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A B S T R A C T   

In situ high-energy X-ray diffraction (XRD) was performed on lead-zirconate-titanate-based ferroelectric mate
rials with composition near the morphotropic phase boundary (MPB). The utilization of the two-dimensional 
area detector in in situ field-dependent experiments enables the complete analysis of the material response 
with respect to all azimuthal angles at each field amplitude. The studies reveal that the field-induced phase 
transition from tetragonal to rhombohedral is dependent on crystal orientation in Nb-doped PbZr0.53Ti0.47O3 that 
is in close compositional proximity to the MPB. However, only domain wall motion is activated in Nb-doped 
PbZr0.50Ti0.50O3, which is further in composition from the MPB. This synchrotron-based XRD characterization 
approach illustrates the importance in evaluating the orientation-dependence of phase transitions in piezoelectric 
and ferroelectric polycrystalline materials.   

1. Introduction 

Lead zirconate titanate (PbZrxTi1-xO3, 0 < x < 1), or PZT, based 
materials exhibit excellent piezoelectric and ferroelectric properties, 
especially for compositions near the morphotropic phase boundary 
(MPB). Two main mechanisms are often considered to be the origin of 
high electric-field-induced strain in PZT-based materials [1,2]: (1) an 
intrinsic contribution that results from the field-induced lattice distor
tion [2,3] and (2) an extrinsic contribution that originates from other 
factors such as domain wall motion and interphase boundary motion 
[4–6]. For PZT-based materials with compositions near the MPB 
(x~0.52), electric-field-induced phase transitions can occur between 
co-existing phases or phases near the limit of their stability. For example, 
field-induced changes to phase fractions have been observed in PZT 
compositions containing both tetragonal (P4mm) and monoclinic (Cm) 
phases [7] or tetragonal (P4mm) and rhombohedral (R3m) phases [8]. 
Generally, field-induced phase changes can occur abruptly and 
completely with field application, e.g. as shown in lithium-doped 
K0.5Na0.5NbO3 [9], or as gradual changes in phase fraction with 
applied electric field in lead-based materials [7,10,11]. The nature of 
these phase changes is central to understanding the origins of the 
macroscopic properties including the field-induced strain. In ferroelec
tric single crystals, electric field-induced phase transitions can occur 
preferentially when electric fields are applied parallel to specific 

crystallographic directions. For example, <001>-cut Pb(Mg1/3Nb2/3) 
O3-PbTiO3 and Pb(Zn1/3Nb2/3)O3-PbTiO3 single crystals exhibit ultra
high field-induced strains due to phase transitions, whereas <111>-cut 
single crystals do not exhibit phase transitions and, therefore, exhibit 
inferior field-induced strains and piezoelectric properties [12,13]. Here, 
we extend this idea to ferroelectric polycrystalline materials and posit 
that electric-field-induced phase transitions can be 
orientation-dependent in piezoceramics. This means that phase transi
tions may be favored in some crystallographic orientations over other 
orientations and, as a result, the overall piezoceramic may exhibit a 
partial phase transition. 

For decades, in situ X-ray diffraction (XRD) with applied electric 
fields has served as a powerful approach to probe the important and 
coupled roles of lattice distortions, ferroelectric/ferroelastic domain 
wall motion, and phase transitions to macroscopic properties such as 
field-induced strain in polycrystalline ferroelectric materials [7,9–11]. 
In the simplest construction, a laboratory-scale powder diffractometer 
can be used in conjunction with an in situ electric field cell in which 
electrodes are typically applied to opposing faces of the sample [8]. 
Experiments conducted in Bragg-Brentano geometry with the electrode 
surfaces parallel to the Bragg plane are only sensitive to scattering 
vectors parallel to the electric field direction. The diffraction data 
therefore provide information about the lattice strains and preferred 
orientation (i.e., domain fraction changes) only in the direction parallel 
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to the electric field. 
As demonstrated by Jones et al., the preferred orientation induced by 

ferroelectric/ferroelastic domain wall motion produces a type of crys
tallographic texture that often necessitates a more rigorous texture 
characterization approach [14]. Most of the polycrystalline samples 
investigated via these techniques are initially randomly oriented and 
exhibit an electric-field-induced fiber symmetry after electrical poling (i. 
e., transversely isotropic). To completely describe the texture, an entire 
orientation distribution function (ODF) that describes the relative 
probability of all crystallographic orientations in 3-dimensional (3D) 
Euler space can be calculated [15–17]. However, due to sample sym
metry, it is not necessary to calculate an entire ODF. At minimum, 
however, characterizing texture in these materials often relies on inte
grating more information than is available in a single diffraction pattern 
representing a single scattering vector. 

A more rigorous and increasingly common approach for robust 
texture quantification is to use a 2-dimensional (2D) area detector in 
transmission geometry [18], as illustrated in Fig. 1. This method is most 
readily employed at a synchrotron source, where high-energy X-rays can 
be utilized to penetrate through sample thicknesses of 100 μm to 1 mm. 
This geometry enables the characterization of pole figures that exhibit 
fiber or uniaxial symmetry by evaluating the Bragg peak intensities as a 
function of azimuthal direction (φ), i.e., the change in intensity and 
scattering angle relative to the electric field direction. 

In this work, we demonstrate the value of using this experimental 
approach to simultaneously characterize the anisotropy in field-induced 
intrinsic strain, domain wall motion, and orientation-dependent phase 
transitions in ferroelectric polycrystalline materials. Specifically, we 
investigate a ferroelectric PZT composition near the MPB that is initially 
in a single tetragonal phase, but changes into co-existing tetragonal and 
rhombohedral phases during electric field application which remain 
after release of the field. In addition, we elucidate the role of crystal 
orientation on the phase transition process, demonstrating its anisot
ropy. We compare the response of the MPB composition to a tetragonal- 
phase composition further from the MPB. The results demonstrate that 
complete analysis of orientation-dependent diffraction data provides 
new insight into the crystal anisotropy of field-induced phase transitions 
in polycrystalline ferroelectrics. 

2. Materials and methods 

The synchrotron-based, in situ high-energy XRD with applied electric 
fields was carried out in beamline 11-ID-C at the Advanced Photon 
Source (APS) at Argonne National Laboratory. The X-ray beam had an 

energy of 105.7 keV (wavelength of 0.1173 Å) and a beam size of 500μm 
× 500μm, which can penetrate mm-scale ceramic bars for transmission 
geometry experiments. The piezoceramics were PZT with 1% niobium- 
doping; specific compositions including Nb-PbZr0.50Ti0.50O3 (Nb-PZT 
50/50) and Nb-PbZr0.53Ti0.47O3 (Nb-PZT 53/47), were provided by PI 
Ceramic (PI Ceramic GmbH, Lederhose, Thuringia, Germany). Both 
materials have a similar coercive field of ~1 kV/mm. The pellets were 
fabricated under the project from Ref. [19] where both Nb-PZT 50/50 
and 53/47 are single tetragonal phase in the virgin (electrically 
unpoled) state [20]. According to Ref. [19], Nb-PZT 50/50 has a d33 in 
the poled state of 291 pm/V, whereas Nb-PZT 53/47 has a d33 in the 
poled state of 526 pm/V. From grain size distribution measurements in 
Ref. [19], it was determined that there was no significant difference in 
grain size between these two compositions and the mean grain size was 
approximately 6 μm. 

Rectangular bars of dimension 5 mm x 1 mm x 1 mm were cut from 
the monolithic Nb-PZT pellets and painted with silver paste on two 
opposing parallel 5 mm x 1 mm surfaces. The bar was placed on a 
customized sample stage for application of electric fields via a high- 
voltage amplifier (AMS-10B2, Matsusada Precision, Shiga-ken, Japan) 
that was driven by a wavefunction generator (Agilent 33220A, Keysight 
Technologies, Santa Rosa, CA). Unipolar electric fields were applied to 
the specimens using steps of 1 kV/mm and up to 3 kV/mm maximum. 2D 
Debye-Scherrer patterns were measured on a PerkinElmer area detector 
in the transmission geometry. 

Data reduction was performed using the open-source software Fit2D 
[21]. The obtained 2D Debye-Scherrer rings were divided into sectors as 
a function of azimuthal angle (φ) with respect to the sample geometry, 
where each sector had an integration width of 15◦. Data from all indi
vidual 13 sectors were evaluated in the present work. As illustrated in 
Fig. 1, the 90◦ sector is parallel to the electric field direction and con
tains scattering information from scattering vectors oriented approxi
mately parallel to the electric field. The 0◦ and 180◦ sectors are 
horizontal and contain information from scattering vectors perpendic
ular to the electric field direction. 

3. Results 

Fig. 2 shows the tetragonal phase 002 and 200 reflections (herein 
referred to as 002T and 200T) as a function of azimuthal angle for Nb- 
PZT 50/50, which is the composition far from the MPB. As seen from 
Fig. 2(a), at the virgin state, 002T and 200T reflection intensities are 
nearly constant with respect to azimuthal angle, with the 200T reflection 
approximately twice as intense as the 002T consistent with the tetrag
onal crystal symmetry. However, at the maximum electric field ampli
tude as plotted in Fig. 2(b), the relative 002T and 200T reflection 
intensities vary as a function of azimuthal angle. For example, along the 
electric field direction (φ = 90◦) the 200T reflection intensity is sup
pressed while the 002T reflection intensity is enhanced, which is a 
signature of ferroelectric/ferroelastic domain wall motion [14]. 

Fig. 3 shows peak intensities as a function of azimuthal angle for Nb- 
PZT 53/47, the composition closer to the MPB, in the virgin state and at 
maximum electric field. The figure shows that, in the virgin state, Nb- 
PZT 53/47 has well-separated 002T and 200T reflections in all 
azimuthal angles. However, with an applied electric field of 3 kV/mm, 
an additional peak appears between the 002T and 200T reflections at 
approximately the 45◦ and 135◦ azimuthal angles, which indicates that a 
new phase emerges under the field application. Due to Nb-PZT 53/47 
having a composition close to the MPB, a composition in which tetrag
onal and rhombohedral phases have been shown to coexist, the emerged 
peak can be ascribed to the 200 reflection in the rhombohedral phase, 
200R. Although the data from the Nb-PZT 53/47 sample exhibits evi
dence of a transition to the rhombohedral phase under application of an 
electric field at approximately the 45◦ and 135◦ azimuthal angles, the 
other azimuthal angles do not show a new peak emerging. Instead, the 
other angles evidence a stable tetragonal phase with domain wall 

Fig. 1. Schematic of the synchrotron-based experimental setup at beamline 11- 
ID-C, APS, with definition of azimuthal angle, φ. 
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motion, which is apparent from the 002T and 200T reflection intensity 
interchanges and lack of appearance of an additional peak. It is worth 
noting that, in the cases where phase transitions occur from tetragonal 
(P4mm) to rhombohedral (R3m), the tetragonal phase 111 reflection 
(referred to as 111T) is expected to split into rhombohedral phase 111 
and 111 reflections (referred to as 111R and 111 R). However, for the Nb- 
PZT 53/47 sample, the split of the 111 peak is not observed along the 
45◦ and 135◦ azimuthal angles, as presented in the Supplementary In
formation. One of the reasons is that, even with phase transitions, the 
tetragonal phase fraction still dominates the phase composition, which 
hinders the observation of the 111 peak split. Additionally, the XRD 
setup utilized at beamline 11-ID-C (high energy with 2D detector, which 
is ideal for penetrating through bulk polycrystalline materials) may not 
have high enough resolution to see the peak split, i.e., unable to resolve 

the splitting of 111R and 111 R reflections. 
The degree of preferred orientation of domains, or 002 domain 

texture strength, can be calculated using the intensities of the 002T and 
200T reflections in any state relative to the intensities in an untextured 
state according to the equation [14]: 

f002 (mrd) = 3
R002

R002 + 2R200
(1)  

where, Rhkl is the ratio of integrated intensity of reflection hkl at an 
electric field to the integrated intensity of the reflection in the unpoled 
state. By using Eq. (1), the 002 domain texture strength is calculated at 
all azimuthal angles in terms of multiples of a random distribution 
(mrd). Fig. 4 presents the computed 002 domain texture strength in both 

Fig. 2. Peak intensities as a function of azimuthal angle, φ, for Nb-PZT 50/50 at 
(a) the virgin state and (b) 3 kV/mm. Fig. 3. Peak intensities as a function of azimuthal angle, φ, for Nb-PZT 53/47 at 

(a) the virgin state and (b) 3 kV/mm. 
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compositions as a function of azimuthal angle at maximum 3 kV/mm. 
For both compositions, the strongest texture strength is observed along 
the 90◦ azimuthal angle, which is parallel to the electric field direction. 
In comparison with Nb-PZT 50/50 exhibiting maximum f002 =

1.21 mrd, Nb-PZT 53/47 exhibits a maximum f002 = 1.84 mrd parallel 
to the field direction, which suggests more extensive domain wall mo
tion in the tetragonal phase in compositions nearest the MPB. 

4. Discussion 

In some prior work, an assumption has been made that the sectors 
representing “45 degrees away from the field direction” (e.g., azimuthal 
angles of 45◦ and 135◦ in Fig. 1) contain texture-free information that 
can be used for phase fraction calculations and crystal structure re
finements, e.g., through the Rietveld method [7,22,23]. This approach 
assumes that the phase transition is independent of the electric field 
orientation. In the present work, however, we demonstrate that the 
tetragonal-to-rhombohedral phase transition is anisotropic, with 

rhombohedral-phase peaks observed in the sectors that are 45◦ from the 
electric field direction and not in other azimuthal sectors. 

Fig. 5 schematically illustrates the orientation-dependent phase 
transition mechanism in Nb-PZT 53/47. As a polycrystalline piezocer
amic, the grains and ferroelectric domains are initially oriented in all 
possible crystallographic orientations equally, i.e., collectively repre
senting a random orientation. The hexagons represent grains in the 
sample with non-180◦ domain walls (dashed lines) separating the 
adjacent ferroelectric/ferroelastic striped domains. Note that each grain 
contains multiple domains, which is expected since the mean grain size 
of these materials is 6 μm. Two of these orientations are shown in Fig. 5, 
one that represents a crystallographic orientation with [001] oriented 
parallel (Fig. 5(a, c)), and the other orientation with the [001] oriented 
at approximately 45◦ to the applied electric field (Fig. 5(b, d)). In the 
unpoled state, Fig. 5(a–b), both orientations are in the tetragonal phase. 
With an applied electric field (Fig. 5(c–d)), unit cells in these two ori
entations are driven to elongate parallel to the macroscopic field di
rection due to the overall longitudinal piezoelectric distortion of the 
sample. As illustrated in Fig. 5(c), the [001] oriented grain can elongate 
parallel to the field direction through the process of domain wall motion. 
On the other hand, for other crystal orientations, such as a grain with 
[111] oriented parallel to the field direction (represented in the 2D grain 
in Fig. 5(b) as the [110] direction parallel to the field direction), this 
distortion can be better accommodated by a phase transition to a 
rhombohedral-like phase (Fig. 5(d)). The illustrations in Fig. 5 are 
simplified 2D examples of a more complex 3D material response but 
illustrate why the phase transition may occur selectively in some crystal 
orientations but not throughout all orientations in the polycrystalline 
aggregate. 

To further understand the orientation-dependent response, we 
evaluate electric-field-induced lattice strains of the tetragonal phase. 
Fig. 6 shows the orientation-dependent electric field-induced lattice 
strains that are parallel to the field direction in both tetragonal phase 
compositions (Nb-PZT 50/50 and Nb-PZT 53/47) during an applied 
electric field of 3 kV/mm. Only the 90◦ azimuthal sector, which is par
allel to the electric field direction, is used in this strain analysis 
approach, which is adopted from prior studies [6,24]. The radial 
magnitude in the polar plot represents the amplitude of field-induced 
lattice strain. The data point for (002) represents 002 lattice strains in 

Fig. 4. At 3 kV/mm, the 002 domain texture strength in Nb-PZT 50/50 and Nb- 
PZT 53/47 as a function of azimuthal angle. 

Fig. 5. At the virgin state, the possible representative tetragonal unit cell orientations in (a) and (b); under the application of an electric field, the elongated 
tetragonal unit cells in (c) and distorted rhombohedral-like unit cells in (d). 
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crystallographic orientations in which the 002 pole is parallel to the 
electric field, i.e., the tetragonal c-axis. Likewise, the data point for (111) 
represents 111 lattice strains in crystallographic orientations in which 
the 111 pole is parallel to the electric field. The schematic tetragonal 
unit cell models in Fig. 6 represent the crystallographic orientations in 
real space, with the (hkl) plane perpendicular to the electric field di
rection. The figure illustrates that both compositions exhibit the highest 
field-induced lattice strain in orientations in which the 111 pole is 
parallel to the electric field direction, and the lowest strain in orienta
tions in which the 002 pole is parallel to the electric field direction. 
However, while orientations in which the 002 poles are parallel to the 
electric field direction exhibit relatively small strains, these orientations 
are aligned such that they are favorable for domain wall motion rather 
than lattice distortion. The orientations with 111 poles closely aligned to 
the electric field direction are more favorably oriented for lattice strain 
rather than domain wall motion. Moreover, to accommodate a large 
deformation strain in the polycrystalline aggregate, the orientations 
with 111 poles closely aligned to the field direction are also shown to 
exhibit transitions from the tetragonal to rhombohedral phases. 

While we have utilized the orientations in which 002 and 111 poles 
are parallel to the electric field to illustrate representative cases, the 
polycrystalline material consists of all possible crystallographic orien
tations and the anisotropic phase transition can be studied in this full 
orientation space. Esteves et al. presented a simple variant-selection 
mechanism model based entirely on geometry (i.e., no energetics) for 
initially randomly-oriented ferroelectric polycrystalline materials under 
a saturating electric field [11]. The simulated result based on 20,000 
randomly oriented crystals is illustrated in an inverse pole figure shown 
in Fig. 7. With a saturating electric field applied parallel to a given 
specimen dimension, crystals oriented with a 001 pole parallel to the 
field direction remain in the tetragonal phase, whereas the rhombohe
dral phase is preferred in crystals oriented with the 111 pole parallel to 
the electric field direction. This simulation is consistent with the 
experimental observations in the present work for the near-MPB 
composition, Nb-PZT 53/47. 

5. Conclusions 

In summary, we demonstrate an orientation dependence in the 
electric-field-induced, tetragonal-to-rhombohedral phase transition in 
Nb-PZT 53/47 piezoceramics, as evidenced by in situ synchrotron-based 
high-energy XRD studies. The phase transition behavior is only observed 
in compositions nearest the MPB where the two phases are energetically 

similar, and is shown to be highly anisotropic with a preferential 
response when the electric field is oriented nearest perpendicular to 
(hhh). The anisotropic nature of the phase transition is only apparent by 
evaluating all scattering vectors relative to the electric field direction. 
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