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Intrinsic polarization switching in BaTiO3 crystal under uniaxial electromechanical loading
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Both 180◦ and 90◦ intrinsic polarization switching (IPS) in BaTiO3 crystal were investigated by Landau-
Ginzburg-Devonshire (LGD) theory under combined electric field and stress loading. Results show that for
180◦ PS, the coercive electric field (E180◦

IC ) increases under tension but decreases under compression with
increasing stresses. The 90◦ PS was classified into two types. For type I 90◦ PS, EI (90◦)

IC increases under tension but
decreases under compression with increasing stresses, similar to 180◦ PS; while for type II 90◦ PS, an opposite
variation trend is observed. (The definition of the type I and the type II 90◦ PS is given in the text.) Additionally,
the calculation demonstrates that under tensile stresses or under compressive stresses between −140 and 0 MPa,
the electric field needed to drive both types of 90◦ PS is smaller than that needed for driving 180◦ PS, implying
that 180◦ PS is favorable to accomplish by two-step 90◦ PS. As EIC refers to 180◦ PS in the past investigations,
these demonstrate that the EIC calculated by others may be overestimated. Moreover, the coercive stresses needed
to drive 90◦ ferroelastic IPS was also calculated as a function of preloading bias electric fields.
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I. INTRODUCTION

Polarization switching (PS) in ferroelectrics is a very com-
plicated inhomogeneous process, which normally includes
three stages: (i) nucleation of domains, in which the unit cells
have different polarization directions compared to their initial
state; (ii) forward growth; and (iii) sideways motion of the
new formed domains [1–5]. However, such nucleation and
domain wall motion dominated processes are not the only
way of PS. Landau and Lifshitz pointed out that simultaneous
reversal of all local dipoles without involving domain walls
is also possible [6,7]. This type of PS was usually called
intrinsic polarization switching (IPS) or “Landau switching”
[8]. In general, the magnitude of the electric fields required to
drive IPS (EIC) is two to three orders higher than the coercive
electric fields observed (EC) in experiment. This situation is
very similar to the paradox found by Landauer in 1957 [9]. He
analyzed the domain nucleation processes in BaTiO3 crystal,
and found that even if a nucleus with reversed polarization
direction can come into existence under low electric field, with
the help of some localized effects such as defects and surface
charges, the newly formed domains are not free to expand.

This discrepancy between EC and EIC has puzzled ferro-
electricians for many years. Recently, along with the develop-
ment of technologies on fabricating ultrathin ferroelectric films
as well as the advancements in experimental apparatus, some
investigations concerning IPS resurfaced. Bune et al. [10]
fabricated ultrathin vinylidene fluoride copolymer films by
Langmuir-Blodgett (LB) deposition, and then they measured
the polarization response of these films. Results show that
when the thickness of LB polymer films is below 15 nm,
the measured EC is in good agreement with the calculated
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EIC . Based on the experimental results, they stated that they
realized IPS in LB polymer films. However, this statement had
been questioned on different grounds by others [11,12]. At
present, the large EC observed in their experiment is thought
to be induced by the presence of a conductive nonferroelectric
layer at the film-electrode interface [13]. Recently, by applying
chemical potential rather than electric field, Highland et al.
[14] stated they realized domain-free polarization switching in
a 4.9-nm-thick PbTiO3 film. But later they found that a stable
nonpolar phase can exist between the positive and the negative
polar states when varying the external chemical potential
[15], implying that PS induced by chemical potential is quite
different from that caused by electric field. In addition, some
attempts were also conducted by others [16–19]; however, IPS
in ferroelectrics is still yet to be realized experimentally [8].

It should be noted that in the past investigations, EIC

refers to 180◦ PS. However, in practicality, besides 180◦ PS,
non-180◦ PS also exists [20]. Taking BaTiO3 as an example,
at room temperature, it is in tetrahedral phase and has six
equivalent variants [Fig. 1(a)] [20]. Figure 1(b) shows its
Gibbs free energy (�G) profile at 25 °C. The potential wells
(point A, point B, point C, and point D) represent the possible
existing variants. The value of the polarizations where the
potential wells exist means the spontaneous polarization (P0).
When we apply proper electric fields along the P3 direction,
−P3 can switch to P1/−P1 or P2/−P2 along the road of
A → B or A → D by 90◦ PS (hereafter this type of 90◦ PS
is referred to as type I 90◦ IPS); additionally, P1/−P1 and
P2/−P2 can switch to P3 along the road of D → C and
B → C by 90◦ PS (hereafter this type of 90◦ PS is referred
to as type II 90◦ IPS). Furthermore, our recent investigation
demonstrated that the electric fields needed to drive the type
II 90◦ PS are significantly smaller than that needed for driving
180◦ PS. However, the type I 90◦ PS was not investigated in
that work [19]. So here comes a question: if we applied electric
fields antiparallel to the polarization direction of ferroelectrics,
can 180◦ PS be accomplished by two-step 90◦ PS along the
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FIG. 1. (a) Crystal structure of BaTiO3 crystal in tetragonal phase.
The solid red arrow line represents the polarization state; the dashed
red arrow lines represent the equivalent possible polarization state.
(b) The Gibbs free energy profile of BaTiO3 crystal at 25 °C. (c)
Illustration of loading condition. Under electric field loading, P1 and
−P1 will rotate along the electric field direction, and therefore P ′

3

appears. For simplicity, P2 and −P2 were not plotted out.

road of A → B → C or A → D → C instead of the road of
A → C? Motivated by this question, in this work, both 180◦
and 90◦ PS in BaTiO3 were investigated by Landau-Ginzburg-
Devonshire (LGD) theory under uniaxial electromechanical
loading [Fig. 1(c)]. Results show that under tensile stresses

or under compressive stresses between −140 and 0 MPa,
the electric field needed to drive both types of 90◦ PS is
smaller than that needed for 180◦ IPS, implying that 180◦PS
is favorable to accomplish by two-step 90◦ PS. In addition, the
coercive stresses needed to drive 90◦ PS were also calculated.

II. LANDAU DEVONSHIRE THERMODYNAMICS
POTENTIAL

Using the cubic paraelectric phase as the reference, the free
energy of BaTiO3 crystal as a function of polarization and
stress can be written as [6]
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where P1, P2, and P3 mean the polarizations; α12, α111,
α112, and α123 are constant coefficients; α1 and α11 are
temperature dependent, which are 3.3(T − 110) × 105 and
3.6(T − 175) × 106(V m C−1), respectively. Under electrome-
chanical loading, instead of fLGD, we should consider the
Gibbs free energy
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Here σ1, σ2, σ3, σ4, σ5, and σ6 represent the applied
stresses; E1, E2, and E3 are the applied electric field; s11,
s12, and s44 mean the elastic compliance constants of BaTiO3

crystal in the cubic phase and Q11, Q12, and Q44 are the
corresponding electrostrictive coefficients. The value of the
coefficients mentioned above is given in Table I. In the follow-
ing discussions, − 1

2 s11(σ 2
1 + σ 2

2 + σ 2
3 ) − 1

2 s12(σ1σ2 + σ2σ3 +
σ3σ1) − 1

2 s12(σ 2
4 + σ 2

5 + σ 2
6 ) was ignored, as we focus on PS

in ferroelectrics and this part does not influence the PS process.

III. RESULTS AND DISCUSSIONS

For 180◦ PS, the expression of the Gibbs free energy can
be written as �G = α1P

2
3 + α11P

4
3 + α111P

6
3 − Q11σ3P

2
3 −

E3P3. Figure 2(a) illustrates the Gibbs free energy versus
polarization curves of BaTiO3 crystal under different electric
fields without or with compressive stresses of −100 MPa.
When we applied electric fields along the P3 direction, the left
part of the �G versus polarization curves lifts but the right
part declines with increasing electric field. Simultaneously,
the potential wells evolve with the change of the applied
electric field. When the electric field reaches 15.8 MV/mm,
the left potential well becomes unstable. The electric field
at which the left potential well becomes unstable is called the

184108-2



INTRINSIC POLARIZATION SWITCHING IN BaTiO3 PHYSICAL REVIEW B 94, 184108 (2016)

TABLE I. Values of the normalized coefficients of BaTiO3 crystal at 25 ◦C [21].

α1 α11 α12 α111 α112 α123 s11 s12 s44 Q11 Q12 Q44

−0.2805×107 −5.4×108 4.9×108 6.6×109 2.9×109 3.678×1010 8.3×10−12 −2.7×10−12 9.24×10−12 0.11 −0.043 0.059
Vm C−1 Vm5 C−3 Vm5 C−3 Vm9 C−5 Vm9 C−5 Vm9 C−5 m2 N−1 m2 N−1 m2 N−1 m4 C−2 m4 C−2 m4 C−2

180◦ intrinsic coercive electric field (E180◦
IC ). With compressive

stresses of −100 MPa, all the �G versus polarization curves
lift, demonstrating the polarization state of ferroelectrics can
be influenced by stresses. Simultaneously, E180◦

IC decreases
from 15.8 to 11.6 MV/mm.

Similarly, if a negative electric field was applied, the right
potential wall would become unstable when the electric field
reaches −E180◦

IC . Consequently, under a cyclic electric field
loading, BaTiO3 crystal shows electric field versus polarization
(E-P) loops. Figure 2(b) shows the calculated E-P loops of
BaTiO3 crystal under various preloading compressive stresses,
from which we can see that E180◦

IC increases under tension but
decreases under compression with increasing stresses. Here it
should be noted that in this part we only considered 180◦ PS,
and did not think about the possibility of 90◦ PS. However,
in fact, the compressive stress can induce 90◦ PS when the
stresses reach −224 MPa. Such 90◦ PS has been observed
in phase field modeling by Wu et al. [22] and will also be
discussed later in this paper.

For 90◦ PS, Eq. (2) should be used. Figure 3 shows the
Gibbs free energy profile of BaTiO3 crystal under electric
fields of 2.9, 15.2, and 15.8 MV/m. When the electric field
reaches 2.9 MV/m, potential wells of B and D become
unstable, demonstrating the type II 90◦ IPS happened. When
the electric fields increase to 15.2 MV/m, the potential well
of A becomes a saddle point. Although −P3 cannot switch
to P3 along the road of A → C, it can switch to P3 along the
road of A → B → C or A → D → C. When the electric field
increases to E180◦

IC (15.8 MV/m), −P3 switches to P3 along the
road of A → C, implying 180◦ PS can happen.

Figures 4(a) and 4(b) show the evolution of polarizations
as a function of electric field without, and with compressive
stresses of −50 MPa, respectively. Different from 180◦ PS,
P1 and −P1 will rotate along the electric field direction,
and therefore P ′

3 appears. The definition of P ′
3 is given

in Fig. 1(b). (As P2 and −P2 overlap with P1 and −P1,
P2 and −P2 were not plotted out in Figs. 4(a) and 4(b).
By comparing Figs. 4(a) and 4(b), it can be seen that the
electric field needed to drive both types of 90◦ IPS can be
significantly influenced by stresses. With compressive stresses
of −50 MPa, E

I (90◦)
IC decreases from 15.2 to 12.7 MV/m. For

E
II (90◦)
IC , it increases from 2.9 to 4.2 MV/m.
Figure 4(c) shows the calculated E

I (90◦)
IC and E

II (90◦)
IC under

different stresses. For comparison, the evolution of E180◦
IC as a

function of stresses was also plotted out. It can be seen that
under tension, E

I (90◦)
IC increases but E

II (90◦)
IC decreases with

increasing stresses. Under compression, an opposite variation
trend is observed for E

I (90◦)
IC and E

II (90◦)
IC . Furthermore, the

figure demonstrates that under tensile stresses or under
compressive stresses between −140 and 0 MPa, both E

I (90◦)
IC

and E
II (90◦)
IC are smaller than E180◦

IC , implying that 180◦ are
favorable to accomplish by two-step 90◦ PS. As EIC refers to
180◦ PS in the past investigations, these demonstrate that the
E180◦

IC calculated by others may be overestimated.
In fact, some experimental results have revealed that in

some situations, 180◦ PS is achieved by two-step 90◦ PS in
ferroelectrics during electric field loading. For instance, Jiang
et al. [23] and Li et al. [24] in situ investigated 180◦ PS in
BaTiO3 crystal, and found that under antiparallel electric field

FIG. 2. (a) The Gibbs free energy of BaTiO3 crystal under combined stress and electric field loading. The solid curves and symbol lines
represent the Gibbs free energy versus polarization curves under different electric fields without or with preloading compressive stresses of
−100 MPa, respectively. (b) The electric field versus polarization (E-P) loops of BaTiO3 crystal under different preloading stresses.
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FIG. 3. The Gibbs free energy profile of BaTiO3 crystal under
different electric fields: (a) 2.9 MV/m, (b) 15.2 MV/m, and
(c) 15.8 MV/m.

loading, 180◦ PS was accomplished by two-step 90◦ domain
switching, except in a perfectly poled specimen. Additionally,
the electric field versus strain curves of Lead Zirconate Titanate
(PZT) ceramics always show two long tails under certain cyclic
electric field loading, demonstrating that a large amount of
non-180◦ PS happened [25,26].

Different from 180◦ PS, 90◦ PS can also be induced by
pure stress loading. Figures 5(a) and 5(b) show the Gibbs free
energy profile of BaTiO3 crystal under compressive stresses
and tensile stresses of −224 and 180 MPa, respectively. When
the compressive stresses reach −224 MPa, potential wells of
A or C become unstable, and can switch to B or D by 90◦ PS.
That is why E

I (90◦)
IC decreases to zero at compressive stresses

of −224 MPa [Fig. 4(c)]. (In the following, this type of 90◦ PS

FIG. 4. The evolution of polarization in BaTiO3 crystal as a
function of electric field (a) without and (b) with compressive stresses
of −50 MPa. (c) The evolution of a coercive field in BaTiO3 crystal
as a function of stresses.

will be named as type I 90◦ ferroelastic IPS). Similarly, the
potential wells of B or D become unstable when the tensile
stresses reach 180 MPa. As a result, E

II (90◦)
IC decreases to zero

when the tensile stresses reach 180 MPa (this type of 90◦ PS
will be named as type II 90◦ ferroelastic IPS).

Additionally, the stresses needed to drive the 90◦ ferroe-
lastic PS can be influenced by electric fields. Figures 6(a)
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FIG. 5. The Gibbs free energy profile of BaTiO3 crystal (a) under
compressive stresses of −224 MPa and (b) under tensile stresses of
180 MPa.

and 6(b) show the polarizations of BaTiO3 under different
stresses without and with preloading electric fields of 2 MV/m,
respectively. It can be seen that with preloading an electric
field of 2 MV/m, the stresses needed to drive P1/−P1 to
P3 (σ II (90◦)

IC(P1/−P1→P3)) decreases from 180 to 40 MPa; the stresses

needed to drive −P3 to P1 or −P1(σ I (90◦)
IC(−P3→P1/−P1)) decreases

from −224 to −200 MPa; the stresses needed to drive P3 to P1

or −P1 (σ I (90◦)
IC(P3→P1/−P1)) increases from −224 to −250 MPa.

Figure 6(c) shows the evolution of σIC as a function of
preloading electric fields. For σ

II (90◦)
IC(P1/−P1→P3), it decreases

with increasing electric fields. When the electric field reaches
2.8 MV/m, σ

II (90◦)
IC(P1/−P1→P3) decreases to zero. This is because

when the electric field reaches 2.8 MV/m, the potential
wells of B or D become unstable, and can be driven to the
potential wells of A or C by an electric field [Fig. 4(c)].
For σ

I (90◦)
IC(−P3→P1/−P1), it increases with increasing the electric

field. When the electric field increases to 15.2 MV/m,
σ

I (90◦)
IC(−P3→P1/−P1) increases to zero, as P3 can be driven to P1 or

−P1 by electric fields; while for σ
I (90◦)
IC(P3→P1/−P1), it decreases

with increasing the preloading electric field.
It should be noted that the Gibbs free energy of Eq. (2)

excludes the gradient-related domain wall energy and the
depolarization energy for inhomogeneous polarization dis-
tribution in ferroelectric materials. However, in practicality,
the PS process is inevitably inhomogeneous [27]. In order to

FIG. 6. The evolution of polarizations in BaTiO3 crystal (a) under
pure mechanical loading and (b) with preloading electric fields of
2 MV/m. (c) The evolution of coercive stress of BaTiO3 crystal as a
function of electric fields.

investigate the effect of domain wall [28–30] and depolariza-
tion energy [31] on the polarization switching behavior, as an
example, we conduct phase field simulations on the 180◦ PS in
a BaTiO3 partial with dimension of 20 nm × 20 nm × 16 nm
under different preloading compressive stresses. In the phase
field model, the domain wall energy is included and described
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FIG. 7. (a) Electric field versus polarization curves simulated by a
phase field model under different preloading compressive stresses. (b)
Domain structure evolution process in BaTiO3 crystal under electric
field loading with compressive stress of −100 MPa.

as a function of polarization gradient,

fgrad = 1
2G11

(
P 2

1,1 + P 2
2,2 + P 2

3,3

) + G12(P1,1P2,2

+P2,2P3,3 + P1,1P3,3) + 1
2G44[(P1,2 + P2,1)2

+ (P2,3 + P3,2)2 + (P1,3 + P3,1)2]

+ 1
2G′

44[(P1,2 − P2,1)2

+ (P2,3 − P3,2)2 + (P1,3 − P3,1)2], (3)

where G11, G12, G44, and G′
44 are the gradient energy

coefficients. For BaTiO3, G11 = 2.76 × 10−10, G12 = 0,
G44 = G′

44 = 1.38 × 10−10(m4 N C−2) are employed in the
present study [17]. The depolarization energy is included in
the phase field model by the self-consistent calculation of
internal electric fields in the Gibbs free energy of Eq. (2) based
on Maxwell’s equations Di,i = 0 (i = 1,2,3). The stresses are
self-consistently calculated from the mechanical equilibrium

equations of σij,j = 0 (i,j = 1,2,3). The total energy includes
the Gibbs free energy of Eq. (2) and the domain wall energy
of Eq. (3). In the phase field model, the temporal evolution
of spatially inhomogeneous polarization can be obtained
by minimizing the total free energy, which is described by
the following time-dependent Ginzburg-Landau (TDGL)
equation,

∂Pi(r,t)

∂t
= −L

δF

δPi(r,t)
(i = 1,2,3), (4)

where L is the kinetic coefficient, and F = ∫
V

(�G + fgrad)dv

is the total free energy of the simulated system. The variation
of δF/δPi(r,t) at the right-hand side of Eq. (4) represents
the thermodynamic driving force for the spatial and temporal
evolution of polarization, r = (x1,x2,x3) denotes the spatial
vector, and t is time. The mechanical equilibrium equations,
Maxwell’s equations, and TDGL equations are solved by the
finite element method, in which an eight-node brick element
with seven degrees of freedom at each node is employed for
the space discretization, and the backward Euler iteration
method is adopted for the time integration [17].

Figure 7 shows the results of phase field simulations on the
180◦ PS under different preloading compressive stresses. The
calculated coercive electric fields were 8.6 MV/m (0 MPa),
4.5 MV/m (−100 MPa), and 2.5 MV/m (−200 MPa), which
were slightly smaller than the coercive electric fields calculated
by Eq. (2). This demonstrates that the depolarization fields
and the contribution of polarization gradient have influences
on the PS behavior in ferroelectrics, but are not critically
important. Additionally, at 90◦ PS, the changes of spontaneous
deformation can create significant difficulty in the scenario of
polarization reversal. For instance, the real sample is either
a ceramic plate or a thin epitaxial film. In such cases either
the interaction of individual ceramic grains or adhesion to
the substrate will hinder the 90◦ reorientation. However, as
a primary work, we consider the 90◦ reorientation of a free
BaTiO3 nanoparticle. Thus there is no clamping or its effect
on the switching process is negligibly weak, and therefore,
was not considered during the calculation.

IV. CONCLUSIONS

In summary, both 180◦ and 90◦ intrinsic polarization
switching in BaTiO3 crystal were investigated by LGD theory
under uniaxial electromechanical loading. Results show that
for 180◦ PS, it can be significantly influenced by stress. E180◦

IC

increases under tension but decreases under compression with
increasing stresses. For 90◦, it was classified into two types.
Similar to 180◦ intrinsic PS, EI (90◦)

IC increases under tension but
decreases under compression with increasing stresses; while
for the type II 90◦ PS, E

II (90◦)
IC shows an opposite variation

trend compared with E
I (90◦)
IC and E180◦

IC . Additionally, these
calculations demonstrate that under tensile stresses or under
compressive stresses in the range of −140 to 0 MPa, 90◦ PS
is easier than 180◦ PS. As a result, 180◦ PS is prone to be
accomplished by two-step 90◦ PS, which is inconsistent with
the results observed in experiment. As EIC refers to 180◦ PS
in the past investigations, these demonstrate that the E180◦

IC

calculated by others may be overestimated. Moreover, the
coercive stress needed to drive 90◦ ferroelastic IPS was also
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calculated. Results show that the stresses needed to drive the
90◦ ferroelastic DS are preloading electric fields dependent.
σ

I (90◦)
IC(P3→P1/−P1) and σ

I I (90◦)
IC(P1/−P1→P3) decrease with increasing

electric fields; while for σ
I (90◦)
IC(−P3→P1/−P1), it increases with

increasing electric fields. Further, the effects of domain wall
and depolarization energy on the polarization switching be-
havior were also estimated by phase field simulations. Results
demonstrate that they have influences on PS in ferroelectrics,

but are not critically important. These results were thought to
be helpful for understanding the PS behavior in ferroelectrics.
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