Reviewers' comments:
Reviewer #1 (Remarks to the Author):

Piezoelectric voltage coefficient (g) represents the parameter in considering the materials
for sensors. The g33 of PZT ceramics is usually in the range of 20~30x10-3 Vm/N, and that
of the <001> oriented relaxor-PbTiO3 ferroelectric single crystals is still less than 40x10-3
Vm/N. PVDF polymer has very large g33 of 286.7 x10-3 Vm/N due to a very small er (d33=
33 pC/N, er = 13), however the application of such piezoelectric composites and PVDF is
limited to the temperature regime below the melting temperature (166 {degree sign}C).
The authors prepared a grain-oriented (with 95% <001> texture) modified-PbTiO3 material
that has a high Tc (~364 oC) and an extremely large g33 (115 x10-3 Vm/N). This work is
very important to develop high-quality piezoelectric sensors.

My questions include:

1) For the sensor applications, the piezoelectric voltage coefficient is of great importance.
With regards to the authors' statement in Page 3. I am wondering that why the most
popular piezoelectric component is PZT or PMN-PT oxides, rather than the PVDF?

2) The most interesting point in this manuscript is the large value of piezoelectric voltage
coefficient, but the authors try to interpret the issue based on traditional "4mm tetragonal
crystal model". Is that possible to understand the underlying physics using a precise
modeling?

3) The question in Page 11 "why does the PT show the maximum ....?" is an interesting one.
However, to my best knowledge, I really think the claim "because of the absence of
proximal phase transition, the shear coefficient ...." is not correct. Since, the T-phase PMN-
XPT (x>38) and PZN-xPT (x>11) had no intermediate FE-FE phase transition below Tc, but
the maximum value of d33 was obtained along its nonpolar direction<111>.

4) Some Figures and discussion about domains should be kept in supporting information
since they are not the most important for the conclusion of this paper.

Reviewer #2 (Remarks to the Author):

The manuscript by Y. Yan et al. is of interest and gives new impacts in the field of modern
piezoelectric materials. The summary of the key results of this manuscript consists in the
characterisation of the novel grain-oriented (with 95% <001> texture) modified-PbTiO3
material that exhibits the high Curie temperature and high piezoelectric sensitivity (the
g_33 value, longitudinal piezoelectric effect). In this context, the manuscript will be of value
and interest in the field of piezoelectric materials and their sensor applications.

The degree of originality and scientific merit are high. It should be mentioned that many
problems appear at manufacturing the pure PbTiO3 ferroelectric ceramic, however its
modification enables one to improve the microstructure, properties and stability of the
ceramic medium. The high degree of texture is of merit additionally.

The experimental data and supplement show the high reserach level of authors and their
good abilities to represent the new results in the clear form. The quality of data is high,



however some perptinent additions are to be made (see below). The quality of presentation
in general corresponds to the journals of the 'Nature' group. The experimental data are
given in the appropriate form and should be taken into accountin future piezotechnical
(sensor) applications. In the manuscript, no word "conclusion" has been found.

The following comments are to be taken by the authors into consideration.

(i) The conclusion (10-15 lines, not longer) is to be added in pp.20-21.

(ii) As is known, modified PbTiO3-type ferroelectric ceramics are characterised by the large
piezoelectric anisotropy [see, for instance, the review paper by Turik A.V. and Topolov
V.Yu., J Phys D Appl Phys 30:1541-1549 (1997)]. However, the piezoelectric anisotropy is
mainly considered for PbTiO3 single-domain crystal (pp.10-11) without a due comparison to
the poled ferroelectrci ceramics. It should be clearly shown that the large ratio of g_33 /
|g_31] is typical of the novel textured material put forward by Yan et al. If experimental
data are available, then it would be good to add a dependence of the anisotropy g_33 /
|g_31]| (or the same for d_3j) on the degree of texture.

(iii) The new experimental results are to be compared to the data on modified PbTiO3
ceramic; see, e.g., Ikegami S. etal., J Acoust Soc Am 50:1060-1066 (1971). This paper
contains data on d_3j and eps_33, and therefore, one can evaluate g_3j for comparison to
those in the manuscript.

(iv) In Table 1.1, p.9 of monograph "Piezo-active composites. Orientation effects..."by
Topolov et al. (Springer, 2014), there are experimental data on the single-domain PbTiO3
single crystal, e.g., d_33 = 143 pC / N and eps_33-free = 125. Based on them, one can
evaluate g_33. This value would be comparable to the experimental result g_33 = 115 mV
m / N on the highly-textured material from the reviewed paper. Such a comparison would
be useful after the authors' analysis of the anisotropic state in terms of the single-domain
single crystal (pp.10-11 of the manuscript).

In general, the level of clarity in the manuscript is good, but the due improvement is
needed.

In conclusion, I recommend to publish the manuscript in "Nature Communications" after the
suggested changes, in the improved form.



Reviewers’ comments:

Reviewer #1 (Remarks to the Author):

Piezoelectric voltage coefficient (g) represents the parameter in considering the materials for
sensors. The g33 of PZT ceramics is usually in the range of 20~30x10 Vm/N, and that of the
<001> oriented relaxor-PbTiO; ferroelectric single crystals is still less than 40x10° Vm/N.
PVDF polymer has very large g33 of 286.7 x10° VYN due to a very small & (d33= 33 pC/N, & =
13), however the application of such piezoelectric composites and PVDF is limited to the
temperature regime below the melting temperature (166 °C). The authors prepared a grain-
oriented (with 95% <001> texture) modified-PbTiO; material that has a high Tc (~364 °C) and
an extremely large gi3 (115 x10° Vm/N). This work is very important to develop high-quality

piezoelectric sensors. My questions include:

(1) For the sensor applications, the piezoelectric voltage coefficient is of great importance.
With regards to the authors' statement in Page 3. I am wondering that why the most

popular piezoelectric component is PZT or PMN-PT oxides, rather than the PVDF?

Answer: We agree with the reviewer that the most popular piezoelectric material is PZT
or PMN-PT oxides, rather than the PVDF, based on the consideration of (a) useable temperature
range and environmental stability, (b) processing challenges that require complex poling process
such as corona poling, and (c¢) flexibility in implementation. In addition to the main limitation of
operating temperature range and temperature stability which is determined by the Curie
temperature. It is generally accepted that commercial PVDF devices should not be used above 65
— 80 °C because of deterioration of the piezoelectric performance. In poling PVDF, high
electrical field and mechanical stretching (stabilization of  phase) are needed simultaneously to
align the dipoles to achieve polarization. Figure R1-R3 shows the issues with temperature
stability of piezoelectric, ferroelectric, mechanical properties of PVDF and copolymer PVDF-
TrFE.'
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Response Figure R4 | Temper atureranges of electronicsfor different applications.

Current industrial trends are focused on electronics that can operate reliably in harsh
environments, including extremely high temperatures. Figure R4 shows the market trends and
drivers for high temperature electronic components for different industries.” From the
considerations of operating temperature range and long term stability, PZT and PT piezoelectric

ceramics show significant advantages over PVDF polymer.

(2) The most interesting point in this manuscript is the large value of piezoelectric voltage
coefficient, but the authors try to interpret the issue based on traditional “4mm tetragonal
crystal model”. Is that possible to understand the underlying physics using a precise

modeling?

Answer: More precise modeling does exist, which provides a microscopic understanding of the
underlying physics, and the findings agree with the experimental observations and the
“traditional” Landau-Ginzburg-Devonshire theory where the material parameters are derived
from the experiments. First-Principles Density Functional Theory has been employed to carry
out computational study of ferroelectric perovskite compounds including PT.*®* These studies
show that the underlying mechanisms responsible for the piezoelectric and dielectric properties
of PT are attributed to the electronic structure, covalent-ionic character of atomic bonding, and
hybridization of orbitals between different atoms. In particular, PT behaves as “extender”

ferroelectric, in contrast to “rotator” ferroelectric (e.g., BaTiO3).” Such behaviors are well



described by the “traditional” thermodynamic treatment based on Landau-Ginzburg-Devonshire
theory since the coefficients and material parameters are fitted to reproduce the experimental
results. Therefore, our seemingly traditional interpretation does have a solid foundation

supported by more precise modeling such as First-Principles Density Functional Theory.

(3) The question in Page 11 “why does the PT show the maximum ....?” is an interesting one.
However, to my best knowledge, I really think the claim “because of the absence of
proximal phase transition, the shear coefficient ....” is not correct. Since, the T-phase
PMN-xPT (x>38) and PZN-xPT (x>11) had no intermediate FE-FE phase transition

below T,, but the maximum value of ds;; was obtained along its nonpolar direction <111>.

Answer: While the fundamental reason must be explained from microscopic mechanisms at
electronic level, as mentioned in our above answer to Comment 2, proximal inter-ferroelectric
phase transformation also provides useful insights into this interesting question'’: perovskite-
type ferroelectric compounds (e.g., BaTiO3) and pseudo-binary solid solutions (e.g., PMN-PT
and PZN-PT) do exhibit similar thermodynamic behaviors in the sense of FE-FE phase
transitions, wherein the former is induced by temperature while the latter is induced by
composition (across morphotropic phase boundary); there are two or more FE phases in the
vicinity of inter-ferroelectric phase transformation temperature or composition, which changes
the ferroelectric anisotropy by flattening the free energy landscape, promoting the shear
coefficient. In this sense, PT is different: as the end member of the pseudo-binary solid solutions,
PT is far from MPB and there is no intermediate FE-FE phase transition below T, therefore PT
does not show flattening of free energy function. On the other hand, the properties of PMN-PT
and PZN-PT are attributed to the existence of MPB and its effects on free energy function and

ferroelectric anisotropy.

(4) Some Figures and discussion about domains should be kept in supporting information
since they are not the most important for the conclusion of this paper.

Answer: We agree with the reviewer. we have moved the previous Figure 5 [Figure 5 | Domain

structures of textured SM-PT ceramic under TEM] and discussion about domains into the

supporting information. We only kept previous Figure 6 [Figure 6 | PFM images of nontextured




and textured ceramics], because this data indicated the difficulty of 90° domain switching in

tetragonal PbTiO;, which bridges the experimental macroscopic piezoelectric properties and

modeling.

Reviewer #2 (Remarks to the Author):

The manuscript by Y. Yan et al. is of interest and gives new impacts in the field of modern
piezoelectric materials. The summary of the key results of this manuscript consists in the
characterization of the novel grain-oriented (with 95% <001> texture) modified-PbTiO3; material
that exhibits the high Curie temperature and high piezoelectric sensitivity (the gz; value,
longitudinal piezoelectric effect). In this context, the manuscript will be of value and interest in
the field of piezoelectric materials and their sensor applications.

The degree of originality and scientific merit are high. It should be mentioned that many
problems appear at manufacturing the pure PbTiO; ferroelectric ceramic, however its
modification enables one to improve the microstructure, properties and stability of the ceramic
medium. The high degree of texture is of merit additionally.

The experimental data and supplement show the high research level of authors and their
good abilities to represent the new results in the clear form. The quality of data is high; however
some pertinent additions are to be made (see below). The quality of presentation in general
corresponds to the journals of the 'Nature' group. The experimental data are given in the
appropriate form and should be taken into account in future piezotechnical (sensor) applications.
In the manuscript, no word "conclusion" has been found.

In general, the level of clarity in the manuscript is good, but the due improvement is
needed.

In conclusion, I recommend to publish the manuscript in "Nature Communications" after the
suggested changes, in the improved form.

The following comments are to be taken by the authors into consideration.

(1) The conclusion (10-15 lines, not longer) is to be added in pp.20-21.
Answer: We have added Conclusion in the revised manuscript following the reviewer’s

comment. On page of 13, we have added the following text in red color into the main manuscript:



“In summary, we report a grain-oriented (with 95% <001> texture) modified-PbTiOs
material with high T, (~364 °C) and an extremely large g33 (115 x10” Vm/N) as compared to the
other known single phase oxide materials. Diffraction and scanning probe microscopy studies
reveal that self-polarization due to grain orientation along the spontaneous polarization direction
plays an important role in achieving large piezoelectric response in a domain-motion-confined
material. The simulations using phase field model confirm that the large piezoelectric voltage
coefficient gs3 originates from maximized piezoelectric strain coefficient ds; and minimized
dielectric permittivity &3 in [001]-textured PbTiO3; ceramics where domain wall motions are

absent.”

(2) As is known, modified PbTiOs-type ferroelectric ceramics are characterised by the large
piezoelectric anisotropy [see, for instance, the review paper by Turik A.V. and Topolov
V.Yu., J Phys D Appl Phys 30:1541-1549 (1997)]. However, the piezoelectric anisotropy
is mainly considered for PbTiO; single-domain crystal (pp.10-11) without a due
comparison to the poled ferroelectric ceramics. It should be clearly shown that the large
ratio of g 33/ |g 31| is typical of the novel textured material put forward by Yan et al. If
experimental data are available, then it would be good to add a dependence of the

anisotropy g 33 /|g_31] (or the same for d_3j) on the degree of texture.

Answer : In revised manuscript, we added the dependence of the anisotropy g33/gs; on the degree
of texture. We have also provided some additional piezoelectric properties, such as &, ds3, 233, k31,
gs1, as a function of the texture degree. These data suggests that we need to consider two types of
anisotropy.
(a) Crystallographic anisotropy

This type of anisotropy refers to the magnitude change of a particular parameter, such as
ds3, @33, & as a function of crystallographic orientation. As shown in Response Figure R5a, with
the increase in <001> texture degree, the ds; increases, & decreases, and g3 increases. We
utilized crystallographic anisotropy to achieve the goal of large g33, as we discussed in the main

manuscript.
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Response Figure R5 | Piezoelectric properties of doped PT ceramics as a function of texture

degree: (a) &r, dsz and 233 and (b) k31, 231 and 233/931.

(b) Macroscopic piezoelectric property anisotropy, g33/g31

Figure R5b shows the ratio of g33/gs3; in <001> textured PT ceramics as a function of
texture degree. It can be found that the ratio of gs3/g3; is about 10 at low texture degree, but
rapidly decreases to 4.8 when the ceramic is highly textured (e.g. >0.9). Based on the literature,
the distinct macroscopic piezoelectric anisotropy (high gsi/g31 or dsi/ds;) of the doped PT
random ceramics may not be a property of the single crystal but of the ceramic.'' In modified
(such as Ca or Sm) PT ceramic, the ratio of d33/d3; has been reported to be over 10.” In PT
single crystal, dss/dyis only 4.7, as measured by Gavrilyachenko."' As suggested by
experimental results and phase field modeling, <001> textured PT has multi-domain structure
but 90° domain switching is difficult, thus the ratio of gs3/gs; in highly <001>-textured PT

ceramics is similar to single-domain crystals.



In our study, the giant value of g33 was realized by exploiting crystallographic anisotropy
(first type) through maximized ratio of ds3 and &,. Further, a combination of both large g33~70
%10 VYN and large g33/g3; ~11 can be achieved at partial texture around /= 0.8, which is also

attractive for applications.

In the manuscript, we made the changes as marked by red color:

Anisotropy of dielectric and piezoelectric properties. Figure 4(a) shows the dependence of
dielectric and piezoelectric properties on the degree of texture. With increase in <001> texture
degree, it can be found that ds3 increases while ¢, decreases, resulting in a large magnitude of gs3
in textured samples.

To better understand the effects of crystallographic orientation of grains on the
piezoelectric properties, the orientation dependence was calculated using structural relationships.
Using spherical coordinates for 4mm tetragonal crystal, the longitudinal dielectric permittivity
and piezoelectric strain coefficient as a function of angle § away from the polar axis is given

22,23
as

g: =& sin” 6+ €33 cos” @ (1)
dy, = cos8(d,, sin’ @ +d, sin® 0 +d., cos® 0) (2)

The values for PbTiOs were taken from Ref. 24. Figure 5 shows the orientation dependence of
dielectric permittivity and piezoelectric strain coefficient. It can be seen that & has the minimum
value along [001] direction while d33 has the maximum value along [001] direction. Based on the
relation g = d/e,, the g33 is maximized along [001] direction.

The question is “Why does the PbTiO3; show the maximum value of ds3 for PbTiO; along
its polar axis while the widely studied MPB composition in PMN-PT and PZT and even
tetragonal BaTiOs; show their largest piezoelectric magnitude along non-polar direction?” PbTiO;
is tetragonal below the Curie temperature without any intermediate ferroelectric-ferroelectric
phase transitions. Because of the absence of a proximal phase transition, the shear coefficient
dys/dys of PbTiOs is small, and the contribution of polarization rotation is very weak. A large
dis/ds3 1s related to proximity to ferroelectric-ferroelectric phase transitions due to flattening of

the free energy function whether induced by changes in composition or temperature, or by



application of an electric field or stress™. These results suggest that the tetragonal PbTiO; has
different mechanism for enhanced piezoelectric response, ‘polarization extension dominant’,
which can be distinguished from that of PMN-PT, PZT and BaTiOs;, where the mechanism is
‘polarization rotation dominant’.

It should be noted that for PT materials, two types of anisotropy needed to be considered.
The first type of anisotropy refers to the magnitude change of a particular parameter, such as ds3,
g3, & as a function of crystallographic orientation. As mentioned above, with increase in <001>
texture degree, the value of ds3 increases, & decreases, and consequently g3 increases. The
second type of piezoelectric anisotropy is the ratio of g33/gs;. As listed in Table 1, the distinct
macroscopic piezoelectric anisotropy (high gs3/g31 or dss/ds;) of the doped PT random ceramics

3931 In modified PT ceramics, the

may be not a property of the single crystal but of the ceramic
ratio of ds3/ds; (or g33/g31) has been reported to be over 10, however, this ratio (ds3/ds;) is about
4.7 for a PT single crystal. Figure 4(b) shows the ratio of gs3/g3; in <001> textured PT ceramics
as a function of texture degree, it can be found that the ratio of gs3/g3; is about 10 at low texture
degree, but rapidly decreases to 4.8 when the ceramic is highly textured (>0.9). In this study, the
new finding is the record-breaking value of large g33, and our focus is to maximize gs; based on
crystallographic anisotropy (first type) through maximized ratio of d33 and &, not g33/gs3;.
Nevertheless, it should be noted that a combination of both large g33~70 x10”° Vm/N and large

g33/g31 ~11 can be achieved at partial texture around /= 0.8, which is attractive performance.

(c) The new experimental results are to be compared to the data on modified PbTiO; ceramic;
see, e.g., Ikegami S. et al., J] Acoust Soc Am 50:1060-1066 (1971). This paper contains
data on d_3j and eps 33, and therefore, one can evaluate g 3j for comparison to those in
the manuscript.

Answer: We have summarized these data in the table 1 for comparison.

Table 1 | Dielectric, ferroelectric and piezoelectric properties of nontextured, textured PT

ceramics and PT single crystal.

Samples & tand T, dyy  dy O33 831 233/831 Ref.
(1kHz) (°C)  (pC/N)  (x10°Vm/N)

La,Mn doped PT ceramic 170  0.008 470 51 4.4 34 2.9 11.7 [22]



Sm,Mn doped PT ceramic
PbTiO; single crystal
PbTiO; single crystal
non-textured ceramic
82% textured ceramic

95% textured ceramic

196
125
126
202
146
124

0.009

0.010
0.013
0.010

321

343
364
364

59 1.7
143 269
117 25
53 58
95 8.6
127 283

34

129
105

30
74
115

1.0
24
22
3.2
6.7
24.4

34
54
4.8
9.4
11
4.7

[23]

[24]

[25]
this work
this work

this work

(d) In Table 1.1, p.9 of monograph "Piezo-active composites. Orientation effects..." by
Topolov et al. (Springer, 2014), there are experimental data on the single-domain PbTiO3
single crystal, e.g., d 33 = 143 pC / N and eps_33-free = 125. Based on them, one can
evaluate g 33. This value would be comparable to the experimental result g 33 = 115
mV m / N on the highly-textured material from the reviewed paper. Such a comparison

would be useful after the authors' analysis of the anisotropic state in terms of the single-

domain single crystal (pp.10-11 of the manuscript).

Answer: We have summarized these data in the table 1 for comparison.

Table 1 | Dielectric, ferroelectric and piezoelectric properties of nontextured, textured PT

ceramics and PT single crystal.

Samples & tand T. dyy dy O3 231 2n/g3 Ref-
(1kHz) (°C)  (pC/N)  (x10°Vm/N)

La,Mn doped PT ceramic 170  0.008 470 51 44 34 29 11.7 [22]

Sm,Mn doped PT ceramic 196  0.009 321 59 1.7 34 1.0 34 [23]

PbTiO; single crystal 125 - - 143 269 129 24 5.4 [24]

PbTiO; single crystal 126 - - 117 25 105 22 4.8 [25]
non-textured ceramic 202 0.010 343 53 5.8 30 32 9.4  this work
82% textured ceramic 146  0.013 364 95 8.6 74 6.7 11 this work
95% textured ceramic 124 0.010 364 127 283 115 244 4.7 this work
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REVIEWERS' COMMENTS:
Reviewer #1 (Remarks to the Author):

Piezoelectric voltage coefficient (g) represents the parameter in considering the materials
for sensors. The g33 of PZT ceramics is usually in the range of 20~30x10-3 Vm/N. The
authors prepared a grain-oriented (with 95% <001> texture) modified-PbTiO3 material that
has a high Tc (~364 oC) and an extremely large g33 (115 x10-3 Vnmy/N). This work is very
important to develop high-quality piezoelectric sensors.

The authors already revised the manuscript according to my previous comments, and I
recommend this manuscript to be published in Nature Communication.

Reviewer #2 (Remarks to the Author):

In the revised version of the maunscript, the authors have improved the presentation of
main research results and answered questions concerned with the 1st review. The key
results are summarised in the good manner and can be understood by a reader. The
manuscript reports new and original results that are related to the piezoelectric sensitivity of
the novel PbTiO3-based ferro- and piezoelectric material. The data are represented in the
clear form, and their validity is confirmed by experimentsl results and evaluations. It's the
good paper where the experiment coexists with due evaluations and the clear interpretation.
Conclusions are formulated also good, and their reliablity is high.

No improvements are needed before the publishing process. In the list of references: please
check all units. For instance, in Ref. 30, no "&" is written before the last author, and in Ref.
31, we see "and" instead of "&" before the last author.

In general, the authors have taken the former review into account by 100% and really
improved the paper. The clarity of the text with many new important results,
appropriateness of the abstract, introduction and conclusions, good illustrations make this
manuscript of interest to specialists in the field of modern piezoelectric and related
materials. I recommend the present manuscript for the publication in 'Nature
Communications".



REVIEWERS COMMENTS:
Reviewer #1 (Remarks to the Author):

Piezoelectric voltage coefficient (g) represents the parameter in considering the materials for
sensors. The gs3 of PZT ceramics is usualy in the range of 20~30x10° Vm/N. The authors
prepared a grain-oriented (with 95% <001> texture) modified-PbTiOz; material that has a high T,
(~364 °C) and an extremely large gss (115 x10™ Vm/N). This work is very important to develop
high-quality piezoelectric sensors.

The authors already revised the manuscript according to my previous comments, and |

recommend this manuscript to be published in Nature Communication.

Response: We thank the reviewer for providing us encouraging feedback.

Reviewer #2 (Remarks to the Author):

In the revised version of the manuscript, the authors have improved the presentation of main
research results and answered questions concerned with the 1st review. The key results are
summarized in the good manner and can be understood by a reader. The manuscript reports new
and original results that are related to the piezoelectric sensitivity of the novel PbTiOs-based
ferro- and piezoelectric material. The data are represented in the clear form, and their validity is
confirmed by experimental results and evaluations. It's the good paper where the experiment
coexists with due evaluations and the clear interpretation. Conclusions are formulated also good,
and their reliability is high.

No improvements are needed before the publishing process. In the list of references. please
check al units. For instance, in Ref. 30, no "&" is written before the last author, and in Ref. 31,
we see "and" instead of "&" before the last author.

Response: We have checked and made the corrections in revised manuscript.
In general, the authors have taken the former review into account by 100% and really improved

the paper. The clarity of the text with many new important results, appropriateness of the abstract,

introduction and conclusions, good illustrations make this manuscript of interest to specialistsin



the field of modern piezoelectric and related materials. | recommend the present manuscript for
the publication in 'Nature Communications'.

Response: We thank the reviewer for providing us encouraging feedback.
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