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Note S1: Annealing conditions.  

Annealing experiments under varying vacuum, temperature, duration time and 

rates of heating and cooling have been performed to ascertain appropriate conditions 

for producing topotactic transformation. Firstly, we found that the high vacuum is one 

requirement for obtaining 1125-LSCO and 214-LSCO samples via topotactic 

transformation. However, the 1125-LSCO, especially 214-LSCO phase seldom 

appears upon vacuum annealing when the vacuum pressure is higher than 10
-4

Pa. This 

is understandable since the transformations from 113-LSCO to 1125-LSCO and to 
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214-LSCO structure correlate with the reduction of Co ions.  

Meanwhile, we found that the vacuum annealing temperature strongly affects the 

transition ratio for the both steps of perovskite-browmillerite (P-BM) and 

browmillerite-single layered pervoskite (BM-SL). Figure S1 shows the collected XRD 

patterns for La-Sr-Co-Ox films vacuum annealed (10
-6

Pa) for 15min under different 

temperatures of 150, 300, 400 and 450℃, respectively. One can find that clean BM 

characteristic peaks of BM-(004),(006) and (008) at about 22.3°, 33.8° and 45.7° 

appear when the vacuum annealing temperature reaches 300℃, while clean SL 

characteristic peaks of SL-(004) and (006) at about 28.2° and 42.9° emerge with the 

annealing temperature reaching 450 ℃. It suggests that complete topotactic 

transformations of perovskite to BM and BM to SL were obtained at vacuum 

annealing temperatures of 300℃ and 450℃, respectively. With the vacuum annealing 

temperature at 150℃, the coexistence of oxygen deficient perovskite and 1125-LSCO 

phases appears in the film, indicated by the broadening and splitting of BM 

characteristic peaks (see green trace in Fig. S1), demonstrating the incomplete 

transformation from perovskite to BM phase. While under the vacuum annealing 

temperature of 400℃, the coexistence of characteristic peaks of both BM and SL 

phases (purple trace) indicates that the film undergoes an incomplete transformation 

from BM to SL phase.  

On the other hand, our experiments showed that the pure 214-LSCO phase can be 

obtained only when the ramping rate of temperature is fast enough for annealing, 

implying that the 214-LSCO phase appears to be a metastable state. For example, 

with a low heating rate of 10℃/min and cooling rate of 4 ℃/min, no 214-LSCO phase 

was observed even when the vacuum annealing temperature was set up to 500℃. 

Meanwhile, it was found that the perovskite-BM transformation is relatively 

insensitive to the heating/cooling rate. 

Finally, vacuum of 10
-6

 Pa, annealing temperature of 300℃ and 450℃, and 

annealed duration time of 15min were chosen to induce the tri-state topotactic 

transformation. Meanwhile, the heating and cooling rate were set as 200℃/min and 
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14℃/min, respectively, in view of the easy realization and satisfactory results. 

Note S2: Variation of chemical valence state of Co ions during the topotactic 

phase transformation.  

In the process of oxygen and cobalt ions transfer, three states of 113-LSCO, 

1125-LSCO and 214-LSCO appear, respectively. In XPS O-1s spectrums for three 

films, the peak of oxygen deficiency is recognized at about 531 eV (Fig. S7b).
[S1]

 It is 

seen that the intensity of oxygen vacancies gets higher during the topotactic 

transformations, which is an evidence for the increase of oxygen vacancies.  

The EELS measurements (detecting range: ~0.2nm) were performed focusing on 

the area of 113-LSCO, 1125-LSCO and 214-LSCO phases to further analyze the 

valence state (Fig. S6). For the O K-edge shown in Fig. S6b, peak A, B and C 

represent the Co 3d-O 2p, La 5d-O 2p/Sr 4d-O 2p and Co 4s-O 2p hybridization, 

respectively.
[S2]

 The very low intensity of the peak A demonstrates that the cobalt 

oxidation in 1125-La0.7Sr0.3CoO2.5 and 214-La1.4Sr0.6CoO4 films is relatively weak. 

The intensity ratios of Co L3/L2 were calculated after subtracting the background of 

each spectrum and plotted in the fitting curve of L3/L2 vs. Co valence (Fig. S6a).
[S3]

 In 

this way, the Co valence states are estimated from the fitting curve as +2.78, +2.38 

and +2.46 for 113-La0.7Sr0.3CoO3, 1125-La0.7Sr0.3CoO2.5 and 214-La1.4Sr0.6CoO4 

phases, respectively. This method has been well accepted to quantitatively estimate 

the valence of Co-ions in cobalt oxide.
[S3,S4]

 Note that the calculated valence state of 

cobalt in La0.7Sr0.3CoO3 is lower than the theoretical value (+3.30), which is ascribed 

to the deoxidization during the preparation of cross sectional specimens by using 

focused ion beam and electron beam irradiation.
[S5]

 More interestingly, the valence 

state of Co in 214-LSCO is higher than that in 1125-LSCO, disagreeing with the 

results of XAS where the obtained average valence state of cobalt in La-Sr-Co-Ox 

films exhibits a monotonous reduction during the continuous topotactic phase 

transformations from 113-LSCO to 1125-LSCO and to 214-LSCO. However, such 

increased valence state in 214-LSCO phase detected by EELS is consistent with the 

theoretical values calculated from the chemical formula (+2.30 for 1125- 
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La0.7Sr0.3CoO2.5 and +2.60 for 214- La1.4Sr0.6CoO4).  

It is worth noting that the detecting area of XAS (~50nm) is much larger than that 

of EELS (~0.2nm). Meanwhile, the EELS measurements were definitely focusing on 

214-LSCO structure (determined from STEM observations). Thus, the opposite 

evolution trend of Co valence state for XAS and EELS measurements implies that 

lower valence or elementary Co atoms may exist in the 214-film. Considering that the 

B-site cobalt ions migrated out from the frame structure of BM 1125-LSCO cannot 

release to ambient atmosphere, one can conclude that the reduction of average Co 

valence for 214-LSCO film indicated by XAS measurements should originate from 

the contribution of the migrated Co locating in the 214-LSCO film, which pulls down 

the average cobalt valence of the whole film. Further XPS measurements detected two 

strong Co-metal peaks at 778.6 eV and 793.6 eV (Fig.4c), which correspond metallic 

elemental Co
[S6,S7]

. This result strongly suggests that the Co atoms migrated out from 

the structure framework of 1125-LSCO assemble together and form Co-rich areas, 

that is composed mainly by elementary Co, in the 214-LSCO matrix (see Fig.5). 

Moreover, EELS measurements were also performed on the cluster regions (see 

Fig.5), which shows that the intensity ratio of Co/La in the cluster region (~2.0, see 

the right part of Fig. 4d) is much higher than that in 214-LSCO crystalline region 

(~0.14). Meanwhile, the EELS O K-edge intensity in such cluster region is almost a 

quarter of that in 214-crystalline region (the left part of Fig. 4d). These results also 

strongly evidence the Co-rich nature of the clusters. 

Note S3: First-principles calculations.  

To quantitatively characterize the ease of atom flowing out from the BM 

structural frame, we further calculated the cohesive energy, Ec, for different site atoms 

in La0.625Sr0.375CoO2.5 by using first-principles calculations, which is defined as: 

𝐸𝑐 = (𝐸𝑑𝑒𝑓𝑒𝑐𝑡 + 𝑁𝐸𝑖 − 𝐸𝑡𝑜𝑡 )/𝑁  ,                                     (1) 

where Etot is the total energy of primitive BM structure, Edefect is the energy of BM 

structure with a A-site, B-site or an oxygen vacancy, Ei is the energy per Co/La(Sr) 

atom in the elemental solid or O atom in the oxygen molecule, N is the number of 
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vacancy. As shown in Fig. S8b, the cobalt vacancy in the CoO4 tetrahedral sub-layer 

has a lower Ec (0.58 eV per La0.625Sr0.375CoO2.5 unit cell) in comparison with oxygen 

vacancy (0.61 eV per La0.625Sr0.375CoO2.5 unit cell) in the CoO6 octahedral sub-layer. 

These results demonstrate that the CoO4 in 1125-LSCO is more unstable and more 

likely to collapse. As a result, the Co-O bond in the tetrahedral sub-layer of BM 

1125-LSCO tends to break down firstly with an extra energy provided and release the 

cobalt atoms in its framework, leading to a distinct B-site cobalt ions 

flowing/migration.  

The density of state was also calculated for the optimized 5/8 La-doped BM 

structure to check the electronic structure. The result exhibits an obvious asymmetry 

for spin up and spin down (Fig. S8c), which reflects the magnetism and half metal 

properties in 1125-LSCO. By using the calculated total energy of BM 

La0.625Sr0.375CoO2.5 and SrCoO2.5, single-layered La1.25Sr0.75CoO4 and  Sr2CoO4, We 

calculated the reaction enthalpy changes of BM La0.625Sr0.375CoO2.5 and SrCoO2.5 to 

single-layered structure, respectively (Fig. S8a). The obtained enthalpy change from 

La0.625Sr0.375CoO2.5 to La1.25Sr0.75CoO4 is 1.49 eV, while the one from SrCoO2.5 to 

Sr2CoO4 is 1.86 eV. This result indicates that the doping of La at A-site reduces the 

thermodynamic barrier of the system from a brownmillerite structure to a 

single-layered perovskite structure.  

Note S4: The influence of La
3+

-doping on the valence state of Co ions and 

stability of CoO4 tetrahedral layer  

Previous EELS and XPS measurements on SrCoO2.5 film 
[S8,S9]

 demonstrated that 

the Co ions in CoO4 sub-layer of SrCoO2.5 film tend to show a lower valence state 

(Co
2+

, for example) than those in CoO6 sub-layer. Takayoshi Kishida et al.
[S8]

 revealed 

distinct difference in the Co L-edge (and O K-edge) for Co-O planes in adjacent CoO4 

tetrahedral and CoO6 octahedral layer (see Fig. S9a) by performing local EELS 

experiments on BM SrCoO2.5. It was found that the CoO4 layer exhibits a larger L3/L2 

ratio than the adjacent CoO6 layer, which indicates a lower oxidation state for the Co 

ions in CoO4 tetrahedral layers
[S3]

. More recently, A. M. Narayanan et al. observed a 



6 
 

signal of Co
2+

 other than the normal Co
3+

 in XPS experiments in BM SrCoO2.5 [Ref. 

S9], as shown in Fig. S9b, demonstrating the existence of Co
2+

 in the SrCoO2.5 with 

the same 1125-BM structure. 

As for our 1125-LSCO sample, the substitution of La
3+

 for Sr
2+

 and the resulted 

possible charge transfer caused by covalent sharing may make the Co valence in 

CoO4 (Co
2+

) tend to be lower, noting that the 1125-LSCO retains the same BM 

structure. Our quantitative analysis of the Co valence by comparing the peak intensity 

ratios of L3/L2 in the Co L-edge EELS data with reference spectra
 [S10] have provided 

an average Co valence state of +2.38 for present 1125-LSCO (see Fig. S6 and Note 

S2), which is roughly consistent with the theoretical value calculated from the 

chemical formula of La0.7Sr0.3CoO2.5 (+2.30), despite of the small divergence that 

probably originates from the possible small off-stoichiometry in the 1125-LSCO 

sample. Meanwhile, the deduced average Co valence of 1125-LSCO from EELS data 

is lower than the theoretical one of SrCoO2.5 (+3, calculated from the chemical 

formula) with the same 1125-BM structure. This result implies that the La
3+

-doping 

makes the average Co valence in CoO4 tend to reduce in comparison with the case of 

SrCoO2.5, which causes the instability of Co-O bond in CoO4 for 1125-LSCO. 

Actually, experiments and theoretical calculations have both demonstrated that 

the 1125-LSCO with substitution of Sr
2+

 by La
3+

 shows high thermodynamic 

instability compared to SrCoO2.5. The calculated reaction enthalpy change (see Note 

S3) of BM-to-SL phase transformation for 1125-LSCO (1.49eV) is lower than that of 

SrCoO2.5 without La
3+ 

doping (1.86eV), which indicates that the La
3+

 doping at A-site 

reduces the thermodynamic barrier for the transformation from 1125-LSCO to 

214-LSCO phase. Moreover, the thermodynamic instability of CoO4 tetrahedrons 

compared to CoO6 octahedrons in 1125-LSCO was further demonstrated by 

theoretical calculations on cohesive energy. It was found that the CoO4 tetrahedral 

sub-layer has a lower cohesive energy(0.58 eV/u.c.) than that (0.61 eV/u.c.) of the 

CoO6 octahedral sub-layer (see Note S3), indicating that the break-up of Co-O bond 

prefers to occur in the CoO4 sub-layers rather than in the CoO6 octahedrons under 

vacuum annealing. In other words, the CoO4 tetrahedral sub-layer in 1125-LSCO is 

more instable than CoO6 octahedral sub-layer. 
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Figure S1. Collected XRD patterns for La-Sr-Co-Ox films vacuum annealed (10
-6

Pa) for 15min at 

150, 300, 400 and 450℃, respectively. For comparison, the result for as-gown 113-perovskite film 

is also plotted. The diffraction peaks marked by asterisks come from substrate LSAT (001) and 

LSAT (002) peaks, respectively. P-(001) and P-(002) indicate perovskite characteristic peak, 

BM-(004), BM-(006) and BM-(008) are characteristic peaks of 1125-LSCO, while SL-(004) and 

SL-(006) are the ones of 214-LSCO phase. 

 

Figure S2. XRD results of intermediate state sample. The crystal plane corresponding to the 

diffraction peak has been marked in the figure. The diffraction peaks marked by an asterisk are 
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LSAT (001) peak and LSAT (002) peak, respectively. The results show the coexistence of 

1125-LSCO and 214-LSCO in the film, indicating that no intermediate structure exists in the 

topotactic phase transformation from 1125-LSCO to 214-LSCO. 

 

 

Figure S3. HAADF images of (a)113-LSCO film, (c)1125-LSCO film and (e,g) 214-LSCO film. 

ABF images of (b)113-LSCO film, (d)1125-LSCO film and (f,h) 214-LSCO film. The zone axis in 

images (a)-(f) are along the [110] LSAT direction, and (g)-(h) images along [010]. Atoms at A-, B- 
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and O- sites are indicated by green, violet and red spheres, respectively. (i) Comparison of 

statistical analysis of HAADF-STEM results (symbols) with XRD results (dashed lines) for 

out-of-plane La/Sr-La/Sr atomic layers distances of 113-LSCO (blue), 1125-LSCO (green) and 

214-LSCO films (red). The data was extracted from (a,c,e) images along dashed lines in 

respective images. 

 

Figure S4. ABF-STEM images of the La1.4Sr0.6CoO4 film seen along (a) [010] and (c) [110] LSAT 

direction. Line profiles of inversed ABF contrast of (b) Fig. S4a and (d) S4b. The positions 

corresponding to the different color curves have been marked with lines of the same color in the 

ABF images. Based on the results of ABF images we can determine that there are six oxygen ions 

around each cobalt ion and it is confirmed that sample S is the SL structure. 
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Figure S5. Cross-sectional EDS results for (a)113-LSCO and (b) 214-LSCO  films. From the 

EDS results, excellent uniformity was determined for the as-grown samples. Some cobalt-rich 

regions exist in the 214-LSCO film, which is leaded by the flow of half of cobalt atoms in the 

film. 

 

 

Figure S6. EELS measurements and analysis of La0.7Sr0.3CoO3 , La0.7Sr0.3CoO2.5 and 

La1.4Sr0.6CoO4 films, grown on LSAT(001) substrate. (a) Cobalt valence states analysis by 

calculating the intensity ratio of L3/L2 in Co L-edge EELS results. The black squares are extracted 

from the reference.
[S3]

 The black line is a fitting of four black squares. After subtracting the 

background, the L3/L2 ratio is calculated and plotted together with the fitting curve. (b) O K-edge 

and Co L-edge EELS results for three phases. Peak A, B and C represent the Co 3d-O 2p, La 5d-O 

2p/Sr 4d-O 2p and Co 4s-O 2p hybridization, respectively.
[S2]

 In Co L-edge EELS results, the peak 

position of Co L3 edge in each spectrum has been shifted to a same energy in order to demonstrate 

clearly the intensity variations of Co L2 edge.  
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Figure S7. XPS measurements of 113-LSCO, 1125-LSCO and 214-LSCO films, grown on 

LSAT(001) substrate. (a) The XPS survey spectrums for three films. The peaks represent the 

electron binding energies of specific atomic orbitals for selected elements. L2M23M45 and KL23L23 

refer to states in Auger electron spectroscopy. No characteristic peaks other than the elements 

contained in the sample appear in the spectrum. (b) XPS O-1s spectra for three films. The lattice 

oxygen, defective oxygen and the absorbed oxygen have been marked in the figure according to 

the references. The peaks at 529.6 eV represent the lattice oxygen.
[S1]

 The peak of oxygen 

deficiency locates at about 531 eV.
[S1]

 While the peaks locating at the range of 532-533.5 eV 

represent the absorbed oxygen, which is attributed to the absorption of water, oxygen and organic 

oxygen on the film surfaces.
[S1,S11]

 During the structure evolution process, the intensity of the peak 

representing oxygen vacancies gets higher, which is an evidence for the increase of oxygen 

vacancies. 
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Figure S8. First-principles calculations results. (a) The reaction enthalpy of the decomposition of 

La0.625Sr0.375CoO2.5 and SrCoO2.5 at 0 K. (b) The 1125-LSCO cohesive energy, Ec of two possible 

situations: cobalt vacancy in tetrahedron and oxygen vacancy in octahedron. (c) Total densities of 

states for 1125-LSCO.  
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Figure S9. (a) Electron energy-loss spectra obtained from SrCoO2.5 viewed along the c axis, 

showing the O K edge and the Co L2,3 edge from alternating Co-O planes. The blue lines are from 

planes containing the oxygen vacancies and red lines are obtained from the fully oxygenated 

planes [Ref. S6, Fig.8c wherein]. (b) X-Ray photoelectron core level spectra of 1125-BM 

SrCoO2.5 at Co 2p region. [Ref. S7, Fig.3 wherein]. 
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Figure S10. XRD θ-2θ scans of fresh 1125-film and 1125-film exposure to air for 3 months. For 

comparison, the data of as-grown perovskite-film is also plotted in the figure. The diffraction 

peaks marked by asterisks come from substrate LSAT (001) and LSAT (002) peaks, respectively. 

P-(001) and P-(002) indicate perovskite characteristic peaks, BM-(004), -(006) and –(008) denote 

BM characteristic peaks. 

 

 

  

Figure S11. (a) Temperature-dependent electrical resistivity (ρ) of as-grown perovskite, 

1125-LSCO and 214-LSCO films in the process undergoing vacuum annealing. (b) 

Temperature-dependent ρ of fresh and oxygen-annealed 214-film in comparison to the as-grown 

perovskite film. For comparison, the vertical axis of (a) and (b) takes the same logarithmic 
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coordinate. 

 

Table S1. EDS standardless quantitative analysis for La1.4Sr0.6CoO4 film in crystalline structure 

region and Co-rich region. The chemical composition of crystalline structure region is very similar 

to the La1.4Sr0.6CoO4 formula. In Co-rich region, the cobalt atomic percentage is as high as 68.4%. 

The presence of small amounts of La, Sr and O may be caused by a small amount of crystalline 

La1.4Sr0.6CoO4 wrapping the Co-rich clusters. 

 

element (keV) 

214-crystalline region cobalt-rich region 

Mass% Counts Atom% Mass% Counts Atom% 

O K 0.525 15.2 780.47 53.2 4.2 97.55 16.5 

Co K 6.924 15.5 839.31 14.7 64.3 757.75 68.4 

Sr L 1.806 17.5 421.56 11.2 3.2 17.22 2.3 

La L 4.65 51.8 1161.46 20.9 28.3 138.82 12.8 

Total 

 

100 

 

100 100 

 

100 
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