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1 Structural characterisation of RE:CeO2 films

Figure S1: Out-of-plane XRD 2θ/ω scans of the (a) 200 nm thick samples and (b) 80 nm thick samples
after annealing.
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Figure S2: XRD rocking curves of the RE:CeO2 002 peak from (a) 200 nm thick La:CeO2 samples, (b)
200 nm thick Gd:CeO2 samples, (c) 80 nm thick Gd:CeO2 samples, (d) 200 nm thick Yb:CeO2 samples,
(e) 80 nm thick Yb:CeO2 samples.
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Figure S3: In-plane XRD 2θχ/φ scans of the (a) 200 nm thick samples and (b) 80 nm thick samples
after annealing.
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Figure S4: Lattice paramters of the (a) 80 nm thick Gd:CeO2 samples and (b) 80 nm thick Yb:CeO2

samples.
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Figure S5: TEM micrographs of a 80 nm thick Gd:CeO2 sample. (a) Bright-field TEM micrograph of
the film where contrast variations in the substrate at the film/substrate interface can be observed which
are attributed to strain surrounding interfacial dislocations. (b) High-resolution high-angle annular dark-
field scanning TEM (HAADF-STEM) micrograph. (c) Magnified image of the film/substrate interface
showing the Burgers circuit surrounding misfit dislocations. (d) The same micrograph as (c) with the
position of Ce, Sr, and Ti atoms marked showing a change in interfacial structure at different regions.
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Figure S6: Analytical scanning transmission electron microscopy of the surface and substrate interface
of a Gd:CeO2 film after annealing at 1000◦C. (a, b) shows a HAADF-STEM image and an electron
energy loss spectroscopy (EELS) line-scan revealing Gd enrichment at the surface calculated from the
Gd M4,5 and Ce M4,5 edges. Due to sample drift and poor signal-to-noise ratio, the analysis should
be viewed as providing a general trend rather than exact quantification. (c, d) shows an X-ray energy
dispersive spectroscopy (XEDS) line-scan across the Gd:CeO2/Nb:STO interface along with elemental
maps. An interfacial interdiffusion layer of approximately 3nm is identified, which is of the same order
as the sample drift over the XEDS acquisition period. As such, we assume any interdiffusion is minimal.
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2 Conductivity of RE:CeO2 films

Figure S7: Representative Nyquist plots of the samples. (a) Nyquist plots of the 80 nm thick Gd:CeO2

samples at ∼108◦C. (b) Nyquist plots of the 200 nm thick Gd:CeO2 samples at ∼110◦C. (c) Equivalent
circuit model used to fit the impedance spectra.
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Figure S8: Arrhenius plots of the conductivity of the (a) 80 nm Gd:CeO2 samples and (b) 80 nm
Yb:CeO2 samples with the bulk pellets for comparison. The activation energies are shown in the legend.
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3 Information on samples

Lattice parameters
out-of-plane in-plane volume Conductivity

Substituent Thickness
(nm)

Heat treat-
ment (◦C)

c(002)(Å) Strain (%) a(220)(Å)Strain
(%)

a3(Å3) Strain
(%)

AE

(eV)
Ln σ0

La pellet - 5.434 - 5.434 - 160.49 - 0.748 10.76
200 as-grown 5.459 0.45 5.414 -0.37 160.02 -0.29 0.873 13.33
200 600 5.453 0.34 5.420 -0.27 160.16 -0.20 0.865 13.77
200 800 5.442 0.15 5.424 -0.19 160.11 -0.24 0.861 14.36
200 1000 5.436 0.03 5.428 -0.12 160.17 -0.20 0.853 14.01

Gd pellet - 5.422 - 5.422 - 159.43 - 0.692 11.75
80 as-grown 5.448 0.48 5.397 -0.47 158.70 -0.46 0.885 13.29
80 600 5.439 0.31 5.404 -0.33 158.87 -0.35 0.809 12.05
80 800 5.433 0.20 5.409 -0.24 158.98 -0.28 0.807 12.84
80 1000 5.423 0.01 5.417 -0.10 159.11 -0.20 0.803 13.36
200 as-grown 5.443 0.37 5.409 -0.25 159.22 -0.13 0.819 11.64
200 600 5.435 0.24 5.416 -0.12 159.41 -0.01 0.791 13.04
200 800 5.424 0.02 5.418 -0.09 159.18 -0.15 0.812 13.87
200 1000 5.422 0.00 5.420 -0.05 159.26 -0.11 0.793 13.74

Yb pellet - 5.416 - 5.416 - 158.86 0.00 0.837 12.00
80 as-grown 5.443 0.49 5.392 -0.45 158.21 -0.41 1.094 12.08
80 600 5.437 0.39 5.400 -0.29 158.57 -0.18 1.040 12.05
80 800 5.431 0.27 5.404 -0.22 158.58 -0.18 0.977 14.52
80 1000 5.420 0.07 5.411 -0.09 158.68 -0.11 1.005 14.10
200 as-grown 5.440 0.44 5.396 -0.37 158.38 -0.30 1.036 12.15
200 600 5.435 0.35 5.401 -0.28 158.52 -0.21 0.999 12.89
200 800 5.422 0.11 5.407 -0.16 158.52 -0.22 0.972 13.98
200 1000 5.415 -0.01 5.410 -0.11 158.49 -0.24 0.952 14.03

Table S1: Details of the films in this study.
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4 Calculation of the effect of a segregation layer on the
out-of-plane conductivity

Figure S9: Calculation of expected out of-plane conductivity a 200nm thick 5cat.% Gd:CeO2 film with a
5 nm thick 20cat.% Gd:CeO2 segregation layer at the surface. The bulk (grain core) conductivity values
are taken from Avila Paredes et al. [1] and also plotted. The bulk conductivity of the pellet used in this
study, and a 200nm thick Gd:CeO2 film sample after annealing at 1000◦C are plotted for comparison.
Values for the activation energies and preexponential factors are given in Table S2.

Ea (eV) Ln σ0
5 cat.% - Avila Paredes et al. 0.698 12.06
20 cat.% - Avila Paredes et al. 0.983 16.85
5 cat.% - this work 0.692 11.75
post-1000◦C film 0.795 13.80
composite film calculation 0.839 15.48

Table S2: Activation energies Ea and preexponential factors Ln σ0 from Figure S9.
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5 Density functional theory calculations

Figure S10: (a) Relation between the c-axis parameter and a,b-axes parameter of the unit cell. (b)
Relation between the in-plane strain and unit cell volume.
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∆Econf,v−v = αv−v + βv−v · (a/a0)

1NN in 1NNout 4NN in 4NNout

αv−v 8.718 -2.634 2.411 -2.979
βv−v -7.88 3.472 -2.149 3.241

Table S3: Strain dependence of the v-v interaction energy of the 1st nearest neighbour (1NN) and 2nd

nearest neighbour (2NN) positions for both in-plane and out-of-plane directions.

∆Econf,RE−v = αRE−v + βRE−v · (a/a0)

Lu Gd La
αRE−v -2.445 -1.833 -1.319
βRE−v 2.05 1.625 1.256

Table S4: Strain dependence of the RE-v interaction energy of the 1st nearest neighbour (1NN) position
for Lu, Gd, and La.

∆Eout
edge,AB = αout

edge,AB + βout
edge,AB · (a/a0)

Ce-Ce Lu-Ce Gd-Ce La-Ce Lu-Lu Gd-Gd La-La
αout
edge,AB 9.37 7.74 9.87 12.96 7.19 11.33 17.39

βout
edge,AB -8.9 -7.29 -9.3 -12.19 -6.56 -10.43 -16.1

Table S5: Strain dependence of the edge energies for the out-of-plane migration direction.

∆Ein
edge,AB = αin

edge,AB + βin
edge,AB · (a/a0) + γ · (a/a0)

2

Ce-Ce Lu-Ce Gd-Ce La-Ce Lu-Lu Gd-Gd La-La
αin
edge,AB -69.49 -68.38 -124.98 -128.01 -17.45 -76.9 -65.525

βin
edge,AB 143.15 140.28 254 260.72 37.37 156.89 136.31

γinedge,AB -73.2 -71.45 -128.45 -131.95 -19.3 -79.1 -69.5

Table S6: Strain dependence of the edge energies for the in-plane migration direction.
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6 Kinetic Monte Carlo calculations

Figure S11: Fraction of the (a) attempted and (b) successful in-plane jumps for Lu:CeO2 for different
strains.
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