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Realization of tunable materials that are multifunctional and maintain high
performance in dynamically changing environments is a fundamental goal of
science and engineering. Tunable dielectrics form the basis of a wide variety of
communication and sensing devices and require breakthrough performance
improvement to enable next-generation technologies. Using phenomen-
ological modeling, film growth, and characterization, we show that devices
consisting of domain-wall-rich Bag gSr > TiO;3 films close to a polar-domain-
variant phase boundary exhibit colossal dielectric tunability of 100:1 (99%) at a
voltage (electric field) of ~15V (750 kV/cm), resulting in a tunability-quality
factor product figure of merit that rises to nearly 10°, two orders of magnitude
higher than the best previous reported values. Remarkably, varying the
amplitude of alternating-current bias enables modulation of this tunability by
50%, owing to domain-wall motion. These results suggest that domain engi-
neering is a powerful approach for achieving excellent modulation of func-
tional properties in ferroelectric films.

With the increase in renewable energy generation and adoption of the
electric vehicle (EV) charging, power grids face increasing challenges
in balancing supply and demand'. This leads to a need for continuous
non-contact monitoring of direct current (DC) power via electric field
sensing of the grid and the growing number of DC power storage units
and microgrids. One electric field sensor was proposed based on
changing capacitance via varactors, which would not require moving
components and allow for continuous monitoring at DC and low
frequencies®. The performance of these sensors relies on the tunability
of low frequency varactors, which to date have largely been limited to

p-n junction-based varactors. With the need for higher sensitivity,
materials with high dielectric tunability are desired.

Since their discovery in the 1940s, ferroelectric perovskites based
on BaTiOj3 solid solutions have been widely used as dielectrics, moti-
vating long-standing research interest both in academia and industry.
The tunability of the dielectric constant (g) by the application of electric
bias (de/dE) is an important property because it enables frequency-agile
dielectrics vital for low frequency tunable varactors for electric field
sensors and power monitoring. Additionally, these could be used in
other applications such as tunable phase shifters, antennas, filters, and
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oscillators®”. The effect of the presence of polar domains (i.e., regions of
the material with different orientations of polarization common in fer-
roelectrics) on materials for such applications can vary, with both ben-
eficial and detrimental effects reported®™. Recent research has shown
that strain-driven phase transitions between domain-variant phase
boundaries can be used to achieve high values of dielectric constant®.
Application of an electric field that shifts the material away from the
domain-variant phase boundary, therefore, provides an effective knob
to dramatically decrease the dielectric constant with increasing field,
leading to the high tunability sought for such applications. At the same
time, current materials that exhibit large dielectric tunability and their
use in the above applications are constrained by the inability to dyna-
mically control or modulate the tunability.

Ba,,Sr,TiO3 (BST) solid solutions have formed the core of
frequency-agile devices due to their superior combination of high
dielectric constant, high tunability and low dielectric loss (and, thus,
high quality factor Q) leading to a favorable tunabilityxQ figure of
merit (FOM). Advances in obtaining higher film quality and domain
engineering have led to an ongoing increase in tunability and FOM
values over the past several decades (Fig. 1a) and larger surpass com-
mercially available p-n-junction-based varactors. In particular, a high
tunability of 13:1 with low loss (tan & <0.001) was obtained for
Bag sSrp,TiO3 (BST80) films on SmScO3 (110) (SSO) substrates pos-
sessing interdigitated capacitor (IDC) electrodes due to the presence
of domains with polarization oriented in the plane of the film, with the
unusual response being attributed to domain-wall fluctuations™.
Although these results and other recent work™'® suggest that domain
engineering is a powerful approach for improving functionality, this
approach for achieving high tunability remains largely under-
developed and still shows some drawbacks. For example, the effect of
different domain configurations involving both domains with in-plane
and out-of-plane polarization (e.g., c¢/a domains) has not been
explored. Additionally, the use of IDC electrodes is unfavorable for
practical application because it requires complex device fabrication as
well as the application of a high voltage (>100 V) to obtain high tun-
ability. By contrast, thin films with electrodes in a parallel plate capa-
citor configuration enable the application of large electric fields with
small voltages.
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Fig. 1| Bias-dependent dielectric tunability and figure of merit in domain-
engineered ferroelectric thin films. a Fifty years of progress in enhancing the
tunability of Ba;.,Sr,TiO; (0<x <1) (BST) -based films (temperature denoted in
each)"**%°, including SrTiO3 (STO)" and the present domain-engineered

Bag gSro,TiO5 (BST80) thin films measured at room temperature (RT). b Applied
static bias field-dependent dielectric tunability for the best-performing domain

Results

Here, we explore the dielectric response tunability of 200-nm-thick
BST8O0 films grown on SSO (110) substrates in a parallel plate-capacitor
geometry that contain a dense collection of c¢/a domains with 90°
domain walls. Landau-Ginzburg-Devonshire (LGD) calculations (Sup-
plementary S1) show that a very high tunability can be obtained for this
system, and experimentally we obtain a colossal tunability of 100:1 at
~15V and a moderate dielectric loss (Figs. S4 and S5) that leads to a Q of
~100 over the range of —200 to -20 kV/cm, achieving one and two
orders of magnitude improvement for tunability and FOM, respec-
tively, compared to previous state-of-the-art materials (Fig. 1), Both
tunability and FOM are considerably larger than those of the best-
performing films reported in the literature® for the entire range of
static E field values. Avoiding the drawbacks of the IDC geometry, the
outstanding performance of these films is obtained with application of
low voltages of ~15V for devices obtained using a facile process, see
Supplementary S2.

The LGD model-calculated temperature-strain phase diagram of
BST80 (Methods, Fig. 2a, Fig. S8) shows that BST80 exhibits several
domain-wall variants and boundaries between those variants that can
be accessed by epitaxial strain arising from depositing BST80 on the
appropriate substrates with different lattice parameters (and therefore
lattice mismatch). A material controlled to be at or near such bound-
aries is likely to exhibit high dielectric permittivity and tunability. In
particular, the LGD calculations show that a tunability of 28:1 can be
obtained at ~500 kV/cm for the c/a-domain state obtained for a misfit
strain of 0% (Fig. 2b), suggesting that c/a-domain rich films with misfit
strain close to zero should exhibit very high tunability.

Based on the guidance from LGD, BST80 films were grown on 20-
nm-thick BagsSrosRuOz (BSRO) electrode layers deposited on SSO
(110) substrates, corresponding to a misfit strain of 0.1% (Methods).
Confirming the LGD prediction, piezoresponse force microscopy
(PFM) measurements reveal that the BST80/BSRO/SSO (110) hetero-
structures exhibit an c/a-domain state with domain periodicity of
188 nm (Fig. S9). X-ray diffraction patterns and the reciprocal space
mapping (RSM) studies of the BST80/BSRO/SSO (110) hetero-
structures (Figs. S10 and S11) show that the reflection from the BST80
is well-aligned with that from SSO, indicating that the film is lattice-
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Fig. 2 | Strain-driven domain engineering for tailoring dielectric tunability.

a Landau-Ginzburg-Devonshire (LGD) model-calculated temperature-strain phase
diagram of the film plane-normal polarization and domain-wall variants in poly-
domain BST80 thin films. Arabic numerals denote various thermodynamically
predicted domain structures (see Fig. S8). The dots correspond to the expected
strain of BST80 coherently strained on SrTiO5(STO)(100), GdScO3(GS0)(110),
SmSc03(SSO)(110), KTaO3(KTO)(100), and NdScO3(NSO)(110) (from left to right).
b LGD model-calculated out-of-plane dielectric permittivity for BST80 films under
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different strains corresponding to selected substrates. ¢ Measured dielectric per-
mittivity, at 10 kHz, of the BST80 films grown on Bag sSro sRuO3(BSRO) or
SrRuO;(SRO)-electroded NSO(110), KTO(100), SSO(110), GSO(110) and STO(100)
substrates. d Tunability data from c, plotted as a function of the BST8O0 film in-plane
lattice parameter described in the Methods section. The inset shows inverse tun-
ability data. The black dots denote the tunability for the BST80/SSO under 100 mV
AC bias. Dotted lines indicate fits to the data.

matched to the substrate. Consistent with the PFM results, satellite
peaks observed in the RSMs also confirm the presence of domain
structures with ~188 nm periodicity (Fig. S12).

To examine the effect of strain on the dielectric response and
tunability, BST80 films were also deposited on SrTiO3 (STO) (001),
GdScO; (GSO) (110), KTaO5 (KTO) (001), and NdScO; (NSO) (110)
substrates with BSRO or SrRuO; (SRO) bottom and top electrodes,
corresponding to misfit strains of -1.8%, —0.2%, 0.3%, and 0.7%,
respectively. Similar to the BST80/BSRO/SSO (110) heterostructures,
epitaxial growth is obtained for films grown on all substrates and the
films grown on GSO, SSO, NSO, and KTO are coherently strained to the
substrates, while the films grown on STO are relaxed
(Figs. S10 and S11). The measured ferroelectric polarization-electric
field hysteresis loops for all heterostructures (Fig. S13) show that the
BSTO80/BSRO/NSO (110) exhibits essentially dielectric behavior,
indicating that the switchable out-of-plane polarization is effectively
zero for this tensile-strain condition. By contrast, wide loops con-
sistent with strong out-of-plane polarization are obtained for the
BSTO80/BSRO/GSO (110) and BSTO80/SRO/STO (001) hetero-
structures wherein there is compressive strain on the films. The
BSTO80/BSRO/SSO (110) and BSTO80/BSRO/KTO (001) hetero-
structures with a slight strain exhibit similar slender hysteresis loops

with a high slope at the origin. This suggests that the most sensitive
dielectric response will be obtained for the BSTO80/BSRO/SSO (110)
and BSTO80/BSRO/KTO (001) heterostructures.

Dielectric measurements confirm that the location of the het-
erostructure in the temperature-strain phase diagram profoundly
affects its static bias-dependent dielectric response (Fig. 2¢ and
Fig. S14). The BSTO80/SRO/STO and BSTO80/BSRO/NSO hetero-
structures, on the two opposite sides of the phase diagram, show the
least tunability, with the tunability increasing toward the center of the
phase diagram and reaching high values for the BSTO80/BSRO/SSO
(110) and BSTOS80/BSRO/KTO (001) heterostructures. While the
dielectric constant values of the BSTO80/BSRO/SSO (110) and
BSTO80/BSRO/KTO (001) heterostructures are essentially the same,
the tunability of the BSTO80/BSRO/SSO (110) heterostructures is
greater than that of the BSTO80/BSRO/KTO (001) heterostructures
due to the stronger suppression of the dielectric response by the
applied static bias.

Examination of the tunability as a function of the film in-plane
lattice parameter reveals a peak in the vicinity of a=3.99 A (Fig. 2d).
Such peaks in the response properties are typically found at (or near)
phase boundaries where the flattening of the potential energy surface
makes the system extremely sensitive even to a weak perturbation
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due to the inverse relationship between the potential energy
surface curvature and the magnitude of the response property. One
example of this is the peak in the piezoelectric response with respect
to composition found at the morphotropic phase boundary (MPB) in
piezoelectrics such as lead zirconate titanate and lead magnesium
niobate-lead titanate due to the flattening of the polarization rotation
potential energy surface across the MPB. Since our BST80/BSRO/SSO
films are located close to the phase boundary, a small perturbation
of the system by the change of the in-plane lattice parameter from
that of KTO (001) to that of SSO (110) gives rise to a large change
in the response of the material. This is illustrated in the plot of
inverse tunability versus lattice strain that shows a very small differ-
ence in the inverse tunability between BSTO80/BSRO/KTO (001) and
BSTO80/BSRO/SSO (110) heterostructures (Fig. 2d, inset) that trans-
lates into a large enhancement of the tunability from 35:1 to 50:1. Thus,
this begs the question whether a tunability even higher than 50:1 may
be obtained for BST80/BSRO/SSO (110) heterostructures by further
fine-tuning of the system. To achieve higher tunability, we investigate
the use of different electrode-ferroelectric interfaces and amplitude
modulation of the measurement bias as additional knobs for the fine-
tuning of the BST80/BSRO/SSO (110) system beyond lattice-mismatch
strain.

Since it is well-known that the properties of ferroelectric capaci-
tors can depend on the metal-ferroelectric electrostatic barrier and its
interfacial quality”®, we explored different top electrode materials (Au/
Ti, Pt/Ti, BSRO deposited at room temperature (RTBSRO), BSRO
deposited at high temperature (HTBSRO)) for the modification of the
BST80 film system. Top 90 pm x 90 um 20-nm-thick electrodes were
lithographically patterned on the BST80 films using a water-soluble
hard mask process adapted from ref. 29 (Methods and Supplementary
Information). BSRO-electroded films deposited at high temperature
(HTBSRO) exhibited well-defined ferroelectric hysteresis loops and the
lowest leakage currents (Fig. 3a, b). Dielectric measurements of the
films reveal a strong sensitivity of the dielectric response to the var-
iation in the electrode-ferroelectric interface and applied bias voltage
(Fig. 3¢). For all heterostructure-electrode pairs, the relative dielectric
permittivity (¢) decreases rapidly with applied bias, with the magni-
tude of the zero-field permittivity and its changes under bias going
from smallest to largest in the order of Au/Ti <Pt/Ti <RTBSRO <
HTBSRO, with € = 4700 reached for the HTBSRO-electroded films.
Remarkably, the HTBSRO-electroded films show a two-fold increase in
the zero-field ¢ relative to the RTBSRO film, and four-fold relative to
the Pt/Ti films. Upon the application of a static bias, € decreases to as
low as 76, demonstrating the exceptional tunability of these films.

Thus, the changes in the electrode-ferroelectric interface can be used
to enhance the dielectric response of the BST80/SSO (110) system.

Variation of the modulation amplitude of the measurement bias is
another method for fine-tuning the domain-rich BST80/BSRO/SSO
(110) films to obtain a large enhancement of the dielectric response.
Since the tunability of our films is predicted by LGD to be due to the
changes in the domain structure (or domain fractions) under applied
field, the kinetics of domain-wall motion are likely to be important, and
domain-variant fractions should be highly sensitive to the applied
electric field due to small energy differences and kinetic barriers
between the different domain-wall variants, with larger modulation
amplitude expected to increase the response. Experimentally, larger
values of the dielectric constant are indeed obtained for a higher
amplitude modulation of the measurement bias at low static bias
voltage for the heterostructures (Fig. 4a and Fig. S6) with more than
two-fold enhancement in the dielectric constant of the BST80/BSRO/
SSO (110) heterostructures, reaching €=8400. The enhancement
decays rapidly as static bias is applied and disappears at the bias
magnitude of —40 kV/cm (or 30 kV/cm) as the system moves away
from the phase boundary and the kinetic barriers for domain-wall
motion increase. The kinetic effect leads to an enhancement in the
tunability, with the tunability reaching 72:1 for an amplitude modula-
tion of 10 mV and 100:1 for 100 mV. The peak dielectric permittivity
and tunability at zero static bias are observed at the modulation
amplitude of 230 mV (Fig. 4b) for the BST80/BSRO/SSO and BST80/
BSRO/KTO heterostructures. As discussed in the Supplementary
Information, this effect can be explained by the higher speed of
domain switching and domain-wall motion at higher applied modula-
tion amplitude. This is true, however, only at zero DC bias and low
applied modulation amplitude where the system is close to the phase
boundary and the response is dominated by domain-wall motion. At
higher DC bias and high applied modulation amplitude, the system
moves away from the domain-phase boundary, and the dielectric
response is increasingly dominated by the standard increase of
intrinsic material polarization under applied field.

Achieving temperature independence of tunability is another
key consideration for tunable dielectric materials, and naturally,
the question of the effect of proximity to theoretically calculated
domain-wall-variant boundaries in the epitaxial strain-
temperature phase diagram on film properties arises. Dielectric
measurements were performed to examine the temperature
dependence of the tunability and dielectric loss of the BST80/
BSRO/SSO (110) heterostructures (Fig. 4c). At 50 °C, the tunability
reaches as high as 100:1 for 100 mV, which is the highest
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Fig. 4 | Variation of dielectric permittivity and tunability of BST80 films with
modulation amplitude of measurement bias. a Static bias field dependence of
the dielectric permittivity of a BSRO/BST80/BSRO/SSO capacitor collected with
various modulation amplitudes of measurement voltage. b Dielectric permittivity
of the BSRO/BST80/BSRO/SSO and BSRO/BST80/BSRO/KTO capacitors as function
of modulation amplitude, collected at zero static bias voltage. ¢ Temperature
dependence of the dielectric permittivity, loss and tunability of BSRO/BST80/
BSRO/SSO capacitor measured at different modulation amplitudes as denoted.

tunability reported to date to the best of our knowledge and is
approximately an order of magnitude higher than that in IDC
films on SSO™. As the system moves away from the phase
boundary with increasing temperature, the tunability decreases
but is still quite high (30:1 at 100 °C), surpassing the performance
of films previously reported”'®*"?’, Contrary to the observed high
sensitivity of the tunability to epitaxial strain (Fig. 2c), the tem-
perature dependence of the tunability and dielectric loss is
comparable to previous reports®.

Discussion

For all modulation amplitude values, the peak dielectric constant
is obtained at 50 °C and the dielectric constant becomes inde-
pendent of the modulation amplitude at T > 70 °C, corresponding
to the temperature of the peak dielectric constant obtained from
dielectric measurements (Fig. S16). Above this temperature the
barriers to domain-wall motion become small and the response
becomes independent of bias because the response of the system
to the applied field is essentially instantaneous and therefore is
governed purely by thermodynamics. Below 70 °C, domain-wall
motion gives rise to a larger dielectric response that is kinetically
dependent and therefore enhanced by application of larger
measurement bias. As expected from the exponential depen-
dence of the domain-nucleation energy on the inverse electric
field-temperature product (ET)? *°7, the dielectric constant
enhancement by higher applied alternating current (AC) mea-
surement bias increases with lower temperature. The dielectric
loss is = 0.02 (Q=50) for T>50°C and then increases with
decreasing temperature, with greater increase observed for
higher applied AC measurement bias. This is expected because
domain-wall motion typically leads to greater loss for ferro-
electric films. The highest product of tunability and loss is
obtained at 50 °C, with a giant tunability of 100:1 and Q of 50 at
0V and an excellent tunability of 6:1 with Q>100 at room tem-
perature over the range of —200 to —20 kV/cm (Fig. S5).

The ability to dynamically modulate the tunability itself
simply by changing the amplitude of the measurement bias
modulation is a powerful tool for design of devices such as var-
actors and phase shifter. Current varactors require application of
bias voltages, operating over a range of several to tens of V or
higher for power-hungry components. The ability to tune the
capacitance of a dielectric using modulation only with no dc bias
enables varactor functionality at a small fraction (-5%) of the
power consumption of current varactors, opening new avenues
for highly energy-efficient analog electronics, including sensors,
amplifiers, and tuners. Similarly, the ability to tune the capaci-
tance continuously using modulation of AC bias only enables
design of a continuous phase shifter with a much simpler design
than the current shifters that can only provide discrete phase
shifts. We anticipate that the combination of low bias voltage,
flexibility of electrode-ferroelectric interface engineering, facile
fabrication and measurement voltage amplitude modulation for
optimization and control of film dielectric properties and the
outstanding performance of these films make domain wall-
engineered films promising for further development and use in
a variety of novel devices.

Methods

SrRu03/Bag 5Sro sRuO; buffered Bag gSro »TiO; thin films growth
and top electrodes preparation

Single crystal SmScO; (110), NdScO; (110), GdScO3 (110), KTaO;
(001) and SrTiO3 (STO) (001) substrates were employed for the
deposition of 200 nm-thick BaggSrg,TiO3 thin films with KrF
excimer laser (COMPeXPro 205). The deposition recipe involves a
laser fluence of 2.43J/cm? a pulse frequency of 2Hz, and an
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oxygen pressure of 100 mTorr at a temperature of 600 °C. In
order to reduce the lattice mismatch strain, 20 nm thick SrRuO;
bottom electrodes were deposited on the SrTiO; with a laser
fluence of 1.6])/cm?, a pulse repetition of 10 Hz, and an oxygen
pressure of 75 mTorr at 650 °C. 20 nm thick Bag sSro.sRuO3 bot-
tom electrodes were deposited on the SmScO; with a laser flu-
ence of 1.9)/cm? a pulse repetition of 1Hz, and an oxygen
pressure of 20 mTorr at 775 °C. With the assistance of a Sr3Al,O0¢
(SAO) hard mask (see Supplementary S2), top island-like epitaxial
SrRu0s/Bag sSrg.sRuO; electrodes with a thickness of 20 nm were
deposited using the same recipe as the bottom electrodes, except
for the deposition temperature of 600 °C to protect the crystal-
linity of the underlying BaggSro,TiO3 thin films. A standard
photolithography process was employed for the preparation of
the other types of electrodes with thickness of 20 nm, which were
deposited on the patterned bilayer photoresists (S1818/LOR 3A,
Kayaku) at room temperature. Among these electrodes, the
SrRuOs3/Bag 5sSro.sRuO3 were deposited by pulsed laser deposition
with the same recipe of epitaxial SrRuO3/Bag sSro.sRuO; deposi-
tion except the depositing temperature. The Au/Ti and Pt/Ti
electrodes were deposited by magnetron sputtering (Denton
Explorer 14). After the top electrodes deposition, the photoresists
were stripped in N-Methyl-2-pyrrolidone solvent at 65 °C.

Thin film surface morphology and domain structure
characterization

Topographic-height scanning probe microscopy (SPM) was
employed to determine the feature at the edge of the SrRuOs/
Bag sSrosRuO; electrodes and the SAO hard mask using SPM
probes (RTESPA) in standard intermittent contact mode under
ambient. The domain patterns in Bag gSro,TiO3 thin films grown
on SmScO3(110) and SrTiO3(001) substrates were first identified
by piezoresponse force microscopy with Pt-coated probes (SCM-
PIC) at a contact resonance frequency of 240 kHz. Reciprocal
space mapping (Malvern Panalytical Empyrean 3) was further
conducted to investigate the domain structure of the films using a
hybrid 2-bounce primary monochromator on the incident beam
side and a PIXcel®® position-sensitive detector.

Ferroelectric and dielectric properties measurements

All types of top electrodes possess a square pattern with a side length
of 90 um for probe landing in the electrical measurement. A Precision
Multiferroic Il tester (Radiant Technologies) was employed to conduct
the measurement of polarization-electric field hysteresis loops at var-
ious frequencies, voltage-pulse-enabled polarization switching, polar-
ization fatigue and retention at different temperatures. Due to the
existence of asymmetric electric field in some films, the coercive field
E. was defined as the value of (|Ec.|+ |Ec.|)/2, where the E.. and E..
denote the negative and positive coercive electric field extracted from
the hysteresis loops. A semiconductor characterization system
(Keithley 4200-SCS) was used to collect the leakage current data of the
films with different top electrodes. In addition, a Model 4210-CVU
installed in the Keithley instrument was employed to conduct the
dielectric measurements. Specifically, an AC test signal (10 mV RMS to
100 mV RMS) was used a DC voltage bias ranging from -15V to +15 V to
collect the capacitance and dielectric loss of the Bag gSro,TiO5 thin
film capacitors. The dielectric permittivity €, values of the capacitors
obtained under bias electric field were obtained using the formula of
g = SCO—;, and E£=Y, where the C is measured capacitance, ¢ is the
thickness of Bag gSro »TiO5 thin film, &¢ is vacuum permittivity, and A is
top electrode area. To elucidate the dependence of tunability on the
in-plane lattice parameter of the BST80 film, the functional forms and
corresponding fitting parameters used for the curves in Fig. 2d are
detailed below. All fits follow a polynomial model of the form

3= 2 apx". Black curve: § =ap+ax+a,x* +asx®, with fitting coeffi-

cients: ap=5.3924x10°, a; = -4.0315x10°, a,=1.0046x10°, a;=—-8344.7.
Red curve: | =aq+ayx+ax*+azx3 +a,x*, with fitting coefficients:
ap=-6.7528x107, a;=6.7869x107, a,=-2.5558x107, a;=4.2774x10°,
ay=-2.6845x10°. Blue curve: §=d,+ax+ax*+azx’, with fitting
coefficients: ap=6260.2, a;=-3142.1, a,=394.32, a;=-0.0098899.
Green curve: 1 =ag +apx + a,x? + a;x3 + a,x* + asx® + agx®, with fitting
coefficients: = ap=1.0392x10", a;=-1.5757x10", a,=9.9547x10%,
az=-3.3539x10", a,=6.3559x10°, as=-6.4237x10%, as=2.705x10’.
The results for the temperature dependence of P and E. for BST80/
BSRO/SSO and BST80/BSRO/KTO, temperature-dependent P-E loops
for BST80/BSRO/KTO, and temperature-dependent zero-field € for
BST80/SRO/STO, BST80/BSRO/GSO, BST80/BSRO/KTO, BST80/
BSRO/NSO are presented in the Supplementary S9.

LGD modeling

The theoretical predictions of the equilibrium phase and domain
structures of Bag gSro,TiO5 are derived with a computational model
based on the Landau-Ginsburg-Devonshire (LGD) thermodynamic
approach. The LGD model can be used in two different configurations,
either as a single domain model (SD) or a multiphase/polydomain
model (MPPD).

The derivation of the SD model follows closely the approach
outlined by Shirokov et al.*>. In the model, the energy of the
system is expressed in terms of two independent variables
(average strain and average electric field) and a dependent vari-
able (electric polarization). The system state is specified by the
fixed values of the strain and the electric field, with the polar-
ization always assuming the value that minimizes the overall
system energy. The net energy of the film is a weighted average of
the energies of the individual end members of the solid solution
with the volume fraction of each end member serving as the
weighting factor. The chemical composition of the solid solution
is assumed to be uniform throughout the film.

In the polydomain configuration, the thermodynamic state of
the system is represented by a combination of two ferroelectric
domains separated by a domain wall. The two domains and the
corresponding boundary form a regular periodic pattern
throughout the material. The energy of the MPPD system is cal-
culated with the model derived similarly to the model described
by Koukhar et al.**. The Koukhar polydomain model used an
infinitesimally thin boundary, while the MPPD model in this ana-
lysis uses finite-width domain wall.

The LGD physical constants for BaTiO; and SrTiOz are taken
from®, gradient and flexoelectric constants are taken from* and’®,
respectively. The dielectric tensor is calculated with a novel method
employing the LGD energy functional and a finite-difference approach
as described in the Supplementary S1.

Data availability
Source data are provided with this paper (ref. 37).
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