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The in situ X-ray Pair Distribution Function (PDF) cl@egisation technique has been
used to study the behaviour of«ai-x)o.5Bio.5TiO3, as a function of electric field. As opposed
to conventional X-ray Bragg diffraction techniques, PBF sensitive to local atomic
displacements, detecting local structural changes dnjstrom to nanometre scale. Several
field-dependent ordering mechanisms can be observed in x =0.15, 0 dt&tandnorphotropic
phase boundary (MPB) composition x = 0.20. X-ray total scattesimpws suppression of
diffuse scattering with increasing electric field atodle, indicative of an increase in structural
ordering. Analysis of PDFqals in the 3-4 A range shows ordering of Bi-Ti distances ligara
to the appled electric field, ilustrated by peak amplitudedistribution parallel and
perpendicular to the electric field vector. A transitidnom <110 to <112 type off-centre
displacements of Bi relative to the neighbourifigatoms are observable with increasing x.
Analysis of PDF peak shift with electric field show thfeas of Bi-Ti redistribution and onset
of piezoelectric lattice strain. The combination of théeld-induced ordering mechanisms is
consistent with local redistribution of Bi-Ti distancesasated with domain reorientation and

an overall increase in order of atomic displacements.
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[. INTRODUCTION

Piezoelectric ceramic perovskite sold solutions based ansBiesTiOs (NBT) have
attracted considerable interest as potentially viable flesdreplacements for the currently used
Pb(zr, T)OGs (PZT) materials [1]. Like PZT, these sold solutions ethdbmorphotropic phase
boundary (MPB) in the vicinity of which enhancement efpelectric properties are observed
[2,3]. NBT-Ko.5Bio.5TiO3 (NBT-KBT) is one example of such lead-free MPB systed6].
The crystal structure of pure NBT and its sold solutioss highly complex, showing
symmetries dependent on sampling volume, therefore termedoggeumetries [7]. At room
temperature, NBT exhibits monoclinic symmetry shown by K-difraction (XRD) [8,9]
previously described as rhombohedral [10,11]. Transmission oglecticroscopy (TEM)
results indicate two modes of octahedral titing (anti-phasd in-phase) featuring distinct
coherence lengths. These modes compete with ferroelesation (Bi, Ti) displacements to
yield a sequence of temperature dependent polymorphic phassiotian[7]. Additionally,
local structure studies of NBT using neutron total edatf have suggested local Bi
displacements are strongly anisotropic with their prefiaterdirections being temperature
dependent [12,13]. X-ray powder diffraction analysis of eledlyicpoled and unpoled samples
of NBT indicated that the polng process is accompanied byaseplransition from the
monoclinic to rhombohedral structure [14]. This inferenceeived support from the recent in
situ studies of field-induced structural changes in TNBsing X-ray total scattering
measurements during application of electric field [13je Toccurrence of the monoclinic-
rhombohedral transition was evidenced both by Rietveld medinés using the diffraction
patterns and by analysis of the corresponding PDFs whizgbaleel abrupt changes in the
distributions of Bi-Ti bond distances, consistent with subsatqureorientation of the

rhombohedral ferroelectric domains expected upon poling [15].

The solid solution between NBT anch ¥Bio.sTiO3 ((1-X)NBT-XKBT) exhibits the same
degree of structural complexity encountered in NBT. It difrscted interest because of the
MPB between rhombohedral and tetragonal phases around x = 0.20Hdr& a significant
enhancement in piezoelectric properties is observed overNife increasing the -d from
~65 to ~190 pC/N [16-18]A TEM study has shown a transiton across the MPB from a
rhombohedral/monoclinic anti-phase tit to short range is@htits in a tetragonal phase.
Additionally, the couplng between ferroelectric cation dsgeents and octahedral tilts



decreases with increasing X. Again, the phases areederpseudosymmetric” due to
dependence of their symmetry on sampling volume. At the NAB# rhombohedral and
tetragonal pseudosymmetries persist, also observed via X-rgctiiin [19]. Previous
electric-field dependent X-ray diffraction measuremehtse identified significant electric-
field-dependent structural transition from pseudo- to mofieitdetetragonal and rhombohedral

symmetries [17,20].

In this study we examine local structure of NBT-KBT Kyray total scattering
techniques in situ, under electric field. This technique igesvinsight to the structural changes

occurring from the sub-nm to the microscopic scale.



Il. EXPERIMENTAL DETAILS

(Kx Nai-x)o.5 Bio.s TiO3 (x = 0.15, 0.18 and 0.2) compositions were synthesized via a
conventional mixed-oxide route previously detaied in Rowe al., 2010 [20]. The powders
were sintered into 1 x 1 x 5 mm ceramic bars with siNectredes deposited on two opposing
long faces. X-ray total scattering data were collectedndtient temperature using beamline
11-D-B at the Advanced Photon Source (APS), Argonne Nationabrbtory [21], which is
dedicated to PDF measurements. An incident beam of waveléngfii4 A (58.66 keV) was

used with the sample to detector distance set to producable UGhaxof 23.6 AL[Figure 1

shows the experimental arrangement and the ele@iit iector. The sample was immersed in
a Fluorinert (3M, USA) bath (electrically insulating liquid) in a g@n (DuPont, USA)
container. Total scattering data were collected simultangothe application of a static electric
field. The field was increased from 0 to 4000 V/mm in steps 0f\2Bm steps and held for 5
minutes at each field ampltude. The non-sample backgrousterst, including that from
the Kapton container and Fluorinert liquid was measuredraefya and subtracted from the

total signal.

1 The identification of any commercial product or trade name does not imply endorsement or
recommendation by the National Institute of Standards and Technology.
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Figure 1. Schematic illustrating the X-ray scattering geometry. An electric field isapplied

across the sample. The scattering data for sectors parallel (||) and perpendicular (L) to

the electric field have been selected for this analysis.

The scattered photons were collected with a Perkin Eleepdnel amorphous-silicon
2D detector [21]. The software Fit2D [22] was used to procesglifinaction data. Total-
scattering patterns incorporating contributions from diyst& having their & vectors
parallel and perpendicular to the electric field were oldalmg integrating +10° sectors of the
detector centred on the vertical and horizontal directiorsperdively, as described in detail by
Usher et al. [15]. As demonstrated previously (Usher e2(dl5), a conventional formalism
involving the sine Fourier transform, as implemented in RRFgetX3 software [23], is
adequate for converting directional scattering functionsQ)) S(to their corresponding
directional PDFs. The PDF (Q)rcalculation is described in Equation 1.



Omasx —1)sin(Qr) dQ
Equation 1 G(r) = 4mr(p(r) — p,) = (%) JorexQ(s(@) s
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1. RESULTS AND DISCUSSION

A. Reciprocal-space data

The total-scattering pattern paralel to the eleciatd,f $(Q), for x = 0.2 is shown in

-

Figure 2, whereas the data for other composttions atgléut| in the Supplementary Material

(SM Figure 1 [24]). Similar to NBT, both®) and S(Q) (SM Figure 1), for all the
composttions reveal suppression of diffuse scattering ampesiiag of Bragg peaks with
increasing electric field. These effects, which appedretanost prominent for x = 0.20, are
consistent with ordering of the atomic displacements (estudiffuse scattering), and
reorientation/growth of ferroelectric domains (sharper @ragaks), resulting in the higher
degree of overall crystallographic order in the samplee Biagg peaks in)®) and S(Q),
shit to lower and higher Q-values, respectively, due fectsf of piezoelectric strain (i.e.,
expansion of the lattice paralel to the direction of i fand the corresponding contraction

in the perpendicular direction).
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Figure 2. Total scattering structure factor S(Q)for x = 0.2. This composition showed the

greatest magnitude of background suppression (shown in the inset) and peak sharpening.



All peaks shown also show slight shifts to lower Q (higher d-spacings) with increasing
field.

B. Pair distribution function analysis

As discussed previously (Usher et al, 2015), a PDF obtained di@ttional total

scattering, describes a distribution of all interatomidadies parallel to a given direction in

the samplg. Figure|3 showg(6 (G, (r) shown in SM Figure 2) for all compositions for electric
field, E =0 and E = 4000 V/mm (the maximum field applied), anddiffezence between the
two PDFs. At 4000 V/mm, the |(8) peaks are sharper, and this is most prevalent for x = 0.20.

This reflects smaller atomic displacement parameteds saonger correlaton between the
atom-pairs forming the given peaks, as expected from the ssppres diffuse scattering. The

MPB composition x = 0.20 has a significantly greater resptunee applied field.
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Figure 3. G (r) for x =0.15, 0.18 and 0.20 for E =0 (black), E = 4000 V/mm (red) and the
difference (blue). Inset shows the peak sharpening that is occurring across the entire
range of r indicating field induced ordering and reduction in atomic displacement

parameters, which account for both thermal and static displacements

Figure 4 more clearly displays low and high-r portions ofRIRFs for x = 0.15-0.20

paralel and perpendicular to the field. The low-r rangaudad distances within the unit cell
up to the cell parameter distance around 4 A. Peaks in ¢iis reorrespond to the perovakit
unit cell parameter distance Asite and BB site in the 3.9-4 Aregion, and A-B site distances
pin the 3.2- 3.8 A region. The approximate positions of peaks at this rangeighfighted by
vertical black tick marks. The high-r portion of the PDF shdistances at greater length-scales



> 40 A. It is apparent that under an electric field, two ndistiphenomena are taking place.
Parallel to the electric field vector the high-r distes extend in r, attributed to piezoelectric
lattice strain. The opposite behaviour is observed perpendicutae field. The lattice contracts
in order to accommodate the anisotropic strain. The low-rvioginaopposes the high-r peak
shits by contraction and extension of peak positions paratiel perpendicular to the field
vector respectively. In the following sections this appad@parity between the ranges wil be
examined. Analysis of the low-r peak behaviour demonstriduat the apparent converse shift
is aresult of the redistribution of Bi-Ti distances wdlectric field, giving the impression of
peak shiiting behaviour, whist high-r analysis demongiratee longer scale field induced
strain behaviour.
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Figure 4. Low and high r G(r) as a function of field for Gy(r) (parallel) and G,(r)
(perpendicular) for x=0.15, 0.18 & 0.2. The four peaksin the low r region are highlighted
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by black vertical tick marks. High-r peaks shift to higher and lower r for G)(r) and G, (r),

respectively.

1. Low r peak analysis

Peak fitting was used to study the behaviour of low r PDF peaklay simthe analysis
performed previously by Usher et al. for NBT. As in NBT, Xmay PDF of NBT-KBT
emphasizes interatomic distances involving Bi, which provaédsminant contribution to the
total-scattering signal. The intrinsically weak nearesghbour Ti-O peak (around 1.95 A) is
further obscured by oscillations resulting from the kelati limited Qnaxvalue used in the

Fourier transform of the total-scattering function.

Therefore, our analysis focused on the peaks around 3.5+0.3TA (Bitances) and
around 4 A (Bi-Bi, Ti-Ti, plus al other distances at thitice-parameter spacing). There are
atom-pair distances within the unit cell up to 7 A, howeabove 4A muttiple atom pairs
contribute single peaks, which would be non trivial to sepamabrder to form a displacement
model. The off centering @i with respect to Ti produces a splitting of Bi-Ti distance®ens
the shortest Bi-Ti distanceis around 3.2 A showing good agreement with EXAFS
measurements [25]. There is some contribution from theddvnBi-O distances that arise in the
case of a rhombohedral structur8M Figure 3), though its effect is small and distributed

between more than om&-Ti distance, thereby reducing its impact.

The radial distribution function (RDFR*(r) can be obtained from the PDF, shown in
Equation 3, wherego is the number density. The area under a RDF peak ataaceisr is
proportional to the muttiplicity of that particular intevatic distance [26]. By determining the
ratios of the areas of the various Bi-Ti peaks, the relath@dination number can be calculated
for a specific atom-pair distance and therefore the effeddf* displacement direction within

a pseudocubic unit cell can be inferred.

Equation 3 G* (1) = (G(r) + (4mrpy))r

Table 1 and Figure |5 ilustrate the splitting of Bi-Ti basidtances arising from 3

common ferroelectric displacement directions. The distariieege been labeled short,
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mntermediate and long, or R1, R2, and R3, respectively. Table 1 includes the <112 displacement,
which approximates to a 3:2:3 R1:R2:R3 ralihe <112> displacements can also be interpreted
as effective averages of displacements occurring alorgerkiymmetry crystallographic
directions. One such averaging scenario could involve a combmation of the local «111» and
<001> Bi shifts in the coexisting rhombohedral and tetragonal domains, respectively, while
another could relate to a combination of 101> and <011» displacements in different locally

monoclinic/orthorhombic domains.

Table 1. Ideal area ratios for the peaks associated with the split distances arising from

various central ion (Bi-Ti) displacement directions.

Displacement Short: R1 Intermediate: R2 Long: R3

direction

001> 4 - 4

a1l 1 6 1

d10» 2 4 2

a12» 3 2 3
Tetragonal <001» Rhombohedral <111» Monoclinic ¢<110»

R1

R2

R3 N

Figure 5. Schematic illustrating the various atom-atom distances in idealised non-
centrosymmetric structures with exaggerated distortions. The Bi3* central ion is

coordinated by 8 Ti** ions.

Figure 6 shows the G*(r) Beld data to which the <110» and «112> displacement models

have been applied. Models for tetragonal <001> and rhombohedral «111> displacements

12



produced extremely poor fits and are therefore not considereditsThefe done using a least-

squares method and the goodness of fit (x?) was used to determine the best-fiting models.

The peak areas R1, R2 and R3 were constrained in theianteleatios, and the Bi-
BiTi-Ti peak area was set to a ratio of 6, as fixed bysthacture. As a non-cubic structure,
several atom-pair distances are expected to contributee BIiHBITi-Ti peak. For example a
tetragonal structure would require two separate peaks and armorthic would require three,

however these distortions are relatively smal aneéaustproduce a broad peak. As shown in

Table 2, x =0.15 has a preferential <110 fit and X =0.20 a <112 fit. For x = 0.18 the difference

between the? valuesfor «110»> and <112> is not sufficiently distinct to differentiate between the
displacement models. This suggests a gradaadition from <110> to <112» displacements as
the composition approaches the MPB. Away from the MPB, rhoedsah and tetragonal fits
were suitable for x = 0.10 and 0.30 respectiveBM (Figure 4). This indicates a growing

complexity in the local displacements as the MPB is approached

T ¥ T T L T ¥ T L3 T v T L T L) T L T B T ¥ T

x=0.15<110> S x=0.18 <110>

=
& o G
----- R‘]
- -R2
----- R3
Bi-Bi/Ti-Ti

Cummulative fit

G*(r)

Figure 6 Bi-Ti displacement direction models (dashed lines) applied to O-field G*(r) RDFs
(white circles). Peaksare labelled with arearatios corresponding tothe applied directional

model.

Table 2. Goodness of fit for <110> and <112> displacement models applied to 0-field data. x
= (.15 shows a preferential 110> fit, whilst X = 0.20 shows a preferential 112 fit. For x =

13



0.18 the difference in fitting between the two models isrelatively small and distinguishing
between both is not possible A transition between <110> and <112> with increasing X is

therefore suggested.

Goodness of fit: reduced %

Composition x = <110> <112> Difference
0.15 0.008 0.385 0.377
0.18 0.008 0.025 0.017
0.20 0.119 0.023 0.096

The behaviour of the PDFs and the constituent peaks udedhton (R1, R2, R3, and

Bi-BiTi-Ti) are shown i Figure |7 at the maximum feld 4800 V/mm. In order to observe

the changing peak behaviour the area ratio constraints revaceed. For all compositions there
is a general increase in the contribution of R1 and Ralglato the electric feld. In the
perpendicular direction theig significant increase in the proportion of R2 and almost complete

suppression of R3, which results in a greater contribuiom the Bi-BiTi-Ti peak.

This suggests that the 3Bication displacements orient paralel to the electricd fiel
relative to the surrounding “Tications, as now more of the short and long Bi-Ti distanBds (
R3) are observed paralel to the field whie more of the inteatedlistances (R2) are observed
perpendicular to the field. Since the relative area ofpttek corresponds to the coordination
number at a particular distance it is possible to infer dhentation behaviour. An example of

complete redistribution is schematically depicted in F@u@ he final displacement direction

for every composttion cannot be readily determined, howevestifteto lower r of R2 in the
perpendicular direction also suggests a final displacementoagurg monoclinic. The
remaining presence of R2 paralel to the field rules ouarssition to a pure rhombohedral
phase as was observed for NBT [15], or pure tetragonal, wihichoth examples would be
observed as a lack of R2 altogether. These higher symme#isepimay be observable under

greater electric fields.
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Figure 7 RDF for compositions x = 0.15, 0.18 and 0.20 at E = 4000 V/mm, parallel and
perpendicular to the field. Generally parallel to the field contribution from R1 and R3

increases. Perpendicular to the field, the proportion of R2 increases significantly.

0-field Maximum field

A
R1
R2
rR3 N

Figure 8 Idealised redistribution of Bi-Ti distances under an electric field. From an initial

™

disordered state of Bi-Ti distributions, an electric field aligns Bi with respect to Ti. This
increases the presence of R1 and R3 parallel to the electric field whilst reducing the R2

contribution, becoming more prominent perpendicular to the field.

2. Piezoelectric lattice strain

To study the high r we used an approach previously describddio determine the
effects of electric field on PDF peak positions and chamgésoadening and shape. Shown in
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Equation 2, Rrepresents the residual between the E = 0 anc ®here x is non-zero electric
field, andAis the sampling range.al® calculated over the sampling range for E = x daftzeshi
+0r relative to E =0, and N is the number of steps per samplimge @er which the summation
is performed. The value @fr, which produces the lowest Rvithin the sampling rangd, is
then obtained. Theesultant dr describes how the peaks shitt andh8w the shape varies with

distance mnder an electric field. Here, sampling ranges of b § (Ei@rare used to describe

the dependence of the peak shit and residual as a furctiorand E. The residual ARSM
Figure 5), does not change significantly across r, athauglght positive trend is apparent,
indicating high r peaks experience a greater changdapesand/or broadening than low r

peaks.

Figure 9 showsr plots for @ and Q. As expected from piezoelectric lattice strain

effects, atom-pair distances extend parallel to the ieldetid, shown by the highebr values.
Conversely, transverse to the field contraction of atomgistiances occurs as the crystal lattice
accommodates the anisotropic strain. At low fields theeereatively constant strain across r,
meaning that at high r the strain is lower than equkecit greater fields this response
approximates a linear trend, characteristic of classioglearic strain effects. This suggests
the intial low-field responses are short ranged and notlated, becoming macroscopic at
greater fields. The magnitude of the strain effectgramtest for x = 0.20 and reflects the field
dependent changes observed in the PDFs. At distances below.e? atom-pair distances
within the unit-cell, 5r crosses zero and becomes negative parallel to theicelfsitt and
positive transverse to the electric field vector, resgygti Here the low-r behaviour previously
described is revealed. Above 40 A the small RDRal becomes very small, creating artefacts
in the peak shift calculation. This issue is magnifeidiow fields where the relatively small

peak shits also contribute to the artefacts.

; Y G(r+8) pg— G gyl
Equation 2 R, = SR Ny
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x=0.16 x=0.18 x=0.20
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Figure 9 ér, or PDF peak shifts parallel and perpendicular to the field acrossr for electric

fields ranging from O - 4000 V/mm. Arrows indicate increasing electric field.

Field-induced strain was estimated from the gradieriir@j using a linear regression

over the 10 - 40 A range jof Figure 9, showr} in Figur¢ 1G Tange was chosen as it

predominantly reflects piezoelectric lattice strain. BelbvA low-r effects occurring at unit
cell length scales begin to emerge. As previously diedysabove 40 A artefacts of the peak
shit calculation become prominent due to the smal PDFtadglabove those distances. The
dependence of this strain on electric field is shown inJzighree distinct regions are observed
for x =0.20: 1) A low field region where relatively no strasnobserved from 0-1000 V/mm
2) a more rapid increase in the 1000-1500 V/mm range. At fisdds diffraction experiments
have shown a pseudocubic to tetragonal phase transformg@ijndescribed as growth of
tetragonal domains. This phase transition could be infened the sudden increase in strain

however an explicit transition to a tetragonal phase awésoccur due to the remaining

contribution of R2 in the RDK (Figure| 7). This is folowdxy 3), where a linear increase is

apparent, indicating piezoelectric lattice strair: 0.15 and 0.18 display less abrupt and lower

magnitude strain responses beginning around 2250 V/mm, \platkau after 3000 - 3500

17



V/Imm. The perpendicular strain response results in aaotioh of atomic distances, due to

the crystal lattice accommodating the anisotropic fiela f@as roughly half the magnitude of
the parallel strain values.

v r Y Y T b T o '
0003 b ~m—x=«0.1500 _a—A—a y
e x = (.18 00 oAb .
0.002 | = —4—x=0.2000 /‘_..‘/‘ -
‘ ——x=0.1590
— ——x = (.18 90
G 0001 —a—x=0.2090 7
-_6 E
o
m 0000 - 7]
k B
{c -
-0.001 | —y ' 7
~d —
-0.002 } 7
-0.003 |- 1
A A | - i - - A i
0 1000 2000 3000 4000

Electric field (V/mm)

Figure 10. Gradient of dr(r) which isequivalent to strain, parallel (00) and perpendicular
(90) to the electric field for x = 0.15- 0.20.
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IV. CONCLUSIONS

The local off-centre displacements of Bi relative to tharest Ti atoms in (KNaw-x)os
Bio.s TIO3 solid solutons with x = 0.15, 0.18 and 0.20 have been analysedulastian of
electric field using an atomic pair-distribution fuacti derived from X-ray total scattering.

Three Bi-Ti distances are observeshort (R1), intermediate (R2) and long (R3). When the
electric feld is applied, R1 and R3 appear to generally @beniparallel to the field vector
whereas R2 becomes the predominant distance transversee tieldn This suggests a
redistribution of Bi-Ti distances as a result of a Bi disgrlaent relative to Ti. This appears to
cause electric field induced strain evidenced from PDdk [ghits. The MPB composition
displays an abrupt onset of reorientation and highest tudgniof piezoelectric lattice strain.
The onset for x < 0.20 is less abrupt and the distinctiomveleet domain reorientation and
piezoelectric lattice strain is not as clear. Across@ipositions local scale strain does not
intially follow a linear trend associated with ideal pideotic behaviour i.e. we observe non-
zero but constant strain response across r. This wouléssugg initial locally correlated strain,
becoming macroscopic at greater fields. The previously expgtase transiton observed for
x = 0.20 can therefore be explained as a macroscopic phenomesdiatech by the local

collective reorientation of Bi displacements induced byppiea field.

At zero field, the effective directions of Bi displacements change from <110 to <112»
with x increasing from 0.15 to 0.20. This picture contrasts W in which Bi atoms are
locally off-centred approximately along <111» directions. As previously discussedhd <112»
displacement can be interpreted either as an intrinsic cbspdant or as an effective average of
displacements occurring along other crystallographic tiire; e.g.<111> and <001 Bi shifts
from coexisting rhombohedral and tetragonal domains respgcthva 101> and 011>
displacements from local monoclinic/orthorhombic domains. &Maur this last interpretation
due to the pseudosymmetric nature of the NBT-KBT systdmrewn the rhombohedral and
tetragonal phases locally display orthorhombic or lower syrigse [19]. The number of
coexisting Bi displacement directions is expected to be theskat the MBP, which appears
to promote reorientation/ordering under an electric fielst # manifested in the enhanced

piezoelectric properties observed for this compostion.
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