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Here, we report a new phenomenon of uniform and continuous transformation of a single polarization
domain into alternating nanodomains of two polarization vectors with the same magnitude but different
directions at ferroelectric morphotropic phase Boundary (MPB). The transformation is fully reversible and
could enhance the piezoelectric coefficient d33. Further free energy calculations illustrate that such a
polarization “decomposition” process occurs within the region on the Landau free energy curve with
respect to the polarization direction where the second derivative becomes negative, which is similar to
spinodal instability in phase transformations such as spinodal ordering or isostructural phase separation
(e.g., spinodal decomposition). This “polarization spinodal” uncovers a new mechanism of polarization
switching that may account for the ultrahigh ahysterestic piezoelectric strain at the MPB. This work could
shed light on the development of phase transition theory and the design of novel ferroelectric memory
materials.
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Polarization switching under external fields underpins the
“smart” properties of ferroelectric materials such as ferroelec-
tricity and piezoelectricity that have found a wide range of
applications in electronic devices such as nonvolatile memo-
ries, actuators, and sensors [1–2]. Because of the ultrahigh
piezoelectricity (d33 > 4000 pC=N) achieved in ferroelectrics
at the so-called ferroelectric morphotropic phase boundary
(MPB) [3], the mechanisms of polarization switching at
MPBs have attracted continued interest in recent years.
Contrary to the conventional domain wall motion process
under an electric field known for most non-MPB ferroelectric
materials, polarization switching in MPB ferroelectric
materials under an electric field can be realized by polarization
rotation through an intermediate monoclinic phase [4–6].
Polarization rotation could occur uniformly within a single
domain at MPB due to the small polarization anisotropy [7].
Further studies have shown that such uniform polarization
rotation can occur even in pure PbTiO3 and result in
high piezoelectric response if the system is tuned from the
single tetragonal phase region to the MPB region by a
pressure field [8,9]. However, such a polarization rotation
model, originally developed for homogeneous domain switch-
ing (i.e., uniform polarization rotation within a domain),
cannot account for microstructure evolution from a homo-
geneous microdomain to heterogeneous nanodomain-in-
microdomain (NIM) hierarchical structures frequently
observed in experiments [10–13], as well as how this
microstructure change influences the piezoelectric property
of MPB compositions.

Here by using phase field simulations, we demonstrate a
new “polarization spinodal” mechanism for microdomain to
NIM structure evolution at MPB, which explains the origin
of the heterogeneous NIM structure. The homogeneous
microdomain decomposes into alternating nanodomains of
two polarization vectors with the same magnitude but
different directions through a spinodal instability, which is
similar to the conventional spinodal mechanism [14–16].
Within each nanodomain of the NIM structure, uniform
polarization rotation under external electric field occurs, but
the polarization rotation in alternating nanodomains is not
uniform and the nonuniformity occurs through polarization
spinodal in terms of polarization directions. Such a polari-
zation spinodal process contributes to further enhancement
of d33 at ferroelectric MPB.
The model system adopted in the phase field simulations

is a ferroelectric solid solution with cubic (C) to tetragonal
(T) and cubic (C) to rhombohedral (R) transitions at the two
ends c ¼ 0.0 and c ¼ 1.0 (c is composition), respectively,
and a T=R morphotropic phase boundary in between [17–
18]. The polarization vector of each domain in the system is
represented by P (P1, P2, P3). The total free energy of the
system Ftotal includes the Landau free energy FLandau, the
gradient energy Fgradient, characterizing the energy caused
by polarization inhomogeneity, the long-range elastic strain
energy Felastic, and the long-range electrostatic energy
Felectric, i.e., Ftotal ¼ FLandau þ Fgradient þ Felastic þ Felectric.
The Landau free energy density fLandau is approximated by
a sixth order Landau polynomial of P (P1, P2, P3):
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fLandau¼ α1P2þα11P4þα111P6
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where α1; α11; α111;α12;α112; α113 are Landau coefficients
depending on c and T (temperature), Ei;ap is the applied
external electric field, and P is the length of the polarization
vector. For simplicity, the gradient energy coefficient is
assumed to be isotropic [19–21]. Thus, the gradient energy
density fgradient is written in terms of P as follows:
fgradient ¼ 1

2
G11½

P
i¼1;2;3;j¼1;2;3 ðPi;jÞ2�, where G11 is the

gradient energy coefficient. The elastic energy density
felastic is calculated by the following equation:
felastic ¼ 1

2
Cijkleijekl ¼ 1

2
Cijklðεij − ε0ijÞðεkl − ε0klÞ, where

Cijkl is the elastic constant eij, εij; ε0ij is the elastic strain,
total strain, and spontaneous strain, respectively. The
spontaneous strain is related to the polarization P by
ε0ij ¼ QijklPkPl, where Qijkl is the electrostrictive
coefficient. The electrostatic energy density is calculated
by the following equation: felectric ¼ −EiPi − 1

2
Ei;depolPi,

where Ei denotes the inhomogeneous electric field due to
the dipole-dipole interactions, Ei;depol is the average
depolarization field due to the surface charge, and
Pi is the average polarization. The temporal evolution
of the polarization vector field can be obtained by
solving the time-dependent Landau-Ginzburg equa-
tion:½dPiðx; tÞ�=dt ¼ −MfδFtotal=½δPiðx; tÞ�g, i ¼ 1, 2, 3,
where M is the kinetic coefficient and t is the time.
The parameters used in the calculations are given in
Supplemental Material [22]. The simulations were carried
out in two dimensions (2D) with cell sizes 512 × 512 grids
with periodic boundary conditions in all dimensions. The
time-dependent Landau-Ginzburg equation was solved by
the semi-implicit Fourier spectral method [20].
Figure 1 shows the evolution of domain structure upon

applying and removing an electric field (E1;ap) to a [10]-
poled single crystal with composition c ¼ 0.51 at
T ¼ 15 °C, which is close to the MPB of the model system
[17–18]. It is seen that at E1;ap ¼ 0, the sample exhibits a
nanodomain-in-microdomain (NIM) structure [Fig. 1(a1)].
Such NIM structures have been reported both in experi-
ments [12,26] and in simulations [17–18]. However, the
mechanism underlying the formation of these NIM struc-
tures was not revealed and the related piezoelectric
response was unclear. Upon applying an electric field,
such NIM structure transforms to a microdomain structure
[Figs. 1(a3) and 1(a4)]. The microdomain structure then
transforms back to the NIM structure [Figs. 1(a7) and
1(a8)] upon removal of the electric field. Figures 1(b1) and
1(b2) give the variation of θ [the angle between the
polarization vector PðP1;P2Þ and the horizontal axis,

θ ¼ arctanðP2=P1Þ] along the dashed line upon increasing
E1;ap from 0 to 0.3E0 [E0 ∼ 250 kV=cm, Figs. 1(a1)–(a4)]
and upon decreasing E1;ap from 0.3E0 to 0 [Figs. 1(a5)–1
(a8)], respectively. It shows that upon increasing E1;ap

[Fig. 1(b1)], the two polarization vectors gradually rotate
toward each other until they merge into one polarization
vector. Note that the volume fraction of each nanodomain
remains almost constant during this NIM to microdomain
transition process. Upon decreasing E1;ap [Fig. 1(b2)], the
single polarization vector of the microdomain decomposes
into two polarization vectors in the form of alternating
polarization nanodomains. These two vectors gradually
rotate away from each other with further decreasing E1;ap,
which is a reverse process of the polarization switching
from NIM to microdomain structure upon increasing E1;ap.
By comparing the microstructures in Figs. 1(a1)–1(a8) and
the polarization profiles in Figs. 1(b1)–1(b2), it is clear that
the NIM to microdomain transition is highly reversible. Our
simulations are consistent with the experimental observa-
tions that nanodomains appear at small electric fields and
disappear at large electric fields [11,12,27]. Furthermore,
the width of the nanodomains in the NIM structure of Fig. 1
is ∼60 nm, which is within the range of 10–500 nm
observed in experiments for PMN�xPT near MPB com-
positions [26,28,29]. The nanodomains in the NIM struc-
ture have been identified as a monoclinic (M) phase whose
polarization vector can rotate within a plane giving a wide
range of possible θ values [12,28].

FIG. 1. (a1)–(a8) Reversible nanodomain-in-microdomain
(NIM) to microdomain transformation upon applying and re-
moving E1;ap on an MPB sample. (b1) Variation of θ along the
dashed line in Fig. 1(a1) upon increasing E1;ap from 0(a1) to
0.2E0(a3). (b2) Variation of θ along the dashed line upon
decreasing E1;ap from 0.2E0(a6) to 0(a8).
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To further examine how one microdomain of single
polarization decomposes into alternating nanodomains of
two different polarizations upon decreasing the electric
field described in Fig. 1, we plot the domain structure
evolution with time ðtÞ at E1;ap ¼ 0.1E0 starting from the
microdomain structure, which is illustrated in Figs. 2(a1)–
2(a5). Besides, the change of polarization components P1

and P2 along the dashed line in Fig. 2(a1) with time is given
in Figs. 2(b1) and 2(b2), respectively. It is readily seen that
in the initial stage [for example, at t ¼ 0.6t0, Fig. 2(a2)],
nanodomains of two different polarizations appear simul-
taneously and homogeneously throughout the entire parent
microdomain, but the polarization components (P1 and P2)
of the nanodomains at t ¼ 0.6t0 deviate only slightly from
that of the microdomain at t ¼ 0.05t0 shown in Fig. 2(a1).
The deviation increases gradually with time and finally the
polarizations in the nanodomains reach equilibrium at t0
(when no further change with time could be detected), as
shown in Figs. 2(a1)–2(a5). t0 is ∼2 × 10−8 s [22], which
might be too short to observe the related microstructural
evolution in experiments [28].
The large extent and small degree of polarization

variation at the initial stage (for example, at t ¼ 0.6t0)
suggest that the microdomain to nanodomain transition
occurs through a mechanism different from the conven-
tional nucleation and growth mechanism. This is because,
for nucleation and growth, the polarization variation at the
initial stage should be large in degree and small in extent. It
resembles the spinodal decomposition or spinodal ordering

mechanism where the variation of concentration or long-
range order parameter at the initial stage is small in degree
and large in extent [14–16]. Therefore, we refer to this
continuous polarization decomposition process as polari-
zation spinodal in parallel to composition spinodal. The
order parameter that characterizes the decomposition proc-
ess is polarization in the former and concentration for the
latter.
To further characterize the continuous transition character-

istics of the polarization spinodal, we plot in Figs. 2(b3)
and 2(b4) the change of PðP ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
P2
1 þ P2

2

p
Þ and θ along the

dashed line in Fig. 2(a1). It is readily seen that P hardly
changes while θ changes gradually with time. Thus, the
polarization spinodal mechanism during the microdomain
to NIM transformation can be described as a microdomain
with a uniform polarization P0 decomposing into alternat-
ing nanodomains with two different polarization vectors,
PA andPB, both ofwhich differ fromP0mainly in the vector
direction but not in the magnitude. Artemev et al. have
found that polarization spinodal in terms of polarization
magnitude could occur in ferroelectric thin films with large
depolarization field [30–31]. It is expected that polariza-
tion spinodal decomposition in terms of both magnitude
and direction could occur in thin films with composition
at MPB.
Next, we analyze why the microdomain decomposes into

alternating nanodomains from E1;ap ¼ 0.2E0 to E1;ap ¼
0.1E0 by a spinodal mechanism. Figures 3(a)–3(d) show
the Landau free energy curves as a function of polarization
angle θ at E1;ap ¼ 0.3E0, 0.2E0, 0.1E0, and 0, respectively.
The polarization angles of different domains appearing at
these electric fields are indicated by the circles (filled with
different colors) on the free energy curves. It is seen that at
E1;ap ¼ 0.3E0, the lowest Landau free energy occurs at
θ ¼ 0. However, the equilibrium polarization of the micro-
domains at this electric field is not at θ ¼ 0, but at θ ¼
−26° and θ ¼ 26°. The deviation of θ from the one given by
the minimum Landau free energy is due to the elastic strain
energy and electrostatic energy contributes as reported in
Ref. [17]. Although the local position of P is not at the
minimum Landau free energy position, the total free energy
of the system is at its minimum. Decreasing E1;ap from
0.3E0 to 0.2E0, θ of the microdomain rotates from �26° to
�31°. Upon further decreasing E1;ap from 0.2E0 to 0.1E0, θ
continues to rotate from �31° to �38°. Up to now, the
polarization switching process follows what the
polarization rotation model predicts. However, as seen in
Fig. 3(c), θ ¼ −38° and θ ¼ 38° are located in the spinodal
region of the Landau free energy where f00Landau < 0. As a
result, both polarizations with θ ¼ −38° and θ ¼ 38° in the
microdomains decompose spontaneously into two polar-
izations ∼20° away from the parent domain polarization
direction (for example, θ decomposes into �18° and �58°
from �38°) leading to the NIM structure. When decreasing
E1;ap from 0.1E0 to 0, it can be seen that θ further rotates to

FIG. 2. Polarization spinodalmechanism for themicrodomain to
nanodomain-in-microdomain (NIM) transformation at E1;ap ¼
0.1E0 for the sample (a1)–(a5). Domain structure change with t.
(b1)–(b4) Variation of P1, P2, P, and θ along the dashed line in
(a) with t.
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the values closer to 0° or 90° to minimize the Landau free
energy. The above Landau free energy analysis suggests
that as long as the polarization of the microdomain is
located in the spinodal region of the Landau free energy
curve, polarization spinodal could occur. Further math-
ematical analysis giving a critical external electric field
below which the polarization spinodal instability may
occur, a critical wavelength (λc) above which polarization
waves will be stable and a wavelength with the
maximum growth speed is provided in the Supplemental
Material [22].
The spinodal region given in Fig. 3 is calculated from the

Landau free energy. However, the total free energy of the
system also includes elastic, electrostatic, and gradient
energies. The calculated four different free energy terms
(Felastic, Felectric, Fgradient, and FLandau) as well as the total
free energy (Ftotal) of the microdomain structure (4M) and
the NIM structure shown in Figs. 2(a1) and 2(a5) are shown
in Supplemental Material [22]. It is seen that although
Felastic and Felectric increase by a small amount for the NIM
structure as compared to the 4M structure, FLandau
decreases by a larger amount and thus Ftotal is reduced
for the NIM structure. In other words, the NIM structure
has decreased FLandau as illustrated in Fig. 3, which can

compensate for the small increase in Felastic and Felectric and
thus leads to a decrease in Ftotal. Therefore, for the
microdomain to NIM transition, decreasing in FLandau plays
the dominant role in the Ftotal and the spinodal region in
FLandau curve can approximately determine whether the
polarization spinodal process occurs or not as given in
Fig. 3. Note that the polarization spinodal mechanism is the
operating phase transition mechanism when the free energy
as a function of polarization direction θ is concave down
(f00Landau < 0), while the traditional nucleation and growth
mechanism is the operating phase transition mechanism
when the free energy as a function of polarization direction
θ is concave up (f00Landau > 0).
The strain (S)–electric field (E) loop of the micro-

structures shown in Figs. 1(a1)–1(a8) is calculated and
shown in Fig. 4. The S�E loop is nearly hysteresis free,
which is consistent with the experiments [32,33]. The
hysteresis-free character of the S�E loop can be attributed
to the nearly reversible polarization spinodal process as
shown in Fig. 1. Upon increasing the electric field, the
polarization vectors in the nanodomains gradually rotate
toward the field direction until the two vectors coalesce into
a single one (Fig. 1). The single polarization vector in the
microdomain then goes through a pure polarization rotation

FIG. 3. The change of Landau free energy with polarization direction at (a) E1;ap ¼ 0.3E0; (b) E1;ap ¼ 0.2E0; (c) E1;ap ¼ 0.1E0; and
(d) E1;ap ¼ 0.
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process upon further increasing the electric field to 0.3E0

(Fig. 1). By calculating d33 from the slope of S�E loop at
different electric fields, it can be seen that d33 is much
larger at E1;ap ¼ 0 (2088 pC=N) than that at E1;ap ¼ 0.3E0

(1468 pC=N). Li et al. have reported larger d33 at
small fields than that at higher fields at the MPB of
PbMg1=3Nb2=3�xPbTiO3 system [34], which supports
our simulations. The insets in Fig. 4 give the change of
polarization vector along the dashed line in Fig. 1(a1) when
changing the electric field at E1;ap ¼ 0.3E0 and E1;ap ¼ 0,
respectively. It is seen that the degree of polarization
rotation is much larger at E1;ap ¼ 0 than that at
E1;ap ¼ 0.3E0. Such results suggest that the nanodomains
induced by the polarization spinodal mechanism can ease
polarization rotation under the electric field and thus
increase d33 as compared to the microdomains.
The necessary condition for polarization spinodal in

terms of polarization direction (θ) to occur here is that the
polarization direction (θ) of the microdomain locates in the
spinodal region where the second derivative of the Landau
free energy becomes negative. Thus, the polarization
anisotropy has to be small, otherwise the θ value of the
microdomain would go to the minimum Landau free
energy position because deviating from this position
would increase the Landau free energy by a relatively
large amount. Therefore, the anisotropic coefficients
(α12; α112;α123) in the Landau free energy given in
Eq. (1) have to be small. This is why the polarization
spinodal decomposition process could only occur in a
composition range near the MPB of the model system
studied [22]. In addition, if there are defects or surfaces, for
example, in relaxor ferroelectric MPB systems [35,36],
then polarization spinodal may occur first at these defects

[37]. Also, 3D simulations show a similar polarization
spinodal process at the MPB composition [22]. Lareg-scale
atomistic simulations with newly developed reactive poten-
tials for ferroelectrics materials [38,39] could be carried out
to confirm the generality of the polarization spinodal
mechanism.
The polarization spinodal mechanism found in this work

may resolve a long-standing controversy on the origin of
large piezoelectricity at MPB, i.e., whether the superior
piezoelectricity originates from intrinsic contribution
(polarization rotation) or extrinsic contribution (domain
wall motion) [4,5,18,40,41]. Our work here unambiguously
illustrates that domain wall motion hardly occurs during the
whole domain switching process even for the nanodomain-
in-microdomain structure at ferroelectric MPB and thus
suggests that the superior piezoelectricity at ferroelectric
MPB is mainly attributed to the intrinsic contributions
rather than extrinsic ones.
In conclusion, the nanodomain-in-microdomain (NIM)

structure at ferroelectric MPB forms through uniform and
continuous transformation of a single polarization
domain into alternating nanodomains of two polarization
vectors. Such a polarization spinodal process is reversible
under the external electric field cycle. The polarization
spinodal decomposition process occurs within the region
on the Landau free energy curve where the second
derivative becomes negative, which is similar to conven-
tional spinodal instability. The piezoelectric response of
each single domain in both the microdomain and the NIM
structures at MPB regions can be described by polariza-
tion rotation. However, the polarization rotation in the
alternating nanodomain of the NIM structure at low fields
is not uniform but rather occurs by polarization spinodal
in terms of polarization directions upon decreasing
fields and its reverse process upon increasing fields.
Such a polarization spinodal process leads to further
enhancement of d33 at low fields at MPB. The polariza-
tion spinodal model could complete the theory
for polarization switching mechanism at ferroelectrics
MPB.
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