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A New Phase Boundary in (Bi 1/2 Na 1/2 )TiO 3  − BaTiO 3  
Revealed via a Novel Method of Electron Diffraction 
Analysis
 A new phase boundary is revealed in (1– x )(Bi 1/2 Na 1/2 )TiO 3  −  x BaTiO 3 , the 
most extensively studied lead-free piezoelectric solid solution. This discovery 
results from a novel method of electron diffraction analysis, which allows the 
precise determination of oxygen octahedra tilting in multi-domain perovskite 
ferroelectrics. The study using this method supports the recently proposed 
 Cc  symmetry for pure (Bi 1/2 Na 1/2 )TiO 3 , and, more importantly, indicates 
the crystal structure evolves into the  R3c  symmetry with the addition of 
BaTiO 3 , forming a  Cc / R3c  phase boundary at  x   =  3–4%. In the poling fi eld  E  pol  
versus composition  x  phase diagram for polycrystalline ceramics, this phase 
boundary exists with  E  pol  below 5.5 kV mm  − 1 ; the  Cc  phase is transformed to 
the  R3c  phase during poling at higher fi elds. The results reported here pro-
vide the microstructural origin for the previously unexplained strain behavior 
and clarify the low-BaTiO 3 -content phase relationship in this popular lead-free 
piezoelectric system. 
  1. Introduction 

 Ferroelectric materials with strong piezoelectricity are critical 
in numerous important applications including energy har-
vesting, [  1  ,  2  ]  non-volatile memories, [  3  ]  and medical imaging. [  1  ,  2  ,  4  ]  
Knowledge of the subtle crystal structure distortions in fer-
roelectrics is key to understanding and optimizing the prop-
erties; the morphotropic phase boundary (MPB), where 
piezoelectricity peaks due to the coexistence of multiple ferro-
electric phases, [  1  ,  4  ]  cannot be thoroughly characterized without 
precise structural analysis. Recently, the investigation of MPBs 
becomes even more compelling due to the increasingly urgent 
global demand for high-performance environmentally friendly 
lead-free piezoelectrics. [  4–7  ]  In particular, several fundamental 
issues regarding the crystal structures and phase relationships 
of the most extensively studied piezoelectric system, (1– x )
(Bi 1/2 Na 1/2 )TiO 3  −  x BaTiO 3 , [  4  ]  are still not well understood. 

 Over years, the base compound (Bi 1/2 Na 1/2 )TiO 3 , whose 
structures and phase relationships are largely inherited by the 
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optimal compositions  x   ≈  7%, [  4  ,  8–12  ]  is 
believed to crystallize in the  R3c  symmetry 
with  a   −   a   −   a   −   oxygen octahedra tilting. [  13  ]  
The polar axis, [111] direction, coincides 
with the octahedra tilting axis. [  13  ]  With 
increasing  x , the structure evolves into 
the  P4bm  symmetry at  x   ≈  6% and then 
 P4mm  at  x   ≈  11%. [  9–12  ]  Recently, the space 
group of (Bi 1/2 Na 1/2 )TiO 3  is found to be 
 Cc  instead of  R3c . [  14–16  ]  This  Cc  symmetry 
does not deviate dramatically from the 
 R3c  symmetry in terms of the unit cell 
dimensions; the pseudocubic unit cell of 
the  Cc  symmetry displays lattice constants 
of  a   =   b   =  3.887 Å,  c   =  3.882 Å,   α    =    β    =  
89.944 ° ,   γ    =  89.646 ° , while that of the  R3c  
symmetry exhibits the lattice constants of 
 a   =   b   =   c   =  3.885 Å,   α    =    β    =    γ    =  89.83 ° . [  14  ]  
Nevertheless, the octahedra tilting clearly 
differs. Unlike the  R3c  symmetry showing 
an  a  −  a  −  a  −    tilting around the [111] axis, the  Cc  symmetry exhibits 
 a   −   a   −   c   −   octahedra tilting, and the tilting axis, coinciding with 
the polar axis, is the [ uuv ] direction. [  14–16  ]  The aforementioned 
structural update brings up one question immediately: do all 
the solid solution compositions with  x   < 6% exhibit the  Cc  sym-
metry like (Bi 1/2 Na 1/2 )TiO 3 ? The answer to this question could 
possibly lead to the discovery of an MPB that has been over-
looked for long in this most extensively studied piezoelectric 
system. 

 Despite the importance of pursuing the answer to this ques-
tion, several technical diffi culties exist. The crystal structure of 
perovskite ferroelectrics often involves both atomic displace-
ment and oxygen octahedra tilting. [  17  ]  While the former may 
be conveniently revealed through X-ray/neutron diffraction, 
the latter, which happens to be critical in distinguishing the 
 R3c  and  Cc  symmetries as mentioned above, can hardly be 
unraveled in a straightforward way. [  18  ]  The superlattice diffrac-
tions characterizing different octahedra tilting are usually too 
weak to be examined properly. [  18  ]  Besides, in most cases, tilting 
occurs over a short coherence length, while X-ray/neutron dif-
fraction collects average structural information over much 
larger length scales. [  18  ]  

 It has been acknowledged that transmission electron micros-
copy (TEM), a very convenient tool for studying the subtle 
crystal structures of perovskite ferroelectrics, [  18–26  ]  is more 
effective in solving the octahedra tilting. [  18–23  ]  While convergent 
beam electron diffraction in TEM has also been employed for 
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   Table  1.     {010} domain confi gurations for the  R3c  and  Cc  symmetries. 

  {010} domain walls

  (010) (100) (001)

 R3c  ( a   −   a   −   a   −  )  P  1 ,  P  2  a) [111],  [1̄11̄]  [111],  11̄1̄][   [111],  [1̄1̄1]  

cos  θ   b) -1/3 -1/3 -1/3

 P  1   ×   P  2  c) 
 [1̄01]   [011̄]   [11̄0]  

Domain confi guration 

probability d) 

100%

Extinction probability e) 50%

 Cc  ( a   −   a   −   c   −  )  P  1 ,  P  2  a) [ uuv ],  [ūu v̄ ]  [ uuv ],  [uū v̄ ]  [ uuv ],  [ūūv ]  

cos  θ   b) –  v  2 /( v  2   +  2 u  2 ) –  v  2 /( v  2   +  2 u  2 ) ( v  2  – 2 u  2 )/

( v  2   +  2 u  2 )

 P  1   ×   P  2  c)  [ v̄0 u]    [0v ū ]    [11̄0]  

Domain confi guration 

probability d) 

66.7% 33.3%

Extinction probability e) 16.7%

    a)  P  1  and  P  2  denote the polar axes (parallel with the oxygen octahedra tilting axes 
for both symmetries) of the two adjacent domains, respectively;  b)   θ   denotes the 
angle between  P  1  and  P  2 ;  c) Listed here are the low-index directions parallel to   P   1   ×  
  P   2 , rather than the actual result of the cross product;  d) Listed here is the probability 
that each {010} domain confi guration occurs. Note that the domain confi guration 
differs by cos  θ  , rather than the {010} plane that the domain wall lies in;  e) Listed 
here is the probability of 1/2{ ooo } spots being absent along a randomly selected 
 < 101 >  zone axis within the {010} domain wall plane.   
such an analysis, [  20–23  ]  the attempt to study octahedra tilting 
using selected area electron diffraction was made in early 
1990s, [  19  ]  and a commonly used analysis method for this dif-
fraction technique was proposed and comprehensively summa-
rized by Reaney and co-workers years ago. [  18  ,  27  ]  Unlike X-ray/
neutron diffraction, this method relies on the axis about which 
the octahedra tilting occurs, instead of any specifi c superlat-
tice diffractions. Thus it is more straightforward. However, this 
method is applicable only for the study of one single domain, 
and also involves signifi cant specimen tilting. Unfortunately, 
ferroelectric domains are often too small to be studied indi-
vidually using selected area electron diffraction, [  28–31  ]  and in 
many cases the required specimen tilting cannot be realized in 
a standard double-tilt holder. [  18  ,  27  ]  Hence the determination of 
octahedra tilting with electron diffraction is still challenging. 

 In this study, we propose a more practical method to ana-
lyze octahedra tilting under TEM; it works in the multi-domain 
state, and the specimen tilting between different zone axes is 
much simpler, or even unnecessary. Using this method, we 
discovered a new phase boundary in (Bi 1/2 Na 1/2 )TiO 3  − BaTiO 3 ; 
the  Cc  symmetry in (Bi 1/2 Na 1/2 )TiO 3  was found to evolve into 
the  R3c  symmetry with increasing BaTiO 3  content. This dis-
covery elucidates the previously unexplained strain behaviors [  32  ]  
and clarifi es the low-BaTiO 3 -content phase relationship in this 
intriguing system. Beyond (Bi 1/2 Na 1/2 )TiO 3  − BaTiO 3 , the meth-
odology proposed here is generally applicable to the distinc-
tion of different symmetries in other perovskite ferroelectrics 
involving subtle oxygen octahedra tilting. 

   2. Methodology 

 A detailed analysis of domain confi gurations is necessary 
before the  R3c  and  Cc  symmetries, or practically the  a   −   a   −   a   −   and 
 a   −   a   −   c   −   octahedra tilting systems, can be distinguished through 
multi-domain electron diffraction. While the domain wall 
could possibly lie along several different planes, only the {010} 
domains, which have been observed to show a high number 
density in the composition of interest, [  16  ,  30  ]  need to be studied 
in order to differentiate between the two symmetries.  Table    1   
lists the possible {010} domain confi gurations of the  R3c  and 
 Cc  symmetries. The polar axes (coincide with octahedra tilting 
axes for both symmetries) of the two adjacent domains sepa-
rated by a {010} domain wall must be non-parallel crystallo-
graphically equivalent directions that form the same angle 
with the domain wall plane and also satisfy the domain-wall 
charge-neutral condition. In this sense, once the polar axis of 
one domain (denoted as  P  1 ) and the domain wall plane are 
known, the polar axis of the other domain (denoted as  P  2 ) 
becomes unique and can thus be easily determined. In the case 
of {010} planes, the domain wall can possibly lie within three 
planes: (010), (100), or (001). Therefore, if  P  1  is fi xed,  P  2  has 
three possibilities, each of which corresponds to a {010} plane. 
In Table  1 ,  P  1  is fi xed as [111] and [ uuv ] for the  R3c  and  Cc  sym-
metries, respectively, and the possible  P 2   are listed. Although 
all of the domain wall planes, as well as the involved polar axes, 
are crystallographically equivalent for each symmetry, different 
domain confi gurations still emerge: the angle between  P  1  and 
 P  2  (denoted as   θ  ) could differ. As shown in Table  1 , while the 
wileyonlinelibrary.com © 2013 WILEY-VCH Verlag G
 R3c  symmetry exhibits the same   θ   in all three possibilities 
(indicating it has only one {010} domain confi guration), the  Cc  
symmetry shows two different   θ   values. The (010) and (100) 
domains yield cos  θ    =  –  v  2 /( v  2   +  2 u  2 ), but the (001) domains 
cos  θ    =  ( v  2  – 2 u  2 )/( v  2   +  2 u  2 ). Therefore, the  Cc  symmetry has two 
different {010} domain confi gurations.  

 The  R3c  and  Cc  symmetries are discerned via the different 
diffraction behaviors of these {010} domain confi gurations. The 
antiphase oxygen octahedra tilting in both symmetries yields 
1/2{ ooo } ( o  represents odd Miller indices) diffractions. [  17  ,  18  ]  
The diffraction intensity formula suggests these 1/2{ ooo } spots 
become invisible when the octahedra tilting axis happens to be 
perpendicular to the  < 101 >  zone axis selected for electron dif-
fraction analysis. [  17  ,  18  ]  Consequently, if an ensemble of {010} 
domains are studied, the 1/2{ ooo } spots are absent only when 
the octahedra tilting axes in both domain variants ( P  1  and  P  2  
in Table  1 ) are simultaneously perpendicular to the obser-
vation zone axis. Note that any two non-parallel vectors are 
simultaneously perpendicular to one direction only: their cross 
product. Therefore, if  P  1   ×   P  2  coincides with one  < 101 >  axis, 
this and only this  < 101 >  axis, which also happens to be one of 
the two  < 101 >  axes within the {010} domain wall plane in all 
cases (Table  1 ), does not show 1/2{ ooo } spots; if not, any  < 101 >  
axis, including the two within the domain wall plane, exhibits 
1/2{ ooo } spots. As shown in Table  1 , the  R3c  symmetry belongs 
to the former case no matter which {010} plane the domain 
wall lies on. This domain confi guration is schematically illus-
trated in  Figure    1  a. Between the two  < 101 >  axes within the 
mbH & Co. KGaA, Weinheim Adv. Funct. Mater. 2013, 23, 5261–5266
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     Figure  1 .     The {010} domain confi gurations that differentiate between the  R3c  ( a   −   a   −   a   −  ) and  Cc  ( a   −   a   −   c   −  ) symmetries.  
domain wall (yellow shade), [ ̄101  ] (red arrow) is perpendicular 
to the octahedra tilting axes in both domains (black arrows), but 
[101] (blue arrow) is not. Therefore, 1/2{ ooo } spots are absent 
if the diffraction pattern is formed along [ ̄101  ], but present if 
along [101]. Unlike  R3c , the {010} domains in the  Cc  symmetry 
have two possible confi gurations (Table  1 ). The one with 
cos  θ    =  –  v  2 /( v  2   +  2 u  2 ), whose  P  1   ×   P  2  is not parallel with any 
 < 101 >  zone axis, is illustrated in Figure  1 b. Clearly neither 
 < 101 >  zone axis (blue arrows) within the domain wall (yellow 
shade) is perpendicular to octahedra tilting axes (black arrows), 
so both of them display 1/2{ ooo } spots. In contrast, the con-
fi guration with cos  θ    =  ( v  2  – 2 u  2 )/( v  2   +  2 u  2 ) shows a  P  1   ×   P  2  
parallel with a  < 101 >  zone axis (Table  1 ), and forbids 1/2{ ooo } 
spots along one of the two  < 101 >  axes within the domain wall 
like  R3c . Therefore, it cannot be used to distinguish between 
the two symmetries. Since the probability for each of the three 
{010} planes being the domain wall should be equal, this con-
fi guration only has a 33.3% chance of occurring, and the one 
that differentiates the  Cc  from  R3c  symmetry has a 100% – 
33.3%  =  66.7% chance (Table  1 ).  

 Based on these analyses, the operation procedure under 
TEM is as follows: 1) with the specimen tilting close to zero, 
fi nd a grain along the  < 001 >  zone axis with an ensemble of 
domains exhibiting edge-on {010} domain walls; 2) while main-
taining the {010} domain walls edge-on, tilt the specimen to 
the two adjacent  < 101 >  axes. The edge-on condition ensures 
that these two  < 101 >  axes are the ones within the domain wall 
plane. If both axes show 1/2{ ooo } spots, the symmetry is  Cc . If 
the absence of 1/2{ ooo } spots along one of the two  < 101 >  zone 
axes is repeatedly observed in many grains without any excep-
tion, the symmetry is  R3c . 

 Alternatively, if the number of grains studied is reason-
ably large, only one randomly selected  < 101 >  axis within the 
{010} domain wall needs to be examined. For  R3c , since the 
only {010} domain confi guration forbids 1/2{ ooo } diffraction 
along one of the two  < 101 >  zone axes (Table  1 , Figure  1 a), these 
superlattice spots have a 50% chance of being absent (referred 
to as the “extinction probability” below). For  Cc , the domain 
© 2013 WILEY-VCH Verlag GmAdv. Funct. Mater. 2013, 23, 5261–5266
confi guration with the same diffraction behavior has a 33.3% 
chance of occurring (Table  1 ), so 1/2{ ooo } spots have a 33.3%  ×  
50%  =  16.7% chance of being absent. As a result, the symmetry 
can be inferred from the number of grains that are observed to 
show diffraction patterns without 1/2{ ooo } spots. 

 While both the two-pole complete approach and the one-pole 
statistical approach described above are developed from the 
same methodology, their applicability varies. The advantage of 
the two-pole approach lies in its capability of revealing the sym-
metry of the individual grain. Nevertheless, the  ± 45 °  tilting it 
requires cannot be performed on a TEM with high-resolution 
polepieces, which typically has a tilting limit of  ± 35 ° . Even for 
a TEM with conventional polepieces, the  ± 45 °  tilting would be 
more convenient only along or close to the primary tilting direc-
tion of the specimen holder. Considering this practical issue, a 
tilt-rotate TEM holder would be a better choice than a regular 
double-tilt one. In contrast, the alternative one-pole approach 
is virtually not restrained by the instrument tilting limit and is 
much easier in TEM operation, if the two symmetries to be dis-
tinguished show apparently different diffraction behaviors, for 
example, 50% versus 16.7% extinction probability, as shown in 
Table  1 . As will be demonstrated below in  x   =  3.5%, the number 
of grains that need to be studied to differentiate between such 
two extinction probabilities does not have to be unrealistically 
large. The drawback of the one-pole approach is that it does 
not directly determine the symmetry of individual grains and 
is particularly less indicative in discerning two symmetries with 
similar extinction probabilities. 

 It should be noted that our method is applicable for multi-
domain study, and the zone axes that need to be examined 
could be as few as one. In contrast, the commonly used 
method [  18  ,  27  ]  is suitable for single-domain study only, which 
could hardly be performed in many systems due to the absence 
of suffi ciently large domains. Besides, it requires complicated 
specimen tilting among four zone axes (Supporting Informa-
tion, Table S1, Figure S1). The key to the signifi cantly lowered 
operation diffi culty of our method lies in the use of domain 
wall edge-on conditions, which allows the exclusive selection of 
5263wileyonlinelibrary.combH & Co. KGaA, Weinheim



FU
LL

 P
A
P
ER

526

www.afm-journal.de
www.MaterialsViews.com

     Figure  2 .     TEM results of (Bi 1/2 Na 1/2 )TiO 3 . a) Bright-fi eld image of an 
ensemble of edge-on {010} domains along the [001] zone axis. Selected 
area diffraction patterns of these domains along the b) [001], c)  [1̄01]  , 
and d) [101] zone axes are also displayed with 1/2{ ooo } spots highlighted 
by bright circles. The orientation of these diffraction patterns has been 
adjusted to compensate the image-to-diffraction rotation.  

     Figure  3 .     TEM results of (1– x )(Bi 1/2 Na 1/2 )TiO 3  −  x BaTiO 3  with  x   =  3.5%. 
a) Bright-fi eld image of a grain along the  [1̄01]   zone axis. The region 
showing edge-on domains are delineated with dashed lines. The selected 
area diffraction patterns of the b) edge-on and c) non-edge-on domains 
along the same orientation are also displayed. One of the 1/2{ ooo } spots 
in (c) is highlighted by the bright circle. The orientation of these diffrac-
tion patterns has been adjusted to compensate the image-to-diffraction 
rotation.  
specifi c zone axes among the many crystallographically equiv-
alent ones. Therefore, even though the multi-domain state is 
more complicated than the single-domain state, its octahedra 
tilting can be determined with much simpler TEM operations. 
The same idea can also be used to simplify the distinction of 
other symmetries in perovskite ferroelectrics. Despite these 
advantages, it must also be pointed out that this technique has 
its limitations. For example, it is not applicable for overlapping 
regions with edge-on and non-edge-on domains, ferroelectrics 
with domain morphologies sensitive to electron beam irra-
diation, compounds subject to changes during TEM specimen 
preparation, and so forth. 

   3. TEM Results 

 Using the method described above, two compositions of (1– x )
(Bi 1/2 Na 1/2 )TiO 3  −  x BaTiO 3 ,  x   =  0 and 3.5%, were studied to 
clarify the phase relationship for  x   < 6%.  Figure    2  a displays the 
bright-fi eld image of a representative grain in pure (Bi 1/2 Na 1/2 )
TiO 3  along the [001] zone axis, which shows an ensemble of 
edge-on domains. A comparison between this bright-fi eld 
image and the diffraction pattern recorded along the same 
zone axis (Figure  2 b) shows that these edge-on domain walls 
lie on planes close to (010). With these domain walls remaining 
4 wileyonlinelibrary.com © 2013 WILEY-VCH Verlag Gm
edge-on, the grain was tilted to its  [1̄01]    and [101] axes. Due to 
the larger specimen thickness that the electron beam needs to 
penetrate at higher specimen tilting angles, the contrast of these 
edge-on domains became obscured in the two  < 101 >  axes, but 
still distinguishable. Despite this, 1/2{ ooo } spots were observed 
along both  < 101 >  axes within the (010) domain wall plane 
(Figure  2 c,d). According to Table  1  and Figure  1 , such a diffrac-
tion behavior cannot occur for the  R3c  symmetry, but can only 
be yielded by the  Cc  {010} domain confi guration with cos  θ    =  
– v  2 /( v  2   +  2 u  2 ). Therefore, this TEM study, which was performed 
with the method we proposed above, supports the recent results 
about the  Cc  symmetry for pure (Bi 1/2 Na 1/2 )TiO 3 . [  14–16  ]   

   Figure 3   shows the TEM results of a grain along its  [1̄01]    
zone axis in the (1– x )(Bi 1/2 Na 1/2 )TiO 3  −  x BaTiO 3  ceramic with 
 x   =  3.5%. A portion of the grain (delineated by dashed lines 
in Figure  3 a) contains domains with edge-on walls, which lie 
on the (010) plane as suggested by the comparison between 
the bright-fi eld image and the selected area electron diffrac-
tion pattern taken from the same region (Figure  3 b). While 
the non-edge-on domains showed 1/2{ ooo } spots (Figure  3 c) as 
expected, [  17  ,  18  ]  no 1/2{ ooo } spots were observed in the edge-on 
domains (Figure  3 b). Among the seven grains studied in this 
specimen, four showed the same results. Should the specimen 
be phase-pure with the  Cc  symmetry, the probability of 1/2{ ooo } 
spots being absent in a single observation is 16.7% (Table  1 ), 
and thus the probability of observing this in 4 out of 7 grains 
is (16.7%) 4  × (1 – 16.7%) 3  × C(7,4)  =  1.57%, which is extremely 
unlikely. A similar study was performed on two other  x   =  3.5% 
specimens, and the results corroborated each other: around 
half of the grains studied did not display 1/2{ ooo } spots along 
the  [1̄01]    zone axis. Therefore, it is safe to conclude that the 
 R3c  phase is present in the composition  x   =  3.5%, although the 
coexistence of the  Cc  phase should not be excluded.  

 The TEM results, along with previous studies, [  14–16  ]  clearly 
suggest a composition-induced  Cc -to- R3c  phase transi-
tion occurs somewhere at  x   <  6%. Recent measurements on 
bH & Co. KGaA, Weinheim Adv. Funct. Mater. 2013, 23, 5261–5266
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     Figure  4 .     The poling fi eld  E  pol  vs. composition  x  phase diagram for 
polycrystalline (1– x )(Bi 1/2 Na 1/2 )TiO 3  −  x BaTiO 3  ceramics. The  Cc / R3c  
phase boundary (green band) is revealed in this study, with critical fi elds 
(crosses) obtained from the strain curves. [  32  ]  Other phase boundaries are 
determined in our previous study. [  12  ]   
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electric-fi eld-induced strains indicate that certain low-BaTiO 3 -
content compositions experience an irreversible phase transi-
tion under poling fi elds, while the structural change during 
this transition is unknown. [  32  ]  If the critical fi elds of this 
transition are plotted in the poling fi eld  E  pol  versus composi-
tion  x  phase diagram for polycrystalline ceramics, [  12  ]  a phase 
boundary running through  x   =  3–4% at zero poling fi eld forms 
(green band in  Figure    4  ). According to our TEM results, this 
phase boundary is very likely to be the  Cc / R3c  phase boundary. 
This scenario is also supported by the discontinuity at  x   =  
3–4% in the remanent volume strain  V  rem  versus composition 
 x  plot (Supporting Information, Figure S2), [  32  ]  and the recently 
observed  R3c  symmetry in the 7 kV mm  − 1 -poled (Bi 1/2 Na 1/2 )
TiO 3  ceramic. [  33  ]  The new  Cc / R3c  phase boundary reported 
here indicates the previously unexplained electric-fi eld-
induced phase transition [  32  ]  is a  Cc -to- R3c  structural transition. 
Despite these new insights regarding the phase relationships, 
the results presented here are consistent with previous TEM 
studies on similar compositions. [  34  ,  35  ]   

 Finally, it should be made clear that TEM, as a tool for local 
structure analysis, cannot conclusively determine the overall 
phase structure of a polycrystalline ceramic specimen. The 
results presented in Figures  2  and  3  only indicate the pres-
ence of the  Cc  and  R3c  phases in  x   =  0 and 3.5%, respectively, 
but do not necessarily suggest these two compositions are of 
single phase. Although recent studies indicate that the  Cc  
symmetry seems to best fi t (Bi 1/2 Na 1/2 )TiO 3 , [  14–16  ]  it has also 
been suggested that there are competing ferroelectric insta-
bilities. [  33  ,  36  ]  Should pure (Bi 1/2 Na 1/2 )TiO 3  itself exhibits mixed 
phases, the same might be true for all the compositions with 
 x   < 6%, and the sharp phase transition revealed by the electric-
fi eld-dependent strain measurements [  32  ]  only refl ects an abrupt 
change in the volume fraction of the mixed phases. In this way, 
the phase boundary identifi ed in this study separates the  Cc  
phase dominant region ( x  ≤ 3%) from the  R3c  dominant region 
( x   ≥  4%). To include the existence of such a possibility, we mark 
© 2013 WILEY-VCH Verlag GAdv. Funct. Mater. 2013, 23, 5261–5266
the  Cc / R3c  “phase boundary” with dashed lines in Figure  4 , in 
contrast to solid lines for other phase boundaries. 

   4. Conclusions 

 In conclusion, we proposed a more practical method to deter-
mine the oxygen octahedra tilting in perovskite ferroelectrics 
through selected area electron diffraction. The use of the 
domain wall edge-on conditions in our method allows the anal-
ysis of an ensemble of multiple domains, and signifi cantly sim-
plifi es the specimen tilting in comparison with the commonly 
used method. [  18  ,  27  ]  With this method, the phase relationship in 
(1– x )(Bi 1/2 Na 1/2 )TiO 3  −  x BaTiO 3  with  x   < 6% was clarifi ed; a new 
phase boundary separating the  Cc  and  R3c  phases was revealed 
at  x   =  3–4%. In the  E  pol  versus  x  phase diagram for polycrystal-
line ceramics, this  Cc / R3c  phase boundary is curved, indicating 
that the previously unexplained electric-fi eld-induced phase 
transition in the low-BaTiO 3 -content compositions [  32  ]  is a  Cc -to-
 R3c  structural transition. 

   5. Experimental Section 
 Polycrystalline ceramic samples of (Bi 1/2 Na 1/2 )TiO 3  − BaTiO 3  were 
prepared via the solid-state reaction approach. Powders of Bi 2 O 3  
( ≥ 99.9%), Na 2 CO 3  ( ≥ 99.9%), BaCO 3  ( ≥ 99.99%) and TiO 2  ( ≥ 99.99%) 
were used as starting materials. Stoichiometric amount of powders were 
mixed and vibratory milled in ethanol with zirconia mill media for 7 h and 
then dried. The Na 2 CO 3  powder was baked at 200  ° C for 15 h and then 
weighed immediately to ensure stoichiometry. The mixture was calcined 
at 800  ° C for 2 h and then vibratory milled for another 16 h. After drying, 
the powders were evenly mixed with binder (10 wt% polyvinyl alcohol 
solution) and then uniaxially pressed into pellets. Following binder 
burnout at 500  ° C, sintering was carried out at 1150  ° C to obtain dense 
ceramic pellets. In order to prevent the loss of Bi 3 +   and Na  +  , the pellets 
were buried in a plenty amount of protective powder with the same 
composition during sintering. The relative density of the sintered pellets 
is higher than 97% as determined by the Archimedes’ method. X-ray 
diffraction experiments confi rmed pure perovskite phases in all ceramics. 

 As-sintered ceramic pellets were mechanically ground and polished 
down to about 150  μ m thick for TEM specimen preparation. Disks with 
diameter of 3 mm were ultrasonically cut from the polished slices and 
the center portion was further thinned to around 5  μ m by mechanical 
dimpling. The dimpled disks were annealed at 250  ° C for 2 h, and then 
Ar-ion milled to electron transparency. TEM study was performed on a 
Phillips CM-30 microscope operated at 300 kV with a standard double-
tilt specimen holder. Bright-fi eld images and selected area electron 
diffraction patterns were recorded with a charge-coupled device camera. 
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 Supporting Information is available from the Wiley Online Library or 
from the author. 
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