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The BaTiO3 and SrTiO3 material systems have long been 
studied for their tuneable dielectric and agile radio proper-
ties in the form of (Ba,Sr)TiO3 (refs. 1–5). (Ba,Sr)TiO3 is an 

established compound that has use in the development of tuneable 
dielectrics and agile radio. In part, the popularity of (Ba,Sr)TiO3 is 
due to its ease of fabrication and the ability to manipulate its fer-
roelectric Curie temperature, TC, through the Ba:Sr ratio, span-
ning 403 K for BaTiO3 to 0 K for SrTiO3. The properties of (Ba,Sr)
TiO3 are engineered with chemical pressure, where bonds can be 
lengthened by the partial substitution of larger isovalent ions (such 
as barium) in the ionic material (SrTiO3). The tuneability in (Ba,Sr)
TiO3, strained (SrTiO3)nSrO and the compound explored in this 
article (SrTiO3)n−1(BaTiO3)1SrO (Fig. 1a) arises from the dipole cre-
ated from the titanium–oxygen bonds in the paraelectric state of the 
ferroelectric materials; the titanium–oxygen bonds can be revers-
ibly altered through an applied electric field, tuning the permittivity. 
With temperature, the highest tuneability is found when the tita-
nium–oxygen interatomic potential well is widest, occurring just 
above the ferroelectric Curie temperature, TC (ref. 1). Unfortunately, 
even when used in the paraelectric state to reduce losses from 
domain wall motion and other loss mechanisms, dielectric losses 
increase as frequencies approach the millimetre-wave regime. 
Charged point defects in (Ba,Sr)TiO3 thin films are one source of 
this increase in loss1,2,6. In response, materials scientists are explor-
ing concepts in materials design to control millimetre-wave losses.

Limitations of epitaxial strain
Previously7, we showed that the (SrTiO3)nSrO Ruddlesden–Popper 
superlattices8,9 formed by inserting layers of (SrO)2 into strained 
SrTiO3 led to defect mitigation and lower dielectric loss10–12,  

precipitating the highest recorded figure of merit (FOM) for all 
known tuneable millimetre-wave dielectrics. Although this work 
built an understanding of how to control losses in ferroelectrics, 
film thicknesses were limited to 50 nm and below. Above 50 nm 
the highly strained film began to relax, and the electrical properties 
degraded. Expansion of the available parameters for strain engineer-
ing beyond the limits of epitaxial strain13–16 would facilitate the syn-
thesis of these high-performance tuneable dielectrics on common 
commercial substrates, such as sapphire, MgO or LaAlO3, and allow 
films to be grown thicker to maximize device tuneability, while 
maintaining low loss. In millimetre-wave electronics, many planar 
circuit geometries rely on the interaction of electric fields gener-
ated in a circuit device patterned on an adjacent tuneable dielec-
tric film. For films with thicknesses on the order of nanometres, 
most of the field does not interact with the tuneable film, but rather 
with the non-tuneable substrate and superstrate (see Supplementary  
Fig. 1). As a result, even if a device is patterned on a highly tuneable 
dielectric film, the overall device tuneability can be minimal for thin 
films. The ability to grow thicker films on cost-effective commercial 
substrates is essential for the practical implementation of tuneable 
dielectric materials in millimetre-wave electronics.

First-principles calculations of targeted chemical pressure
To guide our efforts to realize a thicker, more tuneable Ruddlesden–
Popper dielectric material, the effect of epitaxial strain and chemical 
pressure on the ferroelectric polarization was investigated with first-
principles calculations (see Methods section), to provide an indi-
cation of room-temperature electric-field tuneability. Polarization 
in these materials is a quantitative indicator of tuneability. The 
contribution of each atomic layer to the ferroelectric polarization 
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was calculated at 0 K for a range of strain and barium concentra-
tions in a series of n = 6 compounds (Fig. 1b–d and Supplementary  
Fig. 2a-d); the n = 6 (SrTiO3)nSrO phase was found to be the optimal 
periodicity n in our previous work7. Figure 1b shows results of den-
sity functional theory (DFT) calculations for the current state-of-
the-art n = 6 (SrTiO3)nSrO films grown on (110)-oriented DyScO3 
for a 1.1% epitaxial strain. If we simply lower the epitaxial strain in 
(SrTiO3)6SrO from 1.1 to 0.8%, to enable the growth of thicker films 

(Fig. 1c), a 25% reduction in spontaneous polarization is observed, 
demonstrating the drawback of relying solely on epitaxial strain to 
enable high tuneability. If the same state of 0.8% tensile strain is 
reached by substituting a single layer of barium into the superlat-
tice (Fig. 1d), the polarization is reduced by only 8%. The barium 
layer itself does not enhance polarization, but instead strains the 
neighbouring TiO2 and SrO layers, in turn leading to a net higher 
polarization. In Fig. 1e we show the spacing between each SrO and 
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Fig. 1 | The inequivalence of local chemical and global epitaxial strain in (SrTiO3)n−1(BaTiO3)1SrO phases. a, Crystal structure schematic of BaTiO3 
and the n = 2–6 (SrTiO3)n−1(BaTiO3)1SrO phases. Strontium atoms are shown in green, barium in pink and the unit cells are outlined. b–d, The effect 
of epitaxial strain and the addition of the larger barium atom from first-principles calculations on local in-plane ferroelectric polarization in the n = 6 
(SrTiO3)n−1(BaTiO3)1SrO perovskite block of the Ruddlesden–Popper superlattice. Contribution to ferroelectric polarization throughout the n = 6 
(SrTiO3)6SrO unit cell epitaxially strained to (110) DyScO3 (b), n = 6 (SrTiO3)6SrO unit cell epitaxially strained to an intermediate epitaxial strain of 0.8% 
(c) and n = 6 (SrTiO3)n−1(BaTiO3)1SrO unit cell epitaxially strained to (110) DyScO3 (d). Although c and d have the same epitaxial strain, the addition of the 
local strain from a single larger barium atom further increases the total ferroelectric polarization. e, The distortion of the atoms along the c axis from the 
addition of a single BaO layer. f, Schematic of how strain in the perovskite section of the epitaxial Ruddlesden–Popper superlattice, grey arrows, imposed 
by bulk chemical pressure via random doping of barium, middle illustration, differs from targeted chemical pressure, far right illustration. Random doping 
leads to an expansion around the barium in both in-plane and out-of-plane directions, whereas targeted chemical pressure, in which an entire layer is 
δ-doped with barium, leads to solely out-of-plane expansion. For the Ruddlesden–Popper superlattice under tensile strain, and out-of-plane ferroelectric 
polarization suppressed by the (SrO)2 layers, this local out-of-plane expansion manifests in an enhanced local in-plane polarization.
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TiO2 layer as a function of the distance from the BaO layer in the 
middle of the perovskite block. The out-of-plane expansion of the 
TiO2 layers from strain imposed by the larger barium atom-layer 
is confined to a few nearest-neighbour layers, demonstrating the 
importance of high-quality molecular-beam epitaxy (MBE) growth. 
The confinement of barium to an atomically thin layer thus sets 
up a local strain field which in turn creates a targeted chemical 
pressure, enhancing in-plane ferroelectric polarization as shown 
schematically in Fig. 1f. To corroborate this proposed mechanism, 
we also performed calculations where the virtual crystal approxi-
mation was used to simulate the effect of barium being randomly 
distributed within the perovskite block, such as the compound 
(Ba0.2Sr0.8TiO3)5(SrTiO3)1SrO shown in Supplementary Fig. 2b. This 
systematically led to lower calculated polarizations, highlighting 
that precise layering of BaO is the optimal strategy for realizing low-
loss tuneable dielectric films with moderate epitaxial strains.

This effect that we are calling ‘targeted chemical pressure’ is a 
model proposed here to manipulate properties with strain at the 
local atomic level, beyond what can be achieved with bulk dop-
ing in chemical pressure. Targeted chemical pressure is the strain 
analogy to delta-doping of semiconductors, where a depth profile 
following a delta-function of dopants is grown in a semiconduc-
tor thin film to form a local charge carrier channel17,18. Random-
site doping for strain engineering, ‘chemical pressure’, exerts strain 
in all directions, suboptimal for the enhancement of an anisotropic 
property at the local atomic level in the Ruddlesden–Popper super-
lattice (Fig. 1f, middle). In an epitaxial film, the strain from targeted 
chemical pressure is constrained to the out-of-plane direction. In 
(SrTiO3)n−1(BaTiO3)1SrO the targeted chemical pressure from the 
single barium layer in turn enhances the in-plane ferroelectricity of 

the superlattice (Fig. 1f, right). This enhancement is due to the fact 
that out-of-plane ferroelectricity is suppressed in the Ruddlesden–
Popper superlattice by the (SrO)2 planes that break up the Ti–O 
chains along the c axis to below the critical thickness required for 
ferroelectricity19. This leaves in-plane atomic displacements as the 
most favourable mechanism for relieving the local strain, which 
ultimately results in an increased polarization in the TiO2 layers 
nearest and second-nearest to the BaO layer (Fig. 1d).

The local strain effect from the introduction of BaTiO3 is distinct 
from previous reports of (BaTiO3)m(SrTiO3)n superlattices where 
the polarization is in the out-of-plane direction and arises from 
the compressively strained BaTiO3 polarizing neighbouring SrTiO3 
layers20,21. In strained (SrTiO3)nSrO and (SrTiO3)n−1(BaTiO3)1SrO, 
the polarization lies in the plane of the film and decreases near the 
(SrO)2 boundary where the perovskite unit cell shifts by 12

I
a[110] 

breaking the ferroelectric titanium–oxygen chain19. In addition to 
enhancing polarization, confining the barium to a single layer far 
from the (SrO)2 shear planes is advantageous to minimize the like-
lihood of forming secondary phases. BaTiO3 is metastable in the 
Ruddlesden–Popper structure, with the non-perovskite barium 
orthotitanate (Ba2TiO4) being the lowest energy phase22,23; indeed 
no barium-containing Ruddlesden–Popper titanates are known to 
form in bulk and the (SrTiO3)n−1(BaTiO3)1SrO phases that we have 
targeted lie in a two-phase region of the BaO–SrO–TiO2 pseudoter-
nary phase diagram24. Nevertheless, as we show below, these artifi-
cial phases can be atomically engineered through oxide MBE.

Growth and characterization of (SrTiO3)n−1(BaTiO3)1SrO
To compare to our previous (SrTiO3)nSrO work7, n = 2–6 films of 
(SrTiO3)n−1(BaTiO3)1SrO with the same thickness, 50 nm, and on  
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Fig. 2 | Structural characterization of ~50-nm-thick epitaxial (SrTiO3)n−1(BaTiO3)1SrO films with n = 2–6 grown on (110) DyScO3 substrates. a, θ–2θ 
scans of the 50-nm-thick n = 2–6 (SrTiO3)n−1(BaTiO3)1SrO films grown on (110) DyScO3. Substrate peaks are labelled with an asterisk. b, High-angle 
annular dark-field STEM image of the 50-nm-thick n = 6 sample whose X-ray diffraction is shown in dark blue in a. Scale bar, 10 nm. c, Bright-field STEM 
image of the same n = 6 film. d, ADF and STEM–EELS images of the same n = 6 region showing the elemental distributions from the Ti-L2,3 edge, the 
Ba-M4,5 edge and the Sr-L2,3 edge, with a colour overlay of the barium signal in red and the strontium in teal. The barium shows one to two unit cells of 
interdiffusion to higher layers in the crystal structure; that is, in the direction of film growth. Scale bar, 2 nm.
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the same substrate, (110) DyScO3 (apseudocubic ≈ 3.949 Å)25, were  
grown via MBE, along with a thicker (100 nm) n = 6 film of  
(SrTiO3)n–1(BaTiO3)1SrO on (110) DyScO3. The structural quality  
of the films is important to obtain the lowest loss devices and 
was examined using four-circle X-ray diffraction (Fig. 2a and 
Supplementary Fig. 3). The films show clear periodicity in θ–2θ 
scans, indicating they are single phase.

To investigate the placement of the metastable BaO layer in the 
(SrTiO3)n−1(BaTiO3)1SrO phases, we used scanning transmission 
electron microscopy (STEM) and electron energy-loss spectroscopy 
(EELS) on a cross-sectional specimen projecting through a {100} 
plane (Fig. 2b–d and Supplementary Figs. 4–6). It was found that 
barium had one to two unit cells of intermixing with the stron-
tium layers above it. A brick-and-mortar-like structure of the 
Ruddlesden–Popper superlattice (Fig. 2d) was observed indicating 
the presence of (SrO)2 layers accommodating local non-stoichi-
ometry. We did not observe any secondary phases, indicating that 
higher barium concentrations are probably possible in this artificial 
material; that is, (SrTiO3)n−m(BaTiO3)mSrO phases with m > 1.

Ferroelectric properties
For electric-field tuneable dielectrics, the highest tuneability is found 
near the ferroelectric transition temperature, TC, in the paraelectric 
phase of the material. To identify the TC of these previously unex-
plored phases, the in-plane permittivity of the films was measured 

as a function of temperature and frequency (Fig. 3a, see Methods). 
The peak in the in-plane dielectric-constant curve with tempera-
ture indicates the onset of ferroelectricity, TC. By increasing n, the 
thickness of the perovskite repeat unit, the polar mode emerges 
and strengthens19, increasing TC. The (SrTiO3)n−1(BaTiO3)1SrO 
phases with n = 2–3 show little ferroelectric behaviour while 
(SrTiO3)n−1(BaTiO3)1SrO phases n = 4–6 show relaxor ferroelec-
tric behaviour (see ferroelectric hysteresis loops in Supplementary  
Fig. 7a) originating from the separation of the ferroelectric perovskite 
blocks by the (SrO)2 layers19. Compared to the pure (SrTiO3)nSrO 
phase in Fig. 3b, the TC of the (SrTiO3)n−1(BaTiO3)1SrO phases are 
lower as explained by the first-principles calculations below.

The experimental trends in TC are consistent with DFT calcula-
tions of the ferroelectric energy landscape (Fig. 3d). The depth of 
these double-well potentials, a representation of the internal energy 
at zero temperature, is often regarded as a proxy for the ferroelec-
tric TC. For each periodicity n, the potentials are shallower for bar-
ium-containing (SrTiO3)n−1(BaTiO3)1SrO compounds than for the 
pure (SrTiO3)nSrO materials when both films are grown on (110) 
DyScO3, reflecting the reduction of tensile strain from ~1.1–1.6% 
for (SrTiO3)nSrO to 0.1–0.8% for (SrTiO3)n−1(BaTiO3)1SrO (depen-
dent on n, see Fig. 3c). Despite the fact that (SrTiO3)n−1(BaTiO3)1SrO 
has a lower epitaxial strain state it still maintains robust ferroelec-
tric properties when compared to (SrTiO3)nSrO at the same lower 
epitaxial strain state, as in Fig. 1c for 0.8% epitaxial strain (see also 
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Fig. 3 and Supplementary Fig. 7b). These calculations indicate that 
targeted chemical pressure with the introduction of a single barium 
layer can provide thicker commensurate films with enhanced polar-
ization beyond what can be achieved with ‘global’ strain methods 
such as epitaxial strain via substrate choice (as in Fig. 1c) or ran-
dom-site doping (seen in Supplementary Fig. 2b).

Millimetre-wave performance
To test the applicability of our materials to next-generation mil-
limetre-wave devices such as reconfigurable antennas, tuneable 
filters and phase shifters, we examined the complex permittiv-
ity from 600 Hz to 110 GHz (Methods) of a 100-nm-thick n = 6 
(SrTiO3)n−1(BaTiO3)1SrO sample at 300 K (Fig. 4a and Supplementary 
Fig. 9a). The absence of major dispersion in the measured range 
is analogous to the performance of the previously reported 
(SrTiO3)nSrO films. The loss tangent (Fig. 4a inset) begins to increase 
in the millimetre-wave regime and reaches 0.06 at 110 GHz. Similar 
loss behaviour observed in the (SrTiO3)nSrO materials was attrib-
uted to the presence of polar nanoregions with a finite distribution 
of sizes7. This behaviour is in contrast to the (Ba,Sr)TiO3 system, 
which can display notable relaxation in the millimetre-wave regime. 
This relaxation is often attributed to the presence of charged point 
defects in addition to domain wall interactions and the aforemen-
tioned polar nanoregions. In Supplementary Fig. 10 we show a com-
parison of the dielectric constant of n = 6 (SrTiO3)n−1(BaTiO3)1SrO 
and BaxSr1−xTiO3 at terahertz frequencies and observe that our n = 6 
(SrTiO3)n−1(BaTiO3)1SrO material is superior in that it provides 
comparable loss to BaxSr1−xTiO3 with low x, but that its soft mode 
is notably softer than that of BaxSr1−xTiO3 with low x, resulting in 
higher tuneability and a higher FOM at millimetre-wave frequen-
cies. The relatively low loss of our (SrTiO3)n−1(BaTiO3)1SrO films at 
millimetre-wave frequencies despite their similar chemical makeup 
to the (Ba,Sr)TiO3 alloy system supports the idea that these films 

maintain the defect mitigating nature of (SrTiO3)nSrO Ruddlesden–
Popper films.

Tuneability of the permittivity was measured by applying a quasi-
static electric field to the 100-nm-thick (SrTiO3)n−1(BaTiO3)1SrO 
n = 6 film. A maximum applied field of 400 kV cm−1 reduced the 
dielectric constant of the film by more than 46% (Fig. 4b). The 
applied field did not alter the frequency dependence of the per-
mittivity and loss tangent in the measured range from 100 MHz to 
40 GHz (Supplementary Fig. 9b,c).

By combining the two salient features of these materials, the 
tuneable dielectric FOM (Fig. 4c) provides a convenient basis for 
comparing performance26. Another metric of comparing tune-
able dielectrics, the commutation quality factor K parameter was 
measured up to 40 GHz and is shown in Supplementary Fig. 9d. 
This FOM multiplies the material quality factor, Q = 1/tanδ, with 
the relative tuneability K11 E0ð Þ � K11ðEmaxÞð Þ=K11ðE0Þ

I
 (Methods). 

E0 represents no applied electric field and Emax represents the 
maximum applied electric field used to induce tuning. The out-
standing room-temperature performance of the 100-nm n = 6 
(SrTiO3)n−1(BaTiO3)1SrO film at millimetre-wave frequencies 
is apparent, with a FOM of 25 at 10 GHz, and approximately 9 at 
110 GHz, a 200% improvement on our previous FOM7. Figure 4c 
includes other results for comparison. These include our previous 
50-nm n = 6 (SrTiO3)nSrO superlattice grown on (110) DyScO3 
(Emax = 50 kV cm−1), a highly regarded result for a 300-nm-thick 
Ba0.5Sr0.5TiO3 film on (0001) sapphire (Emax = 300 kV cm−1)27 and 
a recent report of a 400-nm-thick Ba0.8Sr0.2TiO3 film in the fer-
roelectric manifold-domain-wall-variant state on (110) SmScO3 
(Emax = 500 kV cm−1)28.

Outlook
Targeted chemical pressure provides a chemical pathway to surpass 
the conventional limitations imposed on strain-engineered films 
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Fig. 4 | in-plane dielectric constant (K11) of 100-nm n = 6 (SrTiO3)n−1(BaTiO3)1SrO film on (110) DyScO3, and its tuneability at room temperature and 
high frequency. a, Real and imaginary parts of K11 as a function of frequency for the 100-nm-thick n = 6 film. The inset shows the film loss tangent on a 
linear frequency scale in the microwave-frequency regime. b, The ratio of K11 under an applied bias field (Ebias) to K11 under zero bias field (left-hand axis) 
and relative tuneability (right-hand axis) of the n = 6 sample at several different frequencies in the microwave range. c, Room-temperature FOM (blue) of 
the same 100-nm-thick n = 6 sample (Ebias = 400 kV cm−1), (red) of the 50-nm-thick n = 6 (SrTiO3)nSrO on (110) DyScO3 sample (Ebias = 50 kV cm−1) from 
ref. 12, (grey) a x = 0.8 BaxSr1−xTiO3 film (Ebias = 500 kV cm−1) from ref. 28 and (green) a x = 0.5 BaxSr1−xTiO3 film (Ebias = 300 kV cm−1) from ref. 27. The FOM of 
the n = 6 sample uses the measured loss tangent, but assumes the tuneability is independent of frequency and is 46% at Ebias = 400 kV cm−1.
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by epitaxial strain. Here we show how the (SrTiO3)n−1(BaTiO3)1SrO 
Ruddlesden–Popper series provides a model for future optimization 
of complex artificial materials and for advanced growth methods 
to synthesize high-performance voltage-tuneable dielectrics that are 
viable for application in adaptive and reconfigurable electronics at 
millimetre-wave frequencies. Single layers of BaTiO3 were incorpo-
rated into (SrTiO3)nSrO Ruddlesden–Popper superlattices to allow 
these films to be grown to arbitrary thickness (with proper barium 
content for the substrate used) with properties enhanced beyond 
what can be achieved by bulk chemical pressure. The resulting tune-
able millimetre-wave devices exhibit a 200% improvement in the 
relevant FOM at 110 GHz compared to the previous best material, 
(SrTiO3)nSrO with n = 6 commensurately strained to (110) DyScO3. 
Future work will examine improvements to film thickness to 
increase attainable device tuning, as well as film growth on a wider 
variety of commercially relevant substrates.

Online content
Any methods, additional references, Nature Research reporting 
summaries, source data, extended data, supplementary informa-
tion, acknowledgements, peer review information; details of author 
contributions and competing interests; and statements of data and 
code availability are available at https://doi.org/10.1038/s41563-
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Methods
Oxide MBE growth. The n = 2–6 (SrTiO3)n−1(BaTiO3)1SrO phases were grown 
using a Veeco GEN10 oxide MBE system at 875 °C (as measured by the substrate 
heater thermocouple) in an oxygen with 10% ozone background pressure of 
1.3 × 10−4 Pa (1 × 10−6 Torr). Films with periodicity index n = 2–6 were grown to 
a thickness of ~50 nm on (110) DyScO3 substrates (apseudocubic ≈ 3.949 Å)25, while 
an additional film of thickness 100 nm was grown for the n = 6 structure. Atomic 
layering was achieved by elemental source shuttering and careful calibration of 
individual SrO, TiO2 and BaO monolayer shutter times using reflection high-
energy electron diffraction intensity oscillations29,30.

Dielectric measurements as a function of temperature. Interdigitated 
capacitors (IDCs) were photolithographically patterned on the 50-nm n = 2–6 
(SrTiO3)n−1(BaTiO3)1SrO thin films grown on (110) DyScO3 using thermally 
evaporated electrodes, 100 nm of gold on a 10-nm chromium adhesion layer. The 
IDC array contains electrodes with finger lengths of 500 μm, finger widths of 5 μm, 
with finger gaps 6, 10 and 15 μm and the number of fingers 34, 24 or 20, respectively. 
An LCR meter coupled with a cryogenic measurement station cooled with liquid 
helium was used to measure capacitance and resistance of the IDC as a function of 
temperature. The capacitance and resistance were converted to the dielectric constant 
and loss using the techniques described in refs. 31,32. For each sample one IDC device 
was measured at all temperatures. At room temperature, a sample’s complete array 
of IDC devices was measured and averaged to correct the curve of the single device 
measured with temperature. The standard deviation of the room-temperature 
dielectric constant across a sample’s whole IDC array varied from 9 to 32% 
depending on the quality of the sample’s photolithographic patterning. Ferroelectric 
measurements shown in Supplementary Fig. 7a were measured with the same 
cryogenic station and IDC structures, by use of a commercial ferroelectric tester.

Summary of first-principles calculations. All calculations were performed with 
the Vienna Ab-initio Software Package (VASP, v.5.4.1)33,34, which implements 
the projector-augmented wave (PAW) formalism of DFT. We used the PBEsol 
exchange-correlation functional35 (Perdew–Burke–Ernzerhof revised for solids) 
and PAW potentials, and valence electron configurations Sr sv (4 s2 4p6 5 s2), 
Ba sv (5 s2 5p6 6 s2), Ti sv (3p6 4 s2 3d4) and O sv (2 s2 2p4) from the standard 
VASP potential library. Wave functions were expanded in plane waves up to an 
energy cutoff of 550 eV. We used conventional unit cells (two formula units) 
in the calculations, and the Brillouin zone was sampled on a Monkhorst–Pack 
grid36 of 8 × 8 × Nz k-points, where Nz = 4 for the n = 1 (SrTiO3)n−1(BaTiO3)1SrO 
Ruddlesden–Popper structure; Nz = 2 for n = 2 and 3 and Nz = 1 for n ≥ 4.

Following earlier theoretical work on SrTiO3-based Ruddlesden–Poppers 
dielectrics7,19, we simulated epitaxial growth on (110) DyScO3 by fixing the in-plane 
lattice parameter of the Ruddlesden–Popper structures to 3.9386 Å, which is 1.1% 
larger than the theoretical (PBEsol) lattice parameter for SrTiO3 (3.8958 Å). The 
structures were relaxed keeping the lattice parameters fixed in the ab plane, while 
the c lattice parameter and all internal coordinates were allowed to relax until the 
Hellmann–Feynman forces on all atoms were below 0.1 meV Å–1.

Phonon calculations were done with Phonopy37, which implements the finite 
displacement method to calculate the force constant matrix. Only phonons at 
the Brillouin zone centre (Γ) were considered. Polar ground states were obtained 
from the aristotype I4/mmm structures by freezing in the phonon eigenvectors 
corresponding to unstable modes38, and relaxing the structures under conditions 
of fixed biaxial strain. The relevant ferroelectric instability is a doubly degenerate 
polar phonon of Eu symmetry, and the ground state structure with space group 
symmetry F2mm is found for polarization along [110] (ref. 39).

Figures of the crystal structures were created with VESTA (visualization for 
electronic and structural analysis)40.

Millimetre-wave device fabrication and measurement. The broadband 
dielectric properties of the 100-nm-thick n = 6 thin-film sample were determined 
over a frequency range from 600 Hz to 110 GHz, through complex scattering 
(S) parameter measurements of various planar microelectronic circuit devices 
patterned directly on the surface of the thin-film sample chip. The circuit devices 
were patterned via mask-less ultraviolet photolithography followed by electron-
beam evaporation of a 10-nm titanium adhesion layer and a 500-nm gold electrode 
layer. The individual devices were completed with a lift-off step, to remove the 
excess metal and remaining photoresist, followed by a gentle cleaning in standard 
solvents and a light oxygen plasma.

Below 100 MHz, the S parameters of a series of four interdigitated capacitors 
(IDCs) with active lengths ranging from 0.210 to 2.910 mm were measured and 
used to determine the admittance per unit length of the IDC structures. IDC cross-
sections comprised three 20-μm-wide fingers, separated by 5-μm-wide gaps, as 
well as 200-μm-wide ground planes, spaced 20 μm away from the outer fingers of 
the IDCs (Supplementary Fig. 8a). The IDC measurements were performed with 
two different instruments: an LCR meter (600 Hz to 1 MHz) and a radiofrequency 
vector network analyser (RF VNA, 500 kHz to 200 MHz). The LCR meter was 
calibrated with a built-in two-standard Open-Short calibration, while the RF VNA 
was calibrated by on-wafer Open-Short-Load-Thru standards. From 100 MHz to 
110 GHz, the complex S parameters of the coplanar waveguide (CPW) devices were 

measured with a microwave-frequency VNA. The CPW cross-section consisted 
of a 20-μm-wide centre conductor, a 5-μm-wide gap and a 200-μm-wide ground 
plane (Supplementary Fig. 8b). The thin-film chip contained seven transmission 
lines with active lengths ranging from 0.420 to 7.500 mm. Line lengths were 
optimized to reduce uncertainty when applying the multiline through-reflect-
line (multiline-TRL) calibration41. A total of three chips are needed to complete 
a full measurement: the thin-film chip with the film deposited on (110) DyScO3 
substrate, a bare companion (110) DyScO3 substrate (shown in Supplementary  
Fig. 8c) and a custom reference calibration chip with standards that are 
geometrically similar to the devices on the sample and substrate chips.

Measurements were conducted on a temperature-controlled stage, and devices 
were contacted by ground-signal-ground microwave probes mounted on micro-
positioners. In this case, the reference chip contained similar CPW and IDC 
devices patterned on a (001) LaAlO3 substrate. An additional 12-nm PdAu layer 
was deposited on the reference chip to produce resistor standards. Series resistor 
standards were used alongside a series capacitor, symmetric reflect and all CPW 
lines to perform the full calibration procedure, which consistently defines the 
reference impedance over the full experimental frequency range. The calibration 
consists of two tiers. In the first tier, a multiline-TRL-based calibration was 
performed using the NIST StatistiCal software package, which implements an 
optimization algorithm to produce an estimate for γ0, the propagation constant 
of the transmission lines on the reference chip42. The propagation constant 
is defined in terms of the transmission-line distributed circuit parameters as 
γ0 ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
Rþ iωL

p ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
Gþ iωC

p

I
, where R, L, C and G are the distributed resistance, 

inductance, capacitance and conductance per unit length, respectively, and ω 
is the angular frequency. A low-loss reference calibration substrate was chosen 
to produce reference transmission lines with a constant C and negligible G in 
the measured frequency range. The multiline-TRL calibration was compared 
with a subsequent series resistor calibration to provide an estimate for C for the 
transmission lines on the reference chip, which is required to extract R and L to 
describe the frequency-dependent response of the Au conductors43,44. The first-tier 
calibration produced error correction matrices that account for signal attenuation 
and phase shift in the network analysers and cables, and other systematic effects 
such as reflection at connector interfaces, and produced S parameters corrected 
to 50-Ω characteristic impedance with reference planes located at the probe tips. 
In the second tier, all transmission lines and a reflect standard were measured on 
both the companion DyScO3 chip and the thin-film chip, and corrected with the 
error matrices from the first-tier calibration. The multiline-TRL algorithm was 
again used to determine the propagation constant of the transmission lines on the 
substrate and thin-film chips, as well as to estimate the characteristic impedance of 
these transmission lines. The resulting propagation constants for the companion 
substrate chip and the thin-film chip were further analysed with the aid of finite-
element modelling to determine the broadband dielectric properties.

Device dimensions were measured via optical microscopy and surface 
profilometry and were used to generate two-dimensional simulations of the 
electromagnetic field distributions by means of a two-dimensional finite-element 
modelling package. First, the R and L terms were calculated as a function of 
frequency, based on estimates of the DC conductivity, and the model was validated 
by comparing to an R and L determined via the circuit parameter extraction 
approach mentioned above42,43. The simulated R and L were then used to extract the 
frequency-dependent C and G from the measured propagation constant. The two-
dimensional simulations were used again to develop a mapping function that relates 
the measured frequency-dependent capacitance and conductance to the real (K 0

11
I

) 
and imaginary (K 00

11
I

) parts of the in-plane complex permittivity, respectively. External 
bias tees were used to apply a DC bias voltage to the CPW structures up to 200 V, 
over the frequency range from 100 MHz to 40 GHz, corresponding to a maximum 
applied field of Emax = 400 kV cm−1. Complex S parameters were measured with a 
microwave-frequency VNA at applied electric field bias points stepped in 5 kV cm−1 
increments. The software used to implement the multiline-TRL calibration also 
provided 95% confidence interval estimates for the effective permittivity (and hence 
for the propagation constant) at each frequency point. These uncertainties were 
propagated through the analysis to determine the corresponding relative uncertainty 
in the measurements of the dielectric permittivity (Supplementary Fig. 9a).

Data availability
Figure data, DFT files and additional information can be accessed on the NIST 
Public Data Repository via the following link: https://doi.org/10.18434/M31968.
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