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ABSTRACT

The mechanical response of ferroelectric (piezoelectric) ceramics under high stress conditions has a crucial role from the perspective of engi-
neering applications such as advanced actuator systems. In this study, we perform first-principles calculations to clarify the deformation
behavior and (ideal) tensile strength for typical ferroelectric ceramics of PbTiO3 (PTO) under high mechanical loading. We find the supere-
lastic-like nonlinear deformation behavior in ferroelectric PTO. In addition, it has several inflection points and shows a large critical strain
compared to the paraelectric phase. We conclude that the unique nonlinear deformation in PTO originates from attributable to the displace-
ment of oxygen atoms due to the ferroelectric phase transition based on analyzing the interatomic distances of each atom and an integrated
crystal orbital Hamiltonian population with respect to strain. Furthermore, we also calculate the piezoelectric coefficient for PTO and reveal
that it shows the singular peak at inflection points of the stress–strain curve. Unveiling and engineering the hidden superelastic-like defor-
mation in the ferroelectric phase may open promising paradigms for functional piezoelectric devices.

Published under an exclusive license by AIP Publishing. https://doi.org/10.1063/5.0164669

I. INTRODUCTION

Ferroelectric (FE) ceramics, such as PbTiO3 (PTO) and BaTiO3,
are characterized by spontaneous polarization arising from the dis-
placement of cations and anions in a non-centrosymmetric crystal
lattice at room temperature.1–4 Ferroelectric ceramics show various
electro-mechanical responses, including ferroelectricity and piezoelec-
tricity. These properties make ferroelectrics help for various electro-
mechanical devices, such as nonvolatile random access memory
(FeRAM),5,6 transducers, sensors, and MEMS actuators.3,7–9

The flexible ferroelectric ceramics, realized as a high-quality
micrometer or nanometer scale thin film, now attracted attention
to apply functional piezoelectric devices.10–13 The reversible defor-
mation is allowed in ferroelectric ceramics because of fewer voids,
defects, and dislocation; therefore, the deformation behavior at the
ends under high stress and ideal strength is crucial in comprehend-
ing the fracture mechanism and designing devices and could be a
helpful guide principle for evaluating the strength of macroscopic
materials. In addition, recent studies show that a single interatomic
bond governs the criteria for fracture initiation and unstable propa-
gation of cracks at stress concentrations.14,15 However, observing

the deformation behavior of ceramics under high pressure experi-
mentally is still challenging due to its brittleness.

In this study, to clarify the mechanical response of ferroelec-
tric ceramics under high stress condition, we perform first-
principles calculations to evaluate the deformation behavior and
(ideal) tensile strength for typical ferroelectric ceramics of PbTiO3

(PTO). We find the superelastic-like nonlinear stress–strain curve
for PTO in the FE phase, which diverged from conventional ceram-
ics. This unique nonlinear deformation leads to increasing the ideal
tensile strain. We conclude that the difference in the structure of
the bonding network due to the minimal atomic displacement of
about 0.2–0.4 Å in the FE phase produces nontrivial deformation
and strength properties.

II. COMPUTATIONAL DETAILS

Figure 1 shows the crystal structure of PbTiO3 in paraelectric
(PE) and ferroelectric (FE) phases. PE and FE phases have a cubic
crystal structure (space group Pm�3m) and a tetragonal crystal struc-
ture (space group P4mm), respectively. The optimized lattice cons-
tant of PbTiO3 in the PE and FE phases, without strain, is obtained
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as (a ¼ b ¼ c ¼ 3:885Å) and (a ¼ b ¼ 3:860Å, c ¼ 4:033Å),
respectively; these values are equivalent to reported ones.16–19 A
uniaxial tensile load is applied along the z direction to estimate the
ideal tensile strength and piezoelectric properties. The uniaxial
tensile strain is up to εPEzz ¼ 0:35 and εFEzz ¼ 0:46 for PE and FE
phases, respectively. The in-plane lattice constant and atomic con-
figuration under each uniaxial tensile strain are optimized to satisfy
the maximum force of below 0:01 eV/Å based on the conjugate gra-
dient algorithm.

First-principles calculations based on the density functional
theory20,21 were performed with the VASP code.22,23 A plane-wave
basis was used to expand the wave function, and the kinetic cutoff
energy was set to 600 eV. The effects of the nucleus and electrons
were expressed by the projector-augmented wave (PAW)
method.24,25 A 8� 8� 8 k-point mesh with the Monkhorst–Pack
scheme26 was used for Brillouin zone sampling of the primitive
cell. The local density approximation27 was adopted for the
exchange-correlation functional. We also consider the exchange-
correlation functional dependence of the stress–strain curve. For
details, see the supplementary material.

III. RESULTS AND DISCUSSION

A. Mechanical properties of PbTiO3

Let us first discuss the tensile deformation of ferroelectric
ceramics PbTiO3. Figure 2 shows the stress–strain curve of PbTiO3

in PE and FE phases. The stress–strain curve for the PE phase
(gray squares) exhibits a convex upward function with increasing
tensile strain, consistent with the behavior of conventional
ceramics,28–30 and the critical tensile strain is approximately 0.25.
On the other hand, we find an unconventional nonlinear stress–
strain curve in the FE phase (red circles), and the critical tensile
strain is approximately 0.44, which is around 1.8 times larger than
the PE phase. The nonlinear stress–strain curve in the FE phase
forms an S-shaped curve with several inflection points. Such

S-shaped nonlinear behavior is commonly observed in soft materi-
als with superelasiticity such as polymer or rubber,31,32 although
the stress level of PbTiO3 is much higher than that of soft materi-
als. These results indicate that the FE phase transition can change
the deformation properties dramatically, even from ceramics to
superelastic-like ceramics.

To discuss the change in mechanical properties in detail, we
also estimate Young’s modulus. The estimated value of Young’s
modulus for PE and FE phases is 259 and 53 GPa, respectively.
Structural parameters, Young’s modulus E, ideal tensile strength
σIS, and critical tensile strain εIS for PbTiO3 in PE and FE phases

FIG. 1. Crystal structure of PbTiO3 in paraelectric (PE) and ferroelectric (FE) phases. Gray, purple, and blue spheres indicate Pb, Ti, and O, respectively.

FIG. 2. Stress–strain curve for PbTiO3. Red circle and gray square line points
represent FE and PE phases, respectively. Open points indicate ideal tensile
strength and critical tensile strain.
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are listed in Table I. Unconventional mechanical responses are real-
ized in the FE phase in PbTiO3 compared with the PE phase or
other well-known ceramics.28,33 The ideal tensile strain εIS in the FE
phase is about 75% increase, and PbTiO3 ceramic will spontaneously
increase its fracture toughness through the PE to FE phase transition
with no other ceramics. Ferroelectric phase transition in PTO, the
relative atomic displacement of about 0.4 Å in an oxygen atom, may
lead to superelastic-like nonlinear deformation in ceramics.

B. Origin of superelastic-like nonlinear deformation
nonlinear deformation in the FE phase

Next, let us investigate the origin of superelastic-like nonlinear
deformation of PbTiO3 in the FE phase. To discuss the effect of the
relative atomic displacement in nonlinear deformation, we analyze
the charge density of PbTiO3 in PE and FE phases. Figures 3(a),
3(b), 3(d), and 3(e) show the contour plot for the charge density in
PE and FE phases without tensile strain. The PE phase shows

isotropic charge density distribution based on cubic symmetry; it
leads to an isotropic bonding network between Ti–O atoms. On
the other hand, the FE phase shows an anisotropic charge density
distribution in the (001) direction due to the breaking symmetry,
indicating anisotropic bonding between Pb–O and Ti–O. This
anisotropic bonding originates from hybridization of Pb 6s-O 2p
and Ti 3d-O 2p orbitals and is the driving force to stabilize the FE
phase.2

We illustrate the bonding network based on the above analysis
[Figs. 3(c) and 3(f)]. The monotonically stress–strain curve of the
PE phase (Fig. 2) can be understood to be caused by the isotropic
bonding of the PE phase. On the other hand, the FE phase is com-
posed of truss-like bonding, which is similar to the polymer,31,32

and thus, it could be an origin of a nonlinear stress–strain curve.
Hereafter, we only focus on the FE phase.

Next, let us consider the deformation mechanism based on
the bond length and chemical bonding. The stability of chemical
bonding was analyzed using the integrated crystal orbital
Hamiltonian population (ICOHP)34–36 implemented in the
LOBSTER code.37 Figure 4 shows tensile strain dependence of the
bond length and ICOHP.

We can see that the Pb–OI bond mainly contributes to defor-
mation [Fig. 4(a)]. In addition, the bond length of Pb–OI is rapidly
increased at εzz � 0:1 because the deformation mechanism changes
from truss deformation type to bond length loading type around
εzz � 0:1 (see supplemental material). This change in the deforma-
tion mechanism of PbTiO3 can also be explained in terms of

TABLE I. Structural parameter of PbTiO3 of PE and FE phases, Young’s modulus
E, ideal tensile strength σIS, critical tensile strain εIS, and displacement of oxygen
atoms along with z direction δdz.

a, c (Å) E (GPa) σIS (GPa) εIS δdz (Å)

PE a = c = 3.885 259 23.6 0.25 0
FE a = 3.860, c = 4.033 53 11.6 0.44 0.4

FIG. 3. Contour plot for charge density of PbTiO3 on Pb–O, Ti–O plane for [(a) and (b)] PE and [(d) and (e)] FE phases. The charge density was obtained without tensile
strain. Chemical bonding network for PE (c) and FE (f ) phases. Red dotted line in (f ) corresponds to Pb–OI bonding in Fig. 4.
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chemical bonding. Figure 4(b) shows that only �Δ(ICOHP) in
Pb–OI bond decreases to the unstable bond in response to strain.
This suggests that chemically unstable bonds preferentially contrib-
ute to deformation.

C. Piezoelectric properties in the FE phase

Finally, let us discuss the piezoelectric properties under high
stress condition. Figure 5 shows the stress dependence of polariza-
tion P and piezoelectric strain coefficient dzz of PbTiO3. Here,
polarization P is calculated using the Berry phase theory of modern
theory of polarization.38,39 The dzz without strain and stress in
PbTiO3 is about 0:1� 10�9 C/N, comparable to well-known ferro-
electric materials.40–42 On the other hand, the dzz is maximized at
σzz � 1:6 GPa, which is six times larger than dzz without mechani-
cal loading (dmax

zz � 0:6� 10�9 C/N). The mechanical loading in
PbTiO3 leads to several benefits for piezoelectric devices applica-
tion; one is the increasing piezoelectric coefficient, and another one
is the tunable piezoelectric performance that can be provided in the
specified piezoelectric material.

To discuss the origin of the striking peak of dzz , we consider
the polarization and nonlinear deformation in PbTiO3. The piezo-
electric strain coefficient dij can be evaluated by the following

equation: dij ¼ @P=@σ ij, that is, dij can be understood as a slope of
P. The polarization rapidly increases around σzz � 1:6 GPa (red
solid circle in Fig. 5); above we discussed, σzz � 1:6 GPa corre-
sponds to the stationary point. The slope of the stress–strain curve
would be close to zero near the region where the deformation
mechanism is changed from truss-type to chemical bonding type.
Therefore, the unique superelastic-like nonlinear deformation in
PbTiO3 can tune its electro-mechanical response and even give rise
to colossal piezoelectric properties. Moreover, the piezoelectric
response with such sharp peaks represents a characteristic behavior
that deviates from the framework of the Landau–Ginzburg–
Devonshire (LGD) theory43 based on linear approximations.

IV. CONCLUSION

In summary, to investigate the mechanical responses of ferro-
electric ceramics under high stress condition, we performed first-
principles calculations for PTO in PE and FE phases. The
superelastic-like nonlinear stress–strain curve was obtained in the
FE phase, which diverged from conventional ceramics. The ferro-
electric phase transition dramatically changes its stiffness; that is,
the ideal tensile strain εIS in the FE phase is about a 75% increase.
We concluded that the unique nonlinear deformation originates
from the truss-like bonding network due to the ferroelectric phase
transition. In addition, we found that the switching point for the
chemical bonding network deforming corresponds to the inflection
points in the stress–strain curve.

We also evaluated the piezoelectric properties in the FE phase.
The striking peak of the piezoelectric constant appears around
1.6 GPa, which is the inflection point of the stress–strain curve. In
high-quality PTO, such as achieved in flexible ferroelectric ceram-
ics, the unique piezoelectric response under tensile strain reported
in this study would be experimentally observed. Further analysis of
the distinctive piezoelectric response based on superelastic-like
nonlinear deformations would lead to the extension of the LGD
theory. These results will help us to unveil the hidden deformation
mode in ceramics, and strain engineering may open promising par-
adigms for functional piezoelectric devices.

FIG. 4. Tensile strain dependence of (a) bond length Δd and (b) �Δ(ICOHP).
Inset shows the side view of FE phase and chemical bonding. Red, blue, cyan,
and green lines represent Pb–OI, Ti–OI, Ti–OII, and Pb–OII chemical bonds,
respectively.

FIG. 5. Stress dependence of polarization and piezoelectric strain coefficient for
PbTiO3.
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SUPPLEMENTARY MATERIAL

See the supplementary material for the details of the
exchange-correlation functional dependence of lattice constants
and elastic constants and the deformation mechanism of PbTiO3.

ACKNOWLEDGMENTS

This work was partly supported by JSPS KAKENHI under
Grant Nos. JP20H05653, JP22K14587, and JP23H00159 and JST
FOREST Program (No. JPMJFR222H). The crystal structure was
drawn by VESTA.44

AUTHOR DECLARATIONS

Conflict of Interest

The authors have no conflicts to disclose.

Author Contributions

Susumu Minami: Investigation (equal); Validation (equal);
Visualization (equal); Writing – original draft (lead); Writing –
review & editing (equal). Tomohiro Nakayama: Investigation
(equal); Validation (equal); Visualization (equal). Takahiro
Shimada: Conceptualization (lead); Project administration (equal);
Supervision (lead); Validation (equal); Writing – original draft
(equal); Writing – review & editing (equal).

DATA AVAILABILITY

The data that support the findings of this study are available
from the corresponding author upon reasonable request.

REFERENCES
1R. E. Cohen and H. Krakauer, Phys. Rev. B 42, 6416 (1990).
2R. E. Cohen, Nature 358, 136 (1992).
3G. H. Haertling, J. Am. Ceram. Soc. 82, 797 (1999).
4M. Acosta, N. Novak, V. Rojas, S. Patel, R. Vaish, J. Koruza, J. Rossetti, and
G. A. J. Rödel, Appl. Phys. Rev. 4, 041305 (2017).
5A. Sheikholeslami and P. Gulak, Proc. IEEE 88, 667 (2000).
6J. F. Scott, Science 315, 954 (2007).
7Y. Arimoto and H. Ishiwara, MRS Bull. 29, 823 (2004).
8S. Trolier-McKinstry and P. Muralt, J. Electroceramics 12, 7 (2004).
9A. Gruverman and A. Kholkin, Rep. Prog. Phys. 69, 2443 (2005).
10M. Lee, C.-Y. Chen, S. Wang, S. N. Cha, Y. J. Park, J. M. Kim, L.-J. Chou, and
Z. L. Wang, Adv. Mater. 24, 1759 (2012).
11J.-H. Lee, K. Y. Lee, M. K. Gupta, T. Y. Kim, D.-Y. Lee, J. Oh, C. Ryu,
W. J. Yoo, C.-Y. Kang, S.-J. Yoon, J.-B. Yoo, and S.-W. Kim, Adv. Mater. 26, 765
(2014).

12M. Owczarek, K. A. Hujsak, D. P. Ferris, A. Prokofjevs, I. Majerz, P. Szklarz,
H. Zhang, A. A. Sarjeant, C. L. Stern, R. Jakubas, S. Hong, V. P. Dravid, and
J. F. Stoddart, Nat. Commun. 7, 13108 (2016).
13H. Elangovan, M. Barzilay, S. Seremi, N. Cohen, Y. Jiang, L. W. Martin, and
Y. Ivry, ACS Nano 14, 5053 (2020), pMID: 32271531.
14T. Sumigawa, T. Shimada, S. Tanaka, H. Unno, N. Ozaki, S. Ashida, and
T. Kitamura, ACS Nano 11, 6271 (2017).
15K. Huang, T. Shimada, N. Ozaki, Y. Hagiwara, T. Sumigawa, L. Guo, and
T. Kitamura, Int. J. Solids Struct. 128, 67 (2017).
16Z. Li, M. Grimsditch, X. Xu, and S. K. Chan, Ferroelectrics 141, 313
(1993).
17Y. Kuroiwa, S. Aoyagi, A. Sawada, J. Harada, E. Nishibori, M. Takata, and
M. Sakata, Phys. Rev. Lett. 87, 217601 (2001).
18Z. Wu, R. E. Cohen, and D. J. Singh, Phys. Rev. B 70, 104112 (2004).
19Y. Duan, H. Shi, and L. Qin, J. Phys.: Condens. Matter 20, 175210
(2008).
20P. Hohenberg and W. Kohn, Phys. Rev. 136, B864 (1964).
21W. Kohn and L. J. Sham, Phys. Rev. 140, A1133 (1965).
22G. Kresse and J. Hafner, Phys. Rev. B 47, 558 (1993).
23G. Kresse and J. Furthmüller, Phys. Rev. B 54, 11169 (1996).
24P. E. Blöchl, Phys. Rev. B 50, 17953 (1994).
25G. Kresse and D. Joubert, Phys. Rev. B 59, 1758 (1999).
26H. J. Monkhorst and J. D. Pack, Phys. Rev. B 13, 5188 (1976).
27D. M. Ceperley and B. J. Alder, Phys. Rev. Lett. 45, 566 (1980).
28D. Roundy and M. L. Cohen, Phys. Rev. B 64, 212103 (2001).
29S. Ogata, J. Li, N. Hirosaki, Y. Shibutani, and S. Yip, Phys. Rev. B 70, 104104
(2004).
30G. Li, U. Aydemir, S. I. Morozov, S. A. Miller, Q. An, W. A. Goddard, P. Zhai,
Q. Zhang, and G. J. Snyder, Acta Mater. 149, 341 (2018).
31H. M. James and E. Guth, J. Chem. Phys. 11, 455 (1943).
32B. Zhong, H. Dong, J. Lin, Z. Jia, Y. Luo, D. Jia, and F. Liu, Ind. Eng. Chem.
Res. 56, 9135 (2017).
33M. A. Hopcroft, W. D. Nix, and T. W. Kenny, J. Microelectromech. Syst. 19,
229 (2010).
34R. Dronskowski and P. E. Bloechl, J. Phys. Chem. 97, 8617 (1993).
35V. L. Deringer, A. L. Tchougréeff, and R. Dronskowski, J. Phys. Chem. A 115,
5461 (2011).
36S. Maintz, V. L. Deringer, A. L. Tchougréeff, and R. Dronskowski, J. Comput.
Chem. 34, 2557 (2013).
37R. Nelson, C. Ertural, J. George, V. L. Deringer, G. Hautier, and
R. Dronskowski, J. Comput. Chem. 41, 1931 (2020).
38R. Resta, Ferroelectrics 136, 51 (1992).
39R. D. King-Smith and D. Vanderbilt, Phys. Rev. B 47, 1651 (1993).
40Z. Yu, C. Ang, R. Guo, and A. S. Bhalla, J. Appl. Phys. 92, 1489 (2002).
41H. Takahashi, Y. Numamoto, J. Tani, K. Matsuta, J. Qiu, and S. Tsurekawa,
Jpn. J. Appl. Phys. 45, L30 (2005).
42H. Nagata, K. Matsumoto, T. Hirosue, Y. Hiruma, and T. Takenaka,
Jpn. J. Appl. Phys. 46, 7084 (2007).
43A. Devonshire, Adv. Phys. 3, 85 (1954).
44K. Momma and F. Izumi, J. Appl. Crystallogr. 44, 1272 (2011).

Journal of
Applied Physics

ARTICLE pubs.aip.org/aip/jap

J. Appl. Phys. 134, 094102 (2023); doi: 10.1063/5.0164669 134, 094102-5

Published under an exclusive license by AIP Publishing

 02 O
ctober 2023 09:12:23

https://doi.org/10.1103/PhysRevB.42.6416
https://doi.org/10.1038/358136a0
https://doi.org/10.1111/j.1151-2916.1999.tb01840.x
https://doi.org/10.1063/1.4990046
https://doi.org/10.1109/5.849164
https://doi.org/10.1126/science.1129564
https://doi.org/10.1557/mrs2004.235
https://doi.org/10.1023/B:JECR.0000033998.72845.51
https://doi.org/10.1088/0034-4885/69/8/R04
https://doi.org/10.1002/adma.201200150
https://doi.org/10.1002/adma.201303570
https://doi.org/10.1038/ncomms13108
https://doi.org/10.1021/acsnano.0c01615
https://doi.org/10.1021/acsnano.7b02493
https://doi.org/10.1016/j.ijsolstr.2017.08.018
https://doi.org/10.1080/00150199308223459
https://doi.org/10.1103/PhysRevLett.87.217601
https://doi.org/10.1103/PhysRevB.70.104112
https://doi.org/10.1088/0953-8984/20/17/175210
https://doi.org/10.1103/PhysRev.136.B864
https://doi.org/10.1103/PhysRev.140.A1133
https://doi.org/10.1103/PhysRevB.47.558
https://doi.org/10.1103/PhysRevB.54.11169
https://doi.org/10.1103/PhysRevB.50.17953
https://doi.org/10.1103/PhysRevB.59.1758
https://doi.org/10.1103/PhysRevB.13.5188
https://doi.org/10.1103/PhysRevLett.45.566
https://doi.org/10.1103/PhysRevB.64.212103
https://doi.org/10.1103/PhysRevB.70.104104
https://doi.org/10.1016/j.actamat.2018.02.063
https://doi.org/10.1063/1.1723785
https://doi.org/10.1021/acs.iecr.7b02250
https://doi.org/10.1021/acs.iecr.7b02250
https://doi.org/10.1109/JMEMS.2009.2039697
https://doi.org/10.1021/j100135a014
https://doi.org/10.1021/jp202489s
https://doi.org/10.1002/jcc.23424
https://doi.org/10.1002/jcc.23424
https://doi.org/10.1002/jcc.26353
https://doi.org/10.1080/00150199208016065
https://doi.org/10.1103/PhysRevB.47.1651
https://doi.org/10.1063/1.1487435
https://doi.org/10.1143/JJAP.45.L30
https://doi.org/10.1143/JJAP.46.7084
https://doi.org/10.1080/00018735400101173
https://doi.org/10.1107/S0021889811038970
https://pubs.aip.org/aip/jap

