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I. Sample preparation pathways 

This work focuses on the reduction behavior in two LaFeO3 (LFO) films grown identically on 
SrTiO3 (STO) 001-oriented substrates that were prepared differently prior to LFO growth. Figure 
S1 shows a schematic visually laying out from left to right the process flow for the two main 
samples grown on “as-received STO” and “annealed STO”. The key difference is that one substrate 
was annealed in an oxygen-rich environment at 950˚C, which is above the temperature required 
for STO to oxygen exchange and equilibrate with a gas [1]. This causes oxygen to diffuse into the 
STO substrate filling oxygen vacancies near the surface, and cooling down through the critical 
temperature under O2 traps this state and minimizes oxygen vacancies in the STO surface prior to 
LFO growth. Because oxygen diffusion is vacancy-mediated in STO [1], minimizing oxygen 
vacancies in the annealed STO substrate surface is expected to result in a smaller oxygen diffusion 
coefficient at the LFO/STO interface and change how much the substrate’s sink of oxygen plays 
in the reduction of the overlying LFO. 
 

 
Figure S1: Schematic showing the sample processing steps in order from left to right. The steps inside 
the grey dashed line were done together and simultaneously.  



2 
 

II. Atomic force microscopy of STO substrates 

a. Effects of substrate annealing on terrace width 

Atomic force microscopy (AFM) was used to characterize STO substrate surfaces before and after 
their different preparation processes. Figure S2 displays AFM images from a control substrate, 
taken from the same wafer batch as the substrates used for the samples presented in the main text. 
The terrace widths are clearly very similar in all three images showing that negligible terrace 
broadening is caused by annealing at 950˚C in O2. Instead, the main effect of the anneal that can 
be observed with AFM is the removal of the small, bright particulate seen in the two scans taken 
prior to annealing. This particulate is presumed to be Sr(OH)2 formed from SrO that had segregated 
to the surface in the time since the manufacture’s acid etch and was hydrated during the DI rinse, 
and it’s removal by annealing at high-temperature in an oxygen-rich environment is consistent 
with previous studies [2,3]. 
 

 
Figure S2: Atomic force micrographs on the same control substrate after solvent degreasing (“as-
received”), DI rinsing/etching, and high-temperature annealing. Length scale bars are all 1 μm. 

 

b. Surface topography before and after LaFeO3 growth 

Figure S3 shows the surface of the two samples discussed in the main text before (top) and after 
(bottom) LaFeO3 (LFO) film growth. Figures S3(a,b) are the as-received STO sample and Figure 
S3(c,d) are the annealed STO sample. The LFO surfaces retain a similar terrace morphology as the 
substrate had prior to film deposition, indicating that layer-by-layer growth dominated over an 
island nucleation, which is consistent with RHEED oscillations observed during growth. 
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Figure S3: Atomic force micrographs from the sample on (a,b) “as-received STO” and (c,d) “annealed 
STO” from the main text before LFO growth (a,c) and after LFO growth but before Ta deposition (b,d). 

 
III. Magnetic measurement data processing and anisotropy 
 
Figure S4 shows the magnetization of the two TaOx/LFO/STO samples after the vacuum anneal 
that drives reduction of the LFO films. The primary contribution to the magnetic signal comes 
from the diamagnetic STO substrate, leading a large negative slope to the data seen in Fig. S4(a).  

 
Figure S4: SQUID magnetometry data with in-plane field of the two main samples taken after LFO film 
reduction shown (a) without and (b) with the diamagnetic signal from the substrate subtracted. Inset in (b) 
shows a close-up near zero field. 
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After subtracting the diamagnetic signal, it can be seen that the LFO film grown on as-received 
STO exhibits weak paramagnetism at 300 K while the LFO film grown on annealed STO exhibits 
superparamagnetism or weak ferromagnetism at the same temperature. These results are consistent 
with the STEM images showing Fe-rich clusters on the order of 2-4 nm in diameter in the LFO 
film on annealed STO. Pure Fe nanoparticles typically exhibit superparamagnetic behavior or 
single-domain ferromagnetism with very small coercive fields (<100 Oe = 0.001 T) [4,5] 

To aid the reader in interpreting the saturated magnetization values at low temperature, the 2 K in-
plane field data from Fig. 1(c) of the main text has been replotted for a wider range of fields in 
Fig. S5 and converted to unit of Bohr magnetron per Fe. We note that the saturated magnetizations 
are well below the theoretical maximum moments for Fe3+ and Fe2+ of 5.9 and 4.9 μB/Fe, 
respectively [6]. However, caution should be used in interpreting the value of the magnetic 
saturation given the inhomogeneous microstructures and local Fe environment in both LFO films. 

 
Figure S5: SQUID magnetometry data with in-plane field of the two main samples taken after LFO film 
reduction showing the magnetic saturation plateaux. Note: Same data as main text Fig. 1(c) plotted for a 
wider range of field. 

Figure S6 compares the samples’ magnetization at 2 K collected by SQUID magnetometry with 
in-plane and out-of-plane field geometries benchmarked against the 300 K in-plane data for scale. 
Notably, we see both samples exhibit ferromagnetic behavior with characteristic hysteresis loops 
at low temperature, indicating that the parent AFM structure has been disrupted in both samples.  

The LFO sample grown on as-received STO shows a greater difference in coercive field 
anisotropy, with values of 160 Oe (0.016 T) and 650 Oe (0.065 T) for out-of-plane and in-plane, 
respectively. By contrast, the LFO sample on annealed STO shows similar coercivities with values 
of out-of-plane and in-plane fields of 325 Oe (0.033 T) and 265 (0.027 T), respectively. This 
difference in coercive field anisotropy is likely due to the Fe in LFO film on as-received STO (in 
an oxygen ligand field) having larger magnetocrystalline anisotropy than the Fe in the LFO film 
on annealed STO (in metal-like, Fe-rich nanoclusters). The saturation magnetization of LFO film 
on annealed STO is ~3x larger than the LFO film on as-received STO for both field geometries. 
This is consistent with the presence of ferromagnetic and/or superparamagnetic Fe-rich clusters in 
the sample on annealed STO. 
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Figure S6: Direction- and field-dependent SQUID magnetometry measurements of the oxygen-gettered 
films on an (a) as-received STO and (b) annealed STO substrate. 

 
IV. Elemental analysis of the LFO/STO interface 
 
Scanning transmission electron microscopy and energy dispersive spectroscopy (STEM-EDS) 
were used to collect a semiquantitative picture of elemental variation across the LFO/STO 
interface for the sample grown on annealed STO collected after the oxygen gettering anneal in 
which the Ta cap reduces the LFO film. Figure S7 shows this data, where it can be seen that the 
oxygen concentration in the LFO film is lower than the STO substrate. 

 
Figure S7: (a) Atomic resolution HAADF-STEM image of the LFO/STO interface for sample grown on 
annealed STO. (b) corresponding EDS map with the dashed white line indicating the direction of the line 
profile shown in (c). The dashed white box in (c) corresponds to the area in the dashed white box in (a). 



6 
 

V. Magnetic depth profile refinement method 
 
The raw PNR data were first reduced by subtracting background scans from the signal, adjusting 
for polarization efficiencies, and correcting for the footprint of the incident beam. Numerical 
refinements of the reduced PNR data were then done using a combination of two algorithms 
executed in the Refl1D software package. First, because of the large dimensionality of the 
parameter space in reflectometry measurements (n ~ 20), the DREAM algorithm was used to 
rapidly sample a wide parameter phase space and identify the general parameter space with the 
best fits. DREAM is a Markov chain Monte Carlo method with a differential evolution step 
generator that explores parameter space using a random walk similar to simulated annealing 
algorithms, always accepting a better point in phase space but also accepting a worse point 
depending on how much worse and at what point in the regression it is. Second, a Nelder-Mead 
simplex algorithm was used to find the absolute minimum within the region of phase space 
identified by the DREAM algorithm. The Nelder-Mead method, also sometimes referred to as the 
amoeba or polytope method, is a “downhill” algorithm that creates a simplex of n+1 points, where 
n is the dimensionality of the parameter space, then continually moves the simplex point where 
the goodness of fit is greatest eventually converging on the local, and hopefully global, minimum. 
Error on refined parameters (e.g., layer thicknesses, magnetization) can be reported as XX% 
confidence intervals (CI) determined by refining a final time using the DREAM algorithm and 
starting from the downhill optimized parameters, where the XX% CI proportional to the interval 
range that contains XX% of the accepted hops.  
The above refinement procedure was applied to different “slab” models of the film heterostructure, 
wherein the TaOx/LFO/STO films are broken into at least one slab per composition and the 
substrate treated in a semi-infinite approximation. Each slab has a nuclear scattering length density 
(nSLD), thickness, and roughness. Each layer can also have a magnetic scattering length density, 
but that parameter can be fixed to zero if known or desired to have no net magnetization, as was 
done for the TaOx slabs. The interfacial roughness between slab layers was modeled using the 
Nevot-Croce approximation, which treats the roughness as a Gaussian distribution. Roughness 
from each interface is propagated throughout the entire sample stack as described in Ref. [3] and 
implemented in the latest version of Refl1D. Many different slab models were compared for each 
sample to determine the “best” model, taken here to be the one with the combination of fewest 
slabs (fitting parameters) and best goodness-of-fit, here calculated as a reduced χ2 value from the 
co-refinement of multiple temperature and field PNR datasets from the same sample. The 
structural and magnetic depth profiles plotted in the main text correspond to models in which the 
reduced LFO layer is split into three slabs, thin non-magnetic layers (~2 nm) at each interface and 
a thick magnetic interior layer (~19 nm). In the Ta-free regions of the LFO film, that were 
shadowed by clips during Ta sputtering, the interior LFO layer was forced to be non-magnetic by 
setting its mSLD parameter to zero. 
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