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Temperature dependences of magnetization of the SCO2.5 films were performed
using a superconducting quantum interference device (SQUID, Quantum Design Inc.).
Figure 1S exhibits the magnetization of the187-nm-thick SCO2.5 film as a function of
temperature and magnetic field, measured at field-cooled mode in a magnetic field of
1000 Oe. It can be seen from Figure 1S that thel87-nm-thick SCO2.5 film exhibits
antiferromagnetic properties within the measuring temperature regime. The other
SCO2.5 thin films with different thicknesses also show the antiferromagnetic

properties.
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Figure S1. Magnetization as a function of temperature for the 187-nm-thick SCO2.5

thin film measured at field-cooled mode in a magnetic field of 1000 Oe.

Temperature dependences of the resistivityof the SCO2.5 films were performed
using a Physical Properties Measurement System (PPMS, Quantum Design Inc.). The
standard four-point probe method was used to measure the film resistivity versus
temperature (p(7)). Figure S2 shows the temperature dependences the resistivity of
the SCO2.5 thin films the thicknesses of 16, 32, and 180 nm. All these three SCO2.5
thin films are good insulators and show the semiconducting behaviors with
temperature. With decreasing the thickness, the resistivity of the SCO2.5 thin film
decreases, and the exact reason behind such phenomena maybe be attributed to the

change of the content of the oxygen vacancies with the strain.
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Figure S2. Resistivity versus temperature for the SCO2.5 thin films with the

thicknesses of 16, 32, and 187 nm.

To characterize the quality of films, XRD and RSM of the SrCo02.5 thin films
were measured. Figure S3 shows XRD 60-28 scan pattern of a 32-nm-thick BM-SCO
film on the LAO substrate. From Figure S3 it can be seen that expect for (004) and
(008) peaks close to the LAO substrate (¢ symbols), there are (002), (006) and (0010)
peaks which represent the altering CoOg octahedral and CoQOy, tetrahedral layers of the
BM phase. Figure S3 indicates that the SCO2.5 thin film deposited on the LAO
substrate is at single BM phase. Figure S4 exhibit the XRD 6-20 patterns ofthe
BM-SCO2.5 filmson (001) LAO substrates with different thicknesses of 8, 11, 16, 24,

32, 63, 94, and 187nm, respectively.
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Figure S3. XRD 0-20 patterns of c-axis-oriented BM-SCO2.5 films epitaxially grown

on (001) LAO substrate.

S-4



T e 1 L 1 L] .l i 1 2 1 '.
' 8-nm-thick | ¢:LAO |

/ E :i ) \

1 1-nm-thick ! %
16-nm-thick l

;'\ 24-nm-thick
<
~ T ™ 4 . i S Js i 4
*? ‘32-nm-thick l !
0]
(o
L
(w
P

63-nm-thick | |

i iv“} I s )

94-nm-thick

1 87—nm-thic?

10 20 30 40 50 60 70 80
20 (deg.)

Figure S4. XRD 0-20 patterns ofthe BM-SCO2.5 filmson (001) LAO substrates with

different thicknesses of &, 11, 16, 24, 32, 63, 94, and 187nm, respectively.
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Figure S5.The variation of FWHM of (008) peak with the film thicknesses.

Figure S6.STEM image of 187-nm-thick SCO2.5 film.
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Figure S7.(a) Raman spectra of the 32-nm-thick SCO2.5 thin film measured at
different temperature from 78 to 398 K.(b), (c), and (d) Temperature-dependent
Raman peak positions of 450, 650, 690 cm™ modes, respectively.
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Figure S8. (a) Optical absorption spectra obtained from transmittance measurements

of the SrCo002.5 thin films with different thicknesses.

A comparison of the functionals which are mostly used (LDA, PBE, and PBEsol)
and various U values was performed. We noted that indeed the PBEsol +U, where U =
3.5 eV is not optimal. Now we use PBEsol +U, and U = 7.5 eV and redo all the DFT
calculations in the manuscript. We also found that the change of the band gap (Fig.
5(c) in the manuscript) was because the calculation converged to a sub-stable state.
The change of band gap due to the bi-axial strain is insignificant. Therefore, the DFT
result shows that the change of band gap might be due to the structural phase
transition or chemical stoichiometry. (We noted that the value of x in SrCoOy is
modulated by the strain, which was reported in Ref. (1). SrCoOs is a ferromagnetic
metal with Co in intermediate spin state whereas SrCoQ2.5 is antiferromagnetic with
Co in high spin state.)

To find the optimal functional and U value, we tested three functionals: LDA,
PBE, and PBEsol and various U values from 3 to 7.5 eV, and the results are shown in
Table S1. All the parameters give similar electronic structure, both Col(Co-octahedra)

and Co2(Co-tetrahedra) are in the high spin state and have the nominal charge of +3.
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LDA gives significantly smaller lattice constants than the experiments. Both PBE and
PBEsol lattice constants has less than 2 % deviation from the experimental values.
However, PBE gives unreasonably large c-axis lattice parameter when the
compressive biaxial strain is applied. Therefore, we choose PBEsol, which is
optimized for solids. The smaller U (U = 3.5 eV here) gives close a andb values,
which does not reflect the experimental results, therefore, a larger U = 7.5 eV is used,
which was also used in Ref. 42. We noted that the chemical stoichiometry can easily
deviate from SrCoQ; s, therefore, it is better to use a U value which can predict the
properties of SrCoO; as well. A U value of less than 6 eV cannot give the
experimentally observed intermediate spin Co state (Ref (2)). Therefore, U= 7.5 eV is
suitable for both SrCoO, s and SrCoO:s.

TableS1. A comparison of the functionals (LDA, PBE, and PBEsol) and various U
values.

LDA+U7.5 PBE+U7.5PBEsol+U3.5PBEsol+U7.5 Experimental®
a (A) 5.3125.451 5.4785.368 5.458
b (A) 5.4755.627 5.4775.534 5.562
c(A) 15.23215.699 15.48315.463 15.637
E eV) |1.641.46 0.821.75
m (Col) | 3.23.2 2.93.23.12
(18)
m (Co2) | 3.13.2 2.83.2 2.88
(18)

TableS2. The relationship of the lattice constants and band gaps.

a(A) 1379 380 381 38 383 384 386 3.88 3.90
c(Ad) 1407 406 4.05 4.037 4.024 3.883 3.843 3.843 3.82
EfeV) {150 1.53 1.52 152 152 1.81 1.84 183 1.83

References:
(1). Mitra, C.; Meyer, T.; Lee, H. N.; Reboredo, F. A. Oxygen diffusion pathways in

brownmillerite SrCoQO;s: Influence of structure and chemical potential. J. Chem.
S-9



Phys.2014, 141, 084710.

(2).Riveroa, P.; Cazorla, C. Revisiting the zero-temperature phase diagram of
stoichiometric SrCoQO3 with first-principles methods. Phys. Chem. Chem. Phys.2016,
18,30686-30695.

(3). Munoz, A.; Calle, C.; Alonso, J. A.; Botta, P. M.; Pardo, V.; Baldomir, D.; Rivas, J.
Crystallographic and magnetic structure of SrCoO, s brownmillerite: Neutron study

coupled with band-structure calculations.Phys Rev B2008, 78, 054404,

S-10



