bond constant for Ta and Nb is the same. Although PST and PSN are quite similar, these
differences provide individual behavior and properties. At low temperatures, for PST the

coupling and oficentering shifts of Pb atoms are predominantly favored, whildhendase of
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PSN primarily of€entered shifts of Eations and their coupling can be observed. In
addition, it is known, that the size of PNR in PST is larger than in PSN. Regardless of this, both
compounds share to show a phase transition accompanied kg dbvelopment of

ferroelectric longrange order at lower temperatures.

4.1.1 B-site doping

In order to estimate the influence of the complexsBe occupancyon the relaxor behavior
Ay 0 K 8s-type. relaxos, PSTsamples witha third type of Bsite cation have been
synthesized(Mihailova, et al., 2007 c)PST has been doped with Nbor an isovalent
substitution of Ta" on the ferroelectrically active Bite (PSTN), whereas the incorporation of
SH* (PSTSYimultaneously substitugfor both types of Bsite cations (S¢and T&"). In both
cases the tolaance factor does not change comparedpiore PST, thus only the influence of
different cation mass, force constants and charge imbalanadeising the differences to
stoichiometricPST. PSTN and PSTS have been probed in earlier studies-f@gonance
Raman scattering and-ray diffraction (XRD) at different temperatures as well as high
pressuregWelsch, et al2011; Mihailova, et al., 2013)

For both PSTN and PSTS the development of-lamge ferroelectric order at low
temperatures is suppressed. T* is slightly shifted to lower temperatfoe PSTS, while for
PSTN it shows a value similar to pure PSTPB®N the pressure induced phase transitign p
realized via octahedral tilting is tghifted to 2.5GPa whereas for PSTS it is desiafted to
1.3GPa towards 1.&Pa for PST.

4.1.2 A-site doping

Relaxor properties can also be induced bgamplex Asite ocaupancyof the perovskite

& U NHzO (i &D)BOne representative of this group of relaxor ferroelectrics is for example
Nay BbsTiOs(Said & Mercurio, 2001)n leadbased relaxors with mixed-@te occupation
e.g. PST, proptes are also strongly influenced by additiomakite substitution. PST and
PSNcompounds with simultaneous-And Bsite substitution have been synthesized in order

to study the significance odksite cations for relaxor properties. In this context the question
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may be answered whether it is possible to completely substitute lead for different elements,
by avoiding the use of lead concerning its health (iBtng, et al., 2000)n fact, Pb* possess
so-called stereochemically active lone pair electraih$®E), which have proven to be crucial
for the coherence of polar shift in relaxor ferroelectrics and thus cannot easily be spared

(Cohen, 1992)

4.1.2.1 Bi doping

In the context of earlier studies the model compound PSN doped with(Biic=1.45A in
twelvefold coordinatio? has been examined by synchrotron singhgstal and high
resolution powderXRDas well asby polarized Raman spectroscopy. The objective was to
determine the effect of substitution of Pbfor a cation with similar ionic radiuand the
same outermos electron shell (tendency toofm LPE)but inducing additional electric fields
due to higher chage compared to PP (Maier, et al., 2009) Previous studies by
comdementing noRrresonance Raman scatterirgnd XRDshowed that @ping the A-site
with B#* indeed promotes the formation of ferroelectric lorignge order and leds to a
structural state in which théraction of the ferroelectric phasdominates over thepersisting
non-polar cubic matrix.On the other hand the averagesize of ferroelectric domains
detectible byXRDis smaller in PSBi. Due to the fact that it bes analogy to Pb, Bi is a
common ingredient for leafree perovskitetype relaxors with a complex occupiédsite
which are alsorecently studietl Y PNE SPSNI 3 | PEYFT X HampoO

4.1.2.2 Ba doping

The incorporation of B (fonc=1.61A in twelvefold coordination® into the model
compounds PST and PSN represents a substitution 6fwihh a cation exhibiting an
isotropic outermost electron shell and thus has no affinity to form LPE. In addition doping

with B&*induces local kastic fields to the structure due to a larger ionic radius with respect

2 (Okawa, et al., 2002)
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to PF*. PST and PSN in earlier studies have been doped withf@athe purpose of
considering the effect of local elastic vs. local electric fiéMiarinowva, et al., 2006) Several
methods have been applied to RB& e.gXRD dielectric measurements, Raman scattering,
and optical absorption spectroscopy. Also highmperature synchrotron singlerystal XRD
and hightemperature Raman spectroscopyMihailova, et al., 2008 a)as well as
temperaturede pendent Raman spectroscopy under an external dc electric fMéder, et
al., 2012)has been applied to gain a further insight into the effect of Ba dopihg. analysis
shows that Ba doping suppresses the development of loagge ferroelectric order and

drivesthe PST and PStompoundsto a structural state of canonical relaxors.

4.1.2.3 La and Sr doping

Twelvefold coordinated [*4 (fionic =1.36 AP and ST (fionic = 1.44 A possess a smaller ionic
radius compared with PB(rionic= 1.49AF. PST and PSN have been doped wift toastudy

the effect the substitution of Pb for a heteralent cation with smaller ionic radius and no
affinity to form LPEMaier, et al., 2011 a)lhe comparison t&r doped PSMWas performed

to distinguish between effects on the relaxor state arising from local elastic strain and/or
local electric fields. Doping th&site with cations having a smaller ionic radius with respect
to Pb leads to a lowering of the tolerance factor compared with tluire model compounds
which favors the development of BQilting. Furthermore, L& and St* both disturb the
system of LPE associated with Pb, whil&" lireduces additional electric fields due to its
higher charge. It has been shown that the incorpamatof L&" as well as of Sfreduces the
coupling between Pb and-@&ation offcentered shifts and simultaneously promotes the
antiphase tilting of B@octahedra at ambient conditions. Thus, due to the disturbance of the
system of LPE and a lower tolerantactor, a dominance of the antiferrodistortive ferroic
order is achieved, whereas the polar ferroic order becomes strongly suppressed. From this it
could be deduced, that strain effects are rather important towards charge effects concerning

the local stuctural inhomogeneity of lealased perovskiteype relaxorsin fact, doping

3 (Shannon, 1976)
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with La and Sr induces a structural state which for the pure compounds can only be achieved

by high pressure@Mihailova, et al., 2011)

4.2 Experimemal conditions

All Raman scattering experiments wectenducted using &loriba JobirYvon T64000 triple
grating spectrometer equippedvith an Olympus BX41 microscop€&he two excitation
wavelengths were provided by two different lasers. The first one is a Coherélasgr that

has several available laser lines in the visible B range.The greenline at 514.5nm
(2.41eV) was usedo perform Raman spectroscopy undaonresonance conditionsThe

used objective for the visible range enables magnification Sthe second device is a
Kimmon HeCd (meal vapor) laseralso emitting in the visible and the UV rangde UV
laser line at 325.0m (3.81eV) was used for resnance Raman spectroscopy.he
corresponding UV objectives provided magnification 40x for measurements at ambient
conditions and 10x for experiments under different temaieres and pressuresThe
measured spectral range under noesonant conditionsnvolves 15 to 2008ni*, while for
resonance Raman spectra 30 to 2308*. Holographic gratings of 1800 grooves/mm and
2400 grooves/mm were used in visible and UV Raman spectroscopic experinidets.
samples were orientatedvith the cubic crystallograpbi axis [100] (cubic edge) or [110]
(cubic face diagonpklong the polarization dhe incident light. The analysdf the datawas
focused on 8 8: and: 8 9: spectra, where X, Y, and Z aespectivelyalong the three
principle cubic crystallographic ex a, b and cThe scattering geometrig given bythe Porto
notation, named after the Brazilian physicist Sérgio Pereira da Silva Porto. In general terms
the Portonotation is givenby 6 6 O0 RX ¢ K SmeBesantti KSI+ RRNBRAA2Y | y I
& Oiadicate the polarization of the incident and the scattered photorespectively The
Raman spectra were conducted lrackscattering geometrand studied with prallel and

crossed polarizatian

Temperature dependent measurements were conducted withlirkam THME&600 stage by
cooling down from 800 to 10K. For collecting higipressure Raman spectra a Boehler
Almax diamond anvil cell has been used with a 16:3:1 methatmainolwater mixture as a

pressuretransmitting mediun. This mixtureensures hydrostatic pressureup to 9.8 GPa
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(Angel, et al., 2007)The pressure was determined from the pressumduced shift of the R1

photoluminescence line of rub§Munro, et al., 1985)

The procedure ofspectral evaluation starts with subtraction of background (if nece3sary
caused e.g. by the pressure mediumeasured aside from the sampléfter that a
correction for the Bos€instein distribution is performed, eliminatirthe contribution from
thermally populatedexcited vibrational statesFollowing this, the spe are reduced by
their individualacquisition time to receive intensity in counts per second (cpsjally the
spectra are fittedwith pseudeVoigt functe y & 0 t +-lj &, wiihiL pnd Bhe Morentzian
and Gaussian profile functions and a weight coefficienioggletermine peak positions, full

width at half maxima (FWHM)sawell as integrated intensities

Due to the weak signal and the necessity to ymselonged acquisition time,all spectra
collected under resonanc® 2 y RA (i A 233a5nnpvieie Knterkered bythe scattering

from the glass of the deployed objective. The attendant contribution from glass could be
selectively measured by using a gold wa#erd was subsequently subtracted from the
spectra.In this context, agold wafer is sufficient to collect a reference spectrdoe to the
scattering from the optics directing the beatvecause it is well crystalline and its structure
(Fmom) depending on ocupied Wyckoff positionshows no Ramaactive phonon modes
and especially because noble metals simply reflect the photons without inelastically
scattering them In addition the resonance Raman spectra showedontinuum
photoluminescencebackground due toelectrontransitions that had to be removed by
applying & appropriate polynomial functionprior fitting the Raman peaks arising from

phonon excitatios.
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5 Resultsand Dscussion

In the following at first Raman spectra of PST & PSN as relaxor wodelounds will be
compared for norresonance and resonance conditioas room temperature Subsequently
the observations will be set in context with the results frpneviousstudies reporting about
the structural state ofeadbased perovskiteéype relaxors with a complex occupied Bite.

Furthermore, selection rules for resonance Raman sdatjewill be derived and employed
onthe spectral featuresAfter that, the effect of doping the A ahat B site on the structural
state of the studied compounds under ambient conditiaaswell aghe difference between

the temperature evolution of Ba and La/Sr doped compoundl$ be discussed.

5.1 PbSgslasOs (PSTR PoSe sNby sOs (PSN)Model compounds

RRS on the two model compounds PST & &Si¥nbient conditions was first considered in
order to applygroup theoryto the observed spectral feature©ne mayor point is to clarify
in which way the complex nanoscale structure contributes to the $§tRe8traand if there is

a possibilityto separate sigals arising from nopolar andpolar structural species.

5.1.1 RRS at ambient conditions

The RRS spectra of P&Ig.7) and PSNFig. 8 T 2 NB25nm (3.81eV), well above the
energy gafg ¢ 3.2eV)in the range of te maximum of the optical dielectric permittivityf

both compounds(Mihailova, et al., 2007 ashow distnctive differences compared tthe
non-resonance spectra measured wiém excitation wavelength d14.5nm (2.41eV).RRS

and nonresonant Raman scattering differ from each other first of all by a drastic change of
intensity ratios.Under nonresonance conditions and with parallel polarization the peak with
the highest wavenumber 820cml) arises fromthe symmetrical $etching mode
associated with the totally symmetric representatiom gAof the idel, doubled perovskite

structure. The RRS spectra by contrast additionally show features up to &ribOUnder
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resonance conditions two peaks around 4&@* and 700cm* relatedto antisymmetric BQ
bending (AB) and stretching (AS) modes, respectively, are strongly enhdncaddition,
strong RRS near 1135 and 1405%ésnobserved for bih PST and PSN, which shouldsar

from multi-phonon processes.
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Fig.7: Resonancdsolid lines)and nonresonanceRamanspectra(dashed lines)of PST(PbSgsTa 505), measurec
in parallel (XX)and crosspolarized (XY) scattering geometryThe peaks arising from antisymmetric bendirig\B
and antisymmetric stretching (AS)as well as the corresponding twphonon scattering (two overtones ah one
combination) are labelled The spectra areertically shifted for clarity. The noaresonance spectra are normaliz

by the same coefficient to match the verdal size of RRS.
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Thesignalsnear 430 and 700 chare associated withif; LO phonons that are i&ctive for

the ideal cubic perovskite structure and thus carry polaridence, also thesubgroup
representations of cubicf due to polar rhombohedral distortion are supposed to carry a
certain amount of polarityT he enhancement of LO phonon modes due to RRS is well known
to be triggered by electroongitudinalopticalphonon interaction also called Frohlich
interaction At the same time the peaks relateid phonon modes comprisingnainly
vibrations ofPb and/orB-catiors are strongly suppressed. The energy gag) (& perovskite

type materials incorporating tramgon elements (with occued d orbitals) on the Bsite is
formed by the 2p level of oxygen and the d level of thedion (Wolfram & Ellialtioglu,
2006, p. 8)
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Fig. 8: Resonance(solid lines) and nonresonance Raman spectra (dashed lines) of PSN (Ph3hbys0s),
measured inparallel (XX)and crosspolarized (XY) scattering geometryThe peaks arising from antisymmet
bending (AB) and antisymmetric stretching (AS)as well as the corresponding twphonon scattering (twt
overtones arm one combination) are labelledThe spectra are/ertically shifted for clarity. The noAresonance

spectra are normalized by the same coefficient to match the vertical size of RRS.
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Therefore, the extation with photon energy abové; is expected to enhance polar internal
BO; modes due o their coupling with thantrinsic BQ electron transition regarding RRS and

this can be confirmed byhe measured spectra.

The appearance oétrong peaksabove 830cmi* is seenonly under resonane conditions.
They are most probably attributed to"®order Raman scattering (twphonon scattering).
Thiscan beconfirmed by comparing the wavenumber ratio of'dand expected2"-order
scattering. By the tolerance of small deviation, he wavenumber of overtones and
combinations should be equal to the sum of tlreavenumbers of thecorresponding
fundamentals (Table 4). The wavenumberdeviation for all 2"-order scattering peaks
concerning their corresponding fundamentals sum is lower th&a. Additionally, this is in
accordance with the approach of Frohlich interactions since this mechanism is well known to

enhance -order Raman scatteringAbrashev, et al., 1997; Andreasson, et al., 2008)

Table4: Peak positionf 1%-order RRS generated bgntisymmetricBQ; be nding (AB)and antisymmetric BQ stretching
(AS)as well asthe correspnding 2"“order RRS by 2B, AB+ASand 2ASfor PST and PSht ambient conditions in crit.

Good accordance of the wavenumber for'dand 2%order RRS confirms the origin of the observed spectral features.

AB AS 2AB AB+AS 2AS

PST 435+1 7071 865%+2 11351 14081
PSN 439+1 7061 871+6 11371 1403+ 1

As mentioned in sectioB.5 conceming the conservation of momentugi®-order Raman

scattering in principle is allowed to arise from gutons throughout the whole FBZ
(Sherwood, 1972, p. B4 For Frohlich interactions the contribution of phonons follows a
dispersion relation of 4, where q is the phonon wavevectot. K dzad = S &paiStOA | f f &
phonons areinvolved in Frohlich interactions. This is due to the fact, that the largest
magnitwe of atomic displacement in LO modes is achieved for small valuesliothgre

would be a considerablecontribution of zoneedge phononsto the 2'%-order Raman

scattering, the corresponding peak#ould be expected to show several maxinacording

to the two-phonon density of states including naenter phonons athigh symmetry points

of the FB4at least for a comparable strong dispersion of the fundamental phonon s)ode

In addition to 2%order, also $-order Raman scattering can be observed in spectra.For

example, be peak around 1266m* towered over by the P-order features isattributed to
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be a triple overtone othe antisymmetricBQ; bending € 3i430cm?). In the same manner
the peak around 2006m* probably is a triple overtone of antisymmetric B6tretching
(F 0 700cm™). By careful consideration also peaks from thygeonon combinations can be
observed around 156(4 AB + AS) and 1830r*6 | . A®). H i

The crosgolarized spectrameasured wmder resonance conditionsf both PST and PSN
show nearly negligible intensities compardd the parallel polarization Under non
resonance conditionsespeciallythere is a peak associated wittubic T4 representation
arising from PHocalized vibrationsaround 55cm™. Thus, also the crosgolarized spectra
indicate strong suppression of Pand Bcation localized modesexplicitlyof those that are

related to the cubic nowpolar matrix.

Which phonon modes ar&kamaractive under nonresonance conditionsof the cubic
matrix (Fnom) can be predicted by Raman selection rukssmentioned in sectioB.6. In the
next section selection rules for resonance Raman scattering regarding studied percvskite

type relaxors will be derived.

5.1.2 Selection rules for resonance Raman scattering aoyskites

The prototype (aristotype) structure of PST and PSN is cubic with symmetmn Rsingle
perovskite) or Fram (doubled-perovskite) depending on whether the compounds do not or
exhibit chemical 1:1 Bite order. Most of the compounds studied hereoghsubtile or no
long-range Bsite chemical order, according torXy and neutron diffraction. However, all
compounds possess chemical-8te order on the length scale of sensitivity of Raman

spectroscopy.

Furthermore, these materials show intermediat@nge polar as well as antiferrodistortive
ferroic order.The intermediaterange orderevolvesat low temperatures into rhombohedral
long-range ferroelectric order with symmetry R3m or B8pending onwhether it starts

from single or doubled perovskite structure, respectively.Under high pressure the
antiferrodistortive ferroic order developsnto longrange orderaccording to the same

principle by transforming into Bc or Ro. In order to derive RRS selection rules from group
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theory analysis, all theorresponding point groupsf the mentioned space grougdsave to

be considered.

Derivingselection rules for RRS requires thppropriate combinatiorof vibrational as well
as electronic selection rule¢de la Flor, et al., 2014)Dipole electron transitions are

symmetrically allowed Kq. 10) if the direct product of therepresentation of theinitial

electron state (w ), the vectorial representation @ ) and the final electron state

representation ( ) contains the totally symmetric irreducible representation (A).

®S ®8 o 00 Eq.10
For those electron transitions whiclare symmetrically allowed, the formula can be

expanded by the contribution of compatible phonon modes. Thereftre initial @ ) and

the final vibrational state ) are also taken into accounEg.11).

-

WS WS ®S ®wZw n Eq.11

The formula can be simplified byutting the initial vibrational state, since the transition

usuallystarts from the vibrational ground state and the corresponding representation is

totally symmetric (0 = A. Involving his characterinto a productis similar to a

multiplication by unity andhencedoes not change the resulin this respect thedrmula can

be given as:
WS ®S ®»wZow T Eq.12
Eg. 12 implies that a vibrational transition under resonance conditions is symmetrically

allowed, if the intersection between the symmetrized square of the vector representation

w andthe direct product of the representations of a@lbnsidered states differs from zero.
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Fig.9: Splitting of the electron statesof B-cation d and oxygen 2p levéobr the cubic point symmetry (mm) representing
the nonpolar matrix. Additionally, splitting of electron states due to rhombohedral deviation from the ideal cu

structure in the form of polar ferroic (3m, 3) and antiferrodistortive ferroic speciesnf, ) is illustrated In contrast tc
phonon modes, the irreducible representations of electron states are labeled following the Mulliken notation,

lowercase letters are used instead of uppercase.

As already mentionedhe band gap in perovskites with a transition metal (partially filed
subshell) on the Bite is usally determined by the oxygenlpvel at thetop of the valerce

band and the Bsite cation devel atbottom of the conduction band.

The symmetry of the aristotype perovskite structure is represented by tlhet gmoup nmom,

in which the pelectron state transforms as a triply degenerate representatiqy) (ivhereas

the d-electron stateof the octahedrally coordinated catidmansforms as a doubly geand a
triply (tog degenerate representatior=(g.9). Thus two electron transitions are possible: (i)
from initial t;, to final t,gand (ii) from initial {, to final &,

Table5: Group-subgrouprelation between the irreducible representations of the cubic aristotype perovskite structure
and the rhombohedral polar as well as the antiferrodistortive structural deviationsespectively. Irreducible
representations that are Ramaactive under noaresonance conditions are marked red. Representations putlarge
brackets are complex conjugated but only one peak would be detected due to them. The relations have been calculated

08 dzaAy3d GKS (22t &/ hww9[! ¢Lhb{ t h(Ardye, etal., 200 airiofo, et al.f2006 2 / NB &
b; Aroyo, et al., 2011)

Cubic matrix Polar structure Antiferrodistortive structure
m3m 3m 3 3m 3
Asg * A * Aq
Ey " {’E.'E} * {’Ry "B
Tig * A+{’E,'E} * A+ {’Ey 'Eg
Ty A +E A+PE'E} AwtE A+ R, 'R}
Tag * A+{E'E} * Ao+ {*Ey 'ED
Tou Ao +E A+{E'E}  Aw+E A+ fE, 'R}

* subgrouprelated irreducible re presentations which are nuresent for Pnom
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By applying these considerations tq. 10 both electron transitions ardound to be
symmetrically allowedFollowing this, the selection rules fot-brder RRS can be calculated
by applyingthe irreducible representations of Fem synmetry (Table?2) to Eq.12. After
performing these calculations for all possible combinations of electron states and vibrational
ireducible representationsd & | LIWJER, A Y Ry =myq+ g+ by it appears hat for the
cubic matrix only I, and B, modes are allowed to give rise RRS triggered by the intrinsic
BGs related electron transitionln contrast to Tymodes, 3, modes do not carry polarity and
thus they are not capable to be enhanced via Frohlioteraction. For the rhombohedral
distortion of the cubic symmetry, the electron states further split and the number of
possible transitions increased-ig. 9). For space groups that are associated with the
antiferrodistortive ferroic order (Bc and ®) many phonon modes are allowed to be
resonantly enhanced. However, foroR resonance Raman scattering is forbidden in
connection with Ag A4 and E and for R when A and g are involved. By taking into
account the grougsubgroup relation of representationsTéble5) in connection with the
atomic displacements of the correspondingprations [Table2) it can be established that
symmetrical stretching of B{dctahedra from norpolar structural species is not allowed to
give riseto RRS when this certainegitron transition from oxygen p to-Bation dlevel is

concerned.

For polar rhombohedral symmetry (3m and 3) all irreducible representations and thus
signals associated wittall vibrations are allowed to be enhanced under reswe

conditions.

5.1.3 Selection rules for mulphonon resonance and nomesonance
Raman scattering

The selection rules for mulphonon, nomresonanceand resonanceRaman scattering
O 2 y O0S Ny Hoindphdnénscannye calculated by the directqutuct ofthe symmetrical
representations of all participating phonon$he direct producimust contain at least one

Ramanactive symmetrical representatiofde la Flor Martin, 2013, p. 141)
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In this context, under noinesonance condition®vertones and combinations of the Raman
active cubicrepresentations 4, E and kyrelatedto the cubic matrix are allowedut also
modes that are forbidden for*torder Raman scatteringnay be allowed tocontribute to

2"%order Raman scattering.

For examplethe direct product of T, and T, contains even three Ramaactive irreducible
representations (redabeled inEq. 13) and theefore overtones of T,are symmetrically
allowed under norresonance conditionsHowever the 2"%-order Raman scatteringf PST

and PSNs extremely wealkunder nonresonance conditios (seeFig.7 and8).

4 § 4 O % 4 4 Eq.13

Whether the 2"%-order scatteringof certain phonon modess symmetrically allowecunder
resonance conditionscan be calculated bythe direct productof the two participating
phonors irreducible representationsancluding the RRS selection rules given in se@&iar2
Thus,following the selection rules for ®-order RRS, the direct product of the mufthonon

involved representations is applied Eg.12 as the final vibrational staté) 8

If the selection rules for™-order RRS from the cubic matrix with point symmetrgrmare

taken into accountit can be proverthat overtonesand comhbnations of representations
KFEF@gAy3a GKS &l YS LI2NWGE dzo SareAmt adodet. PattigtiRrly ¢ 3 €
overtones and combinations of;J modes including internal antisymmetric B@ vibrations

are forbidden for both possible ettron transitionsbetween the axygen electron p level and

the B-cation d levels.The same applies to overtones and combinations of -polar
rhombohedral symmetries dm and ). Only for the polar rhombohedral symmetries (3m
and 3) all overtones and combinations are symnuetiiy allowed to become enhanced by

RRS under these specific condigon

By ®king into accounthe selection rulesfor 1% and 2'%-order RRSand combining them

with the assumption that Frohlich interactions are the crucial mechanism of resonance
enhancement of Raman scatirg for perovskitetype relaxor ferroelectrics, it is possible to
draw some conclusionsThe simultaneous réhancement of the fundamental Raman
scatteringfrom BQ; antisymmetricbending and stretching around30 and 70&m? as vell

as their overtones and the combination aroun870, 1405and 1135m?, is exclusively

33



allowed only inpolar structures, i.e. the observed RRS is explicitly relatepotar structural
species(de la Flor, et al., 2014From this point of viewit might be possible to selectively

study polar structural specigas. PNRby applying resonance Raman spectroscopy.

5.1.4 RRS at different teperatures

As already mentioned, the behavior of PNR strongly depends on temperaltes, by
considering the evolution of RRS as a function of temperatiireshould be possible to

confirmwhat is indicated byselection rules and theoretical contemplations.

Under nonresonance conditions the spectra of PST show a considerably large intahsity

high temperatures prevalently from those phonomodes related to the cubic matrix. Under
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Fig.10: Temperature dependenparallel and crosgolarizedRRS oPST The pectra are shiftedvertically for clarity. On

cooling sgnals start to appearat temperatures near T*.

resonance conditions,ni the vicinity of § where PNR nucleateRRSsignals could be
detected neither in the parallel nor in crossolarized spectra(Fig. 10). This behavior

indicatesthat the Frohlich interactions for polar phonons of the cubic phase are too weak to
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generate RRS detectible with the experimental setup us®dh decreasingemperaure

reaching the proximity of T*, scattering intensities are distinctly enhanced. Since at T* PNR

mergeand becomesubstantially largethe associated electric fields simultaneously increase

in magnitude. As a consequence Frohlich interactions are supposigecome amplified and

enhance the intensity gbealsthat arerelated to PNR.

At further cooling the overall scattering intensity strongly increases, while especially the

signals in the range from 50 to 2@ are significantly enhancedAt the same time, the

depolarization ratio increses as can be seen in the crggdarized spectra. This trend is

mainly due to the phase transition that PST undergoesurad 280K. The depolarization

indicates the development of ferroelectric lomgngeorder.
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Fig.11 Temperature dependenparallel and cross polarized RRS R#N. The gectra are shiftedvertically for clarity.

On cooling gnals start to appeaat temperatures near T*.

A very similatrend can also be observed for P3hg(11). However, the depolarization ratio

of RRS for PSN is less pronounced as compared with PST. This is in accordaneefadgth th

that the coherence of polar coupling as well as the size of ferroelectric domains is less in PSN
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(Mihailova, et al., 2005)although T. around 370K is at higher temperatures aoparedto
PST.The temperature evolution ofthe RRS foboth compounds confirms thassumption

that RRSarisesonly from polar structural species, whilthe scattering from the nospolar
cubic matrix is completely suppresséterefore one caconclude, that the intensity of RRS

Is dilectly correlated withthe size ormagnitude of spontaneous polarization of spatial polar
regions (PNR or ferroelectric domains), which in turn is determined by the individual polarity
of the polar species and the length obherence between the individuglolar speciesThe

letter actually represents the mean size of PNR or ferroelectric domains.

The temperature dependent measurements of PST and PSN also reveal that the spectral
feature between 800 and 88cm!is mt only composed of the W-order RRS rém
antisymmetric bending around 438n* but also contains contribution from symmetrical 8O
stretching whichin the cubic prototype structures associated with the totally irreducible
representation Ag This mode is not supposed to carry polatity noncentrosymmetric
structures but it also becomes enhanced under resonance conditiandicatinga polar

doubledperovskite structure

5.1.5 RRS at high pressures

Resonance Raman spectra under high pressure lh@en conducted for PSFig.12). The
spectral feature corresponding to the overtone of antisymmetric stretching unfortunately
could not be evaluated, since there was a strong contribution by the dianamwvds above
1250cnit. Thus, the pressurelependent spectra are cut after the combinational mode of
antisymmetric bending and stretching@STundergces pressureinducedphase transitions at
pc1 = 1.9GPa(Mihailova, et al., 2008)and p2around 5.5GPa(Maier, et al., 2011 b)At p1
PST develops lorgnge antiferrodistortive B@tilts with rhombohedral symmetry where
this structural state is supposed to be npolar due to a center of inversion gr With
increasing pressure atgpa further lowering of the symmetry occurs including antiparallel
PI#* displacements as well as mikén and antiphase tilts of B{bctahedrg where the

space group of the latter phase was awaited to be/®2

36



3 2AB AB+AS f

7t y

[ 8.3 GPa |

6 iV 75GPa 1

v [ ]
~ 5 .\ 6.1GPa
2 7 . | ]
S Iy ; A h" 5.0 GPa
S 4} N e Y 45 GPa ]
2 | : : :
@ 3 | 5 ! ]
S | | P \\ 3.3GPa
E 2:- f : i
[ = 1.2 GPa |

1L ambient pressure,
[ after decompression

(] U N E B B BN B
250 500 750 1000 1250 1500 1750
Raman shift (cm™)

Fig. 12 Parallel polarized resonance Raman spectra of PST under high press

room temperature. The spectra areertically shifted for clarity. The spectrum

ambient pressure has been collected after decompression.

It follows from the group theory analysis, that for both symmetries dBnd P2/c) the
simultaneous enhancement of1and 2'%-order RRS isymmetryforbidden. Consequently,

the high pressure structural state of PST even well abgyegsa partialpolarcharacter and

in addition the implicit polar structural species is distinctive enough to give rise to RRS. Since
under ambient conditions ghals at first appear in the vicinity of T*, the remaining polar
order under high pressure mugroduce sufficient magnitudes of electric field to be worth
noting and hence cannot be entirely suppressed by the domination of antiferrodistortive
ferroic orde. Thus, in despite of structural relaxation via antiphase tilts, the @@hedra

are slightly distorted from their ideal shape even under high pressure.

The sensitivity of RRS for structural polarity appears to be rather high arahibe shown
that resonance Raman spectroscopy generalpossesses a certain potential to study local

structural inhomogeneitie®f advanced ferroelectric materials.
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5.2 Effect of doping

In this sectionthe resonance Raman spectra of doped PST and PSN are treated. The effects
of doping on the structural state afgasically determined by previougudies as mentioned

in section4.l In this sense, e spectral evolutiorof RRSas a function of Aand Bsite

doping is compared with available information abdike single compounds, in order to
prove the potential of RRS to distinguish between different types of pdiktortions and

different mechanisms of coupling processes.

5.2.1 RRS at room temperature
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Fig. 13: Parallel and cross polarized RRS spectra of PST related compounds. Spectra are only corredted glarss
contribution but not for the BoseEinsteindistribution and vertically shifted for clarity The intensity andhe position of
the continuum photoluminescence maximunidotted lines) are different for all compounds. Especially P8& show

very strong luminescence background with maximum very closette incident photon energy.
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RRS spectra from adbped PST and PSN were collecte@mbient conditions The spectra

are expected to provide information about the vibrational as well as the electronic states of
the studied materials. In this manner, one spectral feature which can be observed for all
compounds is directly related with thelexztron band structure of the single compounds:
there is an obvious appearance mfotoluminescence as a backgrourig.13 shows the as
measured spectrafor all PSTcompounds, where only the glasentribution has been
subtracted. The strong slope for low wavenumbers is owed to the already mentioned
thermal population of vibrational states following the Bdsmmstein distribution £q.8). The

parallel polarization spectra are plotted on the Kafind side Each sample shows a different
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Fig. 14: Maxima of the continuum photoluminescence background for PST and PSN as well as their
doped compounds. For nearly all compounds there is a clear energy dehift with respect to the inciden
laser energy. Only PSBa shows a photoluminescence maximum that is very close to the excite

wavelength of 325nm. For all samples the error is below 0.0@%/.
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photoluminescence background, while for all materials except for-B&the maximum of
this background distinctly is within the spectral rangfestrong Raman scatterind he shift
of the luminescence maximum for different compounds should be due to a change in the
electronic band structure induced by different amount and type dajping. In general,

photoluminescence is a Stokes proce§isitai, 1993, p. 25)thus the maximum of
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Fig. 15: Parallel and cross polarized RRS spectra of PSN related compounds. Spectra are only corrected f
contribution but not for the BoseEinsteindistribution and vertically shifted for clarity The intensity andhe position of

the continuum photoluminescence maximurfdotted lines)are different for all compounds.

luminescence is expected to be at lower energy compared to the incident photon. The
difference in energy between the abdead and the emitted photon can be due to different
effects here. Onaspect is the influence of doping on the energy gap and on the optical
dielectric pemittivity maximum, respectively. Another point might be how the relaxation of

the excited electron level proceeds.the emission of the photon starts from the vibrational
ANRdzyR £ S@St 2F GKS SEOAGSR St SOGMmynt@il GS

photon energy corresponds to the gap between the involved electron states. If there is
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practically no relaxation and the photon is emitted from the excited vibrational level of the
excited electron state, it is about smlled hot luminescencdn Fig.14 the maxima of the
luminescence signal$or all measured samplesre plotted. It appears that the pure
compounds show the largest shift with respect to #ecitation wavelength of 326Bm. With

the increasing amount oA-site doping the difference decreases with a higher slope for PST
and its related compoundg€ventually, for PSBa there is at least no detectable shift of the
luminescence maximum. All of this presumably indicates that heassite doping

considerably influences the electron configuration with respect to pure PST especially when
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Fig.16: The wavenumberratio of 2™ (1) and corresponding 3L(1) order RRS. The upg interesting diffeences.

part shows the ratio of antisymmetric bending (AB) + antisymmetric stretching (AS
the combinational mode (ABAS). In the middle antisymmetric bending and ConSIdenng the cross
overtone are plotted. The lower part shows the antisymmetric strefog and it polarization spectra it

overtone. For all compounds and vibrational modes, the ratio is nearly equal to uni
P yed can be seen that the

luminescence shows a noticeable degree of depolarization forBRENPSNLa and PSISr. If

the spectra of PST and the related doped compounds are considered carefully, it can be

observed that also fothe A-site doped PSTcompoundsthere is a depolarization of the
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photoluminescence, whereas the pure compounds and ¢hegith doping on the Bite

preferably show no depolarizatiorof the same. Hencethis is furtherevidence thatA-site

doping has aconsiderable impact on the electron configuration although the rggegap
basically is formed byxygen and Bsite cation levelsThis is generallyupposed to be due to
defects induced by the compleX-site occupancy and the responding {Bite-cation

arrangement.
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Fig.17: Parallel and crosgolarized spectra of PSielated compounds at ambient conditions. The spectra halkeen

corrected for the contribution of photoluminescence and are vertically shifted for clarity.

In the subsequent analysis the focus is put on the Raman sigklatollected spectra show
features related to 2"%-order RRSAs already mentioned in seoti 3.5, multi-phonon
scattering enables contribution of zorelge phonons in Raman spectra. Thus, tHfea2der
RRS in the spgra might be the sum ahteractionsbetween zonecenter as well as phonons
with g 0. In the latter case relatively large deviation of th&@rder RRS peak positions
from the sum of the correspondinglorder peak positions is expected.however the main

mechanism of RRS is Frohlich interaction, mainly -pemer phonons are active in RRS.
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Nevertheless, the mechanism responsible for enhancement of single phonon modes in the
spectra carrying strong polarity is supposed to be Frohhédractions. Zoneedge phonons
are not capable to generate lorgnge electric fields due to the fact that the scalar potential
magnitude of the longitudinal electric field is inversely proportional to the phonon
wavevector. Therefore the signals of%brder RRS should correspond to zarenter
phonons.As already done for PST and PSN in seétibd, this can be proven by considering
the wavenumbeiratio of 2" vs. the correspondingsum of 1%-order RRYFig. 16). In all
three cases the ratio is equal to uniithin a deviationrange ot 1% A smal deviation is
expected due to thedownshift of energy for ®-order scattering bythe bindingenergy in
phononphonon interaction.From this it followsthat for all compounds the 2"%-order RRS
YI Ayt e | NpoiatplEonoids MPaddition by this ratio it can be confired that all
peaks above 830 chrarise from 2%order RRS

Signals explicitly arising from RRS can be evaluated easier by subtracting the
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Fig.18: Total scattering intensity of the RRS spectra of all measured samples at ambient conditit

counts per second (cps) upon scattering geometty] A'H

photoluminescence. This has been done forradlasuredspectra(Fig.17 and 19). At first

glance it has to be that the total scattering intensity changes with doping. Tespecially
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valid for PST compoundsnd minor for PSNcompounds At this point, it should be
mentioned that the total scattering intensity depends @everal parameters e.g. the
focusing, thus this quantity lsato be considered carefully to avoid ovaterpretation. With
respect to all other compounds, PST heavily doped with Ba shoueh strongertotal
scattering intensity (Fig. 18). Furthermore, comparedto all other materials, PSBa
additionally shows a strong enhancement of RESween 50 and 300cm?®, which is

dominated bymodes involvind’l and Bsite cationvibrations.

The reason foall of thisis most probablythe same as fothe remarkableposition of the
photoluminescence maximum fdSTBa The heavyAsite doping influences the electren
band structure in such a way, that the tratisn energy is noticeablyshifted. Optical
transmittance spectra fronprevious studies (Marinova, et al., 20063how that for heavy
doping with Ba the energgapis shifted from 3.20 3.4eV compared tqure PSTat room
temperature Besides two additional absorption peakin the visible rangevere detected
near460 and 730m. These measuremenisdicatethat B&* has an impacting influence on
the electron band structure due to additional elastic fields genesaby its large ionic
radius with respect tdl*”. This has to be taken into account when the spectra of different
doped compounds are compared, becauke to thestrong influence of Ba on the electron
configuration, the resonance conditions might chardyastically with respect to the other

samples.

Another obvious difference between the RRS spectra of pure and doped compounds is the
intensity ratio of 29- and F'-order scattering features2"%-order RRS is forbidden in non
polar AB@-type relaxors and therefore this intensitgtio is sensitivefor the polarity of the
studied compoundsThe fraction of 2-order RRS strongly decreases wiikite doping (Fig.

20). Doping theA-site with elementsthat have an isotropic outermost electron alh and

thus possestPHEdisturbs the coupling of atomic shifts and hence reduces the coherence and
size of PNRThis model can be confirmed by considerif§NBi. Bf* is the only element

among all others usd to dope PSN, which shows the affinity to foiRE just as Pb
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Fig. 19: Parallel and crospolarized spectra of PSikelated compounds at ambient conditions. The spectra leabeer

corrected for the contribution of photoluminescence.

Bi** substituting for PB" induces extra chargein the structure which leads to further
random electric fieldsSinceBF* possessesraionic radiussimilar to that ofPi#*, the induced
elastic stress is smallOnly for this type ofAsite doping the fraction of P-order RRS
increases, although the content of Bi is only about 0.82m previousstudies it is well
known that doping with Bi enhances tladundance of polaspecies althoughthe mean size
of long-range ordeed ferroelectric domainsat low temperaturesis smaller(Maier, et al.,
2009) Therefore the enhanced "%-order RRS is due to the chargebalance which

promotes the nucleation of PNR.

Although L&* alsoinduces additional electric fields due to higher charge compared t& Pb
and B&", the fraction of 2%order RRS is not enhanced with respectie pure orBadoped

compounds, which showa similarlevel of Asite substitution. From this it follows thathe
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mayjor factor for the polarcouplingis the system of LPE associated with theitd cations.
Thus, additional charge imbalance is not capable to overcome the coupling-cérdaéred

Pb atomsdisturbed by doping with cationsith isotropic outermost electron shell
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Fig. 20: Total fraction of %"order resonance Raman scattering as a function okife doping content at ambier

conditions. Asite substitution for Pb strongly affects the ratiof 1*- and 2 order RRS.

However, in spite othe amount of A-site substitution, B-site dopingalsoinfluences the
fraction of 2%-order RRS. For pure PST the ratio is larger than compeitecbure PSNThis

Is in accordance with the fact, that PST shamore coherence in polar coupliaad a larger
size of PNRMihailova, et al., 2005)Doping PST with $h(PSTS) slightly decreastie
fraction of 2%order RRS, whereas doping with*R&lightlyincreasest. The behaviorof PST
doped with Sn on the Bite is in accordance with the observations made RSTSunder
pressure(Mihailova, et al., 2013Partialsubstitution of S for a pair of B*and B* cations
disturbs the intermediataange order of Bcation offcentered displacements in PNR and
supports the development of antiferrodistortive B@®@ctahedral tilts. The unexpected

enhancement of the ¥-order RRS in PSThay be explainedby considering the intensity
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Fig.21: Integrated intensity ratio of 2*- and corresponding -order
RRS of different spectral features. The upper plot shows the 1
between antisymmetric stretching (AS) and its overtone (IAS), it
the middle antisymmetric bending (AB) and its overtone (IAB) ar
concerned while at the bottom both fundamentals AB& | AS) an
the combinational mode (IABAS) are presented. The normadd
intensity of the fundamental modes has been squared in ordel

follow the cross sectional dependence for twphonon scattering.

ratio of single 2*-order sattering vs.

the associated  fundamental

scattering features, since there are
supposed to be different effects
leading to the coupling of different
vibrations. The high fraction of2"%-

order RRS foPSTN is probably due to
an enhancement of the individual
local polarity, although the overall
coherence of polar coupling is

disturbed.

Therefore deeper insights into the

polar coupling processes can be
gained by omparing the intensity
ratio of 2% and florder RRS for
individual vibrations Kig. 21). It

becomes apparent that the two
phonon coupling between BG

antisymmetricbending vibrations and
between antisymmetric stretching
vibrations (overtones) as well as
between both vibrations
(combination) is very different for
different compounds. The two

phonon scéering cross section is
approximately proportional to the

squared onephonon cross section
(Scott, 1969)Thus the intensity ratios

shown in Fig. 21 are between 2%

order RRS and the square of the correspondiffgottler scattering itensity. The intensity

ratio betweenthe antisymmetric stretchingovertone (ca. 1400 ci) and the fundamental
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(ca. 70@m?) shows the highest similarity with the trend for the totdl%rder scattering
fraction. This indicates that the coupling between individual antisymmetric stretching
vibrations is most sensitivio the polar specieslue to LPE associated with-site catiors.

Thus the coupling of antisymmetric BQtretching vibrations is most likely related the
abundanceas well agthe mean sizeof polar spatial regionsferroelectric dmains or PNR
However, considering the ratio between the intensity tife antisymmetric bending
overtone (ca880cm’) and the fundamental (ca440cm') we obtain a rather different
picture. For pure PSN and the related doped compounds there is only a considerable change
when doping with Ba, whereda particularLa and Sr almost have no effect on the coupling

of antisymmetric B@bending vibrationsFor Bi theres a slight increasbut it is within the

error.

For PSNthe ratio is considerably highghan forthe majority of all other compounds, but it
has to be taken into account that the spectral range of antisymmetrig BfDding around
430cm*despite appropiate corrections is probably partially biased by a Raman peak from
the glass of theusedobjective.In addition, Bsite doping has different effects asmpared

to substitutions on the A site.

Increasedratios are also observed for Ba dop&5T andPSTN Since we know that
incorporation of Ba induces local elastic stress and deformation gfdd@hedra as well as
an imbalance in the bond lengths of the-BkBalinkages the assumption can be suggested
that the coupling of antisymmetric B®ending Vbrations is most sensitive for the individual
polarity of distorted polar species on a local scale. This implies sensitivity for the individual
short correlated distortion of BO; octahedra with different neighboring A-site cations.
Contrary to Ba doped3F ard PSN, for PSTBR the couplig of antisymmetric B@bending
vibrationsis reduced. Consequently, simultaneousafnd Bsite doping in this caseeduces
the individual polarity Furthermore, the distribution of data pointsf the ratio between the
intensity of the antisymmetric bending overtone and fundamemaVvery similar to the total
RRS intensityHg.18). If the assumption about the individual polarity is correct, it can be
concluded that the RRS processerall is more sensitive for the individual polarity of
distorted BQ@Q octahedra i.e. for the locgbolar distortion on a lengthscale of a few atoms

than for themean size of polar spatial regions.
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This can be explained bysBe cationscompensating the elastic stress inducedBxyy due to

a correspondingchemical clusteringf B-site cationsin the following mannertf we consider
two adjacent A-site cavities occupied by Ba and Pb, respectively, and think about their
surroundings, the question appears how to distribute the three diffei@site cations Sc, Ta
and Nb amongthe cavity-building BQ@ octahedra. Assuming thatNb is preferably
coordinated byPh while Taprefers to position next t@a, the distortion induced by Ba can
be compensated by a certain positioningf the B-site cations. This can be enableth
different masses and -B force constants of Nb and Talevertheless, this is only a

presumptionwhich cannot further be proven by the available data.

For PSLa the coupling between antisymmetric 8ending vibrations increases compared

to pure PST, while for P9M and PSISr there is no significant change towards pure PSN.
small amount of La ahously does amplify the local distortion of BOctahedra due to
additional local electric fields and at the same time the level of doping is moderate enough
in order not to suppress the offenter displacements of too manydte cations, adjacent to
L&, In addition, the substitution of Pb for La inducescanciesand they in turn are known

to amplify the relaxor behavior(Mihailova, et al., 2007 b)Both mechanisms cannot
overcome the disturbance of the system of LPE due to heavy La doping onrsile &s in

the case of PSNa.

The coupling between individual antisymmetr®Q bending and stretching vibrations
represented by combinational twphonon scattering (cal135cm?) is the third interaction

to consider. It shows an intermediate behavior compared with the coupling between
vibrations enclosing the same atomic displacementlus, it most probably reflectthe
interplay betweenthe individual local polarity ad the abundanceand/or the mean sizef
polarspatial regionsrespectivelyForheavily Ba doped PS$fie couplingdecreaseswhereas

for PSNBait increasesA small amount of Ba enhances the individual polar distortion while
the system of LPE is only slightly disturbed. In the case of heavily doped PST the coupling
between Pb atoms is hampered too strong and polar coupling cannot be realihgdia an
enhaned individual polarity. Thus t can be observed, thatdepending on different
substitution on the A sitéhe predominatingtype of polarity variesto be either determined

by the mean size of polar spatial regions or the individual polaritydiftorted BGs
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octahedra.lt can be confirmed thathe incorporation of Bdeads toa larger distribution in

size and shape of polar clusters as already repofiddrinova, et al., 2006)

In conclusion, the coupling betweeanternal BQ modes depends on different parameters.
The couplingbetween antisymmetric B@ stretching vibrations strongly depends on the
system of LPE and thus becomes weaker if Pb is partially substituted by a cation with an
isotropic outermost electron shell e.g. BBy contrast, the coupling between antisymmetric

BGOs bending vibrations does not

05 oS e M depend as strong on the system of
B psT ® | antisymmetric bending . )
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normalized intensities of RRS from different internalgBiBrations.

In Fig.22the scattering intensity from all three internal octahedral vibrations normalized to
the total 1°-order RRS is plottedf the intensity of antisymmetric bending is considered, it
becomes apparent that the expectedfiuence of Ba is absent archnnot be observed.
Instead of becoming enhanced, the fraction of scattering from antisymmetric bending
further decreases with Ba dopinghis is most probably due to the presence of strong peaks
in the range from 50 to 300 chifor Ba dopedPST andPSTNFor antisymmetric stretching
vibrations the intensity decreases with increasingife doping content, while for PSTN the
intensity is significantly higher than for all other compounds. However, the scattering from
symmetric B@ stretching increases with increasingsfe doping. First of all the question
should be answered, why Ba in contradiction to all expectations has no impact on the

normalized intensity of antisymmetric B®ending vibrations.
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Ba doped compounds.
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Combining all observations one has to conclude that the enhancement of RRS for
compounds dopedavith Ba is barely comparable with the compounds doped with La or Sr. In
the following sections the different types of deformation fArsite cations with larger and

smaller ionic radius with respect to Plare compared separately.

5.2.2 A-site substitution for Pb bycations with larger ionic radiusthe
effect of dopingwith Ba

In order to receive a more exact impression of how the doping of the perovsigite Aloes
influence the evolution of ferroic species i.e. PNR in corresponding materials, temperature
dependent RRS spectra have been collected fromBRSTThis compound is heavily doped

with Ba substituting for PB. Since BH in the prevailing coordination has larger ionic

Pb, BaSc, TaNbO
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Fig.24: Parallel polarized spectra of three different compounds with varying amount of"
and NB* on the Bsite and their corresponding materials doped with Bon the Asite a

ambient conditions. The content of Ba increases from bottoto top. The spectra ar

normalized to unity for better comparability.
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radius compared to PB, the tolerance factor of this compound is shifted to a higher value.
The effect of Ba doping can be traced by consideFRitgg24. While a small amount of Ba, as
for PSN has no striking impact on the spectrum, for RBa ldnd PSBa a significant change

with respect to the undoped compounds can be observed. On the one hand the intensity of
Sco.5T‘5l O A =325nm ¥4
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Fig.25: Parallel and cross glarized RRS of PSRl asa function of temperature.Similar to purePST o
signalsare detected at 800K. Unlike pure PST, PSHa shows well pronounced RRS already well ak
T*.

peaks related to the vibration of-Aand Bsite cations increases, while signals associated with
2"%order scattering strongly decrease with respect -drder scattering.Furthermore, a
dominance of the symmetrical B®tretching around 828mi* can be recognized. For PST vs.

PSTBa this trend eventually continues

The temperature evolution of RRS from HET can be seen ifig. 25. At first glance it
becomes apparent that as opposed to pure PST even above T* RRS withiisiimensity
can be observed. By Raman spectroscopy under an applied electric dc field it has earlier
been shown that the zerfield polar coupling of Bations is suppressed in RB&(Maier, et

al., 2012) Thus, the appearae of well pronounced signals above T* must be induced by
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increased individual polarity on a local scale due to the distortion of &®ahedra, that

leads to a sufficient abundance of electric field magnitudes givis®gto RRS. Due to the

incorporation of Ba the coupling of polar structural species has more anisotropic character

than compared with pure PS{Maier, et al., 2012)for which the coupling explicitly is
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Fig.26: Normalized intensity as a function of temperature for athree phonor
modes with involved Phvibrations. The lines represent fits to data points
Boltzmann functions. The inflection points for all three modes are around

K. The trend of all three modes represents the evolution of fraction and siz

PNR inrPSTBa with decreasing temperature.

preferably along the wbic
body diagonal [111], which
the

corresponds to

rhombohedral axis of

symmetry. This allows PNR to
increase in size without the

affinity to form coherent
longrange ordered domains.
With decreasing temperature
the  scattering intensity
increases until finally at 10Q

the peaks in the range from
50 to 300cm® associated
with localized Aand Bcation

as well as translationd0s-A-

cation vibrations dominate
the spectrum together with
signals related to symmetrical
BGs stretching. Although the
depolarization ratio in total is
low, a significant

development of the localized
Pb mode can be observed in
the cross polarized spectra.
The former confirms the
absence of ferroelectric long
at low

range order
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temperatures opposed to pure PSFig. 26 shows the temperature evolution of the
normalized intensity of the low wavenumber modes related to Pb vibrations, combined Pb
and BQ vibrations and B@against Pb translations, respectively. The development of all
three intensities has been fitted with Boltzmann function, which represents the limited
increase of a quantity. The curve progression is suggested to be directly correlated with the
growth of PNR. Around 430 in the range of T*, the intensity starts to increase which is
associated with prefoned PNR starting to merge to larger polar clusters. The maximum
increase can be observed around 340where the curves have their inflection points.
Subsequently the increase ends in saturation around ROWhch isclose to the freezing
temperature T. Thus for PSBa RRS reveals the pure growth of PNR and their attendant
electric fields, since no ferroelectric phase transition appears forBRSMarinova, et al.,
2006)

5.2.3 A-site substitution for Pb by cationsvith smaller onic radius the
effect of doping with La & Sr

Temperature dependent resonance Raman spectroscopy has been applied to La and Sr
doped PSN in order tfurther examinethe structural evolution of compounds for which
antiferrodistortive BQ tilts are favoredat ambient conditionsFig.27 shows the spectraf

La and Sr doped PSN together with the spectrunthef pure model compoundFrom
bottom to the top the content ofA-site substitution increases and it can be seen that La and
Sr have a very similar effect on the RRS. Compared with the effect of inatgnoof Ba into

the structure it clearly appears that the nature of deformation is rather differekitith
increasingsubstitution for Plthe dominance of scattering related to symmetric stretching of
BQG; octahedra becomes more promotedhe temperature evolution off RRS can be seen in
Fig.28. Like for pure PSN, by cooling down from high temperatures the first signals can be
detected around T* at 456. The spectra develop rather different with respeot pure as

well as Ba doped relaxord he overall intensity increases only slowtliile especially the
spectral feature around 806m' associated withsymmetric BQ; stretching attracts
attention. There are also remarkable intensities for the peaks related to antisymmetric

bending and stretching. The spectral region from 50 to &S0 is quite noisy, nevertheless,
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Fig.27: Parallel polarized spectra of PST, PSN and their corresponding materials dope:
La*or SF*on the A site at anbient conditions, respectively. The amount of doping on the
site increases from bottom to top. The spectra are normalized to unity for be

comparability.

an increase of the intensity can be obseaivéor this part of the spectrum for both
polarizations.It is established due to earlier studies that heavy doping with La oritbie
induces the enhancement of antiphase Btits at ambient conditions and facilitates the
antipolar coupling between Pb cationwhile simultaneously suppressing the -cintering

of B-site cations(Maier, et al., 2011 a)This isn accordance with the spectra collected under
resonance conditions, since the polarity associated withs B&ahedra appears strongly
suppressed. Hence, the comparable high scattering intensity from Atsgte localized
vibrations can be suggested to arise from the dominance of antiferrodistortive ferroic order

overthe polar ferroic order
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In addition, the intensity of the peak around 866i* from symmeric BQy stretching seems
also to be associated with the formation of antiferrodistortive tilts and thwigh the
doubling of the unit cellBasically, the symmetric stretching does not carry polarity. Via-long
range antiphase B{lilts, the induced polarity by neighboring octahedra surrounding two
different types of Acations can order on a mesoscopic scale. In other words, due to the long

range order of the antiferrodistortive structural species, the polarity induced by BO
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Fig.28: Parallel and cross polarize#@sonance Raman spectra of P&Id for different temperatures. At T* considerab

scattering signals appear, while@order RRS is nearly completely suppressed even atvery low temperatures.

distortions can couple and hence the longnge antiphase tilts implicitly induce a certain
type of polarity. This should work as long as there ism@ough content of Pbcations to
create a sufficient amount of heteromorphBG; surroundings. The presence of th peak for
other materials shows, that at ambient conditions the structural state of lbasled
perovskitetype relaxor ferroelectrics is characterized by the competitive behavior of

antiferrodistortive and polar ferroic ordefThe temperature evolution foRRS from PS8Ir
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(Fig.29) shows a similar behavior as PIS&N The remarkable difference is made by the even
more distinct attendance of the peak from symmetric 8€retching. Even though the
tolerance factor for PSISr is smaller than for PSNy in factdespite oflarger content ofA-

site doping, the missing extra charge and the high amounisite substitution leads to a

facilitated antiferrodistortive structural state. The disturbance of the system of LPE is again

Pb, ST Sco.sNbo_sos A =325 nm
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Fig.29: Parallel and cross polarized resonance Raman spectra of-86r different temperatures. In gener
2" order RRS is nearly entirely suppressed, whereas especially a considerable intensity of the symr

stretching overtone can be akerved. The overall scattering intensity remains minor even for low temperature

supposed to be the most striking effect when Pb is substituted by a cation witto o
outermost electron shell and smaller ioniadras. Furthermore, due to homovalent doping in
the form of Sr the individual distortion of B@ctahedra is continuing reduced, although
the coherence of antiphase ordered B@Iting and therefore the accompanied polarity

increase.

In summary, it can be stated that despite the additional random electric fields duefo La

the polar coupling of oftentered Bsite cations strongly decreases with-site doping.
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Especially due to the similarity of RRS from La and Sr doped compounds it must be
concluded that the effect of random electric fields is not vital for the properties of
perovskitetype relaxors. Instead the effect of local elastic fields and a leddolerance

factor induced by different ionic radii oA-site cations, respectively, as well as the
disturbance of the system of LPE has a striking impact on relaxor beh&kigy.the random

electric field model is not appropriate to explain the origirrelaxor ferroelectric properties.
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6 Conclusion

The lead based perovskitaype ! .08 6§3Q relaxor ferroelectric model compounds
PbSesTas0s (PSY and PbSesNy 503 (PSN as well as their related and Bsite doped
derivatives have been studied by resonance Raman spectroscopy applying an excitation
wavelength of 32%m (3.815eV), which corresponds tmear the maximum of the optical
dielectric permittivity ands abovethe energy gap formed byxggen p and Bation dlevel
Under resonance conditionan enhancemenbf BQ associated.O phonon modes namely
antisymmetric bending(near 430cm?) and stretching (near 700cm?) associated with
representation T, in the aristotype cubic perovskite structurue to Frohlich interactions
can be observedor all studied compoundsFurthermore, for PST and PSN inten&eoider
resonance Raman scatterif@RSjrom the same phonon modes is triggered in the form of
overtones (near 860 and 14G0n?) and a combination (rer 1135cm?).

RRSselection rulescalculatedby applying grougheory analysisto electron and phonon
statesas well as the temperature clearipdicate that RRSexclusively arises from polar
structural speciesBy cooling down from high temperatureRRSat first appearsaround T*

for pure compoundsThe atio between 2% and F'-order RRS is predominantly sensitive for
the coherence of polar oftentered shifts, while the fraction of twphonon scattering
strongly decreases with the disturbance of téestem of lonepair electronsassociated with
PK*and Bt*, respectivelyThe pressure evolution of RRS collected from PST reveals that the
polarity of the structurepersists up tal0GPa.

Doping with B&' leads to adecrease ircoherence of polar couply and simultaneously
enhances the individual polarity of BObctahedra due to local elastieeld-induced
distortion of Bcation surroundings A selective development of the size of PNR can be
observed by taking into account the temperature evolution of RRS ffesite cation
localized a well asA-cationBQOsvibrations and translations.

Doping with L&"and St* clearly hampers the mesoscopiolar ferroicorder and leads to a
decrease inthe overall polarity. The enhancement of RRS related with symmetrical
stretching around 80@m* indicates that the doubling of the unit cell via rhombohedral
antiphase octahedral tilting does implicitly inducoherence of polarity due to the distortion

of BQ octahedra by heterogenic surroundings of different#tions.
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It becomes apparent that resonance Raman scattering is a promising method to study the
complex inhomogeneous nagoale structure of advanced ferroelectinaterials due tdigh

and selectivesensitivity for polar structural distortions when the electrphonon coupling is
dominated byFrohlich interactionsRRS allows it to compare the nature of deformation
within different compounds and additionally enables the particular investigation of the local

structure which is supposed to be responsible for relaxor behavior.
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