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Supplementary Note 1: Heterostructure Design 

The current study requires the consideration of several potentially competing factors 

including strain, strain gradient/flexoelectric effects, depolarization, defects, effects 

from microstructural inhomogeneities (such as domain structures), etc.; all of which make a 

systematic study difficult. As such, we focus on Ba1-xSrxTiO3 heterostructures for a number of 

reasons. First, Ba1-xSrxTiO3-based ferroelectrics are good candidates for actual applications and 

are known for their high tunability, good radio-frequency loss characteristics, and have been 

found to be superior to other candidate materials for near-ambient radio-frequency/microwave 

applications1-3. Second, the lattice parameters, magnitude of ferroelectric polarization, 

ferroelectric domain structure, and various temperature-dependent phase transitions in the Ba1-

xSrxTiO3 system are strongly dependent on both the Ba/Sr ratio4-7 and epitaxial strain8 and such 

features have been well studied in bulk and in uniform thin-film samples. Finally, because of 

this we can create model versions of these materials as (001)-oriented, single-crystal, and 

monodomain epitaxial films which provide for an ideal testbed for the study of compositional- 

and strain-gradient effects. 

Specifically, we focus on uniform and compositionally-graded Ba1-xSrxTiO3 (0 ≤ x ≤  0.4) 

heterostructures. The two end-members are: 1) Ba0.6Sr0.4TiO3, which in the bulk exists as a cubic 

paraelectric (Pm3m) with a lattice parameter of a = 3.965 Å at room temperature, and 2) BaTiO3, 

which in the bulk exists as a tetragonal ferroelectric (P4mm, TC ≈ 120°C) at room temperature with 

lattice parameters a = 3.992 Å and c = 4.036 Å (pseudocubic lattice parameter, apc = 4.006 Å)4-7. 

A compressive in-plane strain of 1% that occurs in coherently-strained BaTiO3 films grown on 

GdScO3 (110) substrates (pseudocubic lattice parameter, apc = 3.967 Å) results in an out-of-plane 

tensile strain of 1.7% (with contributions from both Poisson and electrostriction effects) and is also 
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accompanied by enhancements of the 

ferroelectric TC by more than 400°C8. On the 

other hand, Ba0.6Sr0.4TiO3 possesses 

negligible lattice mismatch (+0.05%) with 

the GdScO3 (110) substrates and, 

consequently, Ba0.6Sr0.4TiO3 films grown on 

GdScO3 (110) substrates remains as a cubic 

paraelectric at room temperature. This is also 

seen in the temperature-dependent evolution 

of polarization predicted using Ginzburg-

Landau-Devonshire-based models 

(Supplementary Figure 1a) for the two 

endmembers. The dielectric responses for 

strained-films of each of these end-members peak at their respective TC and demonstrate a strong 

temperature-dependence near the Curie point that is often undesirable for applications. In order to 

design for temperature-stable performance, in this work we focus on films where we gradually 

change the composition between the two end-member compositions across the film thickness. 

Since the phase transition characteristics of BaxSr1-xTiO3 films are a monotonic function of the 

Ba/Sr ratio, grading the composition across the thickness can result in a diffuse ferroelectric-to-

paraelectric phase transition that extends between the TC of the two end-member compositions and 

thereby achieves enhanced, temperature-independent responses9. This also suggests that such 

compositional gradients, when used in conjunction with epitaxial strain, can result in an even 

broader temperature regime for temperature-insensitive dielectric responses as the TC of the end 

Supplementary Figure 1. Rationale for 

heterostructure design. a, Predicted temperature-

evolution of polarization in coherently-strained 

Ba0.6Sr0.4TiO3/GdScO3 (110) and BaTiO3/GdScO3 (110) 

heterostructures. Schematic illustrations of the three 

sample variants studied in this work including b, single-

layer BaTiO3, c, single-layer Ba0.6Sr0.4TiO3, and d, 

compositionally-graded heterostructures (which smoothly 

transition from BaTiO3 to Ba0.6Sr0.4TiO3 from the 

substrate to the film surface). 
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member compositions in the strained state are further apart. In order to investigate such effects, 

we employed pulsed-laser deposition to synthesize three different kinds of BaxSr1-xTiO3-based thin 

film heterostructures on SrRuO3-buffered GdScO3 (110) substrates: 1) single-layer BaTiO3 

(Supplementary Figure 1b), 2) single-layer Ba0.6Sr0.4TiO3 (Supplementary Figure 1c), and 3) 

compositionally-graded heterostructures (which smoothly transition from BaTiO3 to 

Ba0.6Sr0.4TiO3 from the substrate to the film surface, Supplementary Figure 1d). We have included 

the end-member films of uniform composition in the study to enable a systematic analysis of the 

ferroelectric properties of compositionally-graded heterostructures in comparison with uniform 

composition films synthesized using the same growth conditions.  

Supplementary Note 2: Additional X-ray Diffraction Studies 

For both the single-layer and 

compositionally-graded heterostructures 

studied herein, wide-angle θ-2θ X-ray 

diffraction patterns were obtained with a 

Panalytical X’Pert Pro X-ray Diffraction 

(XRD) machine with a Cu source 

(Supplementary Figure 2). All heterostructures 

studied were single-phase, fully-epitaxial, and 

(001)-oriented. The presence of thickness 

fringes (Pendellösung fringes) about the central 

Bragg peak (SL(0) 002) of both uniform 

endmember-composition films, attest to the 

Supplementary Figure 2. X-ray diffraction studies. 

Wide-angle θ-2θ scans for homogenous and 

compositionally-graded Ba1-xSrxTiO3 heterostructures 

indicating all films are single phase. 
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high crystallinity of the films, the precise 

nature of the interfaces, and the overall 

smoothness of the films studied. The same 

setup was used for off-axis X-ray reciprocal 

space mapping (RSM) studies about the 

103- and 332-diffraction conditions of the

compositionally-graded heterostructure 

and substrate, respectively, and reveal that 

the entire thickness of the heterostructure 

remains coherently strained to the substrate 

(main text Fig. 1b). 

We also present X-ray RSM studies on the compositionally-graded heterostructures as a 

measure of the stability of samples after robust annealing procedures. In the main text, we provide 

ample proof of the presence of a compositional-gradient (both from X-ray diffraction studies, 

RSMs, RBS, and TEM, main text Figs. 1a-e). We conducted numerous high-temperature anneals 

and studies following thermal cycling of the various heterostructures and in all cases the films 

remain (to the best of experimental understanding) unchanged following those thermal excursions. 

To demonstrate this stability we provide an RSM of the as-grown heterostructure (Supplementary 

Figure 3a) and that for the same heterostructure after an aggressive annealing procedure – 50 hours 

at 500°C in air (Supplementary Figure 3b). What is clear from the study is that the compositional 

gradient remains intact – as evidenced by the continuously varying lattice parameter in the Qy 

direction for the films which is essentially unchanged. We also note that other indicators – such as 

Supplementary Figure 3. Stability of samples. Off-axis 

RSMs for compositionally-graded Ba1-xSrxTiO3 films 

showing lattice parameters extending of a large angular 

range for a, as-grown and b, 50 hour, 500°C annealed 

heterostructures. 
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dielectric response – confirm this observation that repeated or long-term exposure to high-

temperatures does not impact the gradient structure. 

Supplementary Note 3: Low- and High-Resolution STEM Images 

Here we provide cross-section STEM studies at different resolutions (Supplementary 

Figure 4a, b). Low-resolution images (main text Fig. 1d and Supplementary Figure 4a) reveal no 

ferroelastic domains, extended defects such as dislocations, etc. High-resolution STEM images 

reveal sharp interfaces between the compositionally-graded film and the bottom electrode 

(Supplementary Figure 4b), and also attests to the continuous nature of the lattice at unit-cell 

resolution (main text Fig. 2a). These studies reveal the high-quality, single-crystal nature of the 

compositionally-graded heterostructures without any significant microstructural inhomogeneity, 

and as such, they represent a model test structure to explore the role of compositional and strain 

gradients on the evolution of polarization and properties. 

Supplementary Note 4: Nanobeam Electron Diffraction (NBED) 

Strain mapping using NBED is a technique that calculates elastic strains and rigid-body 

crystal rotations directly from NBED patterns10. In STEM, an electron probe with nanoscale 

Supplementary Figure 4. Scanning transmission electron microscopy studies. a, Low-resolution STEM image 

showing the absence of any microstructural variations including grains, domains, dislocations, etc. b, High-

resolution STEM image near the film/bottom-electrode interface revealing atomically-sharp interfaces and the 

single crystal, epitaxial nature of the compositionally-graded heterostructures. 
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diameter is formed with a small ~2 mrad convergence semi-angle, and a set of diffraction patterns 

are collected in a grid pattern at each beam position on the sample. Each NBED pattern contains a 

local measurement of the crystal orientation and elastic strain. The lattice spacing and angles can 

be extracted from the diffraction spots by calculating the position of their centroids, and the 

diffractions spots in an unstrained pattern are used as an internal calibration to determine the 

diffraction pixel size (as depicted in Supplementary Figure 5). Unlike other TEM-based strain 

mapping techniques such as geometric phase analysis (GPA), NBED has relatively few limitations 

in terms of sample, scan geometry, and mapping area. For example, NBED has been used to map 

out elastic strains in a GaAs/GaAsP multilayer device over a 1x1 µm region containing significant 

internal crystal rotations while still maintaining an elastic strain resolution of 0.1%10,11. 

In the present experiment, patterns were collected in a rectangular 64 × 256 pixel grid with 

2.5 nm spacing between probes. The probe size was approximately 1 nm (smaller than the probe 

spacing), giving a spatial resolution of the NBED measurements equal to the probe spacing. All 

Supplementary Figure 5. Nanobeam electron diffraction (NBED) experiments.  At each STEM probe 

position, a full image of the diffraction-space convergence beam electron diffraction (CBED) pattern was 

recorded.  (left) Average of all CBED images from the compositionally-graded heterostructures, recorded along 

the [020] zone axis. The annular dark-field (ADF) detector is visible as a circular aperture at the edges.  (center) 

Signal recorded by the ADF detector. (right) Line trace which is 100 pixels wide from the mean CBED images as 

a function of depth along the film growth axis, position shown as blue arrows on average CBED image.  The 

abrupt change in c-axis disk spacing is clearly visible between the SrRuO3 and BaTiO3 layers. 
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patterns were converted to edge measurements by convolution with a Sobel kernel, and then the 

diffracted disk positions were measured by using phase correlation (with sub-pixel precision) 

between the center (unscattered) disk and the entire pattern10. This procedure suppresses fitting 

errors due to patterns inside each disc from dynamical diffraction effects. A sub-pixel resolution 

cross-correlation algorithm was applied to detect the centroids of the NBED disks. The average 

pattern from the substrate was selected as the reference to calibrate all other diffraction patterns 

(gi
ref). Subsequently, for each diffraction pattern the transformation matrix T was computed from 

the diffraction vectors gi using gi = T gi
ref. Polar decomposition was used to separate the 

transformation matrix T into a rotation matrix R and a symmetric strain matrix U. In-plane and 

out-of-plane strains were computed as εxx = 1-U00 and εyy = 1-U11 and the shear and rotation can 

be computed using εxy = - U01 and θ = sin-1R01. Note that εxx, εyy, and εxy have negative signs 

because the strain measurements take place in reciprocal space. Following extraction of the local 

strain, averaging was completed by taking the mean of all measurements perpendicular to the 

growth direction. 

Supplementary Note 5: Current-Voltage 

Characteristics 

A comparative study of the current 

density – electric field leakage characteristics 

(Supplementary Figure 6) for the 

compositionally-graded heterostructure with 

devices based on uniform end-member 

composition of BaTiO3 and Ba0.6Sr0.4TiO3 

Supplementary Figure 6. Current-electric field 

leakage characteristics. Substantially reduced 

leakage in compositionally-graded heterostructure 

devices as compared to BaTi03 and Ba0.6Ti0.4O3 
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heterostructures reveals a resistivity of ~1010 Ω-cm. Such high values of resistivity that are nearly 

two orders of magnitude greater than that measured for the BaTiO3- and Ba0.6Sr0.4TiO3-based 

heterostructure devices, and are comparable to values measured for bulk single crystals of 

BaTiO3
12. 

Supplementary Note 6: Molecular Dynamics (MD) Simulations for the BaxSr1-xTiO3 

Heterostructures 

MD simulations of the compositionally-graded BaxSr1-xTiO3 heterostructures were 

conducted with a 10×10×n (n = 36,144) perovskite-type supercell using a bond-valence-based 

interatomic potential13-17. The composition changes from BaTiO3 to Ba0.6Sr0.4TiO3 in steps (in each 

Supplementary Figure 7. Molecular dynamics simulations. Polarization profile for a compositionally-graded 

heterostructure (30 nm). A large polarization gradient forms in the compositionally-graded BaxSr1-xTiO3. In order 

to compensate the depolarization field induced by the polarization gradient, a 180º domain wall pattern is observed 

in the simulations. We focus on the segment with polarization along the [001] (surrounded by the green square) to 

simulate the experimental set up. The other domain compensates the depolarization field in the simulation, similar 

to the role of space charges in the experimentally-grown, compositionally-graded heterostructures. 
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step, Ba concentration changes 5%) and back to BaTiO3 to satisfy the periodic boundary conditions. 

Also, due to the periodicity of the supercell going from BaTiO3 to Ba0.6Sr0.4TiO3 and back to 

BaTiO3, there is no potential drop through the supercell. In the MD simulation, a 180º domain 

pattern forms as the non-uniform polarization in only one direction will cause a depolarization 

field and make the system unstable. In this study, we only investigate the part of the supercell with 

polarization in one direction (Supplementary Figure 7). This part corresponds to the experimental 

set up and the other domain works as a compensation of the depolarization field, similar to the role 

of screening charges as elaborated upon in the main text.  

The temperature is controlled by the Nosé-Hoover thermostat with a thermal inertia 

parameter 𝑀𝑠 = 1.0 and the in-plane dimension of each unit cell is fixed as 4 Å×4 Å. The pressure 

in the out-of-plane direction is maintained at 0.1 MPa by the Parrinello-Rahman barostat18 

implemented in LAMMPS. The bond-valence-based interatomic potential is parameterized from 

density functional theory calculations and can reproduce temperature-driven phase transitions of 

BaTiO3 accurately.  The instantaneous local polarization, Pu(t), for each unit cell is calculated with 

𝑷𝒖(𝑡) =
1

𝑉𝑢
(

1

8
𝒁Ba

∗ ∑ 𝒓Ba,𝑖(𝑡)8
𝑖=1 + 𝒁Ti

∗ 𝒓Ti(𝑡) +
1

2
𝒁O

∗ ∑ 𝒓O,𝑖(𝑡)6
𝑖=1 ), where Vu is the volume of a 

unit cell, 𝒁Ba
∗ , 𝒁Ti

∗ , and 𝒁O
∗  are the Born effective charges of Ba, Ti, and O atoms19, and 𝒓Ba,𝑖(𝑡),

𝒓Ti,𝑖(𝑡), and 𝒓O,𝑖(𝑡) are the instantaneous atomic positions of Ba, Ti, and O atoms in a unit cell 

obtained from MD simulations. The dielectric permittivity 𝜀 of a specific composition is calculated 

by20: 

〈𝛿𝑃𝑖
2〉 =

𝑘𝐵𝑇𝜀𝑖

𝑉
, 

where 𝑘𝐵 is the Boltzmann constant, 𝑇 is the temperature, and 𝑉 is the characteristic volume in 

which polarization amplitude is spatially correlated. 𝛿𝑃𝑖 is the polarization fluctuation of the ith 
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composition and defined as the difference of the polarization at time t, 𝑃𝑖(𝑡), and that at time 0, 

𝑃𝑖(0). A specific component of the dielectric permittivity is calculated from the same component 

of the polarization fluctuation. 𝛿𝑃𝑖
2 is calculated in a time range of 10 ps. 𝑉 is set as 512 Å3(≈8 

unit cell), according to the reference17. 

 

Supplementary Note 7: Topography and Domain Structure Using Piezoresponse Force 

Microscopy 

Here, for reference, we provide Dual AC Resonance Tracking (DART) piezoresponse force 

microscopy (PFM) images of a 150 nm thick, compositionally-graded heterostructure revealing a 

smooth topography with a roughness of less than 500 pm (Supplementary Figure 8a). The uniform 

contrast in both the out-of-plane (vertical PFM, Supplementary Figure 8b) and in-plane (lateral 

PFM, Supplementary Figure 8c) suggests the absence of any 180° domain patterns and is indicative 

of the fact that the films are monodomain in nature. 

 

 

 

Supplementary Figure 8. Scanning-probe microscopy-based studies. a, Topography, b, vertical PFM, and c, 

lateral PFM images for compositionally-graded heterostructure. Lack of any contrast in the PFM images suggests 

a monodomain film. 
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Supplementary Note 8: Proposed Compensation Mechanism 

The nanoscale polarization mapping 

studies (main text Fig. 2b) reveal that the as-

grown, compositionally-graded films going from 

BaTiO3 at the bottom to Ba0.6Sr0.4TiO3 at the 

surface exhibit both a polarization gradient 

wherein the polarization reduces from the bottom 

to the top of the film and also a preferred direction 

of polarization which points from bottom to the 

top of the film (Supplementary Figure 9). Under 

this scenario, a net negative space charge (-σsc) is 

needed to compensate the polarization gradient. 

The term space charge is a rather generic term 

that is used to describe regions in space that are electrically charged, and can arise either from a 

depletion or accumulation of mobile charge carriers. BaxSr1-xTiO3–based films grown under 

oxidizing conditions are typically p-type semiconductors (due to barium vacancies and titanium-

oxygen divacancies under Ti- and Ba-rich conditions, respectively)21. For such systems, negative 

space charges can only be generated via a depletion of the majority hole carriers which leave 

behind and electrically-charged depletion region of immobile/fixed negatively-charged ions. This 

is what sets the direction of preferred polarization for the compositionally-graded heterostructures, 

and in turn the direction of the shift in hysteresis loops of the as-grown devices. In turn, such a 

depletion of holes from within the compositionally-graded heterostructure not only allows the 

stabilization of large polarization gradients, but also minimizes leakage or conduction from the 

Ba
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TiO
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BaTiO
3
 

SrRuO
3
 

GdScO3 (110) 

 

 

 

 

 

 

 

  

 

Supplementary Figure 9. Mechanism for 

hysteresis-offsets. Schematic of polarization 

gradient in as-grown films showing nature of space 

charge compensation required to stabilize said 

gradient. 
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drift of majority carriers (as evidenced by the reduction in the current density compared to the 

uniform, end-member compositions, Supplementary Figure 6). In summary, the shift in hysteresis 

loops arises the nature of polarization-gradient screening facilitated by the defect-structures and 

the related p-type semiconductivity of the compositionally-graded heterostructures. If the 

compositionally-graded heterostructures were n-type, an equal but opposite shift is expected. 

 

Supplementary Note 9: Ferroelectric Measurements 

Detailed characterization of ferroelectric properties was completed for at least 10 

capacitors on multiple samples of each heterostructure variant. Measurements were completed on 

symmetric capacitor structures using SrRuO3 top and bottom electrodes. Detailed polarization-

electric field hysteresis studies were completed for the uniform-composition and compositionally-

graded heterostructures that reveal well-centered loops for the uniform composition films, but an 

offset of ~25 kV cm-1 for the compositionally-graded heterostructures (Supplementary Figure 10a). 

The observed shift is indicative of a built-in potential which can arise from flexoelectric effects22-

25 as well as space-charge distributions26 in the compositionally-graded heterostructures. Field-

cooling experiments were conducted to understand the relative importance of the extrinsic space 

charge and intrinsic flexoelectric driving forces for such shifted loops. The compositionally-graded 

heterostructure devices were heated to 500°C and subsequently cooled under applied electric fields 

of ±100 kV cm-1. The ability to completely reverse the hysteresis offsets in these field-cooling 
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experiments (Supplementary Figure 10b) highlight the dominant contribution from extrinsic 

charged defect-based mechanisms.  

 

  

Supplementary Figure 10. Polarization-electric field hysteresis loops. Measured at 10 kHz for uniform-

composition a, BaTiO3 (yellow), Ba0.6Sr0.4TiO3 (blue) and compositionally-graded (green) heterostructures in the 

as-grown state, and b, after field-cooling for the compositionally-graded heterostructures.   
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