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Details of the growth conditions, termination control, thickness and ISHG monitoring

The thin films and heterostructures were grown on TiO2 -terminated (001) STO (vicinal angle
<0.1◦ ) substrates without pretreatment (Crystec GmbH). Layer-by-layer growth mode enables us
to engineer the top termination of PTO films. Starting from the substrate, the perovskite ABO3
termination of the top interface is set to the BO2 plane. By buffering the STO with 2 u. c. of
SRO (001), Ru volatility reverses the termination of the top interface to the AO plane. The set
termination as BO2 plane or AO is then kept for the subsequent LSMO and PTO layers.

To compensate the bound charge at the bottom interface, 15 u. c. of LSMO (001) were
deposited as the bottom electrode. Uniaxial ferroelectric PTO (001) films with a thickness of
15–25 u. c. were grown with polarization set upwards on STO||SRO|LSMO heterostructure and
polarization set downwards on STO||LSMO|PTO heterostructure. In Supplementary Fig. 1a,b, the
time-dependent RHEED intensity is shown for growths of PTO and LSMO layers. The ISHG data
of the entire PTO growth process for both interface configurations are shown in Supplementary
Fig. 1c,d. The final ISHG intensity of the competitive interfaces is four times lower than the final
ISHG intensity of the cooperative interfaces.

We note that the growth environment during deposition (partial oxygen pressure, UV irradiation from the PLD plume, and plasma exposition) may also have an impact on the final polarization
state. Previous work highlighted the charge screening of the oxygen-rich environment during the
PLD growth of BaTiO3 thin films1 . Here, the influence of the PLD plume was ruled out for the following reason. The front of the plume is rich in heavier ions, in our case cations, and is therefore
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positively charged2 . Such a positively charged environment would preferably screen negatively
charged surfaces (downwards polarized) during the growth and create a suppression of polarization
once the growth is interrupted. Our observations, in contrast, reveal a delayed onset of the polarization and the polarization enhancement once the growth is stopped for the downwards-polarized
films. UV radiation caused by the plasma plume could further affect the surface chemistry3 . UVenhanced reactivity at the top interface could contribute to the observed recovery of the polarization
state once the growth is resumed.
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Supplementary Figure 1: RHEED monitoring of thickness during growth of LSMO and PTO
films and ISHG monitoring of polarization during growth of PTO films. a, b, Time-dependent
RHEED monitoring of the LSMO and PTO layers in the STO|LSMO|PTO heterostructure. c, d,
ISHG signal during growth (filled red and blue symbols) and during growth interruptions (filled
black symbols) for configurations of (c) competitive and (d) cooperative interfaces of PTO films
with 20 u. c. thickness. The inset shows the chemistries of interfacial planes at the PTO|LSMO
interface and the polarization direction set by the bottom interface.
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ISHG determination of critical thickness and first-principle calculations of the band alignment at the PTO|LSMO interface.

Experimentally, a higher critical thickness was observed for the MnO2 |PbO-terminated bottom
interface (downwards-polarized sample) than the La0.7 Sr0.3 O|TiO2 -terminated bottom interface
(upwards-polarized sample), see Supplementary Fig. 2a,b.

We compare the two LSMO|PTO interfaces with MnO2 |PbO and La0.7 Sr0.3 O|TiO2 terminations, using density of states (DOS) calculations, see Supplementary Fig. 2c,d. The structure of
PTO is set to paraelectric and no relaxations were allowed in the system. The Schottky barrier
for electrons and holes is φn =EC −EF and φp =EF −EV , respectively, where EC , EV and EF are the
conduction-band minimum and valence-band maximum away from the interface, and the Fermi
energy, respectively. For the MnO2 |PbO termination, where the polarization is set upwards, the
Schottky barrier for electrons, φn , is ∼ 0.1 eV. For the La0.7 Sr0.3 O|TiO2 termination, where the
polarization is set downwards, the Schottky barrier for holes, φe , is ∼ 0.7 eV. Since the potential
barrier for electronic reconstructions is greater in La0.7 Sr0.3 O|TiO2 than in MnO2 |PbO, a higher
critical thickness is expected.

Absence of critical thickness in Pb-based ferroelectrics has been reported theoretically and
experimentally. In theoretical studies4, 5 , this has been observed in heterostructures with metal
screening at both interfaces. In experimental studies on thin films6, 7 , the ionic adsorbates from the
environment or internal defects were suggested as the screening mechanism. We thus conclude
that, similarly to the above and in line with the findings in Ref. [8] on PTO films on SRO, the
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stabilization of ultrathin ferroelectricity for our PTO film can be attributed to interface effects7 .

Supplementary Figure 2: ISHG monitoring during the early stage of growth of PTO films and
the first-principle calculation of the band alignment at the PTO|LSMO interface. a, b, The
ISHG data of the early stage of the PTO growth for polarization set upwards and downwards from
the bottom interface in red and blue, respectively. c, d, DOS calculations for the LSMO|PTO
interface with PbO and TiO2 top interface terminations.
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Reproducibility and generality

To demonstrate the reproducibility of our observations, we show the time-dependent evolution of
the ISHG signal during growth of several PTO samples with competitive and cooperative interfaces
in Supplementary Fig. 3a,b. The deposition rate is on average 4.8 u. c. per min, the same as in
Supplementary Note 1.

We further monitored the in-situ polarization dynamics by ISHG for: BTO (Supplementary
Fig. 4a), PZT (Supplementary Fig. 4b,c) and BFO (Supplementary Fig. 4d,e). For BTO, we observe no polarization dynamics during the growth interruption, while for A-site volatile PZT and
BFO, we observe polarization dynamics equivalent to the one of PTO: suppression for upwardspolarized layers and enhancement for downwards-polarized layers during the growth interruption.

We examined the influence of other types of adatoms in ab-initio calculations. We present the
effects of a hydrogen adatom on the polarization in PTO films in Supplementary Fig. 5a,b which
are qualitatively equivalent to the effects obtained in the case of a Pb adatom presented in Fig. 3.
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Supplementary Figure 3: Reproducibility of ISHG monitoring of polarization during growth
of PTO films. a, b, ISHG signal probing the thin-film polarization during growth (filled red
and blue symbols) and during growth interruptions (filled black symbols) for PTO layers with (a)
competitive and (b) cooperative interfaces.
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Supplementary Figure 4: ISHG monitoring of polarization during growth of BTO, PZT and
BFO films. a–e, ISHG signal of the thin-film polarization during growth (filled red and blue
symbols) and during growth interruptions (filled black symbols) for (a) a BTO film of 30 u. c.
thickness on an SRO-buffered STO, (b) a PZT film of 25 u. c. thickness on an SRO-buffered (110)oriented DyScO3 (DSO), (c) a PZT film of 60 u. c. thickness on a Ca0.96 Ce0.04 MnO3 (CCMO)buffered DSO, (d) a BFO film of 40 u. c. thickness on a LSMO-buffered STO, and (e) a BFO film
of 30 u. c. thickness on an SRO- and LSMO-buffered STO. Red and blue denote the direction of
polarization set upwards and downwards from the bottom interface, respectively.
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Supplementary Figure 5: Density functional calculations of dipole moments in PTO with a
H adatom per surface u. c. a, b, Dipole moments (p) perpendicular to the bottom interface.
The polarization direction is fixed at the bottom interface to match with our experiments (marked
as “fixed”). The atomic positions in heterostructures with (a) PbO and (b) TiO2 top-interface
termination and their ionic positions are depicted on the right hand side of the graphs.
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STEM tetragonality and composition analysis of the PTO films, and polarization mapping in the PTO|STO heterostructure

The tetragonality within the bulk of the PTO layer, excluding the 3 u. c. next to interfaces, is about
1.06 in both PTO films with competitive and cooperative interfaces9 , see Supplementary Fig. 6a,b.
Composition analysis of the PTO top interface obtained by energy-dispersive X-ray (EDX) spectroscopy in STEM mode is shown in Supplementary Fig. 7a,b. We find an amorphous Pb-rich layer
at the top interface in both interface configurations. In contrast to the cooperative configuration,
post-deposition STEM mapping of dipole moments reveals the absence of net polarization in the
STO|PTO heterostructure for the PTO layer with competitive interfaces, see Supplementary Fig.
8.

Supplementary Figure 6: STEM tetragonality a, b, Tetragonality for PTO films with (a) competitive (red) and (b) cooperative (blue) interfaces. The error bars are the standard error of the
mean.

11

Supplementary Figure 7: EDX composition analysis of the PTO top interface region, a, b,
Atomic resolution HAADF-STEM images of the top interface of the PTO film of 20 u. c. thickness
(top). Corresponding elemental line profiles over a scanning distance of 7 nm for Pb, Ti and O for
PTO films with (a) competitive and (b) cooperative interfaces (bottom) from the center of the PTO
layers (0 nm) towards the surface. The EDX elemental line profiles of Pb, Ti and O were calculated
from the Pb-L, Ti-K, and O-K signals of the EDX spectrum image. Scale bars are 1 nm.
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Supplementary Figure 8: Absence of the PTO net polarization in a STO|PTO heterostructure.
Post-deposition STEM mapping of PTO dipole moments after STO capping of the PTO layer with
competitive interfaces. The arrows show the direction (color wheel) and amplitude (arrow length)
of the dipole moments. Scale bar is 1 nm.
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