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The negative dielectric permittivity of nanofilms holds significant potential for the development of advanced de-
vices. However, the regulatory mechanisms and microscopic origins of this phenomenon on ultrafast time.scales remain
inadequately understood. Therefore, we investigated the factors governing negative dielectric permittivity in ferroelectric
nanofilms on ultrafast time scales and revealed the underlying microscopic mechanisms. A dynamic phase-field model was
employed to simulate a BaTiO3 nanofilm with a core-shell grain structure and analyze the effects of the damping coeffi-
cient, kinetic coefficient, and electric field amplitude. The results indicated that deviations of the damping coefficient from
its optimal value weaken negative dielectric permittivity — lower values enhance positive permittivity, while higher val-
ues suppress domain evolution. The kinetic coefficient significantly affects the dielectric permittivity in the high-frequency
range, and excessively large or small values tend to inhibit negative dielectric behavior. Larger electric field amplitudes shift
the frequency range of negative permittivity toward higher frequencies. These results clarify the microscopic mechanisms
underlying the relationship between parameter tuning and negative dielectric permittivity and provide critical insights into
optimizing negative dielectric performance in ultrafast ferroelectric-based devices.
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1. Introduction

Applications of ferroelectric nanofilms span a broad
range of areas, including, but not limited to— ferroelectric
non-volatile memory, high-density capacitors, high-efficiency
energy storage devices, night vision technology, medical ul-
trasound, actuators, and energy harvesting.!'* These appli-
cations rely on their distinctive intrinsic properties, such as di-
electric response, piezoelectric coefficient, coercive field, and
electromechanical and hysteresis loop characteristics>~"1 —
properties that can be effectively modulated by tailoring grain
structures and microstructural features.!®”! In practical scenar-
ios, charge defects and domain size in antiferroelectric mate-
rials significantly impact polarization switching,!'%! and their
dynamic response directly dictates device performance.!'!!%]
Notably, polarization reorientation in ferroelectrics under such
loads is an inherently frequency-dependent kinetic process,
which in turn induces frequency-dependent electromechanical
behaviors. However, research on the dynamic response mech-
anisms of ferroelectric thin films on ultrafast time scales —
particularly regarding the emergence and regulation of nega-
tive dielectric permittivity — remains scarce. Existing stud-
ies have yet to fully elucidate how fundamental parameters
jointly modulate negative dielectric permittivity and its under-
lying microscopic mechanisms.

Recently, negative dielectric permittivity has attracted
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substantial attention for its transformative potential in next-
generation devices, such as novel steady-state negative capac-
itors (NC),!13-13] electromagnetic stealth technology, %! ferro-
electric tunnel junctions,“ﬂ and field-effect transistors.[18:19]
Initially observed in artificial metamaterials with periodic sub-
wavelength structures,?%?!l negative dielectric permittivity
was later identified as an inherent trait of ferroelectric thin
films[?>23] and heterostructures, [**! triggered by dielectric res-
onance within specific frequency ranges. 2> Unlike artificial
metamaterials, the negative dielectric permittivity of ferroelec-
tric nanofilms can be regulated by leveraging intrinsic proper-
ties through adjustments to composition and microstructure.
For instance, Yang et al.'>’1 and Thanh et al.!*®! reported di-
electric resonance and negative dielectric permittivity in high-
frequency ranges by accounting for polarization dynamics,
mimicking the behavior of left-handed materials. Fan, Wang,
and colleagues?*-3?! explored radio-frequency negative di-
electric behavior and dielectric resonance in barium titanate-
based composites, demonstrating that the frequency range of
negative dielectric behavior can be tuned via physical parame-
ters, composition, and phase structure. At the atomic and theo-
retical levels, Zhilyaev ef al.!33 investigated ultrafast polariza-
tion switching in barium titanate using density functional the-
ory (DFT) and coupled oscillator models, while Prosandeev et
al.B®* uncovered negative dielectric permittivity at ultrashort
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timescales through atomic simulations, linking it to dynamic
polarization oscillations.

Different fields demand different dielectric constants in
materials. Dielectric capacitors require high dielectric con-
stants, while wave transmission requires low ones. Thus, tun-
ing dielectric constants is a key research area in electromag-
netic materials. Traditionally, these constants are positive, but
the advent of negative dielectric materials has expanded the
possibilities for regulation and introduced new properties and
applications. The following discussion focuses on methods for
regulating the dielectric properties of materials with intrinsic
negative dielectric behavior. Qi et al.!*! demonstrated that
when the nitrogen-doped carbon content reaches 20 wt%, the
composite material exhibits negative dielectric behavior char-
acterized by low-frequency scattering within the frequency
range of 10 kHz to 1 MHz, with the negative dielectric con-
stant stabilizing around —40. This phenomenon is attributed
to strategies aimed at reducing the plasma frequency of the
composite material, consequently enhancing the magnitude of
the negative dielectric constant. Wang et al.[*%! found that in-
creasing direct-current (DC) bias voltage enhances the nega-
tive dielectric properties of carbon fiber/quartz ceramic com-
posites. Higher free electron concentrations lead to a larger
absolute value and a broader frequency range of the negative
dielectric constant. Some composite materials lack compo-
nents with spontaneous dipoles and dielectric.resonances, yet
their structures can induce strong dielectric resonances, influ-
encing the dispersion characteristics of negative dielectrics. "]
Haldar et al.3
materials and found that the negative dielectric constant and

I prepared carbon nanotube/glass composite

its frequency range can be precisely controlled by changing
the carbon nanotube content. In short, the negative dielectric
properties can be regulated by controlling external conditions,
as external fields can change the types, quantities, and motion
states of charge carriers within the material, thereby affecting
its negative dielectric properties.

In addition, NC is a key mechanism for overcoming the
Boltzmann tyranny in low-power electronics. Recent studies
have established a three-dimensional (3D) Gibbs free-energy
landscape for ferroelectric/dielectric heterostructures, clarify-
ing that depolarization effects stabilize quasi-static NC and
that single-domain switching becomes dominant at low di-
electric capacitance.*”) Traditional perovskite ferroelectrics
like lead zirconate titanate (PZT) and BaTiO3; can achieve
negative-slope polarization in P — E loops through defect
dipole engineering. In acceptor-doped BaTiO3, defect dipoles
perpendicular to the external field create a restoring force,
leading to intrinsic negative capacitance within specific defect
concentrations and temperature ranges.'**! The BaTiO3/TiN
composite system offers adjustable negative dielectric con-
stants in the radio-frequency range. Below the percolation
threshold, it exhibits Maxwell-Wagner interfacial polariza-
tion, while above it, negative dielectric behavior arises from

Ti** ion dielectric resonance and conductive network induc-
tance, with the annealing temperature significantly affecting
this behavior.[*!l Chen et al.!*?! achieved ultralow subthresh-
old swings below 60 mV/dec by pairing ferroelectric and di-
electric capacitors. They proposed that the thickness of the
ferroelectric layer, residual polarization, coercive field, and in-
terface defects are key parameters for regulating device perfor-
mance.

Although the aforementioned studies have yielded
promising results, the underlying theories remain incomplete,
particularly concerning the regulatory mechanisms governing
fundamental dielectric resonance. characteristics — such as
amplitude, damping, and bandwidth — and the conditions un-
der which negative dielectric properties emerge. These issues
warrant further investigation.. The phase-field method offers
crucial theoretical insights into ferroelectric materials and has
been used to investigate a broad range of phase-transformation
issues.[43-40] Tn this work, we constructed a core-shell model
of polycrystalline BaTiO3; nanofilms and explored the influ-
ence of the damping coefficient, kinetic coefficient, and elec-
tric field amplitude on negative dielectric behavior using the
dynamic phase-field method. The hysteresis and butterfly
loops of the nanofilms under different parameter conditions
were numerically obtained. The underlying mechanisms were
discussed based on the evolution of domain structures in the
phase-field simulation results.

2. Theory and model
2.1. The dynamical ferroelectric phase-field method

In the dynamic phase-field simulation, the three compo-
nents of the electrical polarization vector P serve as the order
parameters. The constitutive equations for the mechanical and
electrical aspects are

{ 0ij = ciju (& — &) »

()
Di = ’q)El+})l7

where c;j; are the components of the elastic moduli, kp is the
permittivity of free space, and g is the spontaneous strain.
Under the assumption of linear kinematics, the strain compo-
nents g;; are calculated by &; = (u; ; + uj,,-)/Z. In addition, the
Helmbholtz free energy density (including the free space occu-
pied by the material) is expressed as Y = y (g;;,D;, P, P, j).
The total free energy F is given by the volume integral of the
free energy density y, as

F:///W(Sij7Di7PiaPi,j)dV7 @

where P, is the polarization vector, P, (P, j=0P, / 8xj) is its
gradient, D; is the electric displacement vector, and &;; is the
strain tensor. The Landau—-Ginzburg—Devonshire energy den-
sity function for BaTiO3 during its transition from the cubic to
the tetragonal phase is generally expressed as/*”]
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where the first term denotes the gradient energy associated
with diffuse domain walls, commonly called the exchange
energy. Within the first brace, the four terms represent the
Landau-type energy, which is used to construct the non-convex
free-energy landscape with minima at the spontaneous polar-
ization states. The second set of four terms models the sponta-
neous strain and the dielectric, elastic, and piezoelectric char-
acteristics associated with the spontaneous state. The final
term represents the energy stored in the free space, and xj is
the permittivity of free space.

It is important to recognize that the conventional TDGL
kinetic equation may not be suitable for dynamics under ul-
trafast stimuli lasting less than 100 ns.*¥! We therefore de-
veloped a dynamic phase-field model incorporating a second-
order time derivative of polarization to analyze the electrical
behavior and microstructural dynamics of ferroelectric nano-
materials under dynamic conditions.**! The second-order po-
larization dynamics equation takes the generalized form

<;PT,>J - % +7% = BijPj+ WP, in V. (4
Here, the kinetic coefficients y;;, which represent. the effec-
tive mass density of the material, and f3;;, which represent
the damping coefficients of the system, are related to domain-
wall mobility. They link the frequency of the applied elec-
tric field to the dynamic microstructural response of ferroelec-
tric crystals and describe the relationship between the rate of
change of polarization over time and the thermodynamic driv-
ing force. Direct experimental measurement of these values
is challenging; however, they can be obtained indirectly by
comparing phase-field simulations with relevant experimental
observations.>°! B, also known as the inverse “mobility” ten-
sor, can be expressed as B =1/L=0.25x 10° m2-N-s-C2,
according to Ref. [47]. Here, the mobility tensor is L = 4 x
107©€¢? - m~2-N~!.s~!, which has been successfully applied
in other phase-field simulations.[%19%] The supplemental files
from Akamatsu ef al.’"! indicate that the damping frequency
in the oscillation model is given by y = 8/ ~ 0.03-5 ns~!,
where the effective mass density for the dynamic phase-field
method is chosen as . = 0.7 x 1072 m?>-N-s? - C~2. Picinin
et al.®3) also postulated a constant kinetic coefficient in the
dynamic control equation, yielding experimental results that
closely agree with simulations. Consequently, this assumption
is adequate for most non-diffusive phase transitions. On ultra-
fast time scales, Eq. (4) describes the frequency dependence of

distinctive dynamic properties, including the dielectric coeffi-
cient at zero electric field, remanent polarization, and coercive
field.

It should be noted that Eq. (4) differs from the equations
adopted in existing DFT and coupled-oscillator models.[*3]
DFT is a foundational theoretical framework widely employed
in first-principles calculations and grounded in quantum me-
chanics to investigate microscopic properties such as elec-
tronic states, bonding, and defect energies. The dynamic
phase-field theory used in this study operates at the mesoscale
and is designed to simulate microstructural evolution dur-
ing nonequilibrium processes. The novelty of this research
lies in applying a nonequilibrium continuum thermodynamic
framework to derive the polarization dynamics equation. The
continuum-based strategy used to derive the evolution equa-
tion is thermodynamically sound and provides a natural basis
for the finite element technique used to determine unknown
electromechanical fields simultaneously. Additionally, Eq. (4)
reveals distinctive dynamic features at ultrafast time scales,
such as the dielectric constant and coercive field, which can
be observed through hysteresis loops. It also allows polariza-
tion states to be tracked over time to characterize macroscopic
dynamics and explore the microscopic mechanisms of nega-
tive dielectric behavior within specific frequency ranges.

By combining the equation of motion (oj; j + b; = pii;
in V), Maxwell’s electrical equations, the Maxwell equation
(D;;—q=0inV), and the dynamic equation (Eq. (4)) govern-
ing the evolution of electric domains, and then organizing and
deriving the resulting equations, the following virtual work
equation can be obtained:

/V[i,»jpjag-dv+'/Vuijﬁjagdv+/vpu,»6u,»dv
+A(Gji5€ij—Di5Ei+77i5Pi+§ji3Pi~,j)dV

— [ @i8u—q30 -+ yor)av
+ /S (t:6u; — 089 + E;in;6P;)dS. )

The virtual work Eq. (5) provides the basis for finite element
discretization of the phase-field model. Combined with the
constitutive relations of ferroelectric materials, it can be used
to formulate the corresponding finite element programs. The
finite element approach allows unknowns such as displace-
ment, electric potential, and electrical polarization to be deter-
mined simultaneously. For more comprehensive information
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on numerical approaches to phase-field methods, readers are
referred to Refs. [6,47,54].

2.1.1. The nano-grained BaTiOj; thin film model

Polycrystalline thin films exhibit highly complex grain
structures with inherent structural characteristics and are com-
posed of grains with varying lattice orientations. The inter-
faces between adjacent grains possess properties distinct from
those within the grains themselves. The nanograins are pre-
sumed to have a core-shell structure resulting from the uneven
diffusion and phase segregation of dopants and defects during
the crystallization and annealing of BaTiO3 nanofilms.[3*>3]
At low temperatures or under rapid heating, defects such as
dopant ions and oxygen vacancies concentrate at grain sur-
faces and boundaries, creating a distinct core-shell configu-
ration in which a low-polarization, low-dielectric shell sur-
rounds a highly polarized ferroelectric grain. The formation
of this structure is primarily governed by the thermodynamic
driving force to reduce interfacial energy and alleviate grain-
boundary stress. Additionally, it is influenced by the dynam-
ics of constrained atomic diffusion at medium and low tem-
peratures. Consequently, dopants are not fully homogenized,
thereby maintaining pronounced compositional and property
gradients between the core and shell regions.

The core-shell model, as depicted in Fig. 1, features
a grain boundary (black solid line) and the interiors of
nanograins (multicolored regions). The grain boundary (GB)
is treated as a “dead layer” with no polarization and a dielectric
permittivity equal to 35% of that of the grain interior. Dur-
ing the fabrication of polycrystalline thin films, material de-
fects frequently arise, leading to differences in the mechan-
ical and electrical properties between grain boundaries and
Patrick Fedeli et al.P% substantiated these
differences in material properties through both experimental

grain interiors.

observations and phase-field simulations. In this study, the
dielectric constant of the grain boundary was set to 250, a
value calibrated against existing literature to achieve agree-
ment with experimental results while remaining within a plau-
sible range. Previous studies!®’~" have shown that the di-
electric constant of grain boundaries should be investigated
comprehensively through experimental measurements, such
as impedance spectroscopy and scanning probe microscopy,
and theoretical simulations. These studies combined ex-
perimental analyses with effective-medium modeling to in-
fer the ratio of the grain-boundary dielectric constant to the
grain-interior dielectric constant, obtaining a range of 0.2-0.4,
which agrees well with the experimentally observed relation-
ship between dielectric constant and grain size. Hence, a value
of 0.35 was chosen as a representative and physically reason-
able parameter within this well-documented interval. In ad-
dition, this assumption is widely adopted in the literature on
BaTiO3 polycrystals and thin films, as grain boundaries are

non-ferroelectric “dead layers” with significantly suppressed
polarization.[61-52.601 The thickness of the grain boundary is
2-3 atomic spacings (0.8 nm) and remains constant regardless
of grain size.[®!) Smaller grains enhance the manifestation of
complex domain structures and electromechanical behaviors
in ferroelectric polycrystalline materials,?! so the average
grain size was set to 15 nm. We assumed a two-dimensional
planar model for the nanofilm, with equal in-plane strains
in the x; and x3 directions under a biaxial strain condition.
As illustrated in Fig. 1, the two-dimensional unit comprises
22 nanograins with different local crystal lattice orientations,
characterized by the rotation angle ¢ between the global coor-
dinates x© and the local coordinates xX (i = 1,2), ranging from
0° to 90°.

(Grains 1~22)

D'dd

(Angles 0°~90°)

@ |l ®@ | 6| |0 ® | @ @
4.09° | 8.18° [ 12.27° | 1636° | 20.45° [ 24.54° [ 28.63° [ 32.72° | 36.81° | 40.9°
® ® | ® ® e | o |
49.09° | 53.18° | 57.27° | 61.36° | 64.45° | 69.54° [ 73.63° [ 77.72° [ 81.18° | 85.9°
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(=]
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Fig. 1. Representative unit of the BaTiO3 polycrystalline nanofilm com-
prising twenty-two nanograins.

All computations are carried out assuming a planar
model, with the x3-components of physical quantities being
Zero, i.e., P3 = O, E3 = O, D3 = 0, 013 = 023 = 0. Assum-
ing a 2D planar model, we define the constant strain compo-
nent as the mismatch strain (€; = €33 = &), which must be in-
cluded in all subsequent calculations involving a constitutive
relation. The mismatch strain is set to —0.1%.[%% Periodic
mechanical and electrical boundary conditions are applied to
the film’s sides (u1l,,_g = wuil,,_; +1&, wual,,_g = w2l
¢li—0=9l,,— and B[, = P, _; (i=1,2)), with in-plane
strain introduced via displacement conditions. The bottom
displacement’s xp-component is constrained to simulate sub-
strate effects, and the electric potential there is set to zero. The
top surface is stress-free, with its electric potential adjusted to
generate a time-dependent sinusoidal electric field through the
film, given by hEpxsin (27f -t). Here, Emax is the ampli-
tude of the AC field, A is the thickness of the nanofilm, and
t is the real time. We set Emax = 8Ep, where Ey represents
the electric field required to fully switch a uniform domain in
a BaTiOj3 crystal and is equal to 218 kV/cm.[®471] The ma-
terial constants used in this phase-field simulation are taken
from Su and Landis.*”]
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3. Results and discussion
3.1. Tuning the damping coefficient

The calculated hysteresis loops and butterfly loops at the
selected damping coefficients (0.058, 0.153, 0.3, 0.58, B and
2) and a frequency of 40 kHz are plotted in Figs. 2(a) and
2(b). A damping coefficient of O.Sﬁ_ results in the maximum
negative dielectric permittivity at zero electric field, as illus-
trated in Fig. 2(a). Damping coefficients that deviate signifi-
cantly from this value, either larger or smaller, are less favor-
able for generating negative dielectric permittivity.

Specifically, when the damping coefficient is below 0.3f3,
its effect on domain wall motion in the ultrafast dynamic equa-
tion is negligible, leading to increased positive dielectric per-
mittivity. Conversely, when the damping coefficient exceeds
0.5B, the negative dielectric permittivity diminishes progres-
sively, as an excessively large damping coefficient can inhibit

the evolution of domain structures. Furthermore, as depicted
in the butterfly loops in Fig. 2(b), an increase in the damp-
ing coefficient reduces both the piezoelectric coefficient and
the actuation strain (the difference between the maximum and
minimum strains) of the ferroelectric thin film, thereby imped-
ing the rate of polarization reversal. Once the damping coef-
ficient exceeds 0.5, the ‘“tails’ of the butterfly loops become
invisible, confirming the suppression of polarization switch-
ing in the nanofilms. The dielectric permittivity at zero elec-
tric field and the remnant polarization were calculated from
the hysteresis loops in Fig. 2(a). The trends. inthese values for
the selected damping coefficients'are summarized in Fig. 2(c).
The dielectric permittivity decreases drastically as the damp-
ing coefficient increases t00.53, and then rises as the damping
coefficient increases to 2f3. The remnant polarization exhibits
a rise-then-drop trend as the damping coefficient increases.

P/ P, e./eo
15 1.2
1 1.0
f=40 kHz
—0.053 g
—0.18
—0.38 06
0—0.58
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72[§
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< - )
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Fig. 2. Computed effects of the damping coefficient on (a) the hysteresis loops and (b) the butterfly loops of the BaTiO3 polycrystalline nanofilm
at 40 kHz; (c) variations in the remnant polarization and the dielectric permittivity at zero electric field with the damping coefficient.

P/P,
2151050 05 1 15 2

Fig. 3. Polarization distributions in the BaTiO3 polycrystalline nanofilm

with a damping coefficient of 0.15: (a) maximum positive electric field

(E = 8Ej); (b) remnant polarization state (E = 0); and (c) maximum neg-
ative electric field (E = —8E)).

Importantly, the “optimal damping value 0.53” discussed
in this article refers to the damping value that maximizes
the negative dielectric constant at a given frequency, thereby
achieving an optimal balance between the speed of polar-
ization response and energy dissipation. The damping co-
efficient quantifies the resistance of ferroelectric materials to
oscillations, with its microscopic origins primarily attributed
to domain-wall pinning and frictional resistance arising from
grain boundaries, phonon scattering, and lattice dissipation.
When the damping is below the optimal value (underdamp-
ing), the domain structure rapidly switches and exhibits pro-
nounced oscillations, resulting in a phase angle between the
polarization and the external electric field of less than 90°.
Consequently, the polarization vector has sufficient time to
reach saturation, and the hysteresis loop assumes a typical
shape, with the dielectric constant remaining positive. Con-
versely, when the damping exceeds the optimal value (over-
damping), domain-wall motion is significantly impeded, pre-
venting the polarization from effectively responding to exter-
nal fields. Under these conditions, the phase-angle require-
ments for a negative dielectric response are not satisfied, lead-
ing to a substantial weakening or even disappearance of the
negative dielectric response.

The impact of the damping coefficient on the negative di-
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electric permittivity of thin films is illustrated by the variations
in the hysteresis loops, as depicted in Fig. 2(a). To better un-
derstand how damping influences the negative dielectric prop-
erties of ferroelectric thin films, we examined the microstruc-
tural evolution of BaTiO3 polycrystalline thin films under dif-
ferent damping coefficients, as shown in Figs. 3 and 4.

P/P,

-1.6-12-08-04 0 04 08 1.2 1.6

Fig. 4. Polarization distributions in the BaTiO3 polycrystalline nanofilm
with a damping coefficient of 0.3: (a) positive remnant polarization state
(E = 0); (b) maximum negative electric field state (E = —8Eg); and (c)
negative remnant polarization state (E = 0).

This analysis aims to elucidate the microscopic mecha-
nisms underlying the effect of the damping coefficient on the
negative dielectric permittivity at zero electric field. Specif-
ically, Figs. 3(a)=3(c) show that, as the damping coefficient
changes, the polarization vectors of most grains undergo a
180° flip during cyclic loading and unloading of the electric
field. In Figs. 3(a) and 3(c), under maximum positive or neg-
ative electric field conditions, some grains exhibit 90° domain
structures. In the remnant polarization state (E = 0), as shown
in Fig. 3(b), the polarization vectors within the film exhibit an
overall disordered distribution. Wang ef al.®!! demonstrated
that an increase in the damping coefficient significantly en-
hances the collective resonance of surface charges, thereby in-
hibiting polarization reversal. This inhibition impedes the abil-
ity of interface polarization to adapt to variations in the applied
electric field, ultimately leading to the gradual development of
negative dielectric permittivity. As illustrated in Figs. 4(a)—
4(c), when the damping coefficient increases to O.3B, the hys-
teresis loop assumes an elliptical shape, and the coercive field
increases sharply. The pronounced oscillation of the electric
dipole prevents the polarization vector within the crystal nu-
cleus from completing a 180° rotation during cyclic loading

and unloading of the electric field, further confirming the in-
hibitory effect of the damping coefficient on the rate of polar-
ization reversal. When the damping coefficient reaches 0.5,
the polarization vector lags behind the electric field by half a
cycle, and the negative dielectric permittivity reaches its max-
imum magnitude.

3.2. The factor of kinetic coefficients y;;

In the second section of this article, we discussed the ki-
netic coefficient y, which is associated with the second deriva-
tive of polarization in the second-order polarization dynamic
equation. This coefficient represents the effective mass density
of the material and is linked to the mobility of domain walls.
Figures 5-7 provide a comprehensive examination of how the
kinetic coefficientinfluences the negative dielectric properties
of ferroelectric thin films from two perspectives: hysteresis
loops and domain structure evolution. Specifically, Figs. 5(a)—
5(c) illustrate the effects of loading frequency on the hystere-
sis loops of the'thin film for three distinct kinetic coefficients
(0.1u, 1y, and 10u), while Fig. 5(d) summarizes the corre-
sponding dielectric permittivity as a function of frequency at
zero electric field.

The findings suggest that within the low-frequency range
(below 10 kHz), variations in the kinetic coefficient have min-
imal influence on the dielectric permittivity. However, as the
frequency increases, the kinetic coefficient increasingly affects
the hysteresis loop. Specifically, when the kinetic coefficient
is 0.1y, as depicted in Fig. 5(a), the smaller kinetic coefficient
diminishes the influence of polarization oscillations, although
negative dielectric permittivity emerges at higher frequencies,
consistent with the results obtained using conventional phase-
field methods. As illustrated in Fig. 5(b), when the kinetic
coefficient increases to U, dipole vibrations intensify, and the
negative dielectric permittivity reaches its maximum magni-
tude at a frequency of 40 kHz. A further increase in the kinetic
coefficient, as shown in Fig. 5(c), shifts the peak magnitude of
the negative dielectric permittivity to 20 kHz. However, as de-
picted in Fig. 5(d), an excessively large kinetic coefficient in-
hibits polarization reversal, reducing the remnant polarization
and thereby weakening the negative dielectric response.

It should be noted that the kinetic coefficient character-
izes both the rate of polarization reversal and the velocity
of domain-wall motion. The relaxation time associated with
domain structure switching is inversely proportional to this co-
efficient. A larger kinetic coefficient indicates reduced resis-
tance to domain-wall motion, resulting in a more rapid polar-
ization response and a shorter relaxation time. At low external-
field frequencies, the polarization closely follows changes in
the external field, exhibiting minimal hysteresis, and the di-
electric response is typical of a conventional positive dielec-
tric. The frequency-dependent negative dielectric response
can be explained as follows. As the frequency increases, polar-
ization reversal induces a phase shift, causing the real part of
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Fig. 5. Effects of loading frequency on the hysteresis loops of BaTiO3 polycrystalline nanofilms with kinetic coefficients of (a) 0.1u, (b) i, and
(c) 10u; (d) computed dielectric permittivity at zero electric field as a function of frequency for the three kinetic coefficients.

the dielectric constant to become negative. However, as the
external-field frequency continues to rise, the polarization can
no longer respond effectively, and the negative dielectric re-
sponse becomes less pronounced.

The microscopic mechanisms underlying the influence of
the kinetic coefficient on negative dielectric permittivity were
investigated by analyzing the microstructural evolution in the
dynamical phase-field simulations of the nanograins. We plot-
ted the domain structures at 20 kHz for kinetic coefficients of
0.1u and 10u4 as shown.in Figs. 6 and 7, respectively.

When_the kinetic coefficient is 0.1y, as shown in
Fig. 5(a), the hysteresis loop has a typical shape and exhibits a
larger positive dielectric permittivity. The microstructural evo-
lution shown in Figs. 6(a)-6(c) indicates that the polarization
vector within the thin film undergoes a 180° reversal dur-
ing electric-field loading, unloading, and reverse loading. In
Figs. 6(a) and 6(c), the states corresponding to the maximum
positive and negative electric fields exhibit single-domain pat-
terns, with the polarization vector oriented vertically upward
and downward, respectively. At the coercive-field state, as de-
picted in Fig. 5(b), the overall polarization was zero. The find-
ings suggest that a smaller kinetic coefficient has little influ-
ence on polarization reversal. However, when the kinetic co-
efficient increases to 10, as demonstrated in Figs. 7(a)-7(c),
the excessively large kinetic coefficient inhibits domain struc-
ture evolution, preventing the polarization vector from com-
pleting a 180° reversal. At the maximum positive and negative

electric fields, as shown in Figs. 7(a) and 7(c), multiple do-
main patterns, including 90° and 180° domains, are observed
in certain grains. Additionally, at the coercive-field state, as

NG
ot

i
e
ALY

%
Mt
i
H

S RN
{ \

Fig. 6. Polarization distributions in the BaTiO3 polycrystalline nanofilm
with a kinetic coefficient of 0.1u: (a) maximum positive electric field
state (E = 8E)); (b) coercive field state (P = 0); and (c) maximum nega-
tive electric field state (E = —8Ej).
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Fig. 7. Polarization distributions in the BaTiO3 polycrystalline nanofilm
with a kinetic coefficient of 10u: (a) maximum positive electric field state
(E = 8E)p); (b) coercive field state (P = 0); and (c) maximum negative
electric field state (E = —8E)).
illustrated in Fig. 7(b), numerous vortex-domain structures are
present within the film. These structures are unstable and thus
contribute to a smaller magnitude of negative dielectric per-

mittivity and a lower coercive field.

3.3. Effect of electric field amplitude Eyax

Previous research has demonstrated that increased elec-
tric field amplitudes in the Ginzburg—Landau equation en-
hance the thermodynamic' driving force and accelerate po-
larization evolution in polycrystalling barium titanate films.
Given that increasing the electric field amplitude accelerates
polarization reversal, thereby altering the domain structure
within the thin film, it is pertinent to investigate the implica-
tions of this negative dielectric behavior within the dynamic
phase-field model.
ing frequency on the hysteresis loops of the thin film under

Figure 8 illustrates the effect of load-

three distinct electric field amplitudes at a tensile strain of
1%. It is evident that higher electric field amplitudes en-

hance domain-wall mobility, enabling effective competition
with high-frequency loading. Three hysteresis loops at dif-
ferent loading frequencies were extracted from Fig. 8 and are
summarized in Figs. 9(a)-9(c). Figure 9(d) shows the relation-
ship between the dielectric permittivity and loading frequency
for three distinct electric field amplitudes. The analysis re-
veals that as the electric field amplitude increases, the fre-
quency range over which negative dielectric permittivity oc-
curs in ferroelectric thin films shifts toward higher frequen-
cies. Concurrently, the magnitude of the negative dielectric
response decreases. The underlying physical mechanism is di-
rectly related to the reduction in-the field-induced nucleation
barrier, the increase in domain-wall velocity, and the acceler-
ation of nonequilibrium polarization dynamics. The electric
field lowers the potential barrier for domain nucleation, accel-
erating the polarization response and shortening the relaxation
time. Consequently, the characteristic frequency at which neg-
ative dielectric behavior occurs increases. Enhanced domain-
wall velocity allows the system to respond to higher-frequency
changes, shifting the negative dielectric window. The strong
electric field-drives polarization into a high-speed response
regime, reducing the time required for polarization changes
and thereby causing this shift.

In general, negative dielectric behavior arises from the
nonequilibrium response of ferroelectric domain polarization.
Under certain frequency and damping conditions, the polar-
ization lags behind the external electric field, leading to a
negative dielectric constant. This is a typical nonequilib-
rium polarization response described by the second-order po-
larization dynamic phase-field equation. Its microscopic ori-
gin is mainly associated with hysteresis and polarization re-
laxation during domain-wall motion, strong polarization hys-
teresis caused by grain-boundary interactions, and the depo-
larization field within the core—shell structure. These factors
cause a phase difference between the polarization and the ex-
ternal field, resulting in a negative dielectric constant. This
mechanism is analogous to the collective charge resonance
in a ferroelectric system under an external alternating electric
field proposed by Wang et al.3!1 It is therefore associated with
plasmon-like oscillations of domain walls and the delayed re-
sponse of bound charges.

P/ By P/P, P/P,
+ 15 1
i E=24F,
2 - E=16E, 0
e - 1 kH 1 kHz
- — 30 k;x —— 40 kHz
— z
ey, (/1) R S O iy~ S - F/B Iy
f\ﬁ% —— 40 kHz - 1
410 X3~ 1o 40 kHg 420 Y 10 P___s0kHz | —— 80 kHz
——50 kHz 0B 80 kHz — 100 kHz
—— 100 kH —— 125 kHz
~ —80 kHz 2
(a) (b) . (c)

Fig. 8. The calculated effects of different loading frequencies on the hysteresis loops of the nanofilm at electric field amplitudes of (a) 8E,

(b) 16Ey, and (c) 24E).
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Fig. 9. The calculated effects of electric field amplitude on the hysteresis loops of the nanofilm at loading frequencies of (a) 40 kHz, (b) 50 kHz,
and (c) 80 kHz; (d) the calculated dielectric coefficient at zero electric field as a function of frequency for three electric field amplitudes.

4. Conclusion

This study systematically investigates, the factors govern-
ing negative dielectric permittivity in polycrystalline BaTiO3
ferroelectric nanofilms at ultrafast time scales through dy-
namic phase-field simulations. The results demonstrate that
three parameters — the damping coefficient, kinetic coeffi-
cient, and electric field amplitude — exert distinct yet pivotal
effects on negative dielectric behavior. Analysis of hysteresis
loops and microstructures reveals. that a damping coefficient
below 0.3 has little effect on polarization reversal, whereas a
coefficient above B suppresses domain switching and weak-
ens the negative dielectric response. Moderate kinetic co-
efficients induce pronounced dipole vibrations and produce
the strongest negative dielectric response, whereas excessively
high values trigger the formation of unstable vortex domains,
thereby weakening the negative dielectric response. Notably,
increasing the electric field amplitude accelerates polarization
reversal, shifting the frequency range of negative permittivity
toward higher frequencies while reducing the overall magni-
tude of the negative dielectric response.
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