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Landau-Ginzburg-Devonshire theory has been used to show that the combined effect
of flexoelectricity and rotostriction can lead to a spontaneous polarization and pyro-
electricity in the vicinity of antiphase boundaries, structural twin walls, surfaces, and
interfaces in the octahedrally tilted phase of otherwise non-ferroelectric SrTiO3. In par-
ticular, the spontaneous polarization reaches the values ∼0.1–5μC/cm2 at the SrTiO3

antiphase boundaries and twins without free charges. In the current study we consider
the contribution of free charges and show that the spontaneous polarization reaches
the values ∼1–5μC/cm2 in the case. Pyroelectric coefficients also strongly increase
allowing for the free charges.

Keywords Flexoelectric effect; antiferrodistortive phase; antiphase and twin
boundaries

I. Introduction

Multiferroic domain walls and interfaces typically possess gradients of order parameters,
such as strain, octahedral rotations, polarization, and magnetization, which can couple to
induce new phenomena not present in a single-domain region of bulk material [1]. The
influence of strain [2] and strain gradients [3–5] in inducing ferroelectric polarization is
well known. Recently, improper ferroelectricity induced by coupling to octahedral rotations
has been predicted in YMnO3 [6], Ca3Mn2O7 [7], CaTiO3 [8, 9], and their multilayers [10].

Domain walls in perovskite oxides can possess both gradients in strain and in oxygen
octahedral rotations. Note that all materials are flexoelectrics [11], and all perovskite
oxides with static rotations (such as octahedral rotations which is also the case of the
antiferrodistortive order parameter possess rotostriction and rotosymmetry [12].
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Flexoelectric Polarization of Structural Domain Walls 33

The flexoelectric coupling, which is strong enough in many perovskites [13–17],
should lead to the spontaneous polarization appearance across the structural domains walls
of otherwise non-ferroelectric perovskites. Direct gradient coupling between the order pa-
rameters could lead to the oscillatory solutions and non-uniform pattern formation [18, 19].

It has been previously predicted that a spontaneous polarization can appear inside struc-
tural walls due to biquadratic coupling term [20], but it is absent in the bulk. The biquadratic
coupling term can be the reason of magnetization appearance inside the ferromagnetic do-
main wall in non-ferromagnetic media [21]. Biquadratic coupling leads to a polarization
appearance inside antiphase boundaries in SrTiO3 below 50 K [22]. However, Zubko et al.
[23] experimentally observed strong changes of the apparent flexoelectric coefficient in
SrTiO3 at much higher temperatures, namely below the antiferrodistortive structural phase
transition temperature (105 K), and supposed its reason in the polarization appearance at
the domain walls between twins. Recent experimental studies of domain wall damping and
elastic softening of twin walls in SrTiO3 reveals their polar properties and evidences that
ferroelastic domain walls in SrTiO3 become ferroelectric at low temperatures [24].

The joint action of flexoelectric effect and rotostriction (previously named roto-flexo-
effect) can lead to spontaneous polarization at an interface, across which the octahedral
rotations change [25–27]. In particular, it was predicted that the roto-flexo field gives
rise to improper ferroelectricity and pyroelectricity in the vicinity of antiferrodistortive
boundaries and elastic twins in bulk SrTiO3 [25], as well as in the vicinity of semi-infinite
SrTiO3 surface below 105 K [26] and its thin films [27]. In the work we theoretically
study the influence of the contribution of free charges on the improper polarization and
pyroelectric response induced by flexo-roto effects in the SrTiO3 structural hard and easy
twin boundaries (TB) and antiphase boundaries (APB).

II. Problem Statement and Basic Equations

Following Tagantsev et al. [22], the free energy density has the form [25]:

Fb = ai (T ) P 2
i + au

ijP
2
i P 2

j + ... + gijkl

2

(
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)
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(
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2
uijukl

+ bi (T ) �2
i + bu

ij�
2
i �

2
j − ηu

ijklPiPj�k�l + vijkl

2

(
∂�i

∂xj

∂�k

∂xl

)

− r
(�)
ijkluij�k�l + fijkl

2

(
∂Pk

∂xl

uij − Pk

∂uij
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Pi is polarization vector, �i is the components of an axial tilt vector corresponding to the
octahedral rotation angles (i = 1, 2, 3) [12], τ d

i is de-elastification torque [12]; uij (x) is the
strain tensor. The summation is performed over all repeated indices.

Coefficients ai (T ) and bi (T ) depend on temperature in accordance with Barrett law
for quantum paraelectrics [28, 29]: a1(T ) = αT T (E)

q (coth(T (E)
q /T ) − coth(T (E)

q /T
(E)

0 )) and
b1(T ) = βT T (�)

q (coth(T (�)
q /T ) − coth(T (�)

q /TS)). Gradients coefficients are gijkl and vijkl;
fijkl is the forth-rank tensor of flexoelectric coupling, qijkl is the forth-rank electrostriction

tensor, r
(�)
ijkl is the rotostriction tensor. The biquadratic coupling term, ηijklPiPj�k�l ,
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34 A. N. Morozovska et al.

Figure 1. Spontaneous polarization distribution across easy APB calculated at temperatures T = 20 K
(a) and 80 K (b) for SrTiO3 parameters; concentration of free carriers n0 = 1026 m−3. Perpendicular
to APB component P3-odd (dotted curves) and P3-even (solid curves) are calculated for nonzero
flexoelectric effect Fij �= 0 and biquadratic coupling ηij �= 0 (curves 3, 4) and for the case of nonzero
biquadratic coupling ηij �= 0 and zero flexoelectric effect Fij ≡ 0 (curves 1, 2).

between �i and polarization vector components Pi are defined by the constants ηijkl [22,
30]; r

(�)
ijkl is rotostriction tensor, fijkl is the flexoelectric effect tensor.

Coupled Euler-Lagrange equations of state are obtained from the minimization of the
free energy (1) as [25]:

∂Fb

∂�i

− ∂

∂xj

⎛
⎝ ∂Fb

∂
(
∂�i

/
∂xj

)
⎞
⎠ = 0 (2a)

Figure 2. Temperature dependences of the spontaneous polarization maximal value (a) and (b)
corresponding pyroelectric coefficient �3 calculated at easy APB in SrTiO3 with concentration of
free carriers n0 = 1026 m−3. Temperature dependences are calculated for nonzero flexoelectric effect
Fij �= 0 and biquadratic coupling ηij �= 0 (curves 3, 4) and for the case of nonzero biquadratic coupling
ηij �= 0 and zero flexoelectric effect Fij ≡ 0 (curves 1, 2). Curves 1–4 style and color coding for plots
(a, b) are the same and described in the legend to plot (a). Solid and dotted curves correspond to
P3-even and P3-odd solutions respectively.
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Flexoelectric Polarization of Structural Domain Walls 35

Figure 3. Spontaneous polarization distribution across hard APB calculated at temperatures T = 20 K
(a, b) and 80 K (c, d) for SrTiO3 parameters, concentration of free carriers n0 = 1026 m−3. Polarization
components perpendicular (P1) and parallel (P3) to APB are shown. P1-odd (dotted curves) and P1-
even (solid curves) are calculated for nonzero flexoelectric effect Fij �= 0 and biquadratic coupling
ηij �= 0 (curves 3, 4) and for the case of nonzero biquadratic coupling ηij �= 0 and zero flexoelectric
effect Fij ≡ 0 (curves 1, 2). Curves 1–4 style and color coding for plots (a-d) are the same and
described in the legend to plot (a).

∂Fb

∂Pi

− ∂

∂xj

⎛
⎝ ∂Fb

∂
(
∂Pi

/
∂xj

)
⎞
⎠ = 0 (2b)

∂Fb

∂uij

− ∂

∂xk

⎛
⎝ ∂Fb

∂
(
∂uij

/
∂xk

)
⎞
⎠ = σij (2c)

where σij (x) is the stress tensor that satisfies mechanical equilibrium equation
∂σij t(x)/∂xj = 0. Stable solutions of the Euler-Lagrange Eq. (2) were obtained numer-
ically by iteration method. We set initial distributions of the tilt and polarization vectors,
which satisfy the boundary conditions. Special attention was paid to the parity of the ob-
tained polarization distributions, namely we consider both odd and even initial polarization
distributions with respect to the domain wall plane. Iterations were stopped, when the
relative tolerance reached the value 10−5.
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36 A. N. Morozovska et al.

Figure 4. Temperature dependences of maximal values of spontaneous polarization components P3

and P1 (a, b) and corresponding pyroelectric coefficient components �3 and �1 (c, d) calculated at
hard APB for SrTiO3, concentration of free carriers n0 = 1026 m−3. Temperature dependences are
calculated for nonzero flexoelectric effect Fij �= 0 and biquadratic coupling ηij �= 0 (curves 3, 4) and
for the case of nonzero biquadratic coupling ηij �= 0 and zero flexoelectric effect Fij ≡ 0 (curves 1,
2). Curves 1–4 style and color coding for plots (a, b) are the same and described in the legend to plot
(a). Solid and dotted curves correspond to P3-even and P3-odd solutions, respectively.

In the previous studies [25–27] we considered SrTiO3 without free carriers and so de-
polarization effects were maximal. However, one can govern the free carriers concentration
in SrTiO3, as well as in other tilted perovskites, e.g. by varying concentration of the oxygen
vacancies. For instance, experimental data [31, 32] report about weakly temperature depen-
dent concentration of free carriers in SrTiO3 that vary in the range n0 = (1022–5·1026)m−3

depending on the amount of oxygen vacancies. So the question about the influence of
free carriers on the spontaneous polarization and pyroelectric response of the antiphase
boundaries should be studied in details. In the section we perform numerical simulations
of interfacial polarization and pyroelectric response for “relatively good” semiconductor
SrTiO3 with n0 = (1024–1026)m−3 (but still not approaching the border of highly conductive
media with n0 > 1028m−3) and compare obtained dependences with ones calculated in the
previous section for dielectric SrTiO3.
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Flexoelectric Polarization of Structural Domain Walls 37

Figure 5. Spontaneous polarization distribution across easy TB calculated at temperatures T = 15 K
(a, b) and 80 K (c, d) for SrTiO3 parameters, concentration of free carriers n0 = 1026 m−3. Polarization
components perpendicular (P̃1) and parallel (P̃2) to TB are shown. P̃1-odd (dotted curves) and P̃1-even
(solid curves) are calculated for nonzero flexoelectric effect Fij �= 0 and biquadratic coupling ηij �= 0
(curves 3, 4) and for the case of nonzero biquadratic coupling ηij �= 0 and zero flexoelectric effect
Fij ≡ 0 (curves 1, 2). Curves 1–4 style and color coding for plots (a-d) are the same and described in
the legend to plot (a).

For semiconductor SrTiO3 the depolarization field Ed
i = −∂ϕ/∂xi inside the wall

should be determined from the Poisson equation:

∂2ϕ

∂x2
i

= − e

ε0εb
(N+

d (ϕ) − n(ϕ) + p(ϕ)) + ∂Pi

ε0εb∂xi

(3)

Ionized shallow donors N+
d (ϕ) (e.g. oxygen vacancies), and free electrons n(ϕ) and

holes p(ϕ) concentrations ϕ-dependence were taken the same as in Ref. [33]. In Debye ap-
proximation − e

ε0εb (N+
d − n + p) ≈ ϕ

R2
d

, where Rd = √
εbε0kBT /(2e2n0) is the “net” Debye

screening radius, reflecting the screening by free carriers accumulated around the domain
walls, n0 is the equilibrium average concentration of the free carriers, kB = 1.3807×10−23

J/K, where T is the absolute temperature. We checked the applicability of Debye approx-
imation during the numerical simulations of Eq. (3) and appeared that |eϕ| < kBT up to
10 K, making Debye approximation self-consistent in the wide temperature range.
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38 A. N. Morozovska et al.

Figure 6. Temperature dependences of spontaneous polarization components P̃1and P̃2 maximal
values (a, b) and corresponding pyroelectric coefficient components �̃1 and �̃2 (c, d) calculated at easy
TB for SrTiO3 parameters, concentration of free carriers n0 = 1026 m−3. Temperature dependences
are calculated for nonzero flexoelectric effect Fij �= 0 and biquadratic coupling ηij �= 0 (curves 3, 4)
and for the case of nonzero biquadratic coupling ηij �= 0 and zero flexoelectric effect Fij ≡ 0 (curves
1, 2). Curves 1–4 style and color coding for plots (a, b) are the same and described in the legend to
plot (a). Solid and dotted curves correspond to P̃1-even and P̃1-odd solutions, respectively.

III. Free Carriers Impact on the Interfacial Polarization
and Pyroelectric Response

Spontaneous polarization distributions across easy and hard APB are shown in Figs. 1
and 3, correspondingly. Temperature dependences of the spontaneous polarization max-
imal value and pyroelectric response coefficients are shown in Figs. 2 and 4, corre-
spondingly. Spontaneous polarization components distributions across easy and hard
TB are shown in Figs. 5 and 7, correspondingly. Temperature dependences of the po-
larization maximal values and pyroelectric coefficients are shown in Figs. 6 and 8,
correspondingly.

Interfacial polarization spatial distribution and its temperature behavior calculated for
semiconductor SrTiO3 with n0 = (1024–1026)m−3 appeared semi-qualitatively similar to
the ones calculated for dielectric SrTiO3 [25]. Naturally, free electrons and mobile oxygen
vacancies effectively screen the depolarization field across polar interfaces and strongly
enhance the components of interfacial polarization conjugated with depolarization field.
Thus, several other important differences exist:
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Flexoelectric Polarization of Structural Domain Walls 39

Figure 7. Spontaneous polarization distribution across hard TB calculated at temperatures T = 15 K
(a, b) and 80 K (c, d) for SrTiO3 parameters, concentration of free carriers n0 = 1026 m−3. Polarization
components perpendicular (P̃1) and parallel (P̃2) to TB are shown. P̃1-odd (dotted curves) and P̃1-even
(solid curves) are calculated for nonzero flexoelectric effect Fij �= 0 and biquadratic coupling ηij �= 0
(curves 3, 4) and for the case of nonzero biquadratic coupling ηij �= 0 and zero flexoelectric effect
Fij ≡ 0 (curves 1, 2). Curves 1–4 style and color coding for plots (a-d) are the same and described in
the legend to plot (a).

1) Numerical values of polarization and pyroelectric response across easy APB and
easy TB appeared much higher (up to 100 times for n0 = 1026 m−3!) for semicon-
ductor SrTiO3 than for the dielectric one (compare Figs. 1–8 with results presented
in Ref. [25]). The polarization component, that is perpendicular to the wall plane,
increases with the carrier concentration increase due to much smaller depolarization
field, which decrease comes from the screening carriers.

2) The values of polarization component parallel to the hard APB or hard TB plane
also increase (up to 10 times at higher temperatures) with the carrier concentration
increase. Since the component is not directly affected by the depolarization field,
the increase originated from the coupling with parallel component (compare Figs. 3
and 7with figures from Ref. [25], correspondingly).

3) The wall width of easy APB and TB (as well as the width of the polarization
component perpendicular to the hard APB or TB plane) significantly increases in the
semiconductor SrTiO3, up to 5 times for the polarization component perpendicular
to the wall plane (compare x-axes scale in Figs. 1, 3, 5, 7 with the ones in Ref. [25]).
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40 A. N. Morozovska et al.

Figure 8. Temperature dependences of spontaneous polarization components P̃1 and P̃2 maximal
values (a, b) and corresponding pyroelectric coefficient components �̃1 and �̃2 (c, d) calculated at hard
TB for SrTiO3 parameters, concentration of free carriers n0 = 1026 m−3. Temperature dependences
are calculated for nonzero flexoelectric effect Fij �= 0 and biquadratic coupling ηij �= 0 (curves 3,
4) and for the case of nonzero biquadratic coupling ηij �= 0 and zero flexoelectric effect Fij ≡
0 (curves 1, 2). Curves 1–4 style and color coding for plots (a, b) are the same and described
in the legend to plot (a). Solid and dotted curves correspond to P̃1-even and P̃1-odd solutions,
respectively.

The reason for the width increase with free carriers concentration increase is the
depolarization field decrease. The parallel component depends on the perpendicular
one via the biquadratic coupling terms, therefore the wall width of the polarization
component parallel to the hard APB and hard TB also increases with the carriers
concentration increase, but the effect is weaker.

4) Temperature dependence of the maximal polarization at easy APB or TB (as well
as the polarization component perpendicular to the hard APB or TB plane) has
no saturation at low temperatures in semiconductor SrTiO3, in contrast to the
dielectric SrTiO3 (see e.g. Figs. 2, 4, 6, 8 and compare with Ref. [25]). More-
over, maximal polarization of easy antiphase boundaries super-linearly increases
with the temperature decrease. The increase originated from the decrease of the
depolarization field with the temperature increase. Really, in accordance with
Debye equation ∂2ϕ

∂x2
i

≈ ϕ

R2
d

+ ∂Pi

ε0εb∂xi

for depolarization field Ed
i = −∂ϕ/∂xi , the
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Flexoelectric Polarization of Structural Domain Walls 41

field decreases with the temperature increase, since the Debye screening radius
Rd = √

εbε0kBT /(2e2n0) decreases.
5) Pyroelectric coefficients increase with free carrier concentration increase and

demonstrate additional peculiarities (maxima and minima) at temperatures below
the effective Curie temperatures. Pyroelectric coefficients of easy antiphase bound-
aries super-linearly increase with the temperature decrease, since the polarization
increases with the temperature decrease via the decrease of the Debye screening
radius.

It is seen from Fig. 9a that APB energy is rather weakly dependent on the polarization
distribution and its screening conditions. It is seen from Fig. 9b that TB energy looks
almost independent on these factors, since the polarization component perpendicular to the
TB plane is very small. The explanation is the weak dependence of the wall energy on the
electric contribution. Relative electric energies of the APBs counted from the lowest P3-odd

Figure 9. Energies of (a) antiphase and (b) twin boundaries vs. temperature calculated for SrTiO3

with concentration of free carriers n0 = 1026 m−3. Relative electric energies of easy (c) and hard
(d) APBs counted from the lowest P3-odd solution (curves 3 on plots (a) and (b)). Temperature
dependences are calculated for nonzero flexoelectric effect Fij �= 0 and biquadratic coupling ηij �= 0
(curves 3, 4) and for the case of nonzero biquadratic coupling ηij �= 0 and zero flexoelectric effect
Fij ≡ 0 (curves 1, 2). Solid and dotted curves correspond to P3-even and P3-odd solutions respectively.
Curves 1–4 style and color coding for plots (a-d) are the same and described in the legend to plot (a).
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42 A. N. Morozovska et al.

Table 1
Influence of the free carriers concentration n0.

Polarization and
pyro-coefficients

Hard 180-degree tilt
APB and Hard

90-degree tilt TB
Easy 180-degree tilt APB and

Easy 90-degree tilt TB

Parallel components P ‖
and � ‖

Increase with n0 increase Identically zero for easy APB
Appear for easy TB and
increases with n0 increase

Perpendicular
components P⊥ and
�⊥

Strongly increase with
n0 increase due to the
depolarization field
decrease

Strongly increase with n0

increase due to the
depolarization field
decrease

solution (curves 3 on plots (a) and (b)) are shown in Figs. 9c and 9d for easy and hard
APBs, correspondingly. Similarly to the case of dielectric SrTiO3, P3-even polarization
distributions have the highest energy, but the electric energy difference between all types of
polarization solutions is very small and super-linearly decreases with temperature increase;
for TB (not shown) the difference is even smaller than for APB.

IV. Conclusions

Flexoelectric and rotostriction effects, which can give rise to the appearance of improper
spontaneous polarization and pyroelectricity across APB and TB in SrTiO3 [25–27], are
facilitated by the presence of free carriers (Table 1). Free electrons and mobile oxygen
vacancies can effectively screen the depolarization field across polar interfaces and strongly
enhance the components of interfacial polarization conjugated with depolarization field.
The spontaneous polarization reaches the values ∼0.1–5μC/cm2 at the SrTiO3 antidistortive
and twin boundaries without free charges [25] and ∼1–5 μC/cm2 allowing for free charges.
Our theoretical results are in qualitative agreement with experimental results [23, 24].
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