Scripta Materialia 194 (2021) 113627

Contents lists available at ScienceDirect

Scripta Materialia

journal homepage: www.elsevier.com/locate/scriptamat

Role of tetragonal distortion on domain switching and lattice strain of g
piezoelectrics by in-situ synchrotron diffraction

Shengdong Sun?, Yueyun Zhang?, Longlong Fan®, Shiging Deng®, Botao Gao? Yang Ren,
Hui Liu®*, Jun Chen®%*

2 Beijing Advanced Innovation Center for Materials Genome Engineering, and Department of Physical Chemistry, University of Science and Technology
Beijing, Beijing 100083, China

b College of Physics and Materials Science, Tianjin Normal University, Tianjin 300387, China

¢School of Mathematics and Physics, University of Science and Technology Beijing, Beijing 100083, China

dX-Ray Science Division, Advanced Photon Source, Argonne National Laboratory, Argonne, IL 60439, US

ARTICLE INFO ABSTRACT

Article history:

Received 9 July 2020
Revised 24 August 2020
Accepted 9 November 2020

The tetragonal phase is an indispensable component that plays an important role in forming the mor-
photropic phase boundary. Herein, the piezoelectric behaviors are systematically investigated in various
Pb/Bi-based tetragonal piezoelectric systems as a function of tetragonal distortion using in-situ high-
energy synchrotron diffraction. It is found that the tetragonal distortion has a significant influence on
piezoelectric properties through constraining the domain switching. Specifically, a critical value of (c/a-1)
~ 1.5 % is identified, below which the domain switching is significantly activated. The correlation between
piezoelectric performance and the cooperative contribution of tetragonal distortion and domain switch-
ing has been established: Reducing tetragonal distortion and activating domain switching can enhance
the piezoelectric coefficient. Furthermore, an approximate linear coupling between domain switching and
lattice strain is confirmed in tetragonal piezoelectric systems. Insights from this work would facilitate the
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design of high-performance piezoelectrics, by controlling tetragonal distortion and domain switching.

© 2020 Published by Elsevier Ltd on behalf of Acta Materialia Inc.

Piezoelectric materials based on the ferroelectrics that can
achieve the transformation between mechanical and electrical en-
ergy have found their way into various utilizations, such as med-
ical ultrasound and imaging transducer, sensors, and fuel injec-
tion actuators [1-3]. The enhanced piezoelectric properties are
achieved near the morphotropic phase boundary (MPB), which al-
ways contains the tetragonal end member. For example, tetrag-
onal PbTiO3 (PT) with a c/a ratio of 1.06 is indispensable
in both the classical Pb-based piezoelectrics, Pb(Zr,Ti)O3 (PZT),
and relaxor ferroelectrics, like Pb(Mg;;3Nb,/3)03-PbTiO3 (PMN-
PT), Pb(Nll/3Nb2/3)O3-PbTIO3 (PNN-PT), and Pb(Zn1/3Nb2/3)O3-
PbTiO3 (PZN-PT) [2]. As for the lead-free piezoelectrics, like
(BigsNag 5)TiO3-BaTiO3 (BNT-BT), and BT-based systems, tetrago-
nal BT (c/a = 1.01) is also essential [2]. Meanwhile, the tetrago-
nal phase was also found playing a vital role in the KNN-based
high-performance ceramics for the rhombohedral/orthorhombic-
tetragonal phase boundary [4-7]. As an important structural pa-
rameter, the tetragonal distortion (§7 = c/a-1) determines the fea-
tures of the tetragonal phase. Therefore, delving into the underly-
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ing relationship between &1 and piezoelectric properties is of great
scientific importance for understanding the mechanism of high-
performance piezoelectrics.

Generally, the tetragonal distortion (dt1) introduces ferroelastic
strain in the bulk piezoelectric ceramics when cooling down from
Curie temperature (T.). The concomitant internal strain makes do-
main switching less energetically favorable. Thus, enhancing the
ability of domain switching in tetragonal piezoelectric ceramics,
which allows the reorientation of polarization in the specific po-
lar axis, is crucial for its piezoelectricity. It has been reported that
domain switching is significantly promoted approaching MPB with
the reduction of crystal distortion [8-10]. T. Leist, et al. reported
that c/a ratio can greatly influence the domain switching behavior
in the La-doped BiFeO3-PbTiO3 (BF-PT) ceramics [11]. In the lead-
free BZT-BCT system, the motion of the 90° domain wall also be-
comes active with 81 decrease [12]. Moreover, the c/a ratio and the
reorientation degree of the 90° domain were verified to be linearly
correlated in the “soft” PZT [13].

Lattice strain is another important factor that affects the piezo-
electric properties. In general, the electric field induced lattice
strain partly derives from the piezoelectric effect, but mainly from
non-180° domain reorientation and the corresponding elastic strain
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caused by the intragranular interaction [14-16]. Meanwhile, the
domain switching in polycrystalline ceramics is constrained by the
neighbor grains with different crystallographic orientations and
thus exhibits a highly correlated collective behavior [17]. In this
sense, the domain switching and lattice strain should be coupled
to some extent in polycrystalline ceramics. Indeed, the phase-field
simulation in tetragonal BT suggests that the large strain of ferro-
electric materials is a direct consequence of 90° domain switch-
ing [18]. Such a linear correlation between the fraction of non-
180° domain switching and lattice strain has also been experimen-
tally confirmed in rhombohedral PZT and PT-BS systems [19]. Al-
though extensive studies on the tetragonality, domain switching,
and lattice strain have been conducted, the relationship between
tetragonal distortion (81) and piezoelectric behaviors remains elu-
sive since most works are confined to one certain system and may
overlook the relevance among different systems. Looking into the
collective behaviors of a series of tetragonal piezoelectrics would
help establish a universal correlation between tetragonal distortion
(87) and piezoelectric properties, which may provide new insights
into the material design and property control.

In this work, tetragonal distortion (é1) and piezoelectric proper-
ties of as many as 14 compositions including 8 Pb/Bi-based tetrag-
onal piezoelectric systems have been studied using in-situ syn-
chrotron X-ray diffraction. On this basis, the underlying relation-
ship among &1, domain switching, and lattice strain is unraveled.
we find that both domain switching and lattice strain present
an exponential-like relation to §1. The piezoelectric performance
is jointly determined by §t and domain switching. The lattice
strain is highly coupled with domain switching in tetragonal piezo-
electrics. These results suggest that either modifying §t or acti-
vating domain switching favors the boost of piezoelectric perfor-
mance.

A series of tetragonal piezoelectric systems were prepared
using the solid-state reaction method, which are Pb(Ni;;3Nby/3)03-
PbTiO; (PNN-PT), Pb(Ni;;3Nby3)05-PbZrO3-PbTiO;  (PNN-PZT),
Pb(Niy3Nby3)-Pb(In; ;,Nb )-PbTiO3 (PNN-PIN-PT), PbTiOs3-
Bi(Ni;,Hf; )03  (PT-BNH), PbTiO3-BiScO;  (PT-BS), PbTiO3-
Bi(Ni]/zZr]/2 )03 (PT—BNZ), Pb(Mg1/3 Nb2/3 )03 —szr03 —PleO3
(PMN-PZT), and Pb(Mg;;3Nb,/3)03-PbTiO3-BiScO3 (PMN-PT-BS).
The details of the preparation can refer to references [20-24].
The in-situ high-energy synchrotron X-ray diffraction experiments
were carried out at 11-ID-C of the Advanced Photon Source (APS)
at Argonne National Laboratory, and the detailed information is
available in references [25,26].

The two-dimensional diffraction patterns were divided into var-
ious sectors at an interval of 15°. The analysis of domain switch-
ing and lattice strain was carried out using data at the 0° sector.
According to previous studies, the domain switching of tetragonal
piezoelectrics can be characterized as the multiple random distri-
butions (MRD) using the following equation [27],

IE
3 X 002
Iunpaled
f _ 002
MRD = IE £
002 200
Iunpaled + 2 X lunpoled
002 200

where [E and [U"Poled are the integrated intensity of the correspond-
ing peaks under the electric field and unpoled state, respectively.

Since we only focus on the reversible domain switching, the
behavior of MRD during the electric field unloading process is of
the most interest. The relative variation of MRD (Ayrp = furoE
- furpP?'e?), is used to describe the reversible domain switching
quantitatively. Similarly, the ability of reversible domain switching
(n) can be defined as,

_ dAwmrp
= TE
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n can be considered as the response of the Apgp to the unit
electric field. The larger is 5, the easier is the reversible domain
switching.

The lattice strain is calculated from the peak shift of the (111)
reflections using the equation [28],
_ iy, —dy™

£ =
unpoled
d]l]

x 100%

where df and duoled are the lattice spacing of (111) plane at
the electric field and unpoled state, respectively. The large-signal
piezoelectric coefficient (d33*) is calculated from the slope of lat-
tice strain v.s. electric field curves.

The &7 is evaluated using the formula of d(ggy)/d(200) - 1, where
dioo2) and d;gq) are the spacing of (002) and (200) planes at the
45° sector. The errors are acquired from the deviations of &, which
are determined using data at different electric fields and sectors.

A lot of piezoelectric systems are screened for those com-
positions with a pure tetragonal phase. In this study, as
many as 14 compositions are selected. It is worth mention-
ing that those compositions with too large 81 and the ones
near MPB which exhibit the character of phase coexistence
are not studied, because it is hard to extract the contribu-
tion from the pure tetragonal phase in those systems. For ex-
ample, the pure tetragonal Pb(ZrTi)O3 (PZT) is not included
owing to its large §r and coercive field (E.). First, three
representative compositions of 66PbTiO3-34Bi(Niy;Zry;)03 (PT-
34BNZ), 37Pb(Ni; ;3Nby3)03-20Pb(In; ;;Nb; ,)03-43PbTiO3 (37PNN-
20PIN-43PT), and 56Pb(Nij;3Nby/3)03-44PbTiO; (PNN-44PT) with
representative dt values of 2.25%, 1.58%, and 1.01%, respectively,
are investigated. The singlet {111} and doublet {002} peak pro-
files feature the tetragonal phase (Fig. 1a and b). The PNN-44PT
demonstrates the minimum distortion, the 37PNN-20PIN-43PT the
medium, and the PT-34BNZ the maximum, which can be easily
distinguished from the splitting of the {002} peaks (Fig. 1b). The
domain switching can be studied by evaluating the intensity vari-
ation of (002) and (200) peaks contributed by the non-180° do-
main reorientation during the unipolar process. Interestingly, the
Amrp Significantly increases with the reduction of §t, indicating
the domain switching becomes easier with the reduction of distor-
tion (Fig. 1d). The value of n is 0.055 mm/kV, 0.112 mm/KkV, and
0.181 mm/kV for PT-34BNZ, 37PNN-20PIN-43PT, and PNN-44PT, re-
spectively. From the contour plots of (111) peak in the unipo-
lar process, peak shifts are observed, which manifests the field-
induced lattice strain (Fig. 1a). The ds3* extracted from Fig. 1c, are
132 pm/V, 170 pm/V, and 244 pm/V for PT-34BNZ, 37PNN-20PIN-
43PT, and PNN-44PT, respectively. The corresponding small-signal
ds3 of 127 pC/N, 235 pC/N, and 260 pC/N for the three composi-
tions are determined. Based on the above analysis, one can eas-
ily find that the §1 not only has a great influence on piezoelectric
properties but also intrinsically correlates with domain switching
and lattice strain in various piezoelectric systems.

To understand the correlation between §t and piezoelectric be-
haviors, these 14 selected compositions are comprehensively ana-
lyzed. Specifically, §7 ranging from 0.92 % to 2.82 % extracted from
such extensive samples allows the corresponding data more repre-
sentative. As shown in Fig. 2a, the domain switching demonstrates
an exponential-like relationship as a function of §t. It is evident
that n can be enhanced significantly by decreasing 1, especially
at the small level of §1. PT-33BS shows the largest &1 value of 2.82
%, corresponding to a small n value of 0.031 mm/kV. As 41 de-
creases, all scatter points distribute along the trend line of the 7
v.s. 81 plot. When 4t reaching the minimum (0.92 %), n increases
to the largest value of 0.204 mm/kV. Specifically, a critical 5 value
of about 1.5 % can be identified, below which 7 increases abruptly.
That is, the ability of reversible domain switching is dramatically
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Fig. 1. (a) The contour plots of (111) peaks, and (b) the evolution of the (002) and (200) peaks as a function of the electric field. The black dash arrows indicate the positions
of the maximum electric field. (c) The lattice strain of (111), and (d) the Apgp of (002)/(200) as a function of the electric field under the unloading process.
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Fig. 2. (a) The ability of reversible domain switching (1), and (b) the large-signal
piezoelectric coefficient (ds3*) derived from lattice strain for various tetragonal
piezoelectrics as a function of tetragonal distortion (7).

activated, as §t is lower than such critical value. It should be the
main reason for the remarkably enhanced tetragonal piezoelectric
performance. Similarly, a non-linear relationship between c/a ratio
and piezoelectric related parameters was reported in the La-doped
BF-PT system [11].

It is well known that domain switching in ceramics can be
achieved through domain wall motion. When 47 is large, the ferro-
electric domains are clamped by intergranular strain, which would
restrict the domain wall motion. On the contrary, when the com-
position is approaching MPB, &t is reduced, which may be one of
the reasons for the activated domain switching. Interestingly, the
large-signal ds3* follows a similar exponential-like trend as a func-
tion of &1 (Fig. 2b), which indicates that the lattice strain is also
dependent on Jt. Further, the similarity of two curves suggests
that domain switching is coupled with lattice strain in tetragonal
piezoelectric systems.

Based on the discussion above, we plot the lattice strain-related
ds3* as a function of domain switching in Fig. 3. An excellent linear
correlation between 7 and ds3*can be observed, which suggests a
strong coupling between them. In fact, the behaviors of domain re-
orientation and lattice strain in polycrystalline ceramics are natu-
rally intertwined, owing to the intergranular interactions from mu-
tually clamped grains and multi-domain states [15,17,29]. The non-
180° domain switching in one grain will not only be constrained
by the neighboring grains but also cause the elastic strain through
grain-to-grain interactions [15]. Through micromechanics model-
ing, it has been proposed that the lattice strain of the specific non-
polar plains, such as (111)r peak of tetragonal phase or (002)g peak
of rhombohedral phase, is not directly influenced by the switch-
ing behavior but by the intergranular stress arising from the non-
180° domain reorientation [30,31]. N. Kumar, et al. reported that
the lattice strain along the [002]g rhombohedral direction couples
with the non-180° domain switching in the rhombohedral PT-BS
and PZT systems, and such coupling effects could be enhanced
by the intergranular interactions in dense ceramics [19]. Addition-
ally, in-situ synchrotron diffraction revealed the strong couplings
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Fig. 3. The strong relationship between lattice strain-related d33;*and the ability of
reversible domain switching (7).
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Fig. 4. The small-signal piezoelectric constant (ds3) as a function of ¢.

among domain reorientation, lattice strain, and phase transforma-
tion near the MPB of PT-BS ceramics [32]. Our study further con-
firms that the coupling correlation between domain switching and
lattice strain is intrinsic and general, which accommodates for var-
ious tetragonal Pb/Bi-based piezoelectric ceramics.

It is known that, in tetragonal piezoelectric ceramics, the abil-
ity of domain switching is a key factor that determines the piezo-
electric properties. At the same time, dt, as an intrinsic variable,
can significantly affect either domain behavior or strain. To clearly
show the correlations between structure and piezoelectric perfor-
mance, A new parameter { = §t x 1, is defined, where n repre-
sents the ability of reversible domain switching under a unit elec-
tric field, and &1 can be interpreted as the ideally saturated strain.
Therefore, the parameter of ¢ integrates the contributions of both
intrinsic lattice distortion and extrinsic domain switching to piezo-
electricity and thus can be well used to estimate the overall piezo-
electric effect. As shown in Fig. 4, the piezoelectric coefficient ds3
shows an intriguingly linear dependence on the parameter of ¢.
Although the piezoelectric mechanism is complex, a qualitative ex-
planation is feasible according to the present results. It appears
that the ¢ value serves as an indicator for the piezoelectric per-
formance: larger ¢ value can suggest higher piezoelectric perfor-
mance. Comparing the distributions of scatter points in Fig. 4 with
those in Fig. 2a, one can easily find that, for an individual piezo-
electric system, such as PNN-PT or PNN-PIN-PT, the large &1 value
can suppress domain switching, then induces a small value of ¢,
which contributes to a low ds; value. However, if a comparison
is made between two different systems, exceptions can exist in
some cases. For example, 37PNN-20PIN-43PT has a smaller n value
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(0112 mm/kV) than that of PNN-48PT (0.141 mm/kV), but exhibits
a higher piezoelectric coefficient (235 pC/N) than PNN-48PT (200
PC/N) (Fig. 4). The reason is that 37PNN-20PIN-43PT exhibits a
much larger &1 (1.58%) than that of PNN-48PT (1.20 %) (Fig. 2a).
Consequently, the ¢ value is relatively large in 37PNN-20PIN-43PT
(¢ = 0.18 mm/kV) than PNN-48PT (¢ = 0.17 mm/kV). In this re-
gard, it is more appropriate to describe the small-signal ds;3 as a
function of ¢ than 7, especially when dealing with different piezo-
electric systems.

The value of ¢ is a balance between §t and 1. When 81 reduces
below the critical point, the ability of domain switching () is dra-
matically enhanced with non-linearity. As a result, { can be much
enhanced below such critical point, which corresponds to the en-
hanced piezoelectric performance. For example, it has been re-
ported that the c/a ratio of tetragonal PT-BNH near MPB is as small
as 1.01 [22], while similar compositions, like PT-BNZ and PbTiO3-
Bi(Niy;Tiy2)03 (PT-BNT), have relatively large c/a ratios (1.015 for
PT-BNZ and 1.02 for PT-BNT) [23,33]. The d33 of PT-BNH, PT-BNZ,
and PT-BNT at their MPBs is 446 pC/N, 400 pC/N, and 250 pC/N,
respectively. It seems plausible that decreased tetragonal distor-
tion (ét1) favors high piezoelectric performance at the correspond-
ing MPB, which could be due to both the enhanced domain switch-
ing caused by the decreased tetragonality and the flattened free
energy profile approaching MPB [34].

In summary, in-situ high-energy synchrotron X-ray diffraction
experiments have been carried out in various Pb/Bi-based tetrag-
onal piezoelectric systems. It is demonstrated that tetragonal dis-
tortion (1) has great influences on domain switching and lattice
strain. Both of them hold an interesting exponential-like correla-
tion as a function of tetragonal distortion (61). When tetragonal
distortion (§7) reduces below the critical point of 1.5 %, domain
switching becomes much easier, which is favorable to high piezo-
electric performance. A strong coupling between domain switch-
ing and lattice strain is observed. The piezoelectric coefficient ds3
is found to vary linearly to ¢ (¢ = 8t x n), which suggests that
reducing tetragonal distortion (é1) and activating the ability of do-
main switching (n) are both effective ways to enhance piezoelec-
tric properties of tetragonal ceramics.
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