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S1. Difference in the electronic band structure between plain film and nanocomposite
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Figure S1. XPS valence band spectra near the Fermi Level for the 42-nm-thick LBMO plain film (PF)
and the 46-nm-thick LBMO plain film (PF).

S2. Comparison of ferromagnetic hysteresis loops
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Figure S2.  M-H curves for the 42-nm LBMO PF, 46-nm LBMO-CeO, NC and the LBMO bulk
measured at 5 K.



S3. Proof of La-Ce cross-substitution
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Figure S3. Plan view EDS line profile for the La and Ce elements in the 46-nm LBMO-CeO,
nanocomposite (NC) film.

S4. Evidence of Ce doping on reducing the double exchange coupling
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Figure S4. (a) Influence of Ce doping on the transport property of the LagoCeBag:MnO; (x=0, 0.05
and 0.1) plain films (PFs) with a thickness of 100 nm. (b) R-T curve of a 110 nm LBMO-CeO, NC.



S5. The influence of Ce doping on double exchange coupling: Defect equations

To understand the conduction behaviour in the bulk, we first consider the defect chemistry of the
parent film, La;Ba,MnO;. Ba?* on the La3* site donates holes which are compensated for by the
generation of Mn*. The formation of Mn3*/Mn** pairs is the origin of the DE coupling, and

ferromagnetism/conduction in manganites:
1
X ! .« =
LaLa+ BaO:BaLa+h +202 (1)

Mn]\/)ICn+h.:Mn1\/;n (2)

where Laj, represents a La3* ion on a La site, and Mryp, and My, represent Mn3* and Mn** on the
Mn site, respectively. Hence, for every Ba ion doped on the La site in LBMO, one Mn** ion is created.

For low Ba doping levels as we have here (x=0.1), a weak level of double exchange (DE) is induced
which competes with superexchange (SE) interactions, resulting in an overall FMIL. For manganite
films, on the other hand, cation (both La and alkaline earth) vacancies are prevalent? and form
thermodynamically under oxidation conditions. Hence, under the growth conditions, cation-deficient
LBMO is more stable than the stoichiometric LBMO. This tendency for cation vacancies is higher
when the doping level is lower?3, It is believed that the lightly-doped LBMO grown in our growth
condition has a tendency to be over-oxidized, leading to cation non-stoichiometry. Therefore, the
chemical formula of the films can be written as La(Ba);.\Mn..0;” where x (and x’) standard for the
non-stoichiometry of the cations. With this in mind, the cation non-stoichiometry of NC and PF can

be compared and thus the level of double exchange also compared.

If we consider the formation of La vacancies only, holes are produced which increase the Mn*/Mn3*

ratio, leading to an enhanced DE coupling. Hence,
3 1
X . " . .
Lajay 20,="1a + 213,05 + 31 (3)

x . .
3Mny,, +3h° = 3MnMn (4)

where VLa represents a La vacancy on a La site.

In the NC films, when La vacancies pre-exist, Ce3* or Ce** doping of the La vacancies occurs as a
consequence of chemical equilibrium. Two possibilities exist:

(a) Ce exists as Ce3*, and then 3 electrons are generated by filling the La3* vacancies, and these

electrons are then compensated by reduction of the Mn** to Mn3*:
1 3
. . o ,
Via+ 2Ce,05 = Ceray 2 0, + 3e (5)

The reduction of the Mn*" concentration will reduce the DE coupling.



(b) Ce exists as Ce*, and then 4 electrons are generated by filling the La vacancies. Again, the

electrons are compensated by the reduction of Mn** to Mn3*. Even more Mn** is reduced compared

to the case of Ce3*, and then the DE is further weakened.

VLa + CeO, = CeL.a+ (@)

e (7)

4Mn1V;n + 46' = 4Mn1\/JICn (8)

S6. Structural information of two thick films
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Figure S5. RSM around STO (103) and XRD 29-w scans around STO (003) of (a) 100 nm PF and (b) 110

nm NC.



S§7. Structural analysis on the 100-nm LBMO plain film using TEM
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Figure S6. (a) High resolution STEM image of the LBMO PF of 100 nm thickness. (b) The Geometric
Phase Analysis (GPA) of out-of-plane strain mapping of €, on the image in (a). (c) Fast Fourier
Transformation (FFT) of three areas selected in the STEM image in (a): substrate, film area near the
substrate and film area away from the substrate.

(1) Local changes in lattice constant. HR-STEM (Fig. S5a) and the corresponding geometric phase
analysis (GPA, in Fig. S5b) clearly indicate that there is a transition region (marked by the black
arrows in the GPA mapping in (b)) in the film/substrate interface area which is about 17 nm away
from the interface. Here 0% strain is referenced to the lattice constant of STO substrate (3.905 A).
The transition region shows obvious red contrast indicating a larger out-of-plane lattice constant in
this region. Film Region 1 near to the substrate (first 17 nm) shows more green+blue contrast
indicating a small out-of-plane lattice constant. On the other hand, film Region 2 shows more
green+red contrast, indicating a higher out-of-plane lattice constant. Hence, there is more in-plane
strain in the film in Region 1, as would be expected closer to the substrate interface.

The corresponding Fast Fourier Transformation (FFT) patterns from Regions 1 and 2 and the
substrate are shown in (c). They show the epitaxial relation to be cube-on-cube because of good
lattice matching (~0.5%) between the film (3.88~3.925 A) and the substrate (3.905 A).

(2) Additional proof of the twinning phase. The selected area electron diffraction (SAED) pattern
shows obvious diffraction spot splitting in the (O0L) direction (Fig. S6a), which is consistent with twin
formation. This is confirmed by the peak splitting observed near STO (103) in the RSM, as shown in
Fig. S6b. The calculated splitting angle B’ of LBMO (103) from the RSM using the model illustrated in
Fig. S6b is around 0.25 degree, which is an indication of the periodic tilt angle of twinning. This is in
broad agreement with the fact that the measured angle, B, from the LBMO (00L) peak in SAED is very
small, <1 degree. This small tilt angle makes it hard to observe twinning in HRTEM images. We note
that similar results have been reported in lightly doped LagsSry1MnO; (orthorhombic in bulk, and
having a small lattice mismatch with STO, which is similar to LagoBag;MnQ;) where the ED spot

splitting and RSM paired peak were suggested to originate from coherent twinning*®.
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Figure S7. (a) Selected Area Electron Diffraction (SAED) pattern of the 100-nm LBMO plain film. (b)
Reciprocal Space Map (RSM) around STO (103) of the same film. The angles B and B’ obtained from
the spot splitting in the SAED pattern and peak splitting of RSM are an indication of the twinning
angle. For simplicity, the dotted line is used to show the angle B’ in (b), while the real origin position
should be further away.
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