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Atom Probe Time of Flight (ToF) Mass Spectroscopy – Experimental section 

Atom probe tomography (APT) sample preparation was performed employing a FEI Strata 
400 STEM and a Zeiss Auriga 60 FIB. Prior to the lift-out, a platinum protection layer (150 nm) 
was deposited over the area of interest to protect the sample surface from Gallium (Ga) ion beam 
milling damage or sample degradation. Annular milling was used to create needle shaped 
morphology with an end diameter smaller than 100 nm. More details about the FIB milling process 
can be found elsewhere [1][2]. The APT analysis was carried out using a Cameca-LEAP 4000X 
HR instrument in laser pulsing mode (wave length 355 nm, pulse frequency 100 kHz, pulse 
energy 60 pJ, evaporation rate 0.50%) at 50 K. Data processing was achieved with the CAMECA 
Integrated Visualization and analysis software (IVAS- version 3.6.1), incorporating standard 
reconstruction algorithms, allowing the extraction of three-dimensional nanoscale chemical 
distribution of all detected atoms in the analysis volume. 

Atom probe TOF mass spectroscopy 

Due to the Sr signal detected on the surface during XPS analysis in section 3.3, atom probe 
tomography was used on sample BFO1 after the second EIS measurement to determine the 
composition as a function of growth direction. Supplementary Figure 1a shows the atomic 
concentrations of Ba, Fe, Sr and O plotted over the thickness of the film. No other elements, such as 
Ti or Nb were detected, proving that only Sr migrated/diffused from the substrate. The average 
atomic concentration of Sr is 10 %, which confirms the assumption of diffusion/migration 
throughout the complete thickness of the film. Additionally the Ba content is on average 2 % 
lower than the Fe content, so that as suggested in section 3.3 the replacement of Ba2+ by Sr2+ is 
likely to occur. 



  

 

 
 

Supplementary Figure 1. a) Composition of BFO1, determined via APT analysis after second EIS 
measurement (in dry Ar) b) 3d atom map, 200 nm x 50 nm x 50 nm. 

Mössbauer Fit Data 

Supplementary Table 1. 57Fe Mössbauer Spectroscopy Parameters (δ chemical isomer shift, ε 
effective quadrupole interaction parameter, BHF magnetic hyperfine field) for BaFeO2.5 determined 
from the hydrated sample in Figure 5. 

Site in hydrated 
sample δ / mms-1 ε / mm-1 

 
BHF / T 

Relative Area / 
% 

Fe3+ doublet 0.42 0.88 - 9 
4-fold coord. 0.20 -0.16 39.2 59 

5/6 fold coord. 0.33 -0.31 47.5 32 

Supplementary Table 2. 57Fe Mössbauer Spectroscopy Parameters (δ chemical isomer shift, ε 
effective quadrupole interaction parameter, BHF magnetic hyperfine field) for BaFeO2.5 determined 
from the Ar-annealed sample in Figure 5. 

Site in Ar annealed 
sample δ / mms-1 ε / mm-1 

 
BHF / T 

Relative Area / 
% 

Fe3+ doublet 0.60 0.68 - 9 
4-fold coord. 0.21 -0.13 39.8 50 

5/6 fold coord. 0.42 -0.42 48.1 41 

 

  



  

 

X-ray Photoelectron Spectroscopy 

 

Supplementary Figure 2. Unshifted Fe 2p XPS spectra. 

Capacitance of measurement circuit 

 
Supplementary Figure 3. Nyquist and Bode plots to determine measurement setup capacitance. 

The capacitance of the measurement setup was measured by connecting a resistor (10 MΩ) in 
place of the substrate/film configuration. The Nyquist and Bode plots of this configuration as well as 
the equivalent circuit is shown in Supplementary Figure 3. The capacitance value of the setup is ~1.2 



  

 

pF, which is about 5 orders of magnitude lower than the capacitances in question. Therefore this 
capacitance has been neglected in the calculations and equivalent circuit considerations in the article. 

Additional Nyquist plots 

 

Supplementary Figure 4. Nyquist plots of measurements at a) low and b) high temperature in air and 
Argon. 

 
Supplementary Figure 5. Nyquist plots of measurements at 300 °C in wet/dry Ar and wet/dry air. 
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Substrate-only reference measurement 

 
 

Supplementary Figure 6. Substrate only measurement in Ar. 

The substrate with Au electrodes only was measured in the temperature range from 200 °C to 
500 °C in Ar atmosphere. At 200 °C a substrate resistance ~ of 4 Ω could be estimated, which is 
small compared to the film resistance at this temperature (2 orders of magnitude larger). At 
temperatures higher than 200 °C the resistance of the substrate is too small to be determined. Solely 
the residual inductance of the leads can be observed. Supplementary Figure 6 shows the Nyquist 
plots of the substrate only measurements in the temperature range from 200 °C to 300 °C. The 
temperature range from 300 °C to 500 °C is not displayed, since it does not contain any additional 
information and overlaps with the measurement at 300 °C. 

Film growth and microstructure 

The film growth rate was estimated at 3.18 nm/min (0.53 Å/s) using X-ray reflectrometry on a Si 
substrate and then confirmed by Secondary Electron Microscope (SEM) micrographs. A cross-
sectional and top-view micrograph of an as-deposited film are provided in Supplementary Figure 
7 and Supplementary Figure 8, respectively. Right after deposition without any further 
treatment, the film surface presents no discernible features and the cross-section reveals 
homogenous film growth with a flat smooth surface in the same way as we previously observed by 
RHEED analysis for thinner films [3]. 



  

 

 
Supplementary Figure 7. Cross-sectional view of as-deposited BFO film. 

 
Supplementary Figure 8. Top view of as-deposited BFO film, with dirt particle used for focusing, due 
to lack of surface features.References. 
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