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Multistep polarization switching and reduced coercive field in lead titanate thin films
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Switchable polarization makes ferroelectric materials widely usable in nonvolatile memories and electronic
nanodevices. The coercive electric field, determining the polarization switching, is crucially important for the
design and usage of ferroelectric devices. To prevent leakage and dielectric breakdown of the devices, it is
necessary to reduce the coercive electric field. In this work, we propose a theoretical model to study the domain
switching properties of epitaxial PbTiO3 films within the framework of Landau’s phenomenological theory,
especially the multistep polarization switching in ferroelectric thin films near a phase boundary. Results indicate
that substrate strains can significantly affect the domain structures and the domain switching process. Under
specific substrate strain conditions (tensile misfit strain of 0%–0.8%), polydomains exist and 180◦ polarization
switching can be achieved via a two-step 90◦ switching process. The coercive field required for a multistep
switching process can be decreased by about 50% in comparison to that for single domains. The approach of
reducing the electric field presents significant opportunities for the design and enhancement of devices based on
ferroelectric materials across various applications.
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I. INTRODUCTION

Ferroelectric thin films exhibit immense promise for appli-
cations in nonvolatile memories and electronic nanodevices
owing to their notable characteristics such as switchable spon-
taneous polarizations, high dielectric susceptibility [1,2], and
large piezoelectric strains [3,4]. However, due to persistent
issues such as fatigue, temperature stability, and dielectric
breakdown [5,6], reducing the coercive field is fundamental to
optimizing the performance and reliability of ferroelectric thin
film devices with lower energy consumption, faster switching
speed, and enhanced device reliability [7,8].

The coercive electric field Ec, which represents the min-
imum electric field required to switch the polarization, is
typically determined by analyzing the polarization–electric
field hysteresis loops of ferroelectric thin films [9]. In partic-
ular, the polarization evolution and switching process, highly
dependent on the phase and domain patterns, can significantly
affect the corresponding coercive fields [10]. Additionally, Ec

also varies with frequency [11,12], film thickness [13], do-
main pinning [14], crystal orientation [15], temperature [16],
surface boundary conditions [17,18], and the built-in depolar-
ization field [19,20]. To sufficiently reduce the coercive field
in ferroelectric nanodevices, it is essential to understand po-
larization switching behaviors and tailor the domain structures
for fast speed and low leakage ferroelectric devices.

It is widely accepted that Ec in ferroelectric thin films
can be greatly reduced by manipulating the phase and do-
main structures [10,15]. Particularly, recent studies show that
strain engineering has emerged as a promising route to in-
duce phase competition for large electromechanical responses

*luxy@hit.edu.cn

and low driving voltage [10,21–23]. For example, a broad
coercive field distribution is achieved in a 4 nm epitaxial
PbZr0.48Ti0.52O3 film by driving the system towards instabil-
ity at the morphotropic phase boundary [21]. The coercive
field in epitaxial BiFeO3 thin films can be reduced by up
to 60% due to strain-induced mixed-phase coexistence [22].
A two-step ferroelastic switching process is observed in 40
nm PbTiO3 films with an initial a1/a2 stable state. c domains
can be formed by using a bias pattern (175 MV/m), and then
can be erased back to the a1/a2 state by using interdigitated
electrodes with an electric field of 10 MV/m, corresponding
to a voltage of only 0.4 V [10]. Alternatively, the polarization
switching process from the out of plane to the in-plane direc-
tion by a vertical electric field is first realized in epitaxial 70
nm PbTiO3 thin films, and the driving out of plane voltage
from c/a domains to a1/a2 domains is 2 V, corresponding
to the coercive field of 28.5 MV/m [23]. Despite diverse
experimental observations and measurements of P-E loops,
the driving voltage in ferroelectric thin films still requires
more theoretical study, especially in systems with complex
ferroelectric domains [21–23].

The coercive field was first theoretically studied in 1934
by Mueller, who proposed a phenomenological theory for
Rochelle salt [24]. Devonshire further modified the theory in
1949 for BaTiO3 crystals with the consideration of elastic and
electromechanical effects [25]. The coercive field was found
to be crucially dependent on the domain switching mech-
anisms [24–36], including the influence of domain pinning
[26], preexisting domain walls [27], and mechanical strains
[28]. The Landau’s phenomenological theory was also used
to predict the polarization switching path under boundary
conditions [29,30]. Particularly, the intrinsic coercive field of
90◦ domain switching of BaTiO3 single crystals was investi-
gated, and results show that 180◦ polarization switching under
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an external electric field of 8 MV/m can be accomplished
by a two-step 90◦ polarization switching under an external
tensile stress of 140 MPa [30]. However, the obtained the-
oretical predictions of coercive fields are often higher than
experimental observations by two orders of magnitude or
more [26–30].

The nucleation theory was also developed to describe the
polarization process in ferroelectric bulks [31,32]. Merz [31]
and Landauer [32] considered domain wall mobility and nu-
cleation under an external electric field, and then derived the
minimum activation energy of nucleated domains to calcu-
late the corresponding critical electric fields in BaTiO3 single
crystals. However, the calculated activation energy and cor-
responding coercive field are still three orders higher than
the experiment results. The discrepancy is also called the
“Landauer paradox” [32]. To avoid this paradox, the effect of
inhomogeneous defects [33], domain wall thickness [34], and
ferroelectric-electrode coupling [35] were considered within
the activation energy of nuclei. A general form of the energy
release rate for the dynamic movement process of a switched
180◦ domain wall under an external electric field was further
proposed by Wang and Xiao [36]. The estimated coercive
(critical) field is about 0.22 MV/m which is consistent with
the experiment results for BaTiO3 crystals [36]. However, the
nucleation theory is limited in the application of non-180◦
domain switching.

For ferroelectric thin films, it is well known that the extrin-
sic coercive fields of thin films are much higher than those
of the bulk’s counterparts due to the size effect of nucle-
ation [37,38]. For example, the measured coercive field is
1.5 MV/m for a 400 nm thick BaTiO3 film and 0.15 MV/m
for bulk single crystal [37], even though the intrinsic Ec

for thin films predicted by using Landau’s phenomenological
theory is still one or two orders higher than the observed
experiment results in thin films [38]. The closest one is the
coercive field of 500 MV/m in ultrathin vinylidene fluoride
copolymer films with a thickness of less than 15 nm fabri-
cated by Langmuir-Blodgett deposition [39]. In addition, the
intrinsic Ec predicted by Pertsev et al. is also close to the
measured coercive field ranging from 90 to 20 MV/m for
Pb(Zr0.52Ti0.48)O3 epitaxial films with thickness ranging from
10 to 100 nm, and both intrinsic and extrinsic coercive fields
strongly depend on compressive substrate strains [40].

Piezoresponse force microscopy (PFM) is a power tool
to probe the local coercive field of thin films [10,41].
Kalinin et al. proposed a point charge model to describe
the local switching behavior by PFM and found that the
local coercive (critical) field of 180◦ domain switching in-
creases with switched domain sizes [42]. To describe the

formation of 90◦ domains by PFM tip fields as observed
in PbTiO3 [10], Pb(Zr0.1Ti0.9)O3 [43], and Pb(Zr0.2Ti0.8)O3

thin films [44], Chen et al. proposed an isotropic ther-
modynamic criterion for ferroelastic 90◦ domain switching
to evaluate the relaxation of surface piezostress during the
switching process [45]. However, the predicted coercive
field is still much higher than experimental measurements
due to the neglected twinning structures and the interface
interactions [45].

Domain twinning and the interface elastic interaction can
significantly affect the domain switching and the coercive
field in ferroelectric thin films, especially with multiple
phases/domains near phase boundaries [46–48]. Phase and
domain coexistence can greatly decrease the driving voltage
due to the synergetic and/or multistep switching process in
ferroelectric thin films under particular conditions [10,21–23].
A 180◦ domain switching process could be favored by two
90◦ switching processes near the phase boundary between
the twinned c/a and a1/a2 phases [23]. However, it is still a
challenge to theoretically predict the coercive field in such
systems due to the complex coexisting domain structures.

In this work, we theoretically study the ferroelastic switch-
ing process and the coercive fields in epitaxial PbTiO3 thin
films within the framework of Landau’s phenomenological
theory. The elastic interaction of the polydomain of c/a and
a1/a2 domains is considered to predict the coercive field
of epitaxial ferroelectric thin films under various substrate
strains.

II. MULTISTEP SWITCHING OF COEXISTING DOMAINS

In this section, we focus on the (001)-oriented PbTiO3

film epitaxially grown on a cubic substrate with a surface
parallel to the (001) crystallographic planes. The ferroelectric
film usually has multiphases or polydomain states. However,
we will start from a single domain state for simplicity, and
then discuss and compare each possible condition. We assume
the film is epitaxially uniform with a transversely isotropic
misfit strain, and the influence of the depolarization field is
neglected.

A. Ferroelastic switching of single domains

For films with tetragonal phase, domains with out of plane
polarization and in-plane polarization are noted as c domain
and a domain, respectively. The renormalized thermodynamic
potential after the Legendre transformation of the Gibbs free
energy is expressed with respect to the primary order param-
eters of polarization Pi and internal mechanical stresses σi in
the film as follows [49],
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where F is the total free energy; ai, ai j , and ai jk are the linear
and nonlinear dielectric stiffness coefficients; si j and Qi j are
the elastic compliances and the electrostrictive coefficients,
respectively; Ei is the external electric field. Parameters of
PbTiO3 for the calculations are taken from Ref. [49].

The stress components in Eq. (1) can be solved with
the mechanical conditions of the film/substrate system:
∂F/∂σ1 = ∂F/∂σ2 = −um, ∂F/∂σ6 = 0, and σ3 = σ4 =
σ5 = 0, where um is substrate strain [49]. The Gibbs free
energy including the Landau free energy, elastic energy, and
electrostatic energy provided by the out of plane electric field
can be therefore derived as follows [49],

F = a∗
1

(
P2

1 + P2
2

) + a∗
3P2

3 + a∗
11

(
P4

1 + P4
2

) + a∗
33P4

3

+ a∗
13

(
P2

1 P4
2 + P4

2 P2
3

)

+ a∗
12P2

1 P2
2 + a111

(
P6

1 + P6
2 + P6

3

) + a123P2
1 P2

2 P2
3

+ a112
[
P4

1

(
P2

2 + P2
3

) + P4
2

(
P2

1 + P2
3

) + P4
3

(
P2

1 + P2
2

)]

+ u2
m

s11 + s12
− E3P3, (2)

where a∗
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the P2 can be neglected as zero due to in-plane mechanical
symmetry, the reduced expression can be written as follows
[49]:
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We focus on the domain switching process during the
tensile strain regime of 0%–0.8%, where different domain
structures coexist [10,21–23]. As shown in the energy land-
scape for films under a substrate strain of 0% [Fig. 1(a)]
without electric field, c domains have a lower value of energy
well and are more stable than a domains, while a domains
dominate under a tensile substrate strain of 0.8% [Fig. 1(b),
which is consistent with experimental observations [10].

To investigate the switching behavior of c domains, the
F − P3 curves obtained by extracting the minimum value of
total free energy with respect to P3 are studied, as shown
in Fig. 2. In contrast with typical F-P curves with only two
stable energy wells, the free energy curves show a distinct
triple energy well even under zero field [50]. This extra well
represents the stable existence of a domains.

With the increase of vertical electric fields, the free energy
potentials show different switching behaviors in these two
films with different substrates. As shown in Figs. 2(a) and 2(b)
for the film under a substrate strain of 0%, the energy well of
c− domains becomes a saddle point [red point in Fig. 2(c)],
indicating a 180◦ switching process from c− domains to c+
domains under 0, 12.4, and 109.4 MV/m. Therefore, 109.4
MV/m is considered as the 180◦ coercive field E180

c of c
domains. However, for the film under a substrate strain of

FIG. 1. The Gibbs free energy profile of single domains under
misfit strain of (a) 0% and (b) 0.8%.

0.8% as shown in Figs. 2(d)–2(f), the c− domains switch to
a domains when the electric field increases to 45.2 MV/m,
and further switch to c+ domains at 88.8 MV/m, indicating a
two-step 90◦ switching process. We consider 45.2 and 88.8
MV/m in this case is the 90◦ and 180◦ coercive field E90

c
and E180

c of c domains, respectively. It is worthwhile noting
that the switching behaviors and coercive field of c domains
strongly depend on the substrate strains.

To further study the substrate dependence of the switching
behaviors, the variation of E180

c and E90
c of c domains with

misfit strain is further calculated, as shown in Fig. 3. When

FIG. 2. The landscape of total free energies of single domains in
PbTiO3 epitaxial thin films with substrate strains of 0% and 0.8%.
The F−P3 curves at electric fields of (a) 0, (b) 12.4, and (c) 109.2
MV/m under a misfit strain of 0%. F−P3 curves at electric fields of
(d) 0, (e) 45.2, and (f) 88.8 MV/m under a misfit strain of 0.8%.

214101-3



YANZHE DONG AND XIAOYAN LU PHYSICAL REVIEW B 109, 214101 (2024)

FIG. 3. Strain dependence of coercive fields E 180
c and E 90

c of c
domains.

the misfit strain exceeds 0.58%, the E90
c appears and decreases

with increasing tensile strain. This strain-dependence varia-
tion can be explained by the stability of a domains [49]. We
note that this critical strain of 0.58% is slightly larger than the
a1/a2 and c/a domain boundary [49] without the consideration
of the elastic coupling effect of the polydomain, which will
be considered in the next section. The existence of E90

c indi-
cates the transition of the switching process from one 180◦
switching (c− → c+) to two 90◦ switching (c− → a → c+)
under vertical electric fields. On the other hand, there is a
minimum E180

c value of 64.0 MV/m near the substrate strain of
0.58%, which is near the phase boundary of PbTiO3 thin films
[49]. Compared with the coercive field of c domains under
compressive strain, the E180

c is reduced by about 50% (from
125.6 to 64.4 MV/m) via strain engineering.

B. Multistep switching of polydomains

The combination of a domains and c domains is noted as
c/a domains, and that of the perpendicular a domains is noted
as a1/a2 domains. Due to the existence of a domains and the
elastic coupling in polydomains of c/a and a1/a2 domains, the
coercive field could be different from those single domains.
Therefore, it is necessary to build a theoretical model for fer-
roelectric films with possible existing c/a and a1/a2 domains,
as shown in the schematic of Fig. 4.

FIG. 4. Schematic illustration of polydomain films with a1/a2

and c/a domain structures.

For epitaxial polydomain films, the mean in-plane strains
〈S1〉, 〈S2〉 are equal to the substrate strain um, and the shear
strains and shear stresses are ignored with 〈S6〉 = 0 and
〈σ4〉=〈σ5〉=0. On the film surface, the mean of out of plane
stress is also considered as zero, i.e., 〈σ3〉 = 0.

For c/a domains, we assume the polarizations of a
and c domains are equal to the spontaneous polarization
|Pa

1 | = |Pc
3 | = Ps, and other components are zero without

an electric field. The mechanical compatibility between c
and a domains is considered as Sa

i (1 − ϕc) + Sc
i ϕc = Si,

(i = 1, 2, 6), and σ a
i = σ c

i = 0(i = 3−6), where ϕc is the
volume fraction of the c domains in c/a domains; σ c

i , σ a
i ,

Sc
i , and Sa

i are stress and strain of a and c domains in c/a
domains [51]. Ignore the shear strain for simplicity, the
in-plane normal strain of c and a domains can be derived by
mechanical compatibility Sa

1 = um + ϕc(Q11 − Q12)P2
s and
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s [49]. The corresponding
internal stress of c domains can be further derived as σ c
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stress of a domains is equal to c domains σ a
1 = σ c

1 and
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2 .

Under electric field E3, the total free energy of c/a domains
can be expressed by Fc/a = ϕcFc + (1−ϕc)Fa, where Fc and
Fa can be written as follows [51]:
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The total free energy density Fc/a can be expressed by ϕc,
P1, and P3, where the equilibrium fraction ϕ∗

c of c domains in
c/a domains can be derived from ∂Fc/a/∂ϕc = 0,

ϕ∗
c = 1 − (s11 − s12)

(
um − Q12P2

3

)

s11(Q11 − Q12)P2
3

+ E3
(
s2

11 − s2
12

)

2s11(Q11 − Q12)2P3
3

.

(6)

Therefore, the stable total free energy of c/a domains is
Fc/a = ϕ∗

c Fc + (1−ϕ∗
c )Fa.

The switching behavior of c/a domains can be collective
with complex switching dynamics [23]. Here, for simplicity,
we consider the final state with switched c and a domains in
c/a domains under the applied vertical field, which can be
probed by minimizing the total free energy and examining
the lowest energy well during the domain switching. Using
Eqs. (4) and (5) without an electric field, the total free energy
landscape of the c domain and a domains in c/a domains
is shown in Fig. 5. The energy barriers between c and a
domains are labeled with purple lines. Under the tensile strain
of 0.46%, the energy wells of c domains and a domains are
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FIG. 5. The Gibbs free energy profile of c/a domains PbTiO3

films under misfit strains of (a) 0.46% and (b) 0%.

equal, indicating the metastable state of coexisting c/a and
a1/a2 domains in films [52]. With the misfit strain decreasing
to 0%, c/a domains become more stable with lower values of
the energy well due to the stability of c domains. Compared
with single c domains, the c/a domains have lower potential
wells under the same substrate strain, which is compatible
with the experimental observation that c/a domains are dom-
inant in PbTiO3 films other than pure c domains under zero
tensile strain [52].

To find the lowest polarization switching path and the
switching behaviors under an external electric field, we con-
tour map the total free energy under various E3 as shown in
Fig. 6(a). It is obvious that there are three local minimums
under zero field corresponding to the c−, a, and c+ domains.
For c domains in c/a domains, the minimum value of c−
domains rises and becomes saddle points with the applied
positive electric field, indicating 90◦ switching from c− to a
domains. Then the minimum value of a domains further be-
comes saddle points, indicating a 90◦ switching process from
a to c+ domains. The schematic of the two-step 90◦ switching
process of c/a domains is indicated in Fig. 6(b). Further, we
extract the total free energy profile along the lowest value
with respect to P3 shown in Fig. 6(b). The extracted path of
energy profiles in Fig. 6(b) corresponds to the lines and arrows
in Fig. 6(a) in the same color. To find this change and the
saddle points indicated by black arrows in Fig. 6(b), we give
the first-order derivative Fc/a with respect to P3 as shown in
Fig. 6(c). When ferroelastic switching occurs, we have the

FIG. 6. The switching behaviors of c/a domains in PbTiO3 epi-
taxial thin films. (a) Contour map of free energy, (b) free energy with
respect to P3, and (c) first-order deviation of free energy under misfit
strain of 0.46% with applied electric fields of 0, 60, 120, and 280
MV/m. (d) The volume function of c domains in c/a domains with
respect to electric field with misfit strain um of 0%, 0.46%, and 0.8%.

FIG. 7. The Gibbs free energy profile of a1/a2 domains PbTiO3

films under different misfit strains of (a) 0.46% and (b) 0.8%.
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local minimums with ∂Fc/a/∂P3 = 0 and ∂2Fc/a/∂
2P3 > 0.

The obtained critical electric field of 120 and 280 MV/m can
be considered as the coercive field of E90

c and E180
c for c−

domains switching to a domains and c+ domains, respectively.
Similarly, a domains in c/a domains switch to c domains at
280 MV/m, which can be considered as the E90

c of a domains.
Moreover, the morphology of c/a domains varies during

the switching process. As shown in Fig. 6(d), the variation
of c domain fraction ϕ∗

c with misfit strain and electric field
implies the interconversion between c and a domains in c/a
domains. When ϕ∗

c = 0, all c− domains switch to a domains,
and the fraction of switched a domains increases with misfit
strains [51].

For a1/a2 domains, similarly, the mechanical compat-
ibility between a1 and a2 domains can be expressed
as Sa1

i ϕa1 + Sa2
i (1 − ϕa1 ) = Si (i = 1, 2, 6) and σ

a1
i = σ

a2
i =

0 (i = 3−6), where σ
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i , σ
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i , and Sa2
i are the stress and

strain of a1 and a2 domains; ϕa1 is the volume fraction of
the a1 domains [51]. The polarization of a1 and a2 domains
|Pa1

1 | = |Pa2
2 | = Ps and Pa2

1 = Pa1
2 = 0. In particular, |Pa1

3 | =
|Pa2

3 | = P3 �= 0 under vertical electric fields. The strain and
stress of a1 and a2 domains in the polydomain a1/a2 state can
be derived as Sa1
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]
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The total free energy of a1/a2 domains can be written as
Fa1/a2 = ϕa1

Fa1 + (1−ϕa1
)Fa2 , where the Fa1 and Fa2 can be

derived as follows [51]:
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The total free energy density Fa1/a2 is, therefore, the func-
tion of ϕa1 , P1, and P3. The equilibrium fraction ϕ∗

a1
can be

derived from ∂Fa1/a2/∂ϕa1 = 0, resulting in Fa1 = Fa2 , i.e.,
ϕ∗

a1
= 50%. The stable total free energy of a1/a2 domains can

be expressed as Fa1/a2 = ϕ∗
a1

Fa1 + (1−ϕ∗
a1

)Fa2 .
The switching behavior of a1/a2 domains is also studied

as shown in Fig. 7. Different from the c/a domains, there
are only two energy wells representing the a1 or a2 domains
[52]. The contour in Fig. 7 exhibits in-plane barriers be-
tween two opposite a domains. The in-plane barrier decreases
with decreasing tensile strain due to the instability of the a

FIG. 8. The switching behaviors of a1/a2 domains in PbTiO3 epitaxial thin films under typical substrate strains. Contour maps of free
energy for a1/a2 domains under misfit strains of (a) 0%, (b) 0.46%, and (c) 0.8%, and energy profiles with respect to P1 under misfit strains of
(d) 0%, (e) 0.46%, and (f) 0.8%. The insets in (d) illustrate the switching process of a1/a2 domains under electric field E3.
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FIG. 9. The substrate strain-dependent switching behaviors of
coexisting polydomains in PbTiO3 epitaxial thin films. Coercive
fields of (a) c/a domains, and (b) a1/a2 domains vary with substrate
strains. (c,d) are average coercive fields of ferroelastic and ferroelec-
tric switching of coexisting polydomains, respectively. Experiment
results from Refs. [10,17,23] in (c) are noted by red and black points
in (c) for comparison. The inserts in (a–c) illustrate the switching
process of c/a, a1/a2, and coexisting polydomains.

domains. The lateral switching behavior between two a do-
mains can be driven by the in-plane electric field, as illustrated
in earlier studies [53]. The decrease of the in-plane barrier
suggests the in-plane driving voltage could be reduced by
strain engineering.

To further study the switching behavior of a1/a2 domains
under a vertical electric field, the contour maps and the energy
profiles extracted along the energy valley with respect to P1

are shown in Fig. 8. The extracted path is shown with lines and
arrows in Figs. 8(a)–8(c). The existing a1/a2 domains switch
to c domains to form a c/a domain structure, which is similar
within the strain regime of 0%–0.8%. Two coercive fields in
two-step 90◦ switching processes increase with tensile strain
due to the stability of a domains as shown in Figs. 8(d)–8(f).

The strain dependence of the coercive fields is given in
Fig. 9. Results show that both c/a and a1/a2 domains ex-
perience the two-step ferroelastic switching process near the
phase boundary. There are sharp changes for these two co-
ercive fields as shown in Figs. 9(c)–9(d). The average E90

c
decreases from 148 MV/m under a substrate strain of 0% to
60 MV/m under the critical substrate strain of 0.46%, which
is quite coincident with the experiment results as noted by the
black dots in Fig. 9(c). It is the same for E180

c which decreases
sharply down to 50% under the misfit strain of 0.46%, imply-
ing the easy switching between coexisting domain structures
near the phase boundary [23].

In summary, we study the ferroelastic and ferroelectric
switching of coexisting domains in ferroelectric lead-titanate
thin films within the framework of Landau’s phenomenologi-
cal theory. The corresponding coercive fields in PbTiO3 films
are compared with the consideration of elastic interactions.
Results show that the coercive field can be reduced up to
50% under the critical strain of 0.46%. Our results indicate
an efficient way to reduce the coercive field by introducing
domain coexistence near the critical boundary.
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