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  1   .  Introduction 

 Size effects in ferroic materials are of fundamental importance 
and play a crucial role in the functionality of devices at increas-
ingly smaller length scales. [  1–5  ]  In polycrystalline ferroelectrics, 
size effects are chiefl y evident in materials properties such as 

the relative dielectric permittivity (  ε   r ) and 
piezoelectric coeffi cients (e.g.,  d  33  and 
 d  31 ). For polycrystalline barium titanate 
(BaTiO 3 ), the effect of grain size on the 
relative permittivity has been extensively 
reported over the past decades [  3,4,6–20  ]  
and is of particular relevance to the con-
tinuous size reduction of BaTiO 3  capaci-
tors. Within the grain size range of 
1–10  μ m, it is now widely accepted that 
  ε   r  of polycrystalline BaTiO 3  increases 
with decreasing grain size, reaching a 
value of 5000, or higher, as the grain size 
approaches 1  μ m. Below 1  μ m, however, 
  ε   r  of BaTiO 3  decreases markedly with fur-
ther decreasing grain size. The superior   ε   r  
values of BaTiO 3  at an intermediate grain 
size of approximately 1  μ m exceed those 
measured in BaTiO 3  single crystals (  ε   [100]  = 
4000;   ε   [001]  = 170) [  7  ]  and, furthermore, 
cannot be explained by orientational aver-
aging of the single crystal anisotropic per-
mittivity values. Limited studies have also 

shown comparable increases in the piezoelectric coeffi cients, 
 d  33  or  d  31 , at intermediate grain sizes near 1  μ m. [  6,21  ]  

 Two widely known theories attribute the origin of the supe-
rior relative permittivity in polycrystalline BaTiO 3  at inter-
mediate grain sizes to either an internal residual stress that 
changes the domain architecture and increases the intrinsic 
contribution [  5,7,8,22  ]  or enhanced motion of 90° domain walls 
resulting in increased extrinsic contribution. [  9–11,19  ]  A complete 
and quantitative separation of the effects of internal stress and 
domain wall dynamics as a function of grain size is yet to be 
provided. This knowledge gap is primarily attributed to the 
lack of in situ crystallographic or microstructural investiga-
tions during application of applied electric fi elds. Such in situ 
studies can uniquely measure the dynamics and mechanics of 
domains as a function of grain size as well as provide insight 
into the internal stress states of materials. Here, we undertake 
such measurements using an in situ high-energy X-ray diffrac-
tion (XRD) technique in transmission geometry during appli-
cation of external electric fi elds of strong amplitude (above 
the ferroelectric coercive fi eld,  E c  ) and weak amplitude (below 
 E c  ). This technique reveals the time-resolved crystallographic 
changes in BaTiO 3  as a function of grain size during electric 
fi eld application. 
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synthesized polycrystalline BaTiO 3  samples at room tempera-
ture. Within the investigated grain size range,   ε   r  is observed to 
be maximum ( > 5000) at  ≈ 2  μ m and values of   ε   r  decrease both 
above and below this grain size, which agrees with previously 
reported trends. [  3,4,9–11  ]  The permittivity was also measured as 
a function of temperature up to temperatures exceeding the 
Curie temperature ( T  c ) and the response at 1 kHz is reported 
in the supporting information. The  T  c  remains nearly constant 
for all grain sizes and the associated loss increases slightly with 
decreasing grain size as expected. The longitudinal piezoelec-
tric coeffi cients ( d 33  ) measured on the same samples reveal a 
similar trend with room temperature  d  33  reaching a maximum 
at the grain size of  ≈ 2  μ m.   

 High-energy X-rays are particularly benefi cial in the study 
of ferroelectric polycrystalline materials because they can pen-
etrate entire milimeter-sized samples, meaning the measured 
diffraction patterns can be said to capture the average behavior 
of all crystallites in the polycrystalline aggregate, which is a nec-
essary requirement for making quantitative structure-property 
relationships. In polycrystalline ferroelectrics prior to electric 
fi eld application, there is no preferred orientation of grains or 
domains. A preferred domain texture evolves during electric 
fi eld application as a fraction of the non-180° ferroelectric/fer-
roelastic domains reorient towards a more preferred direction 
relative to the applied fi eld. [  23  ]  During this domain reorienta-
tion, crystallographic and microstructural effects as a result of 
electric-fi eld-induced lattice strain and domain wall motion can 
be measured using X-ray and neutron diffraction. [  24–31  ]  Domain 
reorientation, specifi cally, can be quantifi ed using the intensity 
interchange between the different orientation variants. Thus, 
diffraction provides one route to assess the two competing the-
ories described above and will help to understand the structural 
origin of grain size effects in BaTiO 3 . 

 Using this in situ, high-energy XRD technique across the 
grain size range of 0.2  μ m to 3.5  μ m, we show conclusive and 
direct evidence that 90° domain wall motion in BaTiO 3  is pre-
sent during both strong and weak fi eld amplitudes (i.e., cor-
responding to fi eld amplitudes signifi cantly above and below 
the macroscopic ferroelectric coercive fi eld). Most importantly, 
domain wall motion reaches a maximum at a grain size of 
 ≈ 2  μ m where the relative permittivity and piezoelectric coef-
fi cient are also maximized. Additionally, measurement of the 
unit cell volume and spontaneous lattice strain prior to electric 
fi eld application evidences that the change in residual internal 
stress across this grain size range is small. We therefore con-
clusively attribute 90° domain wall motion to the superior 
properties in BaTiO 3  of intermediate grain sizes ( ≈ 1–2  μ m). 
Moreover, the in situ measurements reveal, unexpectedly, that 
application of strong electric fi eld amplitudes triggers an addi-
tional reversible phase transition through internal elastic inter-
action, which is most apparent in the coarse-grained BaTiO 3  
ferroelectrics.  

  2   .  Results and Discussion 

  2.1   .  Permittivity and Piezoelectric Coeffi cient as a Function 
of Grain Size 

 Using both spark plasma sintering (SPS) [  32,33  ]  and conventional 
pressureless sintering, polycrystalline BaTiO 3  of six different 
grain sizes were synthesized. The average grain sizes ranged 
from  ≈ 0.2 to 3.5  μ m ( Figure    1  a), which span the behavioral 
regimes introduced earlier. The grain size distributions are 
provided in the supporting information. Annealing was also 
undertaken on all samples in fl owing oxygen in order to miti-
gate residual stresses and oxygen non-stoichiometry of the 
samples; this procedure is described in the experimental sec-
tion and additional information is provided in supporting infor-
mation. Figure  1 b presents both the relative permittivity (  ε   r ) 
and the direct longitudinal piezoelectric coeffi cient ( d  33 ) of the 

      Figure 1.  a) Microstructures of BaTiO 3  of different grain sizes and b) rela-
tive permittivity and longitudinal piezoelectric coeffi cient measurements. 

100

150

200

250

300

 
r
 (1 kHz)

 d
33

 d
33

 (p
C

/N
)

0.0 0.5 1.0 1.5 2.0 2.5 3.0 3.5 4.0
1500

2500

3500

4500

5500(b)

Avg. grain size (μm)

r

Adv. Funct. Mater. 2014, 24, 885–896



FU
LL P

A
P
ER

887

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

wileyonlinelibrary.com© 2013 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

reduce the contribution of 90° domain walls to relative permit-
tivity. Damjanovic [  39  ]  supported these observations by showing 
that activity of domain walls becomes weaker in BaTiO 3  of fi ner 
grain size (0.7  μ m) than in BaTiO 3  of coarser grain size (26  μ m) 
because the domain walls are relatively more clamped in the 
former than in the latter. For even smaller grain sizes below 
300–500 nm, the grain size starts to become comparable to the 
size of a single domain. As a result, the domain wall displace-
ment and nucleation of new domains become more diffi cult 
under application of electric fi elds or stress. [  3,4  ]  Direct experi-
mental measures of the grain size dependence of domain wall 
motion and its contribution to macroscopic property coeffi cients 
is needed in order to reconcile these various effects, in particular 
in a range of grain sizes that transcend the 1–2  μ m grain size 
range of enhanced property coeffi cients (e.g., Figure  1 b).  

  2.3   .  Structural Changes and Residual Stress as a Function 
of Grain Size 

 High-energy XRD patterns of the {200} and (111) Bragg refl ec-
tions measured prior to electric fi eld application are shown in 
 Figures    2  a,b, respectively. These diffraction patterns indicate 
some systematic structural changes with grain size. Figure  2 a 
shows extremely weak splitting of the (002) and (200) Bragg 
refl ections in the smallest grain size ( ≈ 0.2  μ m) and the extent 
of splitting increases with increasing grain size. The (200) peak 
positions (related to the  a  lattice parameter) remain almost con-
stant with increasing grain size whereas the (002) peak position 
(related to the  c  lattice parameter) shifts consistently to higher 
lattice spacing (lower 2  θ  ) as the grain size increases. Addition-
ally, increased diffuse scattering or additional X-ray intensity 
between the (002) and (200) Bragg refl ections is observed with 
decreasing grain size. This increase in the diffuse scattering 
may suggest either that the density of domain walls increases 
with grain size reduction (e.g., as reviewed elsewhere) [  40  ]  and/or 
that the strain fi eld surrounding the 90° domain walls increases 
in the smaller grain sizes. [  10,41,42  ]  As the density of domain walls 
is clearly a defi ning variable to property coeffi cients in single 
crystal BaTiO 3 , [  36  ]  it is tempting to speculate that an increase in 
domain wall density (as may be indicated in the present work 
by the increased diffuse scattering) may lead to increased prop-
erty coeffi cients. However, the dielectric and piezoelectric coef-
fi cients do not correlate proportionally to the diffuse scattering, 
instead maximizing at  ≈ 2  μ m. Thus, the domain wall density 
in and of itself is insuffi cient to explain the observed superior 
properties at  ≈ 2  μ m. Finally, Figure  2 b shows some systematic 
changes in the (111) Bragg refl ection with grain size variation, 
though the differences are less pronounced than in the {200} 
refl ections. In the grain sizes of  ≈ 0.2 and 0.3  μ m, the peak 
broadening of the (111) refl ection relative to the larger grain 
sizes is most pronounced.  

 To quantify the structural changes in BaTiO 3  as a func-
tion of grain size, lattice parameters ( c  and  a ), lattice aspect 
ratio ( c / a ), unit cell volume, and full width at half maximum 
(FWHM) were further evaluated. The lattice parameters were 
determined from the (002) and (200) Bragg refl ections, and 
subsequently used to calculate the  c / a  and unit cell volume 
( a  ×  a  ×  c ). The (002) and (200) Bragg refl ections were fi tted 

  2.2   .  Previous Theoretical Models 

 Before proceeding, we briefl y review the two theories of superior 
permittivity in ferroelectric BaTiO 3  at grain sizes of  ≈ 1–2  μ m, 
specifi cally the models of residual stress and 90° domain wall 
contribution. The phenomenological residual stress model 
attributes the observed peak in   ε   r  at approximately 1  μ m grain 
size in polycrystalline BaTiO 3  to an increased internal residual 
stress at this grain size. [  5,7,8,22  ]  This internal residual stress is said 
to arise during the paraelectric cubic to ferroelectric tetragonal 
phase transition at the Curie temperature [  5,7,8,22,34  ]  and is relieved 
to some extent due to formation of the ferroelectric/ferroelastic 
tetragonal domains within each single grain of BaTiO 3  at room 
temperature. At grain sizes close to 1  μ m, it was originally 
argued that the 90° domain walls do not form and, therefore, the 
internal residual stress is not as relieved as the larger grain sizes. 
This residual stress is then thought to suppress the tetragonality 
of the BaTiO 3  lattice, thus retaining a structure closer in prox-
imity to the cubic state. Since the relative permittivity of BaTiO 3  
is signifi cantly higher in states nearer the  T  c  compared to that at 
room temperature, a sharp increase in   ε   r  would be observed at 
grain sizes close to 1  μ m. [  5,7,8,22  ]  This argument was largely dis-
puted in Frey and Payne by showing that  T  c  was nearly constant 
with grain size for samples synthesized by a sol–gel method. [  35  ]  

 After the existence of 90° domain walls was later revealed 
below 1  μ m, [  9–11  ]  Arlt et al. [  9  ]  introduced an alternate model 
which attributes the superior permittivity in polycrystal-
line BaTiO 3  of intermediate grain size to 90° domain walls. 
In this model, the permittivity increases from grain sizes of 
10  μ m down to grain sizes of  ≈ 1  μ m due to an increase in 
90° domain wall density. Additionally, it was assumed that the 
contribution of domain walls was due to their displacement or 
motion during perturbation; it was much later that the intrinsic 
response of domain walls themselves were clearly observed to 
enhance property coeffi cients (e.g., as shown by Wada et al. in 
BaTiO 3  single crystals. [  36  ]  In the original model by Arlt et al., it 
was also assumed that the force constant for 90° domain wall 
displacement is independent of domain width. Later, Arlt and 
Pertsev [  37,38  ]  calculated a domain width dependence of the force 
constant that changed between coarse-grained microstructures 
(banded domain structure wherein each band has a regular 
laminar structure) and fi ner-grained microstructures (regular 
laminar domain structure). According to these calculations, the 
force constant is higher in fi ne-grained microstructures than 
in coarse-grained microstructures. As a result, domain walls 
in thinner domain structures are more diffi cult to move than 
domain walls in thicker domain structures. Due to the stiffer 
force constant predicted in BaTiO 3  of smaller grain size, Arlt 
and Pertsev [  37  ]  suggested that the higher permittivity at grain 
sizes near 1  μ m may not be caused by the high density of 90° 
domain walls as was suggested earlier. [  9  ]  However, it was also 
rationalized that as the grain size decreases towards 1  μ m, a 
strong softening of the force constant may be expected owing to 
the reduction of stresses in and near the grain boundary areas. 
This, in turn, may act as a feedback and ultimately enhance the 
domain wall contribution in grain sizes of  ≈ 1  μ m. [  37  ]  

 Below a grain size of  ≈ 1  μ m, the decrease in permittivity is 
considered to arise from both the lowering of 90° domain wall 
density and restricted domain wall motion. These effects thus 
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that the tetragonal phase is still retained. In contrast, the unit 
cell volume (Figure  3 c) remains almost constant across the 
entire grain size range of  ≈ 0.2 to 3.5  μ m.  

 Figure  3 d shows the FWHM values of the (111) Bragg refl ec-
tion as a function of grain size. Among all the grain sizes, the 
largest FWHM is observed at the smallest grain size of  ≈ 0.2  μ m 
and decreases with increasing grain size though the changes 
become less signifi cant in the largest grain sizes. The observed 

with the pseudo-Voigt profi le shape function and the lattice 
parameters were determined from the central peak positions of 
the fi tted profi les. [  42  ]  FWHM values reported here were deter-
mined from the (111) refl ections because of their reduced sen-
sitivity to diffuse scattering from domain walls relative to the 
{002} Bragg refl ections. The FWHM values were determined 
by fi tting the profi le to a Pearson VII-type profi le shape func-
tion. These respective profi le shape functions were empirically 
found to best describe the respective measured diffraction 
profi les. Examples of fi tted profi les are shown in supporting 
information. 

  Figure    3  a shows the changes in lattice parameters with grain 
size. Using these lattice parameters, the  c / a  and unit cell vol-
umes (Figures  3 b,c, respectively) are useful in assessing the 
dependence of spontaneous ferroelastic strain and residual 
stress on grain size. The decrease in the  c / a  (Figure  3 b) with 
decreasing grain size indicates that BaTiO 3  becomes less tetrag-
onal at smaller grain sizes, which is consistent with earlier 
reports. [  3,9,43,44  ]  Notably, however, the asymmetric {200} diffrac-
tion profi le of the smallest grain size material ( ≈ 0.2  μ m) shows 

      Figure 3.  Variation in a) tetragonal lattice parameters ( c  and  a ), b)  c / a , 
c) unit cell volume, and d) FWHM of (111) Bragg refl ection as a function 
of average grain size of the synthesized BaTiO 3  samples. 

       Figure 2.  High-energy X-ray patterns of a) {200} and b) (111) Bragg 
refl ections prior to electric fi eld application. 
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 ≈ 0.2–3.5  μ m. Since the high-energy X-rays can penetrate a large 
volume of material, high-energy XRD effectively measures the 
collective effect of the microscopic displacements of domain 
walls. These measurements are therefore utilized to interpret 
the effect of domain wall motion on the macroscopic property 
coeffi cients. [  26,30,45  ]  

  2.4.1   .  90° Domain Wall Motion During Strong Electric 
Field Application 

 The structural response of ferroelectric BaTiO 3  to strong elec-
tric fi eld amplitudes, or amplitudes exceeding  E c  , is fi rst pre-
sented. XRD patterns near the {200} diffraction profi le are used 
to show the extent of domain wall motion during a bipolar 
electric fi eld ( ± 2.5 kV mm −1 ) of triangular waveform. These 
results are shown in  Figure    4   for three different grain sizes of 
0.3,  ≈ 2, and  ≈ 3.5  μ m which represent typical behaviors meas-
ured in the grain size regimes below 1  μ m (Figure  4 a), near 
1–2  μ m (Figure  4 b), and above 2  μ m (Figure  4 c), respectively. 
Additional measurements for other grain sizes are provided 
in the supporting information. It can be seen in Figure  4  that 
all of the measured grain sizes exhibit an exchange of inten-
sity in the (002) and (200) Bragg refl ections during electric fi eld 
application. It is important to note that intensity interchange 
in these refl ections of perovskite ferroelectrics has been shown 
to be indicative of 90° domain reorientation. [  26,30  ]  The present 
measurements therefore reveal direct evidence of 90° ferroelec-
tric/ferroelastic domain wall motion during electric fi elds of 
high amplitude in polycrystalline BaTiO 3  for all the grain sizes 
investigated.  

 Representative X-ray line patterns measured at several spe-
cifi c states of the electric fi eld waveform are further shown 
in the supporting information and highlight the quantitative 
changes in the diffraction patterns as a function of grain size 
and electric fi eld amplitude and history. For the 0.3  μ m grain 
size (Figure  4 a), the XRD data indicates that the intensities of 
the (002) and (200) refl ections increase and decrease, respec-
tively, with increasing fi eld magnitude during both polarities of 

broadening of the (111) Bragg refl ection at grain sizes of  ≈ 0.2 
and 0.3  μ m can be attributed to either a crystallite size effect 
and/or increased microstrain relative to BaTiO 3  of larger grain 
sizes. Microstrain is described with a change in the distribution 
of lattice spacings; in contrast, a change in the average lattice 
plane position, or macro strain, would be observed as shifts in 
the Bragg peak(s) and would be a measure of residual stress. 
The (111) peak positions are nearly independent of grain size, 
indicating that the macrostrain remains almost constant over 
the entire grain size range of  ≈ 0.2–3.5  μ m. This observation 
from the (111) Bragg peaks is consistent with the observation 
from the {002} Bragg peaks that the unit cell volume (Figure  3 c) 
remains approximately constant. 

 As discussed before, the phenomenological residual stress 
theory attributes the presence of a large residual stress to the 
sharp increase in the relative permittivity of BaTiO 3  in grain 
sizes of approximately 1–2  μ m. Since the   ε   r  is observed to be 
maximum at  ≈ 2  μ m in the present work (Figure  1 ), the phe-
nomenological residual stress theory would suggest that 
residual stress should be maximum at this grain size. Observa-
tions presented thus far from XRD patterns obtained prior to 
electric fi eld application (Figures  2 b,  3 d), however, do not show 
a signifi cant variation in residual stress across the grain size 
range of 1–3.5  μ m. In contrast, the X-ray measurements may 
indicate a higher level of microstrain at grain sizes of  ≈ 0.2 and 
0.3  μ m, though these grain sizes exhibit lower relative permit-
tivity and piezoelectric coeffi cients. Therefore, the observed 
increase in the relative permittivity and piezoelectric coeffi cient 
at the grain size of  ≈ 2  μ m cannot be reconciled by the residual 
stress theory.  

  2.4   .  In Situ X-ray Diffraction During Strong Electric Field 
Application 

 In order to measure the electric fi eld-induced structural changes 
in polycrystalline BaTiO 3 , high-energy XRD measurements 
were undertaken on samples across the grain size range of 

      Figure 4.  Contour plots of changes in intensities of (002) and (200) refl ections during high electric fi eld application ( ± 2.5 kV mm −1 ) revealing variation 
in 90° domain wall motion for a) 0.3  μ m), b)  ≈ 2  μ m, and c)  ≈ 3.5  μ m grain sizes of BaTiO 3 . 
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other studies on BaTiO 3  single crystals [  49,50  ]  have reported an 
electric fi eld-induced monoclinic phase close to the tetragonal-
orthorhombic phase transition temperature. Once formed, this 
monoclinic phase is observed to be stable even upon removal 
of the fi eld, a characteristic that is not observed in the present 
fi eld-induced transition, though does not eliminate this phase 
from being the phase observed in the present work. It is also 
possible that the induced phase may be nonpolar (e.g., cubic) if 
the driving force is related to intergranular or other mechanical 
interactions within the grains. 

 Although the instrument resolution in the present work 
is not suitable for assigning a specifi c symmetry to this fi eld-
induced phase, some characteristics of this fi eld-induced phase 
are worth noting in the present work. Though observed under 
both positive and negative polarity, the intensity of this new 
phase is consistently stronger under negative fi eld amplitudes. 
Since this phase transition is observed at grain sizes in which 
the 90° domain wall motion is the greatest, it is considered 
that the structural origin of this phase transition is associated 
with the large strain of the polycrystalline aggregate and the 
extensive 90° domain wall motion in these grain sizes. The pro-
posed structural origin is now discussed in more detail using 
the  ≈ 3.5  μ m grain size BaTiO 3  as a representative example 
(Figure  4 c, with specifi c profi les shown in the Supporting Infor-
mation, Figure S6f). At the maximum of positive and negative 
polarities, the (002) intensity is nearly constant, implying that 
the volume fraction of  c -axis-oriented domains does not change 
signifi cantly between the polarities. In contrast, a signifi cant 
decrease in the (200) intensity is observed during the negative 
polarity relative to that during the positive polarity. This indi-
cates that there is a further decrease in the volume fraction of 
the  a -axis-oriented domains during the maximum of negative 
polarity relative to that during the maximum of positive polarity. 
This is unlike the typical (002) and (200) intensity interchange 
that is observed during domain reorientation of single phase 
tetragonal perovskites. [  23,26  ]  The observations for negative elec-
tric fi eld polarity indicates that a fraction of the  a -axis-oriented 
domains of the tetragonal phase change transform into the 
fi eld-induced structure which exhibits the intermediate {002} 
diffraction peak. 

 A simplifi ed schematic of this proposed mechanism is pre-
sented in  Figure    5  , which illustrates a simplifi ed 90° domain 
confi guration and the electromechanical strain interaction 
mechanism. In the initial state prior application of any electrical 
fi eld (Figure  5 a), the black rectangles represent domain orienta-
tion states within a single representative grain that are separated 
by 90° domain walls. During application of the electric fi eld, 
strain is known to occur in ferroelectrics through 90° ferroelec-
tric/ferroelastic domain wall motion and electric-fi eld-induced 
distortion of the individual domains (e.g., piezoelectric strain). 
Within a single grain, these two mechanisms interplay and 
ultimately achieve an equilibrium response. It is further under-
stood that domain wall motion within polycrystalline materials 
never results in a complete c-axis-oriented domain state due to 
intergranular mechanical constraints; remanent  a -axis oriented 
domains remain in nearly all materials. These remanent  a -axis 
oriented domains are observed in the present experiments in 
the (200) intensity of the tetragonal phase. If the energy bar-
rier for transition into an alternate polymorphic phase is low 

the fi eld. It is also observed that the (200) peak position remains 
almost unchanged during the electric fi eld application while 
the (002) peak position shifts to higher 2  θ   (or lower  d ) with 
increasing electric fi eld during both the positive and negative 
waveforms. For the  ≈ 2  μ m grain size (Figure  4 b), a dramatic 
change in the (002) and (200) peak intensities during electric 
fi eld application is observed, which indicates a signifi cantly 
enhanced 90° domain wall motion relative to that observed at 
the grain size of 0.3  μ m. At a grain size of  ≈ 3.5  μ m (Figure  4 c), 
signifi cant 90° domain wall motion is also observed, though to 
a lesser extent than at a grain size of  ≈ 2  μ m. 

 Summarizing these observations from Figure  4 , it is clear 
that signifi cant 90° domain wall motion occurs during the 
bipolar high-fi eld cycling at grain sizes of  ≈ 2 and  ≈ 3.5  μ m 
whereas less 90° domain wall motion occurs at the smaller 
grain size of 0.3  μ m. Thus, 90° domain wall motion is seen 
to increase with increasing grain size from 0.3 to  ≈ 2  μ m, 
then decrease slightly with a further increase in the grain size 
to  ≈ 3.5  μ m. These trends are consistent with the trends in   ε   r  
and  d  33  introduced previously in Figure  1 b. The in situ X-ray 
measurements thus provide direct evidence of the grain size 
dependence of 90° domain wall motion which correlates with 
the increased property coeffi cients measured at  ≈ 2  μ m. The 
observed results therefore support the theory attributing higher 
90° domain wall contribution to the superior permittivity and 
piezoelectricity in BaTiO 3  at intermediate grain sizes.  

  2.4.2   .  Field-Induced Phase Transition in BaTiO 3  

 The in situ X-ray measurements show an additional interesting 
structural feature during application of the highest electric fi eld 
amplitudes in certain grain sizes ( ≈ 2 and  ≈ 3.5  μ m), an addi-
tional Bragg refl ection appears in between the (002) and (200) 
tetragonal phase refl ections. These measurements indicate 
a fi eld-driven polymorphic phase transition in BaTiO 3  during 
strong electric fi eld amplitude. It is interesting to note that the 
observed phase transition becomes prominent near the max-
imum of the fi eld amplitude (2.5 kV mm −1 ) and subsequently 
disappears at zero fi eld. The in situ X-ray measurements enable 
the observation of both the phase transition and its reversibility. 

 In order to further characterize the fi eld-induced 
polymorphic state, the {200} composite diffraction profi le is fi t 
with three symmetric profi le functions. Examples of resultant 
fi ts are shown in the supporting information. It can be seen 
that all the three Bragg refl ections can be fi t with three sym-
metric pseudo-Voigt profi les. This result could imply that the 
additional peak in the middle of this diffraction profi le is a 
single refl ection, although any additional subtle peak split-
ting may not be resolved within the available instrumental 
resolution. The fi eld-induced peak in the middle of the {002} 
diffraction profi le is therefore interpreted as a different poly-
morphic phase of unknown symmetry. 

 Field-induced phase transitions in BaTiO 3  have been 
reported previously, [  46–50  ]  and some of these studies [  46–48  ]  
showed that the Curie temperature is shifted to higher values 
in the presence of an electric fi eld, suggesting the proximity 
to a cubic phase decreases, or equally that the proximity to 
the orthorhombic phase increases. It is therefore possible that 
the fi eld-induced phase is of orthorhombic symmetry. Further, 
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diffraction profi le with the macroscopic strain of the sample. 
The method uses the cumulative diffraction intensity distribu-
tion of interplanar spacing,  d , across the {002} diffraction pro-
fi le. The change in the median of this distribution can be used 
as a measure of the change in the type, proportions, and strain 
of {002} planes of a particular orientation in the sample. Thus, 
it is a measure of the combined effect of {002} lattice strains, 
90° domain volume fractions (domain texture), and changes in 
phase fractions of coexisting polymorphs. For each cumulative 
intensity distribution, the median ( d  50 ) is described by saying 
that  ≈ 50% of the material in the direction of the electric fi eld 
has interplanar spacings above  d  50  and  ≈ 50% below  d  50 . Differ-
ences in structure factors of the tetragonal (002) and (200), and 
the {002} refl ections of the induced polymorph may cause  d  50  
to vary from a precise 50% indicator of volume fractions. Nev-
ertheless, it is a useful quantitative metric for evaluating dif-
fraction spectra with multiple overlapping peaks from multiple 
polymorphs. 

  Figure    6  a–c shows XRD patterns measured prior to electric 
fi eld application, at the maximum fi eld amplitude (both posi-
tive and negative polarity), and the corresponding cumulative 
diffraction intensity distributions of interplanar spacing,  d , for 
representative grain sizes 0.3,  ≈ 2 and,  ≈ 3.5  μ m. Figure  6 d shows 
resulting changes in the  d  50  values before and during electric 
fi eld application for these grain sizes. Several observations can 
be made from Figure  6 d. For all the grain sizes, the  d  50  values 
are higher during electric fi eld application than prior to fi eld 
application. This correlates with a positive electric-fi eld-induced 
strain in {002}-oriented crystallites. Additionally, for each grain 
size, the  d  50  value during negative polarity is observed to be 
higher than that during positive polarity. The origin of this 

(e.g., due to the residual or induced stress state in polycrys-
tals, proximity to the phase transition in temperature or com-
position, etc.), then it will be more favorable for the remanent 
 a -axis-oriented domains to transform into this new ferroelastic 
strain state than for  c -axis oriented domains. If  a -axis-oriented 
domains transform into this new polymorph, then the strain of 
the transformed material will more closely parallel the effective 
strain of the crystal and polycrystalline aggregate.  

 The diffraction patterns for the other samples with grain 
sizes  > 1  μ m also show evidence that this fi eld-induced, revers-
ible phase transition may be present, though is not observed as 
clearly as in the sample with 3.5  μ m grain size. The differences 
between different grain sizes may be a result of the crystal or 
domain sizes (which may affect the ability to observe the effect 
in diffraction), or there may exist a change in the expression 
of this effect in smaller grain sizes. Nevertheless, it is clear 
in the current in situ X-ray measurements that a reversible, 
fi eld-induced phase transition is triggered during electric fi eld 
amplitudes greater than the ferroelectric coercive fi eld in coarse 
grained BaTiO 3  at room temperature.  

  2.4.3   .  Determination of the Extent of 90° Domain Reorientation 

 Using diffraction, 90° domain wall motion in single-phase 
tetragonal ferroelectrics is traditionally quantifi ed from changes 
in the volume fractions of the (002) and (200) orientation vari-
ants during electric fi eld application. In the present work, a 
clear separation of the (002) and (200) diffraction intensities 
is not possible due to the presence of the fi eld-induced poly-
morph at strong electric fi eld amplitudes. We therefore intro-
duce here a new method to associate changes in the {002} 

      Figure 5.  Simplifi ed illustration of an electromechanical strain mechanism in which a-axis oriented domains transform into a new polymorph in order 
to facilitate strain of a crystalline grain. a) In the initial state, the black rectangles represent domain orientation states within a single representative 
grain that are separated by domain walls. b) Strain is achieved through domain wall motion and distortion of the unit cells (e.g., piezoelectric strain). 
c) Additional strain is enabled from the phase transition mechanism. 
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behavior is from domain wall motion in the tetragonal phase 
which is observed in intensity interchanges between the tetrag-
onal (002) and (200) refl ections. Most notably, this grain size 
also exhibits the highest relative permittivity and piezoelectric 
coeffi cients as previously introduced in Figure  1 b.    

  2.5   .  In Situ X-ray Diffraction During Weak Electric Field Application 

 Having shown the structural response during strong electric 
fi elds, the structural response at weak electric fi eld amplitudes 

asymmetry is unknown, though asymmetries in strain behavior 
are often observed in ferroelectrics due to extrinsic effects. [  45  ]  
Most importantly, Figure  6 d indicates that change in  d  50  due 
to the electric fi eld application is maximum at the grain size 
of  ≈ 2  μ m. This means that the combined effect of {002} lattice 
strains, 90° domain volume fractions (domain texture), and 
changes in phase fractions of coexisting polymorphs (tetragonal 
and the fi eld-induced state) is observed to be maximum at the 
grain size of  ≈ 2  μ m. Qualitatively, the observation of the {002} 
diffraction profi les (e.g., those in Figures S5,S6, Supporting 
Information) indicate that the dominant contribution to this 

      Figure 6.  Cumulative diffraction intensity distribution of interplanar spacing,  d , across the {002} diffraction profi le for a) 0.3  μ m, b)  ≈ 2  μ m, and 
c)  ≈ 3.5  μ m grain sizes of BaTiO 3  prior to and during application of strong electric fi eld amplitudes (both the positive and negative polarities). d) Cal-
culated  d  50  values as a function of grain size. 
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results qualitatively indicate the presence of 
the 90° domain wall motion at very weak elec-
tric fi eld strengths and are consistent with 
observations of similar effects in lead zirco-
nate titanate (PZT) ceramics. [  53  ]  Notably, the 
intensity differences, and thus domain wall 
motion, is greatest for the  ≈ 2  μ m grain size. 
In order to quantify domain wall motion due 
to electric fi eld application, the measured dif-
fraction profi les are fi t to pseudo-Voigt shape 
functions to extract the integrated intensities 
of (002) and (200) peaks of the tetragonal 
BaTiO 3  phase. Even though the fi eld-induced 
secondary polymorph is not observed during 
application of weak electric fi elds, a third 
peak is nevertheless required in order to ade-
quately fi t the {002} diffraction profi les meas-
ured at weak fi elds because diffuse scattering 
from 90° domain walls is observed between 
the tetragonal (002) and (200) refl ections. [  42  ]  
Figure  7 d shows the calculated change in 
volume fraction of the two domain variants 
between the positive and negative polari-
ties ( Δ   η   002 ) as a function of grain size. This 
reveals an increase of the  Δ   η   002  from the 
0.3  μ m grain size to the  ≈ 2  μ m grain size fol-
lowed by a continuing decrease in larger in 
grain sizes. The grain size dependence of 90° 
domain wall motion observed at weak fi eld 
amplitude (Figure  7 d) is consistent with the 
observations made at higher fi eld amplitudes 
(Figure  6 ). That is, the in situ XRD measure-
ments during both strong and weak electric 

fi eld application show more domain wall displacement in the 
grain sizes in which the relative permittivity and piezoelectric 
coeffi cients are maximized.   

  2.6   .  Combined Discussion 

 In polycrystalline ferroelectrics, the non-lattice extrinsic contri-
bution to the macroscopic property coeffi cients (e.g., dielectric, 
piezoelectric and elastic) originates primarily from the collec-
tive motion of domain walls and other interfaces. Domain wall 
motion even at the weak to moderate fi elds (comparable to con-
ditions where macroscopic property coeffi cients are measured) 
leads to the signifi cant extrinsic contributions to the dielectric, 
elastic, and piezoelectric property coeffi cients. [  30,31,54–59  ]  In 
many cases, this contribution may be comparable or greater 
than the intrinsic effect of the lattice itself. [  30,60,61  ]  The present 
work directly reveals that the motion of domain walls in BaTiO 3  
is greatest at the intermediate grain sizes of  ≈ 2  μ m, correlating 
with the maximum values of permittivity and piezoelectric coef-
fi cient. Quantitative evidence of this correlation exists from 
measurement of the response of the sample under both strong 
( d  50 ) and weak ( Δ   η   002 ) fi eld amplitudes. 

 With the insight obtained from the in situ XRD meas-
urements, we return to the theories presented earlier that 
describe the origins of enhanced permittivity and piezoelectric 

is next examined. While application of electric fi elds above  E  c  
results in large-scale domain wall motion (and, in certain grain 
sizes, a fi eld-induced phase transition), small displacements of 
non-180° domain walls over local energy barriers at subcoercive 
fi eld amplitudes (those below  E  c ) can be also measured using 
these X-ray approaches. [  30,45,51,52  ]  Such measurements provide 
a direct assessment of domain wall vibration (reversible) and 
small irreversible domain wall displacements at weak electric 
fi eld strengths. Diffraction measurements at such weak fi elds 
can reveal the extrinsic contribution of domain wall motion 
to the property coeffi cients at conditions comparable to those 
used in the determination of macroscopic properties including 
relative permittivity and the piezoelectric coeffi cients. [  27,45,51,52  ]  
Direct measurement of domain wall motion at weak fi eld 
amplitudes can thereby provide further insight into the grain 
size dependence of 90° domain wall displacements and its rela-
tion to the relative permittivity and piezoelectric coeffi cient of 
BaTiO 3 . 

  Figure    7  a–c shows representative XRD profi les of 0.3,  ≈ 2, 
and  ≈ 3.5  μ m grain sizes, measured using a square wave bipolar 
electric fi eld of amplitude 0.2 kV mm −1  amplitude (approxi-
mately 40% of  E  c ). For each grain size, a subtle difference 
between the diffraction patterns measured at positive and 
negative polarities can be observed outside the error bars. This 
measurement of a very weak effect is made possible through 
the high intensities achievable at the synchrotron source. These 

       Figure 7.  XRD profi les of (002) and (200) Bragg refl ections during application of weak (subco-
ercive) electric fi eld amplitudes ( ± 0.2 kV mm −1 ) revealing variation in 90° domain wall motion 
for a) 0.30  μ m, b) 1.97, and c) 3.52  μ m grain sizes of BaTiO 3 . d) Calculated values of domain 
switching as a function of grain size. 

2.03 2.02 2.01 2.00 1.99 1.98
-2000

0

20000

40000

60000

80000

100000

2.03 2.02 2.01 2.00 1.99 1.98
-1000

0

4000

6000

8000

10000

12000

14000

16000

18000

0.0 0.5 1.0 1.5 2.0 2.5 3.0 3.5 4.0
0.001

0.003

0.005

0.007

0.009

0.011

0.013

0.015

0.017

 

In
te

ns
ity

 (
ar

b.
 u

.)

 

μμ

Δη
00

2

μ

2.03 2.02 2.01 2.00 1.99 1.98
-800

0

4000

6000

8000

10000

12000

14000

16000

18000
μ

 

Adv. Funct. Mater. 2014, 24, 885–896



FU
LL

 P
A
P
ER

894

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

wileyonlinelibrary.com © 2013 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

revealed a strong dependence of grain size on domain wall 
motion which was observed to be maximum at approximately 
 ≈ 2  μ m, the grain size in which the macroscopic property coef-
fi cients also maximize. Based on these results, we validate the 
theory of Arlt et al. [  9,37,38  ]  in attributing the enhanced properties 
of BaTiO 3  to the displacement of domain walls. This knowledge 
should be used in the design of new materials with superior 
property coeffi cients and functionalities.  

  4   .  Experimental Section 
  Material Synthesis, Density Measurements, and Microstructure : In 

the current work, BaTiO 3  ceramics of six different grain sizes across 
the grain size range of  ≈ 0.2–3.5  μ m were synthesized using spark 
plasma sintering (SPS) and conventional pressureless sintering of a 
commercially available nanocrystalline BaTiO 3  powder (Alfa Aesar, Ward 
Hill, MA) of approximate particle size of 50 nm (Figure S1, Supporting 
Information). Using SPS, BaTiO 3  ceramics of 0.21  μ m and 0.3  μ m 
grain sizes were synthesized. Other grain sizes (1.12  μ m, 1.97  μ m, 
2.34  μ m, and 3.52  μ m) of BaTiO 3  were synthesized using conventional 
pressureless sintering. Details of the synthesis of these materials and 
all the sintering conditions are provided in the supporting information. 
Densities of the sintered materials were measured using Archimedes 
technique and the measured density values are listed in Table S1 in 
supporting information. Average grain sizes of the sintered BaTiO 3  
ceramics were estimated using lineal intercept technique in accordance 
with ASTM E112-10 standard test methods for determining average 
grain size and the grain size values are given in Table S2, Supporting 
Information. Grain size distributions of all the BaTiO 3  ceramics are 
shown in Figure S2, Supporting Information. Details of the sample 
preparation for the grain size measurements are also given in the 
supporting section. Microstructural analyses of the starting powder 
particles and sintered materials were performed using a fi eld-emission 
scanning electron microscope (SEM, JEOL 6335F FEG-SEM). 

  Relative Permittivity and Piezoelectric Measurements : The relative 
permittivity (  ε   r ) and longitudinal piezoelectric coeffi cient ( d  33 ) 
measurements were conducted on BaTiO 3  samples after annealing in 
air.   ε   r  values of the BaTiO 3  were measured from room temperature to 
200°C using an Agilent 4284A LCR meter in the frequency range of 1 kHz 
to 1 MHz in a temperature chamber and controller from Delta Design, 
Inc. For  d  33  measurements, the electroded specimens were placed 
in a silicone oil bath, poled under a DC fi eld of 2.5 KV mm −1  at room 
temperature for 5 min and  d  33  values were measured using a  d  33  meter 
(YE2730A, APC Int. Ltd.). Procedures for specimen preparations for the 
  ε   r  and  d  33  measurements are given in the supporting information. All 
measured values are given in Table S2, Supporting Information. 

  High-Energy In Situ XRD During Strong and Weak Electric Field 
Application : To explore the grain size dependence of domain wall motion 
in BaTiO 3  ceramics and relation to bulk physical property coeffi cients, 
in situ high-energy XRD measurements during electric fi eld application 
and in transmission geometry were conducted on the 11-ID-C beamline 
in the Advanced Photon Source (APS) at the Argonne National 
Laboratory. The high-energy XRD technique is capable of measuring 
the collective and average response of a large volume of the sample. In 
situ high-energy XRD during external electric fi elds enables investigation 
of crystallographic and microstructural changes in real time and 
macroscopic domain wall displacements can be quantifi ed during the 
conditions at which properties and electromechanical behavior are 
characterized. The high energy of the X-ray beam ( ≈ 110 keV) is highly 
penetrating and a wide coverage of reciprocal space is measured 
over a small angular scattering range. For each grain size BaTiO 3  
sample, high-energy XRD patterns were measured initially on unpoled 
samples. Next, samples were electrically poled under bipolar electric 
fi elds of triangular waveform with a total time period of 60 s, with an 
effective frequency of  ≈ 0.02 Hz. Each sample was electrically poled 

coeffi cients at intermediate grain sizes on the order of  ≈ 1  μ m. 
The phenomenological residual stress theory attributed the 
observed peak in   ε   r  at  ≈ 1  μ m grain size to an increased internal 
residual stress. [  5,7,8,22  ]  However, the XRD measurements reveal 
no signifi cant change in residual stress associated with mac-
rostrain as a function of grain size. Thus, while residual stress 
may have a small effect, we do not observe it to be a dominant 
factor in the enhancement of relative permittivity and piezoelec-
tric coeffi cients. The theory introduced by Arlt et al. [  9,37,38  ]  attrib-
uted the superior permittivity at intermediate grain sizes to the 
displacement of 90° domain walls in the tetragonal phase. The 
present in situ XRD measurements confi rm the validity of this 
theory under both strong and weak electric fi eld amplitudes, 
that is, that an enhanced displacement of 90° domain walls in 
grain sizes of  ≈ 1–2  μ m leads to the enhanced relative permit-
tivity and piezoelectric coeffi cients in BaTiO 3 . Moreover, the 
observation of a reversible, fi eld-induced polymorph in coarse-
grained BaTiO 3  provides additional insight into the complexity 
of the micromechanics of polycrystalline ferroelectrics. 

 We previously showed that the piezoelectric coeffi cients in 
La-modifi ed tetragonal PZT approaching the morphotropic 
phase boundary are dominantly ( > 50%) derived from the dis-
placement of 90° domain walls. [  30  ]  The present work demon-
strates both enhanced piezoelectric and dielectric properties in 
BaTiO 3  due to the displacement of domain walls. Holistically, 
the results of these experiments suggest that the displace-
ment of domain walls and other extrinsic effects dominate 
the electromechanical response of real ferroelectric materials. 
Thus, the search for superior dielectric and piezoelectric prop-
erties of oxides should consider extrinsic effects as a source 
for enhanced response. In particular, the present search for 
superior piezoelectric coeffi cients in novel (both lead-con-
taining and lead-free) perovskite compounds and solid solu-
tions should consider the effect of domain wall motion to 
the realizable properties and material behavior. The present 
work demonstrated the ability to tune this enhanced response 
using grain size, though additional factors are known to affect 
domain wall mobility, notably through compositional modifi -
cation such as donor doping. Theoretical models, including 
the ones introduced by Arlt et al., [  9,37,38  ]  may be further con-
sidered in exploiting these behaviors and properties in real 
materials.   

  3   .  Conclusions 

 In the current work, polycrystalline BaTiO 3  ceramics in the 
grain size range of  ≈ 0.2–3.5  μ m were synthesized using con-
ventional pressureless sintering and spark plasma sintering. 
Relative permittivity and longitudinal piezoelectric coeffi cient 
measurements showed that both the coeffi cients are maximum 
at approximately  ≈ 2  μ m grain size. High-energy X-ray meas-
urements prior to electric fi eld application showed signifi cant 
structural changes as a function of grain size in BaTiO 3 , though 
did not indicate any signifi cant variation of internal residual 
stress that can be attributed to the observed grain size effects. To 
study the effect of grain size on domain wall motion, samples 
were irradiated using high-energy X-rays during application 
of both strong and weak electric fi elds. These measurements 
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