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Abstract
A study of the LiO - Bi,Os - TiO; ternary system evidenced a,BivO; pyrochlore phase in a

large range of composition, centered ony{Biy»)TiOz (LBT). This composition led to a pyrochlore
phase stable up to 1100°C, while pure,TBIO; phase has been reported as metastable, with
decomposition temperature around 600°C. Accordingrevious studies, this pyrochlore phase was not
obtained without lithium and here only a few petceh lithium was necessary for stabilization. The
structural study, performed by neutron diffracti@vjdenced a cubic Beh structure (a = 10.317 A),
similar to the one of "pure" Bli»O; pyrochlore phase. The Li-ion is probably locatedtee Bi-site and is
responsible for the stabilization of the pyrochl@®ucture. The electrical properties of the LBT
composition were studied and appeared as veryasitalthe one of "pure” Bli,O,;. Because of its large
thermal stability range, this pyrochlore phase app# be a promising material for dielectric arahility

applications.
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1. Introduction

Bi,Ti,O; is a pyrochlore compound whose existence as sestampound is still controversial. To our
knowledge, the first attempt to prepare this plamseesponds to the paper of Knop et al. in 196& kel
to A,Ti, O, titanates. Their study of the (¥Bi,),Ti,O; solid solution evidenced a solid solution limit fo
= 0.8 [1]. Therefore, the Bli,O; pyrochlore phase seems to not exist as a stabipaand. Indeed, the
Bi,O; - TiO, phase diagram, first published by Speranskaya gt]aevidenced only Bii,0,4, Bi;TizO1,
and BgTiOy, this last compound being previously reported aslBD, [3]. A later study of the liquidus
by Bruton for the BiOs; rich range confirmed the existence ofJBiO, instead of BjTiOy4 [4]. Then
Kahlenberg et al. confirmed, for the central regiéthe phase diagram, that the only stable phagds
1050°C are BITli;O1; and BjTizO45 [5]. Above 1100°C, a third minority pyrochlore geaappeared



together with the last compounds, as the resutfmblonged annealing, associated to bismuth lo3$es
lattice parameter of this pyrochlore phase is 14238, in very good agreement with the value predict
by Knop et al. [1]. The structural study confirméutht this compound presents a defect pyrochlore
structure, with compositions Biz3li,0s75 [5]. They also evidenced that a,Bi,O; compound having the
ideal stoichiometric composition should not be Eabo that the pyrochlore type in the;®§ - TiO,
system can be realized only in the form of a def&eicture. This result agrees well with the reviper

of Subramanian et al. devoted tgTAO; titanates [6]. Their study, based upon ionic raglidenced that
Bi,Ti,O; compound falls out of the stability range of tlyegzhlore structure.

However, a BiTi,O:-like phase is frequently observed as the firsstatlizing compound during the
elaboration of thin films of similar materials, dikBi;Ti;O1,, by low temperature process such as sol-gel,
chemical solution deposition method, RF magnetrputtering or metal-organic chemical vapor
deposition (MOCVD) [7-12].

Therefore, different authors elaborated successfILTi,O; films by different methods such as
chemical solution deposition, metalorganic decortiposor aerosol assisted chemical vapor deposition
[13-18]. Finally Bi74Ti-Oes2 and BjTi,O; pyrochlore powders were successfully obtained bghs
methods, allowing structural studies [19, 20]. Mogeently, the use of microwave rapid sinteringhodt
allowed obtaining pellets of Bii,O; and the study of its physical properties [21]. sTktudy also
confirmed the thermodynamically instable behavioBpTi,O,, which decomposes between 480-650°C,
depending of thermal history of the samples. Theesfthis compound appears clearly as a metastable
compound and stabilization of this phase wouldxteeenely interesting in view of its properties.

Furthermore, our laboratory is involved in the sbaof lead-free perovskite materials. Indeed, at th
present time, lead-based perovskite compounds, aacRb(Zy,Tix)Os (PZT) and Pb(MgsNb,3)Os-
PbTiO; (PMN-PT) are the best family of ferroelectric epbelectric materials. Their properties make
them suitable for the manufacture of electromea®nievices such as actuators, sensors and so on.
However, based on European directives, there ataatons on the use of lead, because of its iyxic
and lead-based piezoelectric materials are onbrdatgd for piezoelectric devices. Therefore, neaddle
free materials are widely investigated and somegapeport potential candidates for the replaceraént
lead-based compounds, such as alkali niobates IN&j)NbO3), barium titanate (BaTig) or alkali
bismuth titanates (NaBiy») TiOz (NBT) and (K;,Bi1») TiO3 (KBT) [22-26].

Reported in 1961 by Smolenskii et al, the alkalnmith titanates NBT and KBT evidenced the
possibility to replace Pb ion by the pseudo-ions (N&i*) or (K'/Bi*") [27] in PbTiQ perovskite
compound. However, in the literature, no one regbthe use of other alkali-ions such a$ &i Rb.
Therefore, we recently tried to synthesize theyBi;)TiO; (LBT) and (RhBii)TiO; (RBT)



compounds by solid state reaction. The aim of aitiempt was to check for the possible formatiom of
perovskite compound.

The Goldsmith factor [28], based on the ionic railien by Shannon and Prewitt [29], calculated for
(Liy-Biyn)TiOs (LBT) and (Rh,Biy»)TiO; (RBT) are respectively 0.73 and 1.04 which mehey tare
respectively too small and probably too large toept a perovskite structure. Nevertheless, thisig a
geometrical factor and there are other paramdtatcan influence the formation of a perovskitegghdn
the case of RBT, no perovskite compound was evittihy X-Ray diffraction. The results remained the
same, even when the powders were calcined sewaes,tusing the same temperature (800°C) or higher
temperature (900°C - 1000°C). Logically, no peraeskompound was evidenced in the case of the LBT
sample. But surprisingly, we obtained at 800°C ig@lylore phase, similar to the Bi,O; compound.

As presented hereinbefore, this compound doesiist @x the binary phase diagram,8i - TiO.,.
Bi,Ti,O; is considered as a metastable compound and istedpm not exist at temperature higher than
650°C. In our case it is surprisingly stabilizedestst for the synthesis temperature of 800°C. lhee
this phase seems to have interesting propertiel, ashigh permittivity and low leakage current-[183.

As this pyrochlore is said to be a promising matsriit is worth continuing this study, notablyttg to
understand how this phase has been stabilized.chasequence, the aim of this study is: (i) to kHec
the conditions of stabilization of this pyrochlgrbase by lithium-ion in the k© - Bi,Os - TiO, ternary
system, (i) to perform structural study of thismqmound and (iii) to study the dielectric behavifsoch

materials.

2. Experimental

The raw materials LCO; (Alfa Aesar, 99.998%), BD; (Interchim, 99.975%) and Ti(Aldrich,
99.8%) were first dried at 150°C. They were theigtved in the stoichiometric proportions and catgful
mixed in an agate mortar before calcination at 800t 20h in alumina crucible.

Before sintering, a mixture of plasticizer and Eindpolyethylene glycol and polyvinyl alcohol) was
added to the powder in order to obtain suitablemgeellets. These pellets were then shaped by iahiax
pressing (250 MPa) of the powders in a 10 mm diametatrix. The pellets were finally sintered at
1050°C for 2h. Before electrical measurementscdramic samples were electroded on both sides using
platinum paint. Dielectric measurements were perém between room temperature and 700°C using an
impedance analyzer (Agilent 4294A, 100Hz — 1MHzhpédance measurement were also performed
using impedance meter (Solartron SI 1260, 100 mV dighal) between 100 mHz and 5 MHz in a
computer controlled cell allowing measurements ketwroom temperature and 1000°C. The impedance
circles were fitted by using the Zlive program [3D|C conductivity measurements were also performed

in a two points configuration by using a currenirse (Keithley 2400) and a voltmeter (Keithley 2R00



X-Ray Diffraction was performed on the raw powdarsl on the pellets using6é26 diffractometer
fitted with a fast detector (Bruker D8, Cuy ;KLinkeye detector). Structural study of one samys also
performed by Powder Neutron Diffraction at the 3diffractometer of the Leon Brillouin laboratory
(Saclay, France). The powder (10 — 12g) was platadvanadium can and diffraction data were cafidct
for 20 angles between 4.5 and 121° at 20°C during 8 haisisg a 1.2289 A wavelength. Structural
resolution was performed by Rietveld method usihg tlana 2006 software [31]. The chemical
composition of powders was determined by Inducyiv@upled Plasma - Atomic Emission Spectroscopy
(ICP-AES) after dissolution in HCI/HF acid solutiém microwave reactor. The microstructure of the
ceramic samples was studied by scanning electramostiopy (SEM, JEOL JSM IT300) fitted with
Energy Dispersive X-ray analysis (EDX).

3. Formation and stability of the pyrochlore phase

As explained in the introduction, a pyrochlore compd was easily obtained by classical solid state
synthesis for the (LiBi1,)TiOz (LBT) composition, using a synthesis temperatdr80®°C for 20h (fig.
1.a). Minority amounts of BTis0y,, LisTisO15 and LbTiO; secondary phases are also observed. However,
the X-ray diffraction pattern suggests large sintikss with the previously reported Bi,O; pyrochlore
phase. This compound being metastable, with decsitio in the range 480-650°C, obtaining this
compound at 800°C is quite surprising. Thereforemale three assumptions to explain this result: (i)
Bi,Ti,O; is missing in the BO; - TiO, binary phase diagram, (ii) the Bi,O; like compound obtained in
our case is simply a metastable compound, that deélompose at higher temperatures and (iii) the
pyrochlore phase is stabilized by the insertionlitsium ion. In the following part, these different

hypotheses have been checked.

3.1. Bi:Ti207: a missing phase in the binary phase diagram?
In order to check for this hypothesis, we tried synthesize the BTi,O; pyrochlore phase by

calcination of stoichiometric amounts of,8; and TiGQ at 800°C for 20h. As evidenced by the XRD
pattern (Fig. 1.b), the only observed phases afE{8);, and BjTi,O1;. Both compounds correspond well
to the stable phases of the equilibrium phase dimgsurrounding the 1:2 s - TiO, composition [2].
This result confirms the absence of thgTBiO; pyrochlore at 800°C. Thus we can conclude thhiulih
has probably a role in the stabilization of thegajrore phase.

3.2. Stability of the pyrochlore phase above 800°C?
Then, we tried to calcine the powders corresponttinBT composition at higher temperature than

our first experiments. We retained 1100°C for 20h,order to check for a decomposition of the

pyrochlore phase. The obtained powder was studiedRD (Fig. 1.a). The results demonstrate: (i) a



large amount of remaining pyrochlore phase andafii)evolution of the secondary phases previously
identified toward only one phase,LizO;. Thus we can conclude that the obtained pyrochtag not be
just a metastable phase and probably exists aabée stompound of the J® - Bi,O; - TiO, ternary

system.

3.3. Stabilization of the pyrochlore phase by lithium ion?
Finally, in order to check for the stabilization lithium, a composition close to Hii,O;, containing

only a few percent of lithium, has been synthesidde selected formula is 0.02,0i - 0.31 B}Os - 0.67
TiO,. The raw powders were calcined at 800°C for 2{g in our previous experiments. The XRD
pattern (Fig. 2) is different from the one previgusbtained for the LBT composition. However, waulb
identify: (i) a pyrochlore phase in a lower propamtand (ii) the BjTizO;> compound. Thus the presence
of lithium, even in small amount, has an importaffiéct on the stability of the pyrochlore phaseabty

its stabilization.

3.4. Stability zone of pyrochlore phase
In order to check for the influence of the lithiutontent on the stability and on the amount of

pyrochlore phase, a study of theQi- Bi,Os; - TiO, ternary system was performed at 800°C for 20h
synthesis time, around the (LBi,;,)TiO3; composition. The aim of this study was to deteamthe
influence of the amount of lithium on the propantiof pyrochlore phase. Four diagonals of the tgrnar
system were retained, by fixing the percentageiot at 60, 67, 74 and 80 mol% respectively, while the
lithium content was changed (Fig. 3). The studiedd correspond to the formulae,Bis.2T10.602.4
(60% TiQ,), LixBi(es-2xTl0.60233 (67% TiQy), LioBis2-2xT10.7402.26 (74% TiQy) €t LirBi(.4-29Ti0.602.2
(80% TiQy).

The amount of the observed phases was calculatdieobasis of the XRD patterns, by using the
intensity of their most intense diffraction peakbe following formula was used for a rough caldolat

of the observed phases:

%; = (L) @)

il
Where | is the measured intensity for the main peak ofctivesidered phase andd the value for all the
observed phases. The results are reported in Table
As reported in the literature and according to mavious results, the pyrochlore phase is not fdrme

when the composition lies on the binary@j- TiO,. Thus, the compositions with a ratio of BiBi,O;
equal to 60/40, 67/33 and 80/20 only led to thenftion of BiTizO:, (B4T3) and BiTi4O.; (B2T4)
phases. This is again an evidence of the impdithafm ion on the stabilization of the structure.

Finally, the phase diagram has been divided into parts:



= Part 1: It corresponds to amount of pyrochlore @b60%, but with a lot of secondary
phases. Moreover, the amount of Ti®important and some of it remains at the enthef
calcination.

= Part 2: The amount of pyrochlore is the highest this area. There are only a few
secondary phases in low proportion.

» Part 3: There are only a few secondary phaseshier zZone. However the amount of
pyrochlore phase is really low.

= Part 4: The pyrochlore phase is in low proportion fiearly all the composition. The
Aurivillius phase BjTiz0,, is easily stabilized which could be explained gy fact that the
proportion of TiQ on this diagonal is the same as in thgf'BO;,compound.

The lattice parameter of the pyrochlore was catedldor these diagonals of the ternary system. The
linear evolution of the lattice parameter evidenimgsa solid solution domain, at least for a lapgat of
the composition range (fig. 4). Since we didn'tathgsystematically for all the compositions in teeniary
system, it's difficult to determine precisely tlimaits of this solid solution. However, for the coosition
range close to the binary Bl; - TiO,, this limit seems to correspond to x= 10% for 608, and x = 5%
for 67% TiQ.. For the diagonals corresponding to 74 and 80%, Ttt@s upper bound is more difficult to
estimate but seems to correspond nearly to x =T##6. confirms again that the pyrochlore phase dbesn
exist without lithium.

Finally, the proportion of B2T2 pyrochlore phase tie most important in the zone 2. As a
consequence, we used the 67%IiQ6.5%B}0; - 16.5%L,O composition, circled in Fig.5, for the rest
of the study. Indeed, this composition was the exgbiting the highest proportion of pyrochlore pbalt
corresponds to the hypothetical compound4Bi;;)TiO3 (LBT) studied in our preliminary experiments.

4. Structural study by Powder Neutron Diffraction

The sample of (Li-Biy)TiOz composition used for the Powder Neutron Diffracti®®ND) was
synthesized with the experimental route describadiee. Since the lithium and bismuth chemical
elements are known as being volatile, the obtaipedder was studied by ICP-AES. The chemical
composition was determined as 16.4 mol%4CBi 14.6 mol% LiO and 69 mol% Ti@ The LBT initial
composition was 16.5 mol% s, 16.5 mol% LiO and 67 mol% Ti@ Thus this result shows that minor
amounts of lithium and bismuth have been lost dusiynthesis of the powder. The structural refinemen
were performed by Rietveld method using the Jar@2aftware. The secondary phasesTisO;, [32]
and LpTiO; [33] were added as secondary phases for the gtalicefinements.



4.1. Initial structural model: the ideal pyrochlore structure
The pyrochlore compounds have a general formu@;, and can be written as,B,0O0', with four

cristallographically nonequivalent kinds of aton8].[At first glance, the (Lj.Biy)TiOs; studied
composition doesn't correspond to the general flamipyrochlore. But with doubling of this formulia
may be noted that the (Li,Bi)XDs obtained formula tends to be similar to the onepwfochlores,
especially for the one containing vacanciek like (a,A)B.Os' pyrochlores [6].

The space group of the ideal pyrochlore iSdwith eight molecules per unit cell [6]. The first

refinement on the PND data was thus performedeérsfiace group Bdh, using the general positions of

the pyrochlore structure: Bi at (0,0,0), Ti étg,%), O at é,%,z) and O’ at%,%,%). The lithium has not
been inserted on this first step of our study.rtguit displacement parameters were used for akhtbms.
Moreover, the occupancies of Bi and O’ have beéinad, since the BIi,O; pyrochlore compound has
also been previously reported as a non-stoichisonedmpound, with formula such as;BiTi,0g 62 [19].

Quite a good fit was obtained for this first refiment (Gof = 3.28; R= 4.00%; R, = 5.52%, a =
10.317 A), even if the displacement parameter8f@nd O are too high:{J = 0.051 R and U, = 0.036
A2 The final chemical formula after this step wassRii,0s0’p 95, €videncing bismuth and oxygen O’
deficiency. Based on this, we choose to try to #ud lithium-ion on the Bi site. The result of this
refinement was similar to the first one, with tlzen® reliability parameters. The only differencéniast the
final formula was Lj35Biq 657,07 (Gof = 3.27; B = 3.99%; R, = 5.52%, a = 10.317 A). This formula
corresponds to 27.5 mol% Bl;, 5.8 mol% LO and 66.7 mol% Tig) indicating lithium and titanium
deficiency compared to initial composition and IBBS measurements. This can be easily explained by
the occurrence of the secondary phasggii®,, and LibTiOs, which contain missing part of lithium and
titanium.

In order to check another possible position forlitium-ion, we also tried to insert the lithiumn on
the Ti-site or even on Bi and Ti sites simultan&puBut in each case, there was no convergencheof t

refinement. This result means that Li-ion probatagupies the Bi-site.

4.2. Final model using anisotropic parameters and static displacement
As in the publication of Hector and Wiggins [20hisotropic displacement parameters were used in

order to try to improve the goodness of fit thdt fe 2.90. However, the displacement parametgrs U
remained high and even increased with the useeofitfisotropy (WBi) = 0.061 &K and (O’) = 0.047
A?). As a consequence, the possibility of a staipldcement of the bismuth-ion to the 96g (x,y,z9@
(0,y,-y) positions was tested. However, in our céise refinement was not successful in both cals.
is in concordance with the absence of the (442k peaPND pattern. The bismuth ion remained then on

the 16c¢ initial position.



However, these parameters remained quite high Heraxygen O’ Thus this one has also been
considered as being displaced from tlél;%(%) position of the ideal structure. As for,Bi,O; andy-

Bi,Sn0, the 32e site (x,x,x) was used for the oxygen Thiis atomic position is characteristic of a
displacement toward or away from the vertex of thgahedron [20]. This did not result in a high
improvement of the reliability's parameters (GoR:88, R = 3.55%, R, = 4.86%). Nevertheless, the
isotropic displacement parameters of the oxygerdiesreased to better values{g 0.007 X). The final
formula can be identified as d4,Bi;eTi1,0s0’ggs at the end of the refinements, with a refinedidatt
parameter of 10.317 A, lower than the value of 19.4 reported for Bili,O; [20]. The final profile fit is
given in Fig. 5 and the atomic positions in Tahle 2

This formula corresponds to 28.0 mol%®4, 5.3 mol% L;O and 66.7 mol% Ti© As noticed for
intermediate calculations (see. 4.1) this resuliciates lithium and titanium deficiency, accordiogthe
occurrence of LiTisO;, and LiTiO3; secondary phases.

The final structure (Fig. 5) highlights the disarda the Bi and O’ site. The displacement pararseter
are quite good at the end of the refinement. Bibamt is the one which exhibits the highest
displacement parameters, but this is probably duigst6s? lone pair. The lithium ion is thoughthlie
located in the bismuth lacuna, as these refinengans the best results. Moreover, this could erplaé¢

decrease of the cell parameters compared to thespoeted by Hector and Wiggin [20].

5. Electrical properties

Dielectric properties
The relative permittivitye' and dielectric losses ta(of the LBT ceramic sample are represented in

fig. 6. At 100 kHz and room temperature, the re@ermittivity is 85 which is lower than the vatuef
115 at 500kHz reported for bulk by Esquivel ef2l] and 118 at 100 kHz reported by Wu et al. font
films [13]. The dielectric losses (100 kHz, roommfeerature) are low, tad) = 0.016, and thus of the same
order of magnitude as the value reported by Estjeitval. for bulk. A relaxation is also observed &
large range of temperatures. This has already kegmarted in the literature [21, 35-38] for othamiar
pyrochlore compounds, and for,Bi,O; compound [21, 35-38]. This phenomenon can be adthhere
by the fact that two ions occupy one site, witlahd Bi on the 16c¢ site.

Furthermore, the values of tah(above 100°C are quite high, which can be a caremezp of the
relaxation. This can also point out that the pytohwe obtained presents ionic conductivity. Hus t

reason, electrical conduction measurements weferpexd.



Conduction properties
Based on the impedance spectroscopy data, medsamed00 mHz to 5SMHz in the temperature range

20°C - 600°C, the Nyquist diagrams were represeited results were studied only above 150°C, since
lower temperatures gave no impedance circle. A frigijuency phenomenon, associated to the inductance
of the wires is visible for all curves. The corresgding points have not been used for the dataneyat
These diagrams have then been studied using thie Ztiftware [30]. The used model is based on the
serialization of R//CPE (Constant Phase Elemenif.ce

Two models have been used to refine the diagrarhs. first one exhibited two inputs at high
frequency (150°C to 475°C), whereas the second’(G®0@ 600°C) used only one (fig. 7). The resistance

values were extracted, in order to plot their etiofluwith temperature and to determine the actvati
energies, based on the Arrhenius laws g, X exp(—%) orin(o) = In(gy) — i—; A linear model, Ing)

= (A/T) + B, was used for calculation of the aation energy (fig. 8). The reliability and the atjon of
the linear law used to refine the plots are givemable 3.

Electrical resistance was also measured using al®@e. The same two thermal ranges were also
evidenced, but the calculated activation energie®wower, probably because of the effects of edlar
behavior on the results for AC measurements (figF8r the low temperature range (150 - 475°C), the
calculated activation energy is 0.37 eV while for high temperature range, the value is 0.67 eV.

The two contributions obtained for the range 150475°C can't be separated for DC measurements.
Indeed, they differ only because of frequency affedowever they exhibit relatively the same adiora
energy for AC measurements. This result could ltfferent sources: (i) the pyrochlore was preseith w
two distinct grain size, (ii) there is a contrilmrtiof the grain boundaries or (iii) there are gsaivhich
exhibited the same phenomenon but with differentmasition.

The observation of the pellets by Scanning Elecivicroscopy (fig. 9) revealed that the secondary
phases are located in some crystallized area andtribe grain boundaries. Furthermore, a studyhef
chemical composition of the grains was performdte EDS study (fig. 9) revealed that these domains
have different composition, as there is no bisniitthe dark zones. However, it was not possibléhios
method to investigate the presence of lithium, detectable by EDS. However, theTikO,, secondary
phase evidenced by X-ray diffraction can be idedithere as the regions where bismuth is missing
(white circles in fig. 9). The grain size of thecerdary phase is around 2 to 3 um, while the one of
pyrochlore phase is larger and between 2 and 1Qjhia.seems to indicate that the two phenomena and
the associated activation energies observed folothéemperature range (150 - 475°C°) correspoads t
both phases. The obtained value of the activatmrges (0.37 - 0.67 eV) corresponds quite wethto
one reported for Bi-based pyrochlore compounds6(0@R60 eV) [39].



6. Discussion

Bi,Ti,O; is a pyrochlore compound whose existence was @egntsial for a long time. Indeed, only

recent papers succeeded in the preparation of "'jpyrechlore phases Bj;Ti,O¢, Or Bi>Ti,0; [19-21].
Esquivel-Elizondo et al. [21] clearly demonstratiedt, due to the difficulty in preparing a singleage of
the pyrochlore structure, properties have beenriactly ascribed to this compound. Misleading resul
were frequently obtained, like ferroelectricity, cheise of the occurrence of secondary phases like
BisTisO1, or Bi,TisO1; Which are ferroelectric compounds. However, theené results confirmed that
"pure” Bi;Ti,O; pyrochlore phase can only be obtained with chensigathesis. It's only by using a very
fast sintering method that Esquivel-Elizondo et flcceeded in obtaining sintered sample without
decomposition and secondary phases.

However, our results agrees well with the one dfr8manian et al which established a stability range
for (A%",(B*",0; pyrochlore compounds [6]. This one is based upenr¢lative ionic radii (RR) of &
and B" ions: RR = [r(&") / r(B*)]. The ionic radius of Bi is 1.17 A (Coordination Number VIII) while
the one of Ti" (Coordination Number VI) is 0.605 A [29]. TheredorRR = 1.933 for BTi,0;, thus
outside of the stability range of this pyrochloemily (RR = 1.46 to 1.80) [6]. As a consequence, th
replacement of half Bi by Li*, whose ionic radius is 0.92 A (Coordination Numkét), induce a mean
ionic radius of 1.045 A for the (Li Bi*") pseudo-ion in the A-site of the,B,O; formula. As a
consequence, the RR mean value decrease up to ifh.#Be stability range of the A3,(B*),0;
pyrochlore phases. This implies that the mixed paogy of the A-site induce the stabilization of the
pyrochlore structure, as observed here before wiverebtained a stabilization of the {fBi)TiO3z /
(Li,Bi)Ti ,Os composition.

The structural refinement of this composition ewicled that Li-ion is effectively located in the Bies
leading to the formula bkBi1sTi:0s0'08s Some differences with the results of Hector etaa¢ also
observed. Hector introduced a displacement of fhierBfrom their ideal (0,0,0) position (16c), torl0,

y, ¥) position (96g). He also introduced a splittingtleé O' positions, into a mixed site occupancy of

111

(gﬂg'g) (8a) and (x, X, x) (32e) positions. These displaents were necessary in order to take account of

the static displacement of the Bi-ion, due to ttiéva lone pair, and the structural disorder ofgey ions.

In our case: (i) the Bi remains in the ideal (0)@0sition (16c) of ideal pyrochlore structure) Gnly
one crystallographic site is needed for the O'tmosi which is not the%(,%,%) (8a) position of ideal

pyrochlore structure. The (x, x, X) (32e) crystgtiphic site used for the O' ion corresponds tplitting
into four equivalent positions around the ideal,aach of these sites being occupied by % of tlygerx

ions. Logically, this splitting indicates disordafrthe oxygen-ions around the {LBi**) pseudo-ion.



The coordination cation polyhedrons are represeiiged 0. As for ideal pyrochlore structure [6]gth
Ti-ion is located in a trigonal antiprism, with sixygen ions at 1.959 A. This distance is quiteilsino
the 1.965 A value of "pure" Bii,O; [20]. The measured angles, in the equatorial ptdrtais distorted
octahedra, are 92.626° and 87.375, close the valu@2.48° and 87.52° for Bii,O; [20]. The Ti-O-Ti
angles are 137.3°, again close to the 137.51° 4 f&,.

As for the ideal structure of B,0s0' formula, the coordination polyhedron of Bi-ioor@espond to a
scalenohedron, with six "O" ions at equal distafroen the central cation and two O' ions at larger
distance [6]. Here, six oxygen-ions in 48f positioa. the "O" ions of the M,0:0' formula, are located
at 2.611 A of the (L' Bi*") pseudo-ion. The "O™ ion, in 32e position, isdted in a tetrahedron, around
the 8a "normal” position of the ideal pyrochloreusture. Thus different Bi-O associated distanaes a
encountered: 2.362 A (3 bonds) and 1.913 A (1 hotwl)addition, the (L, Bi*") pseudo-ion is
represented by a "flat" ellipsoid, associated te fositional disorder induced both by the mixed
occupancy of this crystallographic site and the d&s#ve lone-pair of Bi-ion. The Bi-O-Ti angles are
105.09¢°, similar to the 104.46° of "pure",Bi,O;. Thus the structure appears to be very simildnécone
of Bi,Ti,Ox.

Bond valence calculation was also performed udiegvelues of Brown et al. [40]. The bond valence
sum (BVS) for Tt is 4.06+ 0.4, in agreement with the value expected forithis BVS for Bi resulted in
2.84 £ 0.5, whereas Hector et al. calculated a value.0i 3or "pure" BiTi,O; and 2.73 for ideal
pyrochlore structure without bismuth or oxygen tispments. This value indicates that our result is
intermediate between the two structures, probabbtabse of the presence of lithium. The calculat¢8 B
for Li* is 0.52+ 0.1, in agreement with our difficulty to localipeecisely the lithium and to determine the

exact content of this ion in the structure.

7. Conclusion

A study of the LiO - Bi,Os - TiO; ternary system was performed at 800°C in ordeatetermine the
compositional stability range of Hii,O; phase. This study demonstrated for a large soligkisn
domain, centered on the (lBi1,)TiOs composition. The pyrochlore phase obtained far thimula was
evidenced as stable up to 1100°C. The structutieegpyrochlore phase corresponding to this comiposit
has been studied by neutron diffraction. The resiltdenced that the obtained structure is verjlaino
the one of "pure" BTi,0; pyrochlore phase. The structures is cubic witBrifépace group and a lattice
parameter of 10.317 A, close to the value of 10 878ported for BiTi,O.



The chemical formula determined by the Rietveldneghent is Lj3Bii6sTi:0s0 08 The structural
study demonstrated that the Li-ion is probably tedaon the Bi-site and thus responsible for the
stabilization of the pyrochlore structure.

The ionic conductivity of this material was studiesince lithium ion could contribute to this
phenomenon together with oxygen ions. The actimagioergy of conducting phenomena was determined
as being around 0.62 to 0.96 eV, with two differeamiges. A relaxor behavior is observed in dieiectr
properties on a large range of temperatures, tikédure" By Ti,O; and other Bi-based pyrochlore phases.
Because of its large thermal stability range, fRisTi,O; pyrochlore type phase appears thus as a
promising materials for dielectric or tunability @igzations, like for other similar Bi-based pyrocté
compounds.
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Tables

Table 1: List of the phases formed in this study

(B2T2 = BipTiO7 ; B4T3 = BisTi3O12; B2T4 = BiyTi4O11 ; L4T5 = Li4TisO12; L2T = Li;TiO3)

Initial compositiol Final compositio
%TiO, %Li,O O/SBZT o/gBﬂ O/ZBZT O/;LA'T %TiO2 %L2T
0 0 10C 0 0 0 0
5 5 94.% 0 0 0 0.7
60 10 14.€ 84 0 0 0 1.4
15 21.2 76.2 0 0 0 2.E
25 56.7 33.¢ 0 0 0 9.€
35 42.F 27.€ 0.2 4.z 0 25.4
0 0 83.7 16.2 0 0 0
2 35 65 0 0 0 0
4 42.F 57.t 0 0 0 0
67 5 59.¢ 40.2 0 0 0 0
10 68.t 29.% 0 0.t 0 1.7
16.5 92.1 4.2 0 1.2 0 2.4
25 86.4 0 0 6.€ 0 6.7
5 70.¢ 5.4 20.2 0.t 3.1 0
74 10 78.¢ 3.4 10.1 1.€ 5 0.7
15 75.5 0.4 10 4.4 8.8 1
20 62 3.€ 12 11.2 10.€ 3.2
0 0 34.¢ 65.1 0 0 0
80 5 53.1 0 33.¢ 1.1 11.% 0.3
10 55.¢ 0 23.¢ 3.1 16.¢ 0.2
15 50.z 0 7.2 8.7 32.¢ 0.¢

Table 2 : Refined cristallographic parameters of tie pyrochlore Lig 3dBi1 6,571,060’ g0 in the Fd3m space group

Site Oc. X y y4 Ui1, Uss, Uzz | Uip, Uss, Usg
Bi 16c | 0.069 0 0 0 0.061 -0.028
Li 16c | 0.014 0 0 0 0.061 -0.028
Ti 16d | 0.083 0.5 0.5 0.5 0.005 0
o] 48f | 0.250 | 0.125 | 0.125 | 0.430 0.007 0
O | 32e | 0.037 | 0.107 | 0.107 | 0.107 0.007 0
Gof 2.88 Rp 3.55% Rup 4.86%




Table 3 : Results of the Arrhenius law refinementdr conductivity phenomena in the LBT ceramic sample

a b R? Ea (eV
150°C- HF 72094 0.42F 0.99¢ 0.621
475°C ME 7638. 20.01¢ 0.99¢ 0.65¢
200°C- HF -11160.3 4.168 0.999 0.962

600°C




Figure Caption
Fig. 1: (a) XRD pattern of the (Liy,Bi;;,) TiO 3 (LBT) powder calcined at 800°C for 20h, 1100°C foR0h and calculated
Bi,Ti,O; pattern obtained from Esquivel et al [21], (b) XRDpattern of the stoichiometric composition correspoding to
Bi,Ti,O calcined at 800°C for 20h (color online)
Fig. 2 : XRD pattern for the 0.02 L,,O - 0.31 BpO3 - 0.67 TiO, powder calcined at 800°C for 20h (color online)

Fig. 3: Phase diagram of the ternary system Ti® -Bi,O3 - Li,O (compositions in mol %) indicating the calcined
compositions (color online)

Fig. 4: Evolution of the lattice parameter of the grochlore phase along four diagonals of the phasdafyram (color online)

Fig. 5: (a) Final profile for the refinement of the LBT compound and (b) Representation of the pyrochdre
Li 9.38Bi1.62T1,060 0.89 Structure in the Fd3m space group (color online)

Fig. 6: (a) Relative permittivity € and (b) dielectric losses for the LBT ceramic sapie (color online)

Fig. 7: Examples of two refined Nyquist diagrams: &) at 325°C (low temperature range and (b) 550°C {h temperature
range) (color online)

Fig. 8: Arrhenius plot of the data obtained for LBT ceramic sample from (a) DC measurements and (b) ¢hAC impedance
circles (color online)

Fig. 9: (a) SEM observation of the LBT pellet and BX study of the pellet for (b) Ti, (c) Bi and (d) ygen (color
online)

Fig. 10: cation coordination spheres with selectedond lengths and angles for (a) titanium) and (b) ismuth (color
online)
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Fig. 1: (@) XRD pattern of the (Liy,Bi;,»)TiO 3 (LBT) powder calcined at 800°C for 20h, 1100°C fo20h and calculated
Bi,Ti,O; pattern obtained from Esquivel et al [21], (b) XRDpattern of the stoichiometric composition correspoding to
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Fig. 2 : XRD pattern for the 0.02 L,,O - 0.31 BpO3 - 0.67 TiO, powder calcined at 800°C for 20h (color online)
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Fig. 4: Evolution of the lattice parameter of the grochlore phase along four diagonals of the phaseatram (color

online)
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Fig. 5: (a) Final profile for the refinement of theLBT compound and (b) Representation of the pyroctdre
Li 9.3gBi1.62T1,060’ .59 Structure in the Fd3m space group (color online)
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Fig. 6: (a) Relative permittivity €' and (b) dielectric losses for the LBT ceramic saple (the arrow indicates increasing
frequencies, color online)
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Fig. 7: Examples of two refined Nyquist diagrams: &) at 325°C (low temperature range and (b) 550°C {gh
temperature range) (color online)
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Fig. 8: Arrhenius plot of the data obtained for LBT ceramic sample from (a) DC measurements and (b) ¢hAC
impedance circles (color online)
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Fig. 9: (a) SEM observation of the LBT pellet and BX study of the pellet for (b) Ti, (c) Bi and (d) aygen (color
online)
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Fig. 10: cation coordination spheres with selecteond lengths and angles for (a) titanium) and (b) ismuth (color
online)






