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1 Introduction

Ferroelectrics are characterized by switchable
spontaneous polarization in an external electric field, which
are key components in electronics, optics, sensors, and
actuators''!. Ferroelectrics usually possess complex domain
structures with domain walls (DWs) separating adjacent
homogeneously polarized domains”. The DWs have
attracted much attention during the past two decades due to
their properties and potential for device designing”™*. The
related issues include DW motion®, nonvolatile memory[él,

" enhanced susceptibility™), enhanced

[11-13]

topological defects
quality factor””), low dielectric loss"”, and others

(Bags,Sr9,)TiO; (BSTy) is a ferroelectric substance
with multi-domain structures. Two typical multi-domain
structures were found in previous work, i.e., structures
with 90° DWs and 180° DWs. The enhancement of
dielectric in 90° DW well

response system is
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understood™™, but the behavior of dielectric response in
180° DW system is still unclear. Clarifying how the 180°
domain wall affects the dielectric response can thus
enhance our comprehension of the effects in multi-domain
systems. In this paper, the dielectric response of single
domain in the lead-free BSTyg
investigated by an effective Hamiltonian method. The
multi-domain structures with 180° DWs and 90° DWs

under tensile strains were simulated, and the dielectric

solid solution was

response of multi-domain structures with 180° DWs and
90° DWs was analyzed. In addition, the multi-domain
configurations and the dielectric response of multi-domain
structures in equilibrated orthogonal phase of BST, g under
different external conditions were also investigated based

on the atomistic first-principle-based simulations.

2  Method

In this work, we performed molecular dynamics
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using the ALFE-H code!'¥, using the first-principles-

based effective Hamiltonian!"> %,

SR/ IR USRI/
e QUi 173510 + B QU35 15 0 351075 1)

where u; is the local soft mode, 74, ...

(1)

ne are the
homogeneous strain components with Voigt notation,
{0, } characterizes the atomic configuration, o; = +1 or
—1 corresponds to the presence of a Ba or Sr atom,
respectively. All the parameters of the -effective
Hamiltonian were given in a previous work!'®.

All the calculations were performed in the NPT
ensemble, employing an Evans-Hoover thermostat, with
periodic boundary condition (PBC) along all three
directions. To simulate the substrate, a uniform biaxial
strain was fixed to the external strain #; (7x) = 72 (1yy) =
1.55%, and 7 (11xy) = 0. The strain was chosen because 1)
the 180° DWs and 90° DWs both coexisted stably,
matching the experimental PFM observations'”), 2) the
dielectric responses of multi-domain with 90° DWs and
180° DWs showed a high similarity with strains from
1.45% to 1.85%, and 3) increasing strain to 1.55%
reduces fluctuations significantly, ensuring a reliable
extraction of intrinsic dielectric properties. The presence
of the phase orthogonal in the BST, 3 phase diagram in a
large temperature range (i.e., 140 K) under this strain,
which is beneficial for reducing the molecular dynamics
(MD) simulations fluctuations.

To calculate the dielectric response, we extracted the
trajectory of local mode u; averaged over the supercell

during MD simulations!'”';

!
ek T (M M) —(M,, (M)
+12nvj:dtem (M, (t=0) =M, (t = 0))(M,, (1)~ M , (1))}

)

where M, is the a Cartesian component of the total

Eup V)=

dipole moment, computed as M, = ZWZ. u, (where Z°

is the Born effective charge of the local mode). (...) and
bars both indicate the ensemble average.
In this work, the influence of different DW

structures on the dielectric response was investigated.
We obtained single domain structure and multi-domain
structures with 180° DWs and 90° DWs based on the

MD simulations, then the corresponding dielectric

response is computed. For the multi-domain structure,
we began with a self-constructed initial multi-domain
polarization configuration and performed 50 ps MD
simulation under chosen strains for structural relaxation.
In the initial configuration, the magnitude of non-zero
component of soft mode U on each site was set to 0.1 A,
atomic occupations (alloying) were randomized, and
unless otherwise specified, all other mode variables
were set to zero. Subsequently, we examined the results
of the structural relaxation via integrating experimental
conditions and observed phenomena. Subsequent 8 ns
additional simulations were performed to obtain
autocorrelation function ((M,M;)—(M,)}{M) term in
Eq. (2)) for any time t ranging from 0 to 1 ns by steps of
10 fs. The fast Fourier transformation (FFT) was
performed to calculate the dielectric response according
to Eq. (3). We used two uncoupled damped harmonic
oscillators (DHOs) to fit the calculation datal'®l:
S, N S,
V=V +ivy, Vi =V +ivy,

e(v) =

€)

where Vv, 7, Si(respectively, V», %, S;) are the
resonant frequency, damping constant, and oscillator

strength of the first (respectively, second) oscillator.

3 Results and discussion

3.1 Single domain simulations

We first characterize the phase transition of bulk and
epitaxially strained BSTg system (7 = 1.55%) at finite
1(a) and 1(b),

respectively. The MD simulations are performed for 12 x

temperatures, as shown in Figs.

12 x 12 supercell (corresponding to 8640 atoms). For a
bulk system, static properties are simulated by the
annealing method with a temperature step of 10 K. For
each temperature step, we use 10000 Hybrid Monte Calor
(HMC) steps. As the temperature decreases from 500 K
to 10 K, the paraelectric cubic phase (C) subsequently
transforms into ferroelectric tetragonal (T), orthogonal
(O), rhombohedral (R) at T¢; of (515 + 5) K, Teoof (335
+ 5) K and T¢3 of (205 £ 5) K, respectively, which is

U6 For strained

consistent with the previous results
system, we average several randomly distributed Sr and
Ba configurations to obtain the converged results via
running annealing simulations with 20000 HMC steps at

each temperature. It is the phase C at a high temperature
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of larger than 400 K. C-O and O-Mj transitions are
observed at T¢; of (355 £5) K and T, of (215 = 5) K,
respectively, as the temperature decreases. Mg is a
monoclinic phase with polarization P, = P,>P; introduced
by Vanderbilt and Cohen!"”".
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Fig. 1 Phase diagram of BST,g under zero strain and tensile

strain (77 =1.55%), Uy, Uy and U, are the components of
local mode u along X, y, and z directions, respectively.
(C, T, O, R and Mg represent cubic, tetragonal,
orthogonal, rhombohedral and monoclinic phases,
respectively)

To clarify the dynamic properties of the strained
system, we compute the dielectric response at 300 K with
the electric fields along [110] from 0 to 2 MV/cm. We
first slowly cool down the system from 700 K to 300 K
with obtain the equilibrated structure, and then 50 ps MD
simulations are performed with the corresponding electric
field, which is sufficiently enough to equilibrate the
system. Fig. 2 shows the real and imaginary parts of the
response as a function of frequency in different external
electric fields at 300 K.

The computational results can be well fitted with the

model of two uncoupled DHOs. For E=0 MV/cm, the
results exhibit two peaks at 300 GHz and 3 THz. One
peak at 300 GHz gradually disappears as the electric field
increases to 1.0 MV/cm. Another peak at 3 THz for E of
0 MV/cm continuously shifts to 7 THz in the electric
field of 3 MV/cm. A high frequency peak appears at 8
THz as the electric field reaches 1 MV/cm, and then
shifts to 9 THz slowly as the electric field increases to
3 MV/cm.

—*— E=0.0 MV/cm
—*— E£=0.1 MV/cm
—— E£=0.5MV/cm
—o— E=1.0MV/cm
—o— E=15MV/cm
—o— E=2.0MV/cm

Frequency/THz

(a) Real part

Frequency/THz

(b) Imaginary part

Fig. 2 Real (a) and imaginary (b) parts of dielectric response
for BSTyg in different external electric fields
(Ex=Ey=E) at 300 K. (Symbols represent computational
data, while solid lines provide the fitting results from
damped harmonic oscillators. The arrows in the inset
of panel (b) indicate the corresponding peaks. The blue
arrow indicates that the peak disappears in a higher
electric field, the green peak shifts to a higher
frequency in a higher electric field, and the purple
arrow indicates a new peak in a high electric field)

Clearly, the real and imaginary parts of the predicted
dielectric response at each chosen electric field both
exhibit two peaks. A low-frequency mode with 300 GHz

at zero field in the system gradually disappears as the
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electric field increases, and a high-frequency mode larger
than 8 THz appears when electric field is larger than
1 MV/cm. The high frequencies modes of 3 THz at zero
filed and 8 THz under 1 MV/cm shift towards higher
frequencies as the electric field increases. The
simulations reveal that it is possible to manipulate the
frequency of peaks in dielectric response via changing
the magnitude of the external electric field.
3.2 Multi-domain simulations

According to some previous experiments!'* %!, there
are three types of multi-domain structures in BSTyg,
with the DWs aligning in (110), (010) and (100) planes
in films, respectively. According to the Xy-plane
symmetry in phase O with the uniform biaxial strains,
multi-domains with DWs aligning in (010) or (100) are
equivalent to each other. Here, we perform MD
simulations
structures with DWs aligning in (110) and (100) with #

of 1.55% at 300 K. The simulations are performed with the

to further analyze the multi-domain

size of 120 x 120 x 5 supercell (corresponding to
360 000 atoms) for the multi-domain with 180° DWs
aligning in direction (110) in supercell and 48 x 48 x 5
supercell (corresponding to 57 600 atoms) for the multi-
domain with 90° DWs aligning in direction (100) in

supercell.

Fig. 3(a) shows the xy-plane dipolar configuration of
multi-domain structure with 180° DWs in the bottom
layer of the considered supercell, which is obtained via
averaging configurations over the last 10 ps MD?!
configuration at 300 K. Red regions and blue regions
exhibit antiparallel in-plane polarizations (see white
arrows in Fig. 3(a)). Fig. 3(b) shows the layer-resolved
U averaged perpendicular to the green line and indexed
along the green line in Fig. 3(a). U, represents the
average dipole moment of the bottom layer in supercell,
which is calculated by

S P o

T, =y 2y 2 ) 4)
where N; and N are the time range®” and number of
supercells used for averaging, respectively. « denotes
the cartesian components. The width of 180° DWs is
approximately 10 unit cells. Within DWs, the local mode
u changes from one domain continuously towards
another domain, which is similar to that in a previous
research!®!. Fig. 3(c) shows the spontaneous oscillations
of 180° DWs in the absence of external electric fields.
The proportion of the width of single domains with +uy
and —Uy is approximately 1:1 over the simulations. These
results indicate that the multi-domains with 180° DW
aligning in (110) are stable.
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(a) Dipolar configuration

(b) Layer-resolved local modes
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Time/ps
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(c) MD trajectory

Fig. 3 Illustration of the molecular dynamic simulations of multi-domains with 180° DWs. (Panel (a) shows the local mode

(polarization) configuration in the bottom layer (Xx-y plane) in the supercell. The 180° DWs (white regions) separating P
along [110] domains (red color) and P along [110] (blue color) domains. Panel (b) displays the layer-resolved local modes
Uy, Uy and U,, which are the averaged local modes perpendicular to the green line in panel (a). Panel (c) displays the trajectory
layer-resolved Uy of molecular dynamics during 500 ps simulations at 300 K for multi-domains with 180° DWs shown in

panel (a). The fluctuations of domain edges indicate the oscillations of 180° DWs. The arrows are schematics of the

polarizations in the corresponding domains)

Fig. 4(a) shows the xy-plane dipolar configuration
of multi-domain structure with 90° DWs obtained
via averaging configurations over the last 10 ps MD

trajectory at 300 K. Blue and red regions exhibit local

moment u along [110] and[l10], respectively. Fig.
4(b) shows the layer-resolved U averaged perpendicular
to the green line and indexed along the green line in Fig.
4(a). The width of 90° DWs is 3—4 unit cells. Fig. 4(c)
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shows the spontaneous oscillations of 90° DWs in the
absence of external electric fields. The oscillations of 90°
DWs show the similar features with 180° DWs. The
proportion of each domain is approximately 1:1 (see Fig.
4(c)), which is similar to the oscillations of 180° DWs
(see Fig. 3(c)).

The influence of 90° DWs on the quality factor Q
was investigated in a previous work™. However, there
are still two aspects that need to be further considered.

First, the dielectric response of multi-domain with 90°

DWs in BSTyg is still unknown. Second, the difference
between the dielectric responses of single domain
structures and multi-domain structures with 180° DWs
and 90° DWs is ambiguous. Previous work attributed
the unique behavior of quality factor Q (calculated from
dielectric response) to the stochastic oscillations of 90°
DWs in an external electric field (E,=0.6 MV/cm). Note
that 180° DWs and 90° DWs exhibit slight oscillations
that do not change the proportion of single domains

width in the absence of external electric filed.

g ddoiok ok A R A Kk D g A

20
Unit cells

10

(a) Dipolar configuration

Fig. 4

(b) Layer-resolved local modes
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[lustration of the molecular dynamic simulations of multi-domains with 90° DWs. (Panel (a) shows the local mode

(polarization) configuration in the bottom layer (x—y plane) in the supercell. The 90° DWs (white regions) separating P along
[110] domains (red color) and P along [110] (blue color) domains. Panel (b) displays the layer-resolved local modes Uy,
Uy and U,, which are the averaged local modes perpendicular to the green line in panel (a). Panel (c) displays the trajectory
layer-resolved u, of molecular dynamics during 500 ps simulations at 300K for multi-domains with 90° DWs shown in panel
(a). The fluctuations of domain edges indicate the oscillations of 90° DWs. The arrows are schematic of the polarizations in

the corresponding domains)

According to a previous study**, we extend the MD
simulation time to 16 ns for multi-domain with 180° DW
and 8 ns for multi-domain with 90° DW to accurately
mimic the low-frequency part of the dielectric response
(&,)- We firstly perform a uniform filter method from
SciPy'*! package to smooth the raw computational data,
and then use DHOs to fit smoothed data. Fig. 5 shows the
dielectric responses for single domain and multi-domains
with 180° DWs and 90° DWs at 300 K. For the response
of multi-domain structure with 180° DWs, two peaks
located at 8 GHz and 120 GHz appear, respectively, and
no peaks occur at > 200 GHz (see the orange line in Fig.
5(b)). The multi-domain structure with 90° DWs only
exhibits one peak at 10 GHz in dielectric response (see
Fig. 5(c)), which is at the similar frequency position with
the peak at 8 GHz in 180° DWs system.

The analysis of the dielectric response of single

domain structure and multi-domain structures shows that

the single domain structure exhibits high-frequency peaks
at > 300 GHz, whereas the multi-domain structure has
low-frequency peaks at 8 GHz and 120 GHz for 180°
DWs system and at 10 GHz for 90° DWs system,
revealing that there exists a low-frequency mode related
to collective oscillation of DWs in multi-domain
structures. In addition, the frequencies of peaks in
multi-domain with DWs are in a gigahertz range,
whereas the single domain structure has peaks in a
terahertz range, which is similar to the different Q(f)
behaviors of domain-wall layers and bulk-like layers"".
The contribution of DWs to the dielectric response
primarily arises from the timescale of DWs motion, such
which differs

high-frequency vibrations of optical phonon modes.

as sliding or breathing, from the
Specifically, the vibrational frequency of DWs is much
lower, with relaxation times in the order of nanoseconds,

resulting in a response frequency in GHz range, which is



B S3EE 4 TR 4. (Ba,Sr)TiOs o fH N A5 R F1 A R i 5 « 805 -

far below the terahertz range of optical phonon modes. single domain and 90° DWs system. In other words,
Therefore, DWs oscillations dominate the dielectric multi-domain structures with 180° DWs and 90° DWs
response at a low frequency. Moreover, multi-domain exhibit different dielectric responses. There exists a
structure with 180° DWs has a unique low frequency common low-frequency mode related to the oscillations

mode at 120 GHz, which is significantly different from of DWs in BSTs.

—o— Ex ‘ ——
(

D
T

100 150 200

100 150 200

0 2 4 6 8 10 0
Frequency/THz Frequency/GHz Frequency/GHz
(a) Single domain structure (b) Multi-domain structure with 180° DW (¢) Multi-domain structure with 90° DWs

Fig. 5 Real and imaginary parts of dielectric response of single domain structure and multidomain structures with 180° DWs and
90° DWs. (Symbols represent computational data, while solid lines provide the fitting results from damped harmonic
oscillators. The arrows with different colors are the frequencies of the peaks of & associated with Eq. 1 in different
domain structures)
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Extended Abstract

Introduction Frequency-dependent dielectric response is one of the important properties of ferroelectrics, reflecting the polarization
response to high-frequency electric fields. Polarizations are closely related to ferroelectric domain structures, such as single domain,
which represents the region with homogeneous polarizations direction. Ferroelectrics usually possess complex domain structures with
domain walls (DWs) separating adjacent homogeneously polarized domains. DWs have attracted much attention during the past two
decades due to their properties and potential for device designing. The related issues include DW motion, nonvolatile memory,
topological defects, enhanced susceptibility, enhanced quality factor, low dielectric loss, and others. (Bayg,Sry,)TiO; (BSTyyg) is a
ferroelectric usually with multi-domain structures. Previous work identified two typical types of domain walls (DWs), i.e., 90° DWs
and 180° DWs. The enhancement of dielectric response in systems with 90° DWs is now well understood, and the behavior of
dielectric response in multi-domain systems with 180° DWs remains unclear. Therefore, gaining insights into how 180° DWs affect
the dielectric response can clarify the effects in multidomain systems.

Methods
Hamiltonian method to study the BST, g system. All the calculations were performed in the NPT ensemble using the Evans-Hoover

We performed molecular dynamics simulations using the ALFE-H code with the first-principles-based effective

thermostat, and periodic boundary condition (PBC) along all three directions. To simulate the substrate, a uniform biaxial strain was
fixed to the 1.55% in-plane strain. To analyze the multi-domain with different DWs, the simulations started with a self-constructed
initial multi-domain polarization configuration. Subsequent 50 ps MD simulation was performed under chosen strains for structural
relaxation. In the initial configuration, the magnitude of non-zero components of soft mode on each site was set to 0.1 A, atomic
occupations (alloying) were randomized, and unless otherwise specified, all other mode variables were set to zero. The trajectory of
local mode averaged over the supercell during MD simulations was extracted to calculate the dielectric response. The 8 ns MD
simulations were performed to obtain an autocorrelation function for any time t ranging from 0 to 1 ns by one step of 10 fs. The fast
Fourier transformation (FFT) was performed to calculate the dielectric response. Then two uncoupled damped harmonic oscillators
(DHOs) were used to fit the data of dielectric response.

Results and discussion The dielectric response of single domain at 300 K with the different electric fields along [110] from 0 to 2
MV/em was computed. The computational results can be well fitted with the model of two uncoupled DHOs. The real and imaginary
parts of the predicted dielectric response at each chosen electric field both exhibit two peaks. As the electric field increases, the
low-frequency mode with 300 GHz at zero field in the system gradually disappears, and a high-frequency mode of larger than 8 THz
appears when electric field is larger than 1 MV/cm. The high frequencies modes of 3 THz at zero filed and 8 THz under 1 MV/cm
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shift towards higher frequencies as the electric field increases. In other words, the present simulations reveal that it is possible to
manipulate the frequency of peaks in dielectric response via changing the magnitude of the external electric field.

The dielectric responses of multi-domain with 90° DWs and 180° DWs are further analyzed. According to the experimental PFM
results, the multi-domain structures are simulated and the dielectric response through MD simulations is calculated. The analysis of
the dielectric response of single domain structure and multi-domain structures shows that the single domain structures exhibit
high-frequency peaks at > 300 GHz, whereas the multi-domain structures exhibit low-frequency peaks at 8 GHz and 120 GHz for
180° DWs system and at 10 GHz for 90° DWs system, revealing that there exists a low-frequency mode related to collective
oscillation of DWs in multi-domain structures. In addition, the frequencies of peaks in multi-domain with DWs are in a gigahertz
range, whereas the single domain structure exhibits peaks in a terahertz range. The contribution of DWs to the dielectric response
primarily arises from the timescale of DWs motion, such as sliding or breathing, which differs significantly from the high-frequency
vibrations of optical phonon modes. The vibrational frequency of DWs is much lower, with relaxation times in the order of
nanoseconds, resulting in a response frequency in GHz range, which is far below the terahertz range of optical phonon modes.
Therefore, DWs oscillations dominate the dielectric response at a low frequency. Moreover, multi-domain structure with 180° DWs
exhibits a unique low frequency mode at 120 GHz, which is significantly different from single domain and 90° DWs system. In other
words, multi-domain structures with 180° DWs and 90° DWs exhibit different dielectric responses. There exists a common
low-frequency mode related to the oscillations of DWs in BSTy 5.

Conclusions It was possible to manipulate the frequency of peaks in dielectric response of single domain through changing the
magnitude of the external electric field. Domain walls oscillations dominated the dielectric response in a low frequency gigahertz
range, whereas the single domain structures exhibited resonant peaks in a terahertz range. Moreover, multi-domain structures with
different domain walls in BST g had different dielectric responses, but the both have a same low-frequency mode at 10 GHz related to
the domain walls oscillations. The results of this study indicated the dielectric response behaviors of ferroelectrics induced in an
external electric field and internal multi-domain configurations and provided the potential mechanisms and guidance for optimizing
application performance.
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