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The ferroelectric response of bismuth titanate Bi4Ti3O12 (BIT) thin film is studied through a Monte Carlo simulation
of hysteresis loops. The ferroelectric system is described by using a Diffour Hamiltonian with three terms: the electric
field applied in the z direction, the nearest dipole–dipole interaction in the transversal (x–y) direction, and the nearest
dipole–dipole interaction in the direction perpendicular to the thin film (the z axis). In the sample construction, we take
into consideration the dipole orientations of the monoclinic and orthorhombic structures that can appear in BIT at low
temperature in the ferroelectric state. The effects of temperature, stress, and the concentration of pinned dipole defects
are assessed by using the hysteresis loops. The results indicate the changes in the hysteresis area with temperature and
stress, and the asymmetric hysteresis loops exhibit evidence of the imprint failure mechanism with the emergence of pinned
dipolar defects. The simulated shift in the hysteresis loops conforms to the experimental ferroelectric response.
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1. Introduction
Lead-free ferroelectric materials have attracted the atten-

tion of researchers seeking candidate materials that are envi-
ronmentally friendly and exhibit high polarizations and low fa-
tigue effects. In this respect, bismuth titanate (Bi4Ti3O12,BIT),
a bismuth layer-structured ferroelectric (BLSF) that belongs
to the Aurivillius family,[1] has been studied due to its ferro-
electric, piezoelectric, and pyroelectric properties over a wide
range of temperatures, up to 948 K.[2,3] The Aurivillius ceram-
ics are known for their significant remnant polarization (Pr),
low coercive field (Ec), excellent fatigue characteristics, and
high Curie temperature.[4,5] In particular, for the best perfor-
mance of ferroelectric random access memory applications, it
is desirable to have a square and symmetric hysteresis (P–E)
loop, a long endurance, and a low leakage current.[6] Exper-
imentally, the characteristic shape of the loop is very sensi-
tive to the type of electrode employed, the interface between
the film and the electrode, the temperature, stress, and the
presence of point defects such as oxygen vacancies.[7] For in-
stance, the stress may determine the polarization axes or dipole
alignments,[8] and certain types of defects, e.g., vacancies and
surface/interface defects, can lead to asymmetrical hystere-
sis loops due to pinned dipoles.[9] These pinned dipoles may
emerge from the volatilization of bismuth during high temper-

ature sintering of BLSFs, generating oxygen vacancies to com-
pensate for the charge.[10] These vacancies interact with the
domain walls, which results in their pinning.[11–13] These de-
fects can appear in the ferroelectric state of BIT at room tem-
perature as a monoclinic (space group Pc)[14] or orthorhom-
bic (B2cb)[15] structure, which are energetically similar. The
monoclinic structure represents a biaxial polarization in the
a(b)–c axes, whereas the orthorhombic structure only allows
one direction, a(b). These structures arise from the cooling of
a high-symmetry tetragonal (I4/mmm) parent structure.[14]

Simulations with dipole defects have been conducted to
understand the anomalous shifts in experimental hysteresis
loops.[16] Recent investigations of single-ferroelectric-phase
systems with oriented dipole defects using the Monte Carlo
technique have indicated shifts along the voltage axis, leading
to an increase in the coercive field with the concentration of
dipole defects.[17] These asymmetric loops have also been ex-
plained by modeling defects in the interface layer between the
film and the electrode.[18,19] However, for BIT thin films, sim-
ulations of a ferroelectric system with more than one phase to
understand the role of oxygen vacancies in the P–E loops are
few. In this respect, many researchers have suggested that the
ion substitution in BIT may be an effective approach to im-
proving the ferroelectric properties of the materials, because it
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acterización eléctrica y estructural de pelı́culas delgadas de BixTiyOz producidas mediante Magnetrón Sputtering” and Project 12920-“Desarrollo teórico-
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can diminish the oxygen vacancies and increase the grain size,
reducing the probability of space-charge trapping,[20] which
can cause imprint and fatigue problems.

In the present study, ferroelectric hysteresis loops of BIT
thin films are investigated via Monte Carlo simulations to as-
sess the effects of the pinned electric dipoles, temperature, and
stress on a sample with thin-film geometry and a mixture of
monoclinic and orthorhombic ferroelectric phases.

2. Model and simulation
The ferroelectricity in BIT is simulated for both the mon-

oclinic and the orthorhombic ferroelectric phases. The pres-
ence of these phases is inferred from the x-ray diffraction pat-
terns of the BIT thin films experimentally grown via radio-
frequency (RF) magnetron sputtering.[16] Different percent-
ages of these orthorhombic (%VO) and monoclinic (%VM)

phases are proposed for the simulations: {%VO, %VM} =

{(50, 50), (60, 40), (70, 30), (80, 20), (40, 60), (30, 70), (20,
80)}. Each phase is uniformly distributed so as not to allow
the random mixing of the dipole phases. The sample has a
thin-film geometry with dimensions L×L×d , where L = 60
lattice units and d = 5 lattice units. An electric dipole with
a unit magnitude is assigned to each lattice site. The spatial
distribution of the dipoles has 12 possible directions: 8 in the
monoclinic structure[21] and 4 in the orthorhombic symmetry,
arising from the a(b)–c[22] and a(b) crystallographic axes, re-
spectively. The initial assigned phase (orthorhombic or mon-
oclinic) is preserved throughout the entire simulation, with no
change in the electric field effect nor in the stress effect. Fig-
ure 1 shows the electric dipole distribution in the sample for
monoclinic and orthorhombic fractions of 30 (%VO) and 70
(%VM), respectively; each color represents an orientation of
the electric dipole. For the simulation, the pinned dipole de-
fects, which are induced in the presence of oxygen vacancies
in the monoclinic or orthorhombic cell, are considered to oc-
cur in the direction of the applied electric field along the z
axis, with positive and negative dipoles distributed randomly
in percentages of 1%, 2%, 3%, 4%, and 5% in the monoclinic
phase.
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Fig. 1. (color online) Distribution of electric dipoles in thin-film sam-
ple simulated with 70% (VM) monoclinic and 30% (Vo) orthorhombic
phases and different orientations introduced. The sample has dimensions
L×L×d with L = 60 lattice units and d = 5 lattice units.

The Diffour Hamiltonian previously described by Laosir-
itaworn et al.[9] is employed for the average calculations of the
hysteresis loops, which include the calculation of the stress as
the ratio of the mechanical pressure to Young’s modulus. The
Hamiltonian reads[8]

H = ∑
⟨i, j⟩∈in-plane

Uxy
i j 𝑝i.𝑝 j

+ ∑
⟨i, j⟩∈out-of-plane

U z
i j𝑝i.𝑝 j −E ∑

⟨i⟩
piz, (1)

where 𝑝 represents a unit vector of the electric dipole at the i
and j sites (referring to one of the 14 dipole directions) and Ui j

is the ferroelectric interaction. The first two terms sum over
the closest dipole neighbors in the xy plane (or the in-plane
contribution) and in the z axis (also called the out-of-plane di-
rection), respectively. The last term is the effect of an exter-
nal electric field 𝐸 applied in the z direction on the dipole’s
z component. The Ui j is defined according to the following
equations:[8]

Uxy
i j =U0

[(
1+

εP
Y

)−12

−2
(

1+
εP
Y

)−6
]
, (2)

U z
i j =U0

[(
1− P

Y

)−12

−2
(

1− P
Y

)−6
]
, (3)

where ε is Poisson’s ratio, U0 is the ferroelectric interaction
factor, P is the mechanical pressure, and Y is the Young’s mod-
ulus. The reduced units are employed in the simulations. The
ferroelectric interaction U0 is set to be 1, Ui j and E are in units
of U0, and 𝑝 is dimensionless. The Poisson coefficient ε is
set to 0.3,[23] and the ratio P/Y varies in a range from 0.06 to
0.11. The hysteresis loops are simulated at a low temperature
of 0.5U0/kB to guarantee a ferroelectric state. The simulation
begins from a random configuration in the ferroelectric phases,
and 10000 Monte Carlo steps per dipole (MCS/dipole) are al-
lowed to reach the equilibrium (N0). To obtain the hysteresis
loops, the polarization per dipole along the z axis is computed
as shown below:[8]

P =
1

N(MCS−N0)
∑

i
piz, (4)

where N is the total number of electric dipoles in the lattice.
A total of 5000 cycles are carried out to acquire the averaged
hysteresis loops.

3. Results and discussion
Figures 2–4 show the simulated hysteresis loops for the

monoclinic and orthorhombic phases, in defect-free (d-f) and
pinned dipole defect samples, oriented in both the positive and
negative z axes in various fractions. Well-defined and rectan-
gular hysteresis loops are observed in the defect-free samples
for all of the monoclinic and orthorhombic fractions. These
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loops can be obtained when the BIT samples are doped with
Nb,[8] W,[24] La,[25] and others by reducing the concentra-
tion of oxygen vacancies, and also by the enhancement of
the grain size. These ideal hysteresis loops tend to change
when the defects are considered. For this case, it is difficult
to obtain high-symmetry hysteresis loops because the dipo-
lar defects caused by the oxygen vacancies tend to accumu-
late at the domain grain boundaries, leading to strong pinning
of the domain walls; this is the major cause of degradation
in the ferroelectric properties,[26,27] hence affecting the mea-
sured remnant polarization Pr and coercive field Ec.[28] Since
the electric field is applied in the z direction only, the mon-
oclinic phase is sensitive to change (the orthorhombic phase
has no component in this axis). This is illustrated in Fig. 2 for
the sample with pinned dipoles of 1%, where the directions of
dipoles in the monoclinic and orthorhombic phases can be ob-
served. Consequently, as the orthorhombic fraction increases
(Fig. 3), the hysteresis area diminishes. On the other hand, as
the monoclinic fraction increases (Fig. 4), the hysteresis area
increases, which can be attributed to a major population of
non-pinned dipoles aligned with the electric field. Moreover,
all the hysteresis loops (Figs. 2–4) show an asymmetric trend.
This asymmetry is reflected in the shift along the electric field
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Fig. 2. (color online) Hysteresis loops for 50% orthorhombic and 50%
monoclinic phases, with defect-free (d-f) and dipole fraction of 1%
pinned along the (a) positive and (b) negative z axis.

axis, which is induced by the pinned dipole content. This
phenomenon represents an imprint failure, which may be as-
cribed to an internal bias field that has been assigned to trapped
charge carriers[29] or to a large internal stress induced by oxy-
gen loss,[30] creating a preference for a certain polarization
state. The extent of imprint in the sample is estimated by the
shift in the mean coercive field as follows:[17]

∆EC,shift =
1
2
(Ec.++Ec.−). (5)

Figure 5 shows that the mean coercive field behaves as
a function of the pinned dipoles oriented in the −z and +z
directions for various monoclinic fractions. The increase in
the pinned dipole fraction yields a higher mean coercive field
because the defects force the defect-free dipoles to adopt a
certain orientation (preventing them from switching back), as
reported by Schorn et al.[17] The slopes in these curves depend
on the pinned dipole orientation and the monoclinic phase
fraction. A small concentration of the monoclinic phase leads
to a major change in the mean coercive field, with the slope
increasing, which can be explained by the larger imprint ef-
fects as shown in Fig. 3. The simulation of the imprint effect
on ferroelectrics through the Monte Carlo method is attained
by locating pinned dipoles in the direction of the electric field.
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Fig. 3. (color online) Hysteresis loops for 80% orthorhombic and 20%
monoclinic phases, with various dipole fractions pinned along the (a)
positive and (b) negative z axis.
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Fig. 4. (color online) Hysteresis loops for 20% orthorhombic and 80%
monoclinic phases, with various dipole fractions pinned along the (a)
positive and (b) negative z axis.
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Fig. 5. (color online) Variations of mean coercive field for monoclinic
phases ranging from 20% to 80% with various dipole fractions pinned
along the (a) negative and (b) positive z axis.

When the pinned dipoles are positively oriented, the z axis
offers easier polarization along this direction; as the concen-
tration of the pinned dipoles increases, the strength of the elec-
tric field required to switch the dipoles to a negative orientation
also increases (see Figs. 2–4). When the sample is polarized in
the negative z direction, the dipoles switch to a positive orien-
tation with a smaller change in the electric field due to the de-
crease of the pinned dipole population along the negative axis
with the increase in the concentration of the pinned dipoles.
The polarization reduction in the direction opposite to the ori-
entation of the pinned dipoles indicates that the number of
dipoles participating in this switching process also decreases.
A comparable shifting behavior is observed for pinned dipoles
oriented along the negative z axis.

Figure 6 shows the hysteresis curves obtained for P/Y
ratios, ranging from 0.06 to 0.11 in samples with 1% pinned
dipoles in the +z direction and with defect-free dipoles. The
shifts in the pinned dipole curves and a reduction in the hys-
teresis loop area with the increase of the mechanical stress are
shown in Fig. 6(a). This reduction is remarkably lower than
that observed in the defect-free samples (Fig. 6(b)). The stress
has a notable effect on the shape of the curve. Since the stress
is applied in the z direction, the axis becomes a hard axis; thus
the decrease in the hysteresis area can be attributed to dipoles
with out-of-plane components aligned in an anti-parallel man-
ner in order to lower their energy. These results are consistent
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Fig. 6. (color online) Hysteresis loops as a function of mechanical stress
(P/Y ): A = 0.06, B = 0.07, C = 0.08, D = 0.09, E = 0.10, F = 0.11,
for (a) a sample containing 20% VO and 80% VM with pinned electric
dipoles in the +z direction (1%) and (b) a defect-free sample.
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with those reported by Laosiritaworn et al.,[8] in which the de-
crease in the hysteresis loop area due to the stress along the z
axis of the free dipole sample was also explained by the prefer-
ential alignment of dipoles along the in-plane direction. Some
experimental reports on the effect of the mechanical stress on
the leakage current pointed out that such a reorientation pro-
cess of domains under stress could reduce the density of the
domain walls, which is known to play an important role in con-
ducting, and so it may facilitate the suppression of the leakage
current.[31]

Finally, the effects of temperature (0.5U0/kB, 1U0/kB,
and 1.5U0/kB) on the hysteresis loops of defect-free samples,
as well as on samples featuring 1% of the dipoles pinned in
the +z direction, are shown in Fig. 7. The narrowing of the
hysteresis loops is observed at high temperatures, indicating a
change from a ferroelectric state to a paraelectric state. In the
pinned dipole samples (Fig. 7(a)), the shift along the field axis
is related to the imprint effect; the abrupt diminution in the
hysteresis area relative to the defect-free samples (Fig. 7b) is
evidence of a loss of ferroelectricity. This can be explained as
a decrease in the coercive field as temperature rises, bringing
the sample to near the paraelectric state.[32]
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Fig. 7. (color online) Hysteresis loops as a function of temperature for
P/Y = 0.1 in (a) a sample containing 20% VO and 80% VM with pinned
electric dipoles (1%) and (b) a defect-free sample.

4. Conclusion
A ferroelectric study of Bi4Ti3O12 thin films is conducted

via a Monte Carlo simulation of hysteresis loops to assess the
presence of pinned dipoles and the effects of stress and tem-
perature. The ferroelectric samples contain both monoclinic

and orthorhombic phases and defects of pinned dipoles in var-
ious fractions. It is observed that the presence of the pinned
dipoles vertically and horizontally shifts the hysteresis loops
with the increase of the fractions of the pinned dipoles and the
monoclinic phase. This effect can lead to an imprint failure
mechanism that can cause degradation problems in ferroelec-
tric materials. All of the findings in the present study reveal
a ferroelectric interaction between the defects and the dipoles,
in general agreement with both the experiment and the typical
behavior expected in thin films with defects. The hysteresis
loop area changes with the variation in the ratio of pressure
to Young’s modulus and with the temperature, which has been
confirmed in other reports.
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