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Abstract

Dense (Ix)BaTiOs-xBi(Li 1/3Ti23)O3 ceramicswere fabricated by the solid state reaction
route. Powder Xay diffraction analyseseveaéd an increase in the unit cell volume with
increasing x and a change on the average crystal structure from tetragonal (space group
P4mn) to cubic(2 1 # ) at x> 0.10.Raman spectroscopy analyses corrobdratehange of
symmetry, but also shad the local structure for > 0.10 to be inconsistent withthe
centrosymmetriq 2 | # ) spacegroup The dielectric measurements revealed for the first
time, to our knowledge a double relaxor behaviour in a BaTybase solid solution.
Basically, with increasing x, thsharp ferroelectric anomaly at ti@urie temperature (J
shifts towards lower temperatures until eelaxortype response is obseryedut
simultaneously, another relaxati@merges above TThe first arises from poor coupling
between polar nanoregions, whereaddbter obeys the Arrhenius Laamdmay be associated

either witha defectdipole reorientation oa Skanavitype mechanism.
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[-Introduction

More than 3billion multilayer ceramic capacitors (MLCCs) based on BaT(BT) are
annually fabricatednakingBT certainlythe mostsuccessfly commercialandstudied led-

free ferroelectric perovskit¢ABO3).! Ferroelectricity inBT is believed to arise from a
secondorder JahsTeller distortion caused by the hybridization between the empty-Ti d
orbitals and the O-prbitals? This leads to a correlated aféntering of Ti ions within chains

of octahedraOn heating, pure BTindergoeghree consecutivstructural phase transitions.
Basically, its crystal structure changes from rhombohedral to orthorhombie8&°€, from
orthorhombic to tetragonait ~ 0 °C and from tetragonal to cubic at130°C. These phase
transitons aH DFFRPSDQLHG E\ OD}Y WHichDageRuRd2srabtem mhadt 0
technological applications particularly in multilayer ceramic capacitorsM{_CCs). For
instance @eactesvalues as high as 10000 around $30the secalledCurie Temperature,

Te. Above T, %7 LV QR ORQJHU I|HUdetdhsesld&cudidind-toDi@ @mpikical 0
CurieWeiss law. Chemical doping has bestrategically employetb reduce the temperature
GHSHQGHRQIRHBTHRdsed ceramics. Nevertheless, most of the dopantsd aoide
substituted into the BT lattice tend to lowey, Timiting the temperature range of its use.
Emergence of relaxor behauvioupon doping is anoth@ommon occurrengen bothsingle
doped systems such as Ba¥r,Os°® (Ti*" andZr** are d° catiors) and double dopedystems

such as BaTi»GaNb,Os* (Ga&* and NB*, & and d cations, respectivelyRecently, a so
called weak relaxor behaviour was observed ix)BaTiOs-xBiMeO3; systems, where
Me=S¢" >(a & cation)or Yb** © (a d°f*! cation). This weakrelaxor behaviour is to certain
extent independent of the electronic configuration of tket® dopant. Botlsystems exhibit

a complexbut similardependence of the permittivity maximum with concentrationeéalg

at low doping levels the permittivity maximum shifts towards lower temperatures and
becomes rounder, however above a certain doping threshold the permittivity maximum shifts
towards higher temperaturealthough tis phenomenon can be of potentialhiealogical
significanceit is still poorly understood. Luisman et ahtionalised it as a consequenceaof
specificlattice disturbance caused hypeculiarity of the doping mechanispwhich affects

the balance between lomgnge dipolar Coulombic forces@ shorirange repulsion forces.
Basically, disruption of this balancesiresponsible for thdisappearance of the lomgnge
polar ordering, as indicateoy thér Raman resultsSimultaneously, the presence of Bi

with a lonepair of electrons, leads to localised lattice distortions creating polar nanoregions.

Nevertheless, coupling between those pat@aroregions is weak and proper relaxor



behaviour does not develop such as in Ph(Mi,3)O0; a Pbbased Bsite complex
perovskite They also postulatethat B* should playa keyrole in the emergence of weak
relaxor behaviournterestingly, Schetz et af also advanced that the lopair of electrons in
Bi®" determine the peculiar dielectric behaviour of BiNay,TiOs, a Pbfree A-site complex
perovskite. Recentlythe structure and dielectric properties ofxjBaTiOsz-xBi12Nay, 2 TiO3
were investigated.lt was observed, that both the degree of tetragonality and the Curie
Temperature increased with increasing X.

In this work, the structure and the dielectric propertied-of)BaTiOs-xBi(Li 1/3Ti23)O3 were
investigated Bi(Li1/3Tiz3)O3 is a putative Bsite complex perovskite, ag has never
synthesised under normal ambient pressusimdJX-ray diffraction and Raman spectroscopy
analyses combad with dielectric measurements the strucpn@perty relationships have
been estaidhed.Change on the local crystal symmetrgreaccompanied by the emergence
of two dielectric relaxations. To our knowledge, suciulile relaxor behaviouwvas never

reported in 8aTiOs;-based solid solution.

Experimental

(1-x)BaTiOs-xBi(Li 1/3Tiz3)O3 (BBTL) powders were synthesized by standard ssttde
reactions. The raw materials used were BaC@9 %), BpOsz (>99.9 %), TiQ (>99 %),
Li,CO; (>99 %),(Sigma Aldrich Co. Milwaukee, WI). Raw materials were weighed
according tothe Bay.xBix Ti1-xsLix303 stoichiometry. Rw materialsvere mixed in ~250 ml
milling bottles, using ~0.5 kg of cylindrical yttrstabilized zirconia milling media (Dynamic
Ceramics, Crewe, UK), together with ~60 ml propan2-ol to a produce slurryThese
durries were therball milled for ~20 hoursand subsequentlgiried The resulting powder
ZDV SDVVHG WKURXJKThese powdd?s Werél pltethto closed alumina
crucibles and calcined first &0 °C for 8 hoursandthenat 900 °C for 8 hours. Powders
were milled letween calcinations. Reactions at 90 were repeated until no changes in
XRD diffraction data were observed between subsequent cycles. The reacted powders were
mixed with 5% Poly(Ethylene Glycol) Bio Ultra 20000 (Sigma Aldrich Chemical Co,
Milwaukee, U\ ) to act as a binder. These blengexlvders were then pressed as 13 mm
diameter~1 mm thick pellets using a uniaxial press (Spek&nt, U.K.). Green pellets were
sintered at 13568C for 2 hours and annealed in air at 8@for 8 hours. The density of
sintered samples was in all cases equal or greater than 93 % of their theoretical Heasity.

densities were measured by the geometric method.



Purity and crystal structure of the ceramics were determined-tay Yowder diffraction
using highresolution LI TUDFWRPHWHU &4 .Model D8, Bruker, Coventry,
U.K.) operating at 5 kV and 30 mV (Step size 0.0and scan rate of 0.2min) in

transmission geometry.

Raman spectra of sinter&BTL pellets were obtained in backscattering geometry with
Raman spectrometer (Model InVia, Renishaw, New Mills, U.K.) using the 532 nm line of
Ar* ion laser as the excitation laser together with a 50 cut-off filter and a 5Quobjective

to focus on thk surface of the ceramics.

Finally, slver paste was applietb both faces of the fired disks to fabricate electrodes
suitable for delectric measurements, which were carried osing an a. impedance bridge
(Model 1260, Solartron, Fenborough, U.K.) connected to a computemtrolled furnace
(Model MTF, Carbole Ltd, Hope Valley, UK)

Results and Discussion

Structure and Purity

Room temperature Xay diffraction patterns for(1-x)BaTiOs-xBi(Li 1/3Ti2/3)O3 (0 &k d.30)
ceramics are shown in Fig. Thesedata shownostceramics to be consistent witsingle
phase perovskite, at least within the detection limits of the instrurA#neflections shift
continuously towards lower Bwith increasing x reflecting an increase in the unit cell
volume.Basically, theseresuls supporthe incorporation of L in the B-site of the BT unit
cell, because in-6ld coordinationLi** ionic radius is 0.76 A in comparison with 0.605 A
for Ti**. Moreover,the datashowa clear change of crystal symmefrgm tetragonal (space
group P4mn) to cubic (space grou@ | #l ) between x=0.10 and 0.28asically, for [ ”
0.10, the XRD patterns show a clear splitting of the (2AQ@@R), as illustrated in the inset of
Fig. 1,whereador x « 0.20n0 splitting of reflections is observeldattice parameters for x =
0 were calculateds a = 3.9903(6)A andc = 4.0314(9)A, whichare in good agreement with
literature values for BaTi©(ICDD no. 5626) Variation of lattice parameters and unit cell
volumes with composition, »arelisted in Table ILattice parametsiincrease continuously
but there is a slight decrease in the unit cell volume when the unit cell changes symmetry.
Finally, there is a slightlyncrease inc/a ratiofrom 1.0103 forx=0 to 1.0105 forx=0.05,



which is followed by a decreage 1.0096for x=0.10. This variation in thelegreeof

tetragonalitycorrelates witta small increase in tHéurie Temperature as shown below

Raman spectroscopy

Room temperature Raman spectra foB&ITL (0 &k d.30) ceramics are shown in Fig. 3. The
phononmodesin the x = 0 spectrum areassignedaccording to the worlcarried out by
Pinczuk et al® on monodomainBaTiO; single crystal In principle, the assignment of
phonons agongitudinal LO) or transverseTO) optical modes is valid as long the phonon
propagates alongne of the principatrystallographic directions. In ceramidke principal
crystallographic directions are randomly distribusdong thegrains. Hence, the Raman
modesobserved fronteramicsresult fran mixing of A; and E modegesulting ino broader
modes than those found in single crystals.

In the low to midwavenumber regioif< 500 cm'), the Raman spectrum of pure BagiO
shows a broad A(TO) mode at ~26 cm* assigned to B® bending vibrations, an
interference dip at ~180 ¢hand asharp E(TO)3VLOHQW ~ P R G'H[10) Whedater F P
modeappears only in presencerefversiblelong-rangepolar order, i.e. ferroelectricitin the
high-wavenumber regiarthe A;(LO) phononmodecentered at Z0 cm* is often associated
with breathingof the oxygen octahedrahis spectrum becomesamatically affectedby the
substitution of B& by Bi** andTi** by Li'*, as shown in Fig. Basically,new modes gpear

at bothlow- and highwavenumbersMoreover, anew interference difs present at ~0 cm

! whereaghedip at 180 cn is replaced by aewmode The interference dip at 14fn™is
due to the presence of two different octahedralironments in the latticeas suggested by
Lu et al'*, and here igaused by Li substitutiorit is worth noting thaboththe antiresonance
dip at 180 critandtKH VKDUS ( 72 3V L O H QVdreoRIR BréseBifthe roofmP
temperaturspectraok =0, x =0.6andx =0.10 EXW DUH D E X0H@Matingtdat -
a high doping levelshe longrange ferroelectric order is disruptekhis result suggests the
lossof long-range polar orderingith increasing xIn addition, anew phonon modappears
at ~88 cm’. Althoughreadilyvisible in the spectrum of x0.05, its intensityincreasesvith
increasing xThis mode is often observed in doped Bag&nd it has been ascribedher to
B-site dopants or Bite vacancie$'?'® Basically, it isassociated wit breathing of oxygen
octahedralue to the presence of'linside the octahedr& comprehensive interpretation of
the origin of this mode can be found in a recent work by Pokorny“efrak broad A(TO)
mode (~B5 cm™) shifts remarkablytoward higherfrequenciesFor example, it appears at ~

298 cm' in the spectrum of x=0.05Chis modeis believed to be associated wite Ti-O



bonds.The shift of the mode at 263n™ could be also due to the fact that a large cation (Li)
is substituted on th@-site, as observed by Buscaglia €f ah Zr-doped BT.Hence, as
observed previously in the BaTi®iYbO; systenf, the presence of a lorgair of electrons
from Bi** can hardenthis mode,in contrast with the BaTigLaYbO; system,where he
A1(TO) modesoftens®. Moreover the B-site JahrTeller distortion Ti-site displacementpr
octahedra neighbored by Bicaions mayalsobe affected by the presee of a lonepair of
electrons, and ultimately the dielecttiehavior Deluca et df, showed thain BaTiOs-
BiosNap5TiO3, the increase in tetragonality and Curie Temperatureimgtieasing Bi content

is due to the effect of the loypair of Bi forming a bond with one of the oxygens and thereby
distorting the octahedral networkhis effect can be compensated if a large cation is present
at the Bsite as shown bySchileo et dt'’. The latter could be the case here, given the large

ionic radius of Li.

The appearance of new modes at low frequer(ei@8 and ~115 cif) support theexistence

of nanosized clustersaused by the simultaneoissite and Bsite substitutions. Moreover
theseregions (clusters) are sufficiently sized to produce coherent Raman aé&tindily, the
spectral similarity between the x =20.and 0.3Gsuggests that both adopt the same average
and localcrystal structure, but not trulyubic asinferredfrom the Xray diffraction data in

Fig. 1. Indeed, no firsbrder Raman scattering is allowed for the cubie3m space group,
because all atoms are located in sites having a center of inversion. Basicallytwbese
compositions presemegions with local deformations, which break the symmetry rules and
may have a polar nature. These spectral variations are in agreement with the dielectric

behaviourdescribed below.

Dielectric properties

The temperature dependence of the relative pekmitt. \Wand & the dielectric loss, tanG

for BBTL (0 ” [ 30) ceramicameasuredt 1 MHzin the 30- 300 °C temperatureangeis
illustrated in Fig. 3.According to he overall dielectric behaviouy the samplesan be
aggregatednto two groups Hence,x d0.10 ceramic&xhibit cleardielectricanomaliesn 0,
asillustratedin Fig. 3a Forx=0 and 0.05ceramicsthose dielectric anomalies are relatively
sharp and their aximaappearat ~128¢ and~130¢, respectively, whereas x=0.1Q the
dielectric anomaly is shiftetb ~103¢C and appears much broadér.cortrast, both x=0.20

and 0.30 are characterised by the absence of a clear dielectric anomaly. Instead, the

permittivity follows a very depressed curve, which maximum shifts frorge#6r x=0.20 to



1156 to x=0.30.This shift of the permittivity maxima towards higher temperatures has been
observed in several double doped Bajg@®@ramicsFinally, a sudden drop in tabetween
95¢ and 130f is observed for ®.10, whereas broad ta@eaks are visibléor x=0.20 and
0.30at muchhighertemperaturg as shown in Fig. 3b.

Thefrequency dependence of bo@rand tan Gor x=0.20 and 0.30 ceramics is illustrated in
Fig. 4 and 5, respectively Thesesamples exhibit two dielectric relaxations in the¢3Qo
450 temperature rang&he low temperature relaxation occurs arouoom temperature.
Similar relaxation has been observed in otherd@ed BaTiQ and KNbQ ceramics.
Luisman et dl postulated that theomplex @mpetition betweethe covalent and ionic bonds
in the KNbG-BiYbO3 systemis in the origin of this relaxationin the present casehe
presence of Bf andLi'* in the A and Bsites of the BT latticgrovides a similar scenario
Basically, the incorporation of LY into the Bsite disrupts theTi-O covalent bonding, which
is responsible for the lorgnge ordered displacement Tif'*. This is corroborated by the
disappearance of tht# KDUS ( 72 3VLOHQW? aB Bhewh dh\Kig. MoFeBver,
because of the larger ionic radius of'Lin comparison with T, large localstrainsare
inducedin thelattice structureand symmetrySimilarly, Bi** ions with lonepairs ofelectrons
tend to be oficenterleading to further local distortions of the lattidéhese local distortions
are therefore responsible for the appearance of broad modes in the Raman apstivavn

in Fig. 2 and probablyead to the appearance pélar nanoclustersThose manifesttheir
existence s new Raman modes law frequenciegsas illustrated in Fig. 2Hence, the lattice
disturbance caused by this doping mechanism affects the balance betwesmdendipolar
Coulombic forces and sherange repulsion forces, which determines {ibagrange
ferroelectricity inthe perovskite structureThe dsruption of this balance is responsible for
the disappearance of the lomgnge polar ordering, as indicatbgt the Raman results and
leads to the emergence of the low temperature weak relaxor behaviour, like in thg-BaTiO
BiYbO3; and KNbQ-BiYbOs systems:’ Now to interpret the origin of the high temperature
relaxation, it is convenient teharacterisethe emperature frequencglependenceof the
dielectric loss. Te peak position in the dielectric loss cuilistratedin Fig. 4b andsSb was
modelled using the basic Arrhenius equatias illustrated in Fig. 6.This equation was
originally developed to model the dielectric properties of polar liquids and gases and assumes
temperaturendependent activation energie$he dielectric data can be fitted lhe

following equation:



QL QATERC
wherev is the measuring frequendy, is the activation energ¥g is the Boltzmann constant
and the presxponentialvp is the attempt jump frequencythe activation energy of a
relaxation phenomenon is different for every systbetausat depends on the relaxation
mechanism, type and concentration refaxing entities. It is also worth mention that
generakhe activation energies increase for increasing concentratiorkaxing entities.
For example, the activation energy for refaan in relaxors such as Pb(MiNby2)Os is in
the 0.040.07 eV range, while for a dipolar glass suctRags«(NH4)xH.PO, is in the 0.3 to
0.5 eV range. Higher activation energies were reported for relaxatideTi®;, which are
associated with oxygevacancies. For example, Warren €f aéported an activation energy
of 0.91 eV for thealignment ofoxygen vacancyrelated defect dipoles the 24110°C,
whereas Fuijii et ai reported values in the 0.4168 eV range for the same phenomenon in
an idenical temperature range. Again, Cha and Haeported similar activation energies for
defect dipole reorientation in Mgoped BaTiQ@ ceramics in the 156800°C temperature
range, but values greater than 1 eV for oxygen vacancy mdfimally, Bidault et &f
reported a value of 1.56 eV for a relaxation associated with a space charge mechanism. In the
present wdk, the activation energies for the relaxation in the-230°C temperature range
were calculated as 047 eV and 0711 eV for x=0.20 and 0.30, respectiveln principle,
such dielectric relaxation can be ascribeddtect dipole reorientation.
Now, let us considered the associated jumping frequencies calculated from the Arrhenius fit.
First, the highest anticipated jumping frequengdirectly related to the ionic vibration of the
lattice i.e to the Debye frequenctherefore is should not exed10™ Hz. In the present case,
the attempt jump frequeies estimated fromtte Arrhenius fitare 222 u10™ Hz for x=0.20
and 230 u10* Hz for x=0.30, both below the Debye frequency. Moreotlesefrequencies
are close to the frequency of the Raman mode8@tm™ as shown in Fig2. In general, a
dielectric relaxationbelow the opticalphonon frequency rangégnoring piezoelectric
resonancesand domain wall motionis a manifestationof some dsorder ina dielectric
material?®> Although a process involving hopping of atoms is influenced by all phonons from
the dispersion branch in the entire Brillouin zone, it is mostly affected by phonons of the
lowest frequency phonon branches associated wif@ bending modes. Hence, the new
low frequencyRaman modes can be associated to a local change in polarisation due to

defectdipole reorientation.



An alternativeexplanatim can be based on the mechanjsmposed by Skanavi et*afor

the relaxation observed ibismuth strontium titanate solution®8asically, this model
postulates that thdistortions introducedby dopingare sufficient to produce more thane
off-center equilibrium position for the *fiion, and that the observed relaxation is associated
with thermally activated motion between these equivaheimima. At this stage, the exact
nature of the high temperaturelaxation in BBTL ceramics is nfotlly understood and it will

be subject of further investigations at our laboratory.

The results above show the dielectric behaviouBef«BixTi1.xsLlix30s (X 10.20) to be
characterised by two large dielectrielaxations. To our knowledge, this is the first

observation of double relaxor behaviour in a Bafi@sed solid solution.

Conclusions

Substitutional doping of BaTiwith Bi(Li1/3Ti23)Os according tahe Bay xBixTii.xsLlix30s
mechanisms accompanied bg changeon the average crystaymmetry from tetragonal to

cubic at x> 0.10.Nevertheless, changes to the local structure occur at even lower x contents
as revealed by Raman spectroscopy analysis. Indeed, the presence gfarloh@ectrons

in Bi®* affects the vibrations of the BOwhereas the presence ot'lin the Bsite leads to a

new high frequency phonon associated with the breathing of the oxygen octahedra. These
changes to the vibrational propertiaee alsoaccompanied by the emergence ofveak

relaxor ferroelectribehaviour near room temperature and a secondary relaxor peak at higher
temperaturesThis latter phenomenon obeys the Arrhenius law @adactivation energyf

~0.7 eV is consistent with eithardefectdipole reorientabn or a Skanaviype mechanism.
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