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A B S T R A C T   

Manipulating topotactic phase transformations via orderly ion transfer in complex oxides ABOx is ubiquitous in 
advanced applications such as ionotronics, ion-batteries and catalysts. Most of such ion-mediated trans-
formations are accomplished by the transfer of oxygen or A-site ions. However, implementing the transformation 
via the transfer of B-site ions, despite the great challenge to overcome a large cohesive energy, has unique 
advantage since they host most functional properties of materials. Here, we present a tri-state phase trans-
formation from perovskite (P) to brownmillerite (BM) and to single-layered perovskite (SL) structure via the 
concerted migration of oxygen and B-site Co-ions in La0.7Sr0.3CoO3 thin films. Ac-STEM, XPS, XAS, PNR, mag-
netic and electric measurements demonstrated that presented B-site Co-cation transfer is along the CoO4 tetra-
hedral sub-layer of the BM film, which leads to the reconfiguration of 3d-electrons and spin state in remanent Co 
ions and causes tremendous changes in magnetic and electric properties: from canted-antiferromagnetic insulator 
in BM phase to ferromagnetic insulator in SL phase. First-principles calculations revealed that the La3+-doping at 
A-site largely reduces the cohesive energy of Co-ions in CoO4 and destabilize the CoO4 tetrahedron of BM phase, 
which explains the formation of Co-ions transfer channel in the CoO4 tetrahedral sub-layer. The present study 
highlights the effectiveness of regulating topotactic transformation via B-site ions transfer and provides a new 
pathway for manipulating the topotactic transformation with diverse functionalities.   
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1. Introduction 

Transition-metal oxides (TMOs) exhibit a variety of intriguing phe-
nomena resulting from the strong correlations between the transition 
metal valence electrons. Recently, ionic defects were found to play a key 
role in introducing or enhancing functionality in TMOs [1–9]. Of 
particular interest, the defects, including the oxygen vacancies and 
metal cations, can move out of and into the sample at specific temper-
atures and electric fields, causing exotic phenomena such as magnetic 
ordering, metal-insulator transition, ferroelectric polarization and even 
structural transitions [10–14]. Moreover, ion migration and related 
phenomena can be controlled by electric fields due to the charged nature 
of ions, which renders TMOs broad application prospects in information, 
catalysis and energy storage [4,15–17]. Actually, a lot of studies have 
demonstrated that binary oxides or ternary TMOs (or complex oxides) 
with ABOx (2 ≤ x ≤ 3) structure can be harnessed for chemical sensors, 
membrane, iontronics, solid oxide fuel cell (SOFC), ion batteries and 
catalysts by controlling ion transfer [2,4,15–24]. 

Many efforts have been devoted to exploiting effective methods to 
implement orderly ion migration in these materials, and thus to modu-
late their various novel properties [12,25–29]. It has been reported that 
thin films of perovskite (P) cobalt and iron oxides (ABO3) can be con-
verted into the brownmillerite (BM) structure (ABO2.5) through a top-
otactic phase transformation by regulating the orderly loss of oxygen 
ions [12,29–31]. Recently, investigations further demonstrated that 
ionic liquid gating can produce reversible topotactic phase trans-
formation between perovskite SrCoO3 film and BM SrCoO2.5 film by 
driving the flow of oxygen ions, and even can insert protons into the 
tetrahedral layer of BM SrCoO2.5 to prepare a weakly ferromagnetic 
insulator HSrCoO2.5 [ref.10]. All these studies conceivably show that the 
topotactic phase transformation and thus corresponding changes in 
magnetic, optical and electric properties can now be achieved by elab-
orately controlling the migration of either light A-site cation or oxygen 
ions [32–36]. 

Meanwhile, many studies have demonstrated that the oxygen con-
tent controlled by topotactic transformation in complex oxides plays a 
key role in applications of oxygen electrocatalysis for energy storage and 
conversion technologies, which represents a promising strategy to 
improve the performance of SOFC cathodes via utilizing the topotactic 
transformation in multivalent transition metal oxides [12]. Moreover, 
the topotactic progress in ABOx usually leads to the reversible variation 
in the eg occupancy of B-site, which has been regarded as an important 
activity descriptor of oxygen reduction reaction (ORR) and oxygen 
evolution reaction (OER) [37–39]. This unique character of modulating 
eg occupancy in topotactically transformed materials is particularly 
useful in developing bifunctional catalysts for devices capable of both 
storing and converting energy. 

On the other hand, it has been demonstrated that spin state of B-site 
ions directly influences electronic conductivity and catalytic activity 
towards oxygen reduction and evolution [37,40,41]. Actually, as the 
carrier of strongly-correlated d-electrons, B-site cations (usually 
transition-metal ions) host most functional properties of ABOx, such as 
charge/orbital/spin ordering, Mott transition, catalysis and nonlinear 
optic. While the A-site cations with large radii are mainly responsible for 
the structure stabilization and modify the valence of B-ions. Obviously, 
manipulating the topotactic phase transformation via directly control-
ling the B-site ions transfer can largely enrich materials’ functionalities 
and provide a special opportunity to discover new phenomena con-
cerning the topotactic transformation. Specially, controlling varied 
magnetic and electrical properties in topotactically transformed mate-
rials via B-site ions transfer therefore probably could be used to monitor 
the dynamic change in oxygen reduction and/or evolution activities for 
energy generation and storage devices. However, there are few studies 
focusing on regulating the phase transformation via driving the migra-
tion of B-site ions, partially due to the relatively high cohesive energy 
needed for the migration of B-site ions. 

Cobaltite oxides have been regarded as ideal platforms for studying 
topotactic phase transformation [10,12] due to the rich multivalent 
characteristics of Co ions. However, it is very hard to realize multistep 
topotactic transformation in SrCoOx due to the relative high thermo-
dynamic stability of SrCoO2.5. Here, we report a tri-state topotactic 
phase transformation induced by concerted dual ions transfer of B-site 
ions and oxygen in the La3+-doped La0.7Sr0.3CoO3 thin film. By taking 
advantages of the different stability of multivalent Co ions in cobaltites 
[42,43], we achieved the concerted transfer of B-site cobalt ions and 
oxygen under a two-step vacuum annealing, leading to the successive 
transformation from perovskite (P) to brownmillerite (BM) and then to 
single-layered perovskite (SL) structure (Fig. 1a). Associated with such 
concerted migration of dual ions, a specific rearrangement of 3d orbital 
occupation and spin state for Co ions occurs, resulting in stark changes in 
magnetic and electric properties. Aberration-corrected scanning trans-
mission electron microscopy (ac-STEM), X-ray photoelectron spectros-
copy (XPS), and absorption spectroscopy (XAS) demonstrated that 
presented B-site Co-cation transfer is along the CoO4 tetrahedral 
sub-layer of the BM La0.7Sr0.3CoO2.5 film. First-principles calculations 
and related analysis revealed that the La3+-doping at A-site largely re-
duces the cohesive energy of Co-ions and thus the stability of Co–O bond 
in CoO4 tetrahedron of BM structure, which explains the formation of 
the unique transfer channel for Co-ions in the CoO4 tetrahedral 
sub-layer. Our findings demonstrate a distinct migration mechanism of 
B-site ions in ABOx complex oxides, providing a new way for manipu-
lating the topotactic transformation with diverse functionalities. 

2. Experimental and theoretical methods 

2.1. Growth of perovskite La0.7Sr0.3CoO3 films and thermal annealing 
process 

Epitaxial La0.7Sr0.3CoO3 (113-LSCO) films were deposited on (001) 
(LaAlO3)0.3-(SrAl0.5Ta0.5O3)0.7 (LSAT) substrate by pulsed laser deposi-
tion technique. Deposition temperature is 700 ◦C and the O2 pressure is 
25 Pa. The laser (KrF, λ = 248 nm) energy density used is 1.2 J/cm2 and 
the frequency is 2 Hz. After the deposition, samples were slowly cooled 
down to room temperature at a rate of 8 ◦C per minute under an O2 
pressure of 100 Pa. The thickness of the film was controlled by growth 
time, and further checked by the X-ray reflectometry. All the samples 
except the La0.7Sr0.3CoO2.5 (1125-LSCO) film used in magnetic and 
polarized neutron reflectometry (PNR) measurements have thickness of 
~33 nm. While for the PNR and corresponding macroscopic magnetic 
measurements, a slightly thicker 1125-LSCO film (~50 nm) was chosen 
so as to catch the effective signals during the PNR collections. To induce 
the multistep topotactic phase transformation, the original as-grown 
113-LSCO films were heated at 300 ◦C and 450 ◦C, respectively, for 
15 min at a vacuum of 10− 6 Pa (see supplementary Fig. S1 and Note S1 
for more information about the annealing experiments). Subsequently, 
the sample was naturally cooled down to room temperature under the 
same vacuum. Moreover, to examine the reversibility of the topotactic 
transformation, the reversed oxygen annealing experiments was carried 
out on the fresh SL La1.4Sr0.6CoO4 film at 800 ◦C under flowing oxygen 
with a flux of 40 ml/min for 2hr, accompanied with a natural cooling 
process to room temperature under the same oxygen atmosphere. The 
crystalline structures for all films were checked by X-ray diffraction 
(XRD), and reciprocal space mapping (RSM) using high-resolution four- 
circle diffractometer (Smartlab, Rigaku). 

2.2. HAADF-STEM, ABF-STEM, EDS and EELS measurements 

The cross-sectional specimens investigated by ac-STEM were pre-
pared by a focus ion beam system (FEI Helios 600i). High-angle annular 
dark field STEM (HAADF-STEM) imaging, annular bright field STEM 
(ABF-STEM) imaging, energy dispersive X-ray spectrum (EDS) and 
electron energy-loss spectroscopy (EELS) measurements were carried 
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out using a JEOL ARM 200F microscope, equipped with double spherical 
aberration correctors and GIF quantum 965. 

2.3. XAS, XPS measurements 

The XAS data was obtained at Beamline BL08U1A of Shanghai 
Synchrotron Radiation Facility. The XPS results were measured by X-ray 
Photoelectron Spectrometer (Thermo Fisher Scientific ESCALAB 250X) 
produced by Thermo Fisher Scientific. The X-ray source is a mono-
chromatic Al K-α ray (hν = 1486.6 eV). Both XAS and XPS measurements 
were carried out at room temperature. 

2.4. Magnetic and electrical transport characterization 

The magnetic and electrical transport properties of the samples were 
characterized by a superconducting quantum interference device 
vibrating sample magnetometer (SQUID-VSM), equipped with an 
electric-measurement module. We used a sourcemeter (Keithley 2601) 
and a nanovoltmeter (Keithley 2182) to measure electrical transport 
properties of perovskite La0.7Sr0.3CoO3 film with a four-point method, 

and a source measure unit (Keithley 2611) to measure that of BM 
La0.7Sr0.3CoO2.5 and SL La1.4Sr0.6CoO4 films with a two-point method. 

2.5. Polarized neutron reflectometry measurements 

Polarized neutron reflectometry (PNR) measurements were carried 
out at the instrument multi-purpose reflectometer (MR) at China 
Spallation Neutron Source (CSNS) to detect the magnetic information of 
1125-LSCO film. The experiments were performed under 0.9T magnetic 
field at 10 K. MR is a time-of-flight instrument with a neutron wave-
length (λ) band from 2 to 7 Å and resolution Δλ/λ of 10%. Neutron beam 
impinges onto the sample with an incident angle θi (θ1 = 0.3◦, θ2 = 0.5◦, 
and θ3 = 1.0◦) and collected by a 3He detector. The collected data was 
fitted using the Genx software package [44]. 

2.6. First-principles calculations 

The DFT calculations were performed with the Vienna ab initio 
simulation package (VASP). Generalized gradient approximation in the 
PBE form was used to account for electron exchange and correlation 

Fig. 1. Topotactic structural transformations among La0.7Sr0.3CoO3 (113-LSCO), La0.7Sr0.3CoO2.5 (1125-LSCO) and La1.4Sr0.6CoO4 (214-LSCO). (a) Crystal model 
diagrams of 113-LSCO, 1125-LSCO and 214-LSCO phases. RSMs of (b) 113-LSCO, (c) 1125-LSCO and (d) 214-LSCO films. (e) XRD θ-2θ scans of the 113-LSCO (blue), 
1125-LSCO (green) and 214-LSCO (red) films on (001)-LSAT substrates. Numbers in parentheses correspond to crystallographic planes of the peak. 
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effects. To satisfy the total-energy convergence of less than 0.001 eV/ 
atom, typical computational parameters for calculations include a plane- 
wave energy cut-off of 500 eV, a 10 × 10 × 6 Monkhorst–Pack k-point 
sampling mesh with respect to the perovskite unit cell (containing 36 
atoms here), and a 0.01 eVÅ− 1 force tolerance on each atom for struc-
tural relaxation. We have included the strong correlation effects of co-
balt d electrons by means of the GGA + U scheme, with the on-site 
Coulomb interactions of U = 4.5 eV and on-site exchange interactions 
of J = 0.5 eV. All calculations involving magnetism employ an initial G- 
type antiferromagnetic state and correct the exchange correlation 
function with the Vosko–Wilk–Nusair interpolation, while all magnetic 
moments were allowed to freely relax. 

3. Results and discussion 

3.1. Topotactic structural transformations 

We performed experiments using epitaxial and high-quality perov-
skite 113-LSCO thin films which were deposited on (001)-LSAT sub-
strates by pulsed laser deposition. Vacuum annealing experiments under 
elevated temperatures of 300 ◦C and 450 ◦C were performed on the as- 
grown films, resulting in distinct structural transitions between different 
phases, as shown in Fig. 1. Fig. 1e shows the comparison of XRD patterns 
for as-grown, 300 ◦C and 450 ◦C annealed samples, which will be 
hereafter termed as samples B and S, respectively. 

The characteristic peaks of typical perovskite structure (at around 
23.4◦ and 47.8◦) were observed for the as-grown sample (blue trace in 
Fig. 1e), consistent with previous reports [45,46]. The emergence of 
(002), (006) and (010) super-structural peaks at about 11.1◦, 33.8◦ and 
57.9◦, together with the disappearance of perovskite characteristic 
peaks, indicates the formation of alternately stacking of CoO6 octahe-
dron and CoO4 tetrahedron i.e. a long-range ordered BM structure in 
sample B (green trace) [10,12,47]. Thus, the phase in sample B should 
be BM La0.7Sr0.3CoO2.5 (1125-LSCO). This long-range BM structure is 
commonly observed in the SrCoO2.5 film, but rarely reported in 

La3+-doped La1-xSrxCoO2.5 (0 ≤ x < 1) film. While for sample S, the 
characteristic peaks of BM structure completely disappear, and a new 
diffraction peak appears at about 42.9◦ (red trace), suggesting the 
emergence of a new phase in sample S. Note that diffraction patterns of 
sample S are totally different from that of 1125-LSCO and 113-LSCO, 
indicating a dramatic structural transformation during the annealing 
at 450 ◦C. Comparing the diffraction patterns of sample S to the 
diffraction database demonstrates that our results are consistent with 
that of the K2NiF4 type Ruddlesden-Popper phase (A2BO4), i.e. the 
single-layered perovskite [48]. Meanwhile, the diffraction peaks of 
sample S at 28.2◦, 42.9◦ and 58.3◦, corresponding to (004), (006) and 
(008) diffraction peaks, respectively, also agree well with previous re-
ported results [49] on La2-xSrxCoO4 with SL structure. 

Fig. 1b,c,d show the XRD RSMs of all three samples around the LSAT 
substrate’s (− 103) Bragg reflections. It was found that the correspond-
ing reflections of all films were aligned with their substrates along the 
Q001 direction. This result indicates that the in-plane lattice constant of 
each film regardless of structure is coherently maintained as the sub-
strate, manifesting the characteristics of topotactic structural trans-
formations. Moreover, XRD measurements for the sample annealed 
under 400 ◦C show that no intermediate structure emerges in the evo-
lution from 1125-LSCO to 214-LSCO (see Supplementary Fig.S2), 
demonstrating that the topotactic transformation from BM to SL struc-
ture driven by thermal power is straightforward without the formation 
of intermediate phase. 

To reveal the micro-structural variation at atomic scale during the 
transformation, the ac-STEM experiments were carried out on all three 
samples. Fig. 2 illustrates both HAADF- and ABF-STEM images for all 
films. Firstly, one can find that the B-site Co ions exhibit obvious coor-
dinate changes in three samples: from a periodic octahedral geometry 
(as-grown sample) to an alternately stacking of octahedron and tetra-
hedron along [− 110] direction (sample B), and then to a staggered 
arrangement of octahedral geometry with one-layer intervals along 
[001] direction (sample S). The atomic alignments recognized from both 
HAADF and ABF images (Fig. 2a–f and Supplementary Fig. S3) of three 

Fig. 2. Structural analysis of 113-LSCO, 1125-LSCO and 214-LSCO films. Cross-sectional Z-contrast HAADF-STEM images of (a) 113-LSCO film, (b) 1125-LSCO film 
and (c) 214-LSCO film. ABF images of (d) 113-LSCO film, (e) 1125-LSCO film and (f) 214-LSCO film. Atoms at La/Sr-, Co- and O- sites are indicated by green, violet 
and red spheres, respectively. In Fig. 2e, the tetrahedral and octahedral layers are marked by red and blue arrows, respectively. 
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samples agree well with the theoretical crystal structure of P, BM and SL, 
respectively (the inset of Fig. 2d–f). 

Specially, the distribution of oxygen ions in the crystal lattice of 
sample S was deduced from ABF images (see Supplementary Fig. S4a 
and Fig. S4c). From the image acquired along [010] direction, four ox-
ygen atoms around the nearest neighbor of a cobalt atom were affirmed 
(supplementary Fig. S4b). While in the image acquired along [110], two 
nearest neighbor oxygen atoms were recognized (Supplementary 
Fig. S4d). Such different oxygen coordination numbers around the Co 
atoms obtained along different directions manifest the existence of CoO6 
octahedral sub-layer in the sample S. Meanwhile, by comparing the 
atomic arrangement in the HAADF images acquired along [010] and 
[110] directions, one can find that the CoO6 sub-layer staggers with each 
other by a shift of half an unit cell along in-plane [110] direction (See 
Fig. 1a, Supplementary Fig. S3c and Fig. S3d), forming the SL structure. 
Moreover, based on these results together with the fact that no obvious 
segregation of La/Sr was found in EDS measurements on sample S (see 
supplementary Fig. S5), one can identify the chemical formula of the 
new phase in sample S as La1.4Sr0.6CoO4, i.e. 214-LSCO. 

Furthermore, the variation of atomic occupation during the trans-
formation, which contains the information of ions transfer and rear-
rangement, were checked by the comparison of vertical La/Sr–La/Sr 
interplane distances for all three phases. The data were extracted from 
respective HAADF images, and illustrated in Fig. 3 (see also supple-
mentary Fig. S3). Firstly, one can find that the periodic modulation of 
sub-layer parameters (blue, green, and red symbols) is consistent with 
that calculated from the XRD results (dashed lines) for all three films. A 
single La/Sr–La/Sr interplane distance of ~3.9 Å (blue symbols) was 
identified for the 113-LSCO film, which agrees well with the periodic 
alignment of CoO6 layer. Meanwhile, the observed alternately varying 
La/Sr–La/Sr interplane distances (between ~4.5 Å and ~3.5 Å) in 1125- 
LSCO phase (green symbols) correspond to the emergence of an oxygen- 
deficient CoO4 tetrahedral sub-layer in between two CoO6 octahedral 
sub-layers due to the orderly extraction of oxygen ions, indicating the 
formation of BM structure. More interestingly, in comparison with 1125- 
LSCO phase, the La/Sr–La/Sr interplane distance of 214-LSCO phase 
keeps nearly unchanged in the octahedral sub-layers (~3.5 Å), but de-
creases from ~4.5 Å to ~2.9 Å (see red symbols in Fig. 3) in the tetra-
hedral sub-layers accompanied with the vanishing of CoO4 tetrahedrons. 
These results strongly suggest that the concerted transfer of oxygen and 
B-site Co ions in the tetrahedral sub-layers, facilitated by thermal power, 
should be the dominant mechanism behind the continuous structural 
transformation from P to BM and then to SL structure. 

3.2. Evolution of chemical states and Co-clusters 

Such new progress of concerted transfer of oxygen and B-site Co ions 
would bring about big changes in electronic configuration and thus the 

valence state of Co-ions. Moreover, the one-half reduction of Co content 
in the chemical composition of 214-LSCO phase in comparison with that 
of 1125-LSCO suggests that an orderly migration of Co ions from the 
frame structure of 1125-LSCO occurs during the topotactic trans-
formation from BM to SL phase. More experiments are required to 
demonstrate the fate of these transferred Co atoms besides the chemical 
state variation of Co-ions in the film, which is important for well un-
derstanding the new topotactic transformation driven by B-site ion- 
transfer. For this purpose, spectrum measurements using multiple 
means of XAS, XPS and EELS, whose detecting areas range from local 
atomic scale to several hundred micrometer-scale (XAS~50 nm, 
XPS~200–900 μm and EELS~0.2 nm), were performed on all three 
films, as shown in Fig. 4, so that the variation of Co valence state and 
chemical environment during the tri-state topotactic transformation 
could be crosschecked by comparing local microscopic results and 
macroscopic average ones. 

Firstly, XAS measurements on three films show that XAS peak posi-
tions of cobalt L-edge (Fig. 4a) shift to lower energy for the La–Sr–Co-Ox 
film from 113- to 1125- and to 214-LSCO, which indicates a continuous 
decrease of average valence states of cobalt [10,29,50] during the top-
otactic transformations from perovskite 113-LSCO to BM 1125-LSCO 
and to SL 214-LSCO. Specially, a chemical shift of more than 1 eV to-
wards low energy was recognized from 1125-LSCO to 214-LSCO film. In 
addition, the oxygen K-edge results (Fig. 4b) show a continuous decrease 
in the feature relating with the hybridization between the 3d-/4s-orbital 
of cobalt and 2p-orbital of oxygen (see pre-edge peak A and peak D in 
Fig. 4b) when 113-LSCO transforms to 1125-LSCO and to 214-LSCO film 
[10,12,29,50–52]. Meanwhile, the intensification of peak B, which is 
related to the square-pyramidal coordination of Co-ions during the 
topotactic reduction, generally indicates an increase in oxygen va-
cancies [52–54], which can be clearly identified for 214-LSCO (Fig. 4b). 
While the non-distinct change of peak B after the P-BM transformation is 
probably attributed to the oxygen absorption and resultant change of 
square-pyramidal coordination, which suppresses the visibility of peak B 
in 1125-LSCO film. Note that the present 1125-LSCO film with La3+

doping behaves unstable, which can even absorb oxygen and transform 
towards the ABO3 perovskite structure when it is placed in air at room 
temperature for a long time (see supplementary Fig. S10). The sup-
pression of cobalt-oxygen hybridization and increase of the oxygen va-
cancy confirm the decrease of the average valence state of cobalt in 
La–Sr–Co-Ox films during the successive tri-state topotactic trans-
formations from 113-LSCO to 1125-LSCO and to 214-LSCO. 

However, a quantitative analysis by EELS, which definitely focused 
on the 1125-LSCO and 214-LSCO structure, provides values of +2.38 
and + 2.46 for Co valence in 1125-LSCO and 214-LSCO phase, respec-
tively (see Supplementary Fig. S6 and Supplementary Note S2). Such 
increasing trend of Co valence state from 1125-LSCO to 214-LSCO phase 
appears to be inconsistent with the XAS results, where the obtained 

Fig. 3. Comparison of statistical analysis of HAADF-STEM results (solid symbols) with XRD results (dashed lines) for out-of-plane La/Sr–La/Sr atomic layers dis-
tances of 113-LSCO (blue), 1125-LSCO (green) and 214-LSCO phases (red), respectively. 
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average Co valence state of the 214-film (including 214-phase and Co- 
clusters, discussed thereafter) exhibits a monotonous reduction 
comparing with that of 1125-LSCO film, but agrees with the theoretical 
values calculated from the chemical formula (+2.30 for 1125-LSCO 
phase and +2.60 for 214-LSCO phase). 

It is worth noting that the detecting area of XAS (~50 nm) is much 
larger than that of EELS (~0.2 nm), while the EELS measurements were 
definitely focusing on 214-LSCO structure (determined from STEM ob-
servations). 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. 

Fig. 4c shows XPS results for three films, from which a large amount 
of Co3+ ions can be identified from the Co-2p spectrum in the 113-LSCO 
film [55–57]. Moreover, compared to 113-LSCO film, two extra satellite 
peaks appear beside the Co 2p3/2 and Co 2p1/2 main peaks in the spec-
trum of 1125-LSCO film, which indicates the emergence of Co2+ ions 
[40,56–60] during the perovskite 113-LSCO to BM 1125-LSCO trans-
formation. More importantly, in the 214-LSCO film, such satellite peaks 
almost vanish. Instead, two strong Co-metal peaks appear at 778.6 eV 
and 793.6 eV, respectively, which correspond elementary Co. This result 
strongly suggests that the Co atoms migrated out from the structure 
framework of 1125-LSCO may assemble together and form Co-rich 
areas, that is composed mainly by elementary Co, in the 214-LSCO 
matrix [57,58]. 

Ac-STEM observations indeed demonstrated that some clusters are 

embedded in the 214-LSCO matrix randomly. Fig. 5 displays the typical 
HAADF-STEM image of a cluster and around. Note that a fuzzy layer of 
214-SL structure still covers the cluster. EELS measurements were also 
performed on the cluster regions, which shows that the intensity ratio of 

Fig. 4. Co-ions valence evolution among 113-LSCO, 1125-LSCO and 214-LSCO films. XAS of (a) Co L-edge and (b) O K-edge for three films. O K-edge XAS results 
were normalized with respect to the intensity of peak C, which represents La/Sr–O hybridization. (c) XPS spectra for Co 2p in three films. (d) Comparison of O K-edge, 
Co L-edge and La M-edge EELS spectra between the 214-crystalline region and Co-rich region in the 214-LSCO film. 

Fig. 5. HAADF-STEM measurements of a cobalt-rich cluster embedded in the 
214-LSCO film. The circular area indicated by the white arrow with different 
contrasts is the cobalt-rich cluster. 
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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 
strongly demonstrate the Co-rich nature of the clusters. Furthermore, 
EDS standardless quantitative analysis on the Co-rich region (see Sup-
plementary Fig. S5 and Supplementary Table S1) demonstrates that the 
Co atomic percentage is as high as 68.4%, much higher than that of La 
(12.8%), Sr (2.3%) and O (16.5%), which is in line with the EELS results, 
unambiguously demonstrating the Co-rich nature of the observed clus-
ters by ac-STEM. 

3.3. Experimental evidence of Co-migration channel and first-principles 
calculations 

The structural analysis of La–Sr–Co-Ox films in section 3.1 above has 
indicated that the topotactic transformation from BM and SL phase is 
induced by the concerted migration of oxygen and B-site Co ions along 
the CoO4 tetrahedral sub-layer. To search for hints of possible migration 
channel of Co-ions, we carefully investigated the structure of the micro- 
area around the Co-clusters by ac-STEM. 

Fig. 6 presents a typical STEM-HAADF image of the area around a Co- 
rich cluster. One can find a river-like stripe with anomalous dark 
contrast in the image, connecting the Co-rich cluster. From the end of 
this strip that connects the Co-rich cluster, a distorted structure 
extending to the middle of this stripe can be identified (Fig. 6a). While at 
another end of the strip away from the cluster, an orderly alignment of 
Co atom in between two La/Sr-arrays is recognized (see the red dots, the 
lower middle part of the image in Fig. 6b), which indicates an orderly 
Co–O sub-layer. Furthermore, the La/Sr–La/Sr interplane distance (the 
yellow lines of Fig. 6b) of this sub-layer was carefully measured from the 
image and determined to be 4.4 Å. This value is much larger than that of 
the CoO6 octahedral layer (3.5 Å) in 214-LSCO phase (the distance be-
tween white lines in Fig. 6b, also see the diagram in Fig. 1a and La/ 
Sr–La/Sr distance in Fig. 3), but agrees well with the La/Sr–La/Sr dis-
tance of CoO4 tetrahedral sub-layer (4.5 Å) in 1125-LSCO structure (see 
Figs. 1a and 3). To rule out possible effect by substrate, we further 
checked the layer outside the stripe but at similar position adjacent to 
the interface (see the upper part of Fig. 6b), and obtained a normal La/ 
Sr–La/Sr interplane distance of CoO6 octahedral layer (3.5 Å) in 214- 
LSCO phase, which suggests that the possible effect from the substrate 
is not the reason for the observed large La/Sr–La/Sr interplane distance 
in the stripe. These results largely indicate that the observed orderly 
Co–O layer in the stripe is a residual CoO4 sub-layer of 1125-LSCO phase 

during the topotactic transformation from BM to SL. 
The river-like stripes observed in the STEM image, which connects 

the Co-rich cluster and the residual CoO4 sub-layer in the SL 214-LSCO 
phase, exhibit the trace of Co ions migration channel and record the 
evolution of the collapse “disaster” of CoO4 tetrahedral sub-layer caused 
by the migration of Co ions. This result evidences that the migration 
channel of Co-ions during the topotactic transformation from 1125- 
LSCO to 214-LSCO phases is along the CoO4 tetrahedral sub-layer. 
Moreover, the observation of residual migration channel further con-
firms that the Co-rich clusters embedded in 214-LSCO film are formed by 
those Co atoms migrated out from CoO4 tetrahedrons in 1125-LSCO 
phase. 

Furthermore, to reveal the underlying mechanism for the formation 
of Co-ion migration channel in the CoO4 sub-layer, we carried out first- 
principles calculations on the BM La0.625Sr0.375CoO2.5 and calculated the 
cohesive energy for different site atoms in the structure, which provides 
a quantitative characterization of the ease of atom flowing out from the 
BM structural frame. The cohesive energy, Ec, is defined as the energy 
that must be supplied to the solid to separate its constituents into neutral 
free atoms at rest and at infinite separation with the same electronic 
configuration [61,62]: 

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 B-site or an oxygen vacancy, Ei is the 
energy per Co/La(Sr) atom in the elemental solid or O atom in the ox-
ygen molecule, and N is the number of vacancy. The calculated results 
(see Supplementary Fig. S8b and Supplementary Note S3) show that 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 atoms 
(0.61 eV per La0.625Sr0.375CoO2.5 unit cell) in the CoO6 octahedral sub- 
layer. These results demonstrate that the CoO4 tetrahedron in 1125- 
LSCO is more unstable than CoO6 octahedron. As a result, the Co–O 
bonds in the CoO4 tetrahedral sub-layer of BM 1125-LSCO tend to break 
down firstly with an extra energy provided and release the cobalt atoms 
from CoO4 sub-layer, leading to a distinct B-site cobalt ions migration. 

In previous studies, annealing or bias voltage were used to drive ions 
to escape or inject into materials [10,11,25,63]. However, these studies 
mainly focused on the regulation of either oxygen ions or A-site metal 
cations in ABOx materials. In our experiments, the oxygen ions ini-
tiatively overcome the vacancy activation energy barrier and flow, due 
to its good mobility, under the condition of high vacuum and 300 ◦C. In 
this process, some Co–O bonds break up and O atoms diffuse to the 

Fig. 6. (a) Typical river-like channel of Co-ions transfer observed in the HAADF-STEM image of 214-LSCO film. Substrate LSAT, Co-rich cluster and SL-crystalline 
regions are marked in the image, respectively. The river-like dark stripe is indicated by light blue arrows. (b) The enlarged view of the red boxed area in Fig. 6a. The 
zone axis in images are along the [010] direction of LSAT. 
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surface of the film, combining to form O2 and detaching from the film 
[12,64]. Such orderly loss of O atoms from the structural framework 
leads to the transformation from P to BM phase with alternately stacked 
CoO6 octahedral and CoO4 tetrahedral sub-layers (Fig. 2b, e) [12, 
64–66]. Note that the appearance of CoO4 tetrahedral sub-layers is 
equivalent to opening Co-ion migration channels for the film, which has 
been demonstrated as an oxygen transfer channel in materials of 
CaFeO2.5 [47]. As the vacuum annealing temperature keeps rising to 
450 ◦C, the kinetic energy of the atoms in the crystal lattice further in-
creases, leading to the breakdown of the CoO4 tetrahedrons in the BM 
structure and the outflow of cobalt atoms (together with or after the 
oxygen atoms) from the lattice frame. As a result, the evacuated tetra-
hedral sub-layer collapses and the octahedral sub-layers rearrange, 
eventually forming the 214-SL structure. 

3.4. Variation of magnetic and transport behaviors 

Owing to the transfer of oxygen and B-site Co ions, the occupation of 
d-orbital and the spin state of Co-ions can change markedly. As a result, 
tremendous changes in physical properties should occur accompanying 
with the tri-state topotactic phase transformation. Fig. 7 shows the 
measured magnetic and electrical transport properties for 113-LSCO, 
1125-LSCO and 214-LSCO films. Firstly, a good ferromagnetic metal 
state at low temperatures with a saturated magnetization about ~1.37 
μB/Co (10 K) was observed in the perovskite 113-LSCO film (Fig. 7b,d). 
The determined Curie temperature (about 197 K) is slightly lower than 
that of the bulk material, which is probably caused by the in-plane 
epitaxial tensile strain [41,67]. 

As the sample transforms from perovskite to BM structure owing to 
the flow of oxygen ions, a weak ferromagnetism with a small net satu-
ration magnetization about ~0.53 μB/Co (10 K) was deduced from the 
measured M-H curve for 1125-LSCO (Fig. 7b,d). Meanwhile, the elec-
trical transport changes from metallic to insulating behavior. The large 
decrease in the saturated magnetization implies the change of spin 
structure. Considering that the crystal structure of present 1125-LSCO is 
similar to that of SrCoO2.5, one may speculate that a similar magnetic 
ground state also appears in 1125-LSCO. However, previous studies 
have demonstrated that SrCoO2.5 behaves a G-type antiferromagnetic 
state [10,12,68], where a complete compensation occurs both within the 
CoO6 octahedral and CoO4 tetrahedral layers and between them. The 
observed non-zero magnetization in our 1125-LSCO with La3+ doping 
seems inconsistent with the results of SrCoO2.5 despite of the same 
crystalline structure for both. 

To determine the origin of the observed non-zero magnetization, 
polarized neutron reflectometry (PNR) measurements were carried out 
on 1125-LSCO film (10 K and 0.9T) at the instrument multi-purpose 
reflectometer (MR) in China Spallation Neutron Source (CSNS) [69, 
70]. PNR is a powerful tool for investigating the depth-resolved 
magnetization profile of thin films that is exclusively sensitive to the 
long-range order, and thus can eliminate the signals resulted from 
magnetic contamination or cluster [71]. The collected non-spin-flip 
specular reflectivities of polarized neutrons (R++ and R–) for present 
1125-LSCO film are shown in Fig. 8, from which the spin asymmetry 
(SA) as a function of wave vector transfer Q can be calculated as SA(Q)=
(R++-R–)/(R+++R–) (see the inset of Fig. 8). The difference between R++

and R– is rather small, and the best fit of SA yields a definite 

Fig. 7. Physical properties of 113-LSCO, 1125-LSCO and 214-LSCO films. (a) In-plane temperature-dependent magnetization measurements of three films measured 
at 500 Oe along (100) LSAT direction. (b) In-plane magnetic hysteresis loops of the three films at 10 K, where the inset shows the enlarged M-H curve of 214-LSCO 
film around the coercivity. (c) Temperature-dependent electrical resistivity (ρ) of the three films. (d) Evolution of magnetic and transport properties at 10 K during 
the tri-state topotactic transformation. FMM, ferromagnetic metal behavior; CAFMI canted-antiferromagnetic insulator behavior; FMI, ferromagnetic insu-
lator behavior. 
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magnetization of 0.07 μB/Co under a magnetic field of 0.9T at 10 K (see 
the inset of Fig. 8). These PNR data suggest that the coherent structure of 
BM 1125-LSCO exhibits very weak ferromagnetism at 10 K, but the 
detected magnetization value is smaller than that measured from SQUID 
at 0.9T and 10 K (~0.23μB/Co, see Fig. 7b). This deviation might be 
caused by possible oxygen vacancies and impurities in 1125-LSCO that 
cannot contribute to the PNR signals [71,72]. Generally, the magneti-
zation in G-type antiferromagnetic phase is weak, and its detection is 
often prone to the influences of artifacts and impurities. In particular, it 
has been reported that valence change in Fe or Co-based oxides is 
accompanied by electron hopping [72], which may lead to 
vacancy-induced ferromagnetism that cannot be detected by PNR [69]. 
Nevertheless, the definite non-zero net magnetization observed in pre-
sent 1125-LSCO sample may suggest that the 1125-LSCO exhibits a 
canted spin alignment (i.e. non-collinear antiferromagnetic magnetic 
structure). Such canted magnetic structure should be attributed to the 
distortion of CoO6 and CoO4 owing to the La+3-doping. 

With the migration of B-site Co ions upon further vacuum annealing, 
SQUID measurements indicate that the resulted 214-LSCO film exhibits 
ferromagnetic behavior in the whole measured temperature range (from 
300 K to 10 K) with a saturated moment of 1.45 μB/Co (Fig. 7b,d). Note 
that this magnetic behavior is contributed by both the 214-LSCO phase 
and the coexistent Co-clusters. To analyze the contribution from Co- 
clusters, inset of Fig. 7b presents the enlarged M-H curve, from which 
a coercivity as much as Hc~740 Oe can be identified for the 214-LSCO 
film. This coercivity value is not equal to but almost 7 times larger than 
that (Hc < 100 Oe) of Co metal [73]. XPS has demonstrated the metallic 
nature of Co atoms in Co clusters (Fig. 4c). It can be inferred that the 
observed large coercivity should not come from the contribution of Co 
clusters, but from 214-LSCO phase. So this result indicates the ferro-
magnetic nature of the 214-LSCO phase. Although the precise magnetic 
moment for the SL 214-LSCO phase cannot be deduced directly from the 
present experimental results, which requires further subtle experimental 
investigations and may be beyond the scope of this paper, however, we 
can still conclude safely that the SL 214-LSCO phase obtained from the 
topotactic transformation has a ferromagnetic ground state, by taking 
into account the observed large coercivity (Hc~740 Oe, inset of Fig. 7b) 
for the 214-LSCO film and the reported ferromagnetism for the 
La1.4Sr0.6CoO4 bulk with the same 214-SL structure and components 
[74]. 

Moreover, the resistivity measurements show that the transport 
behavior of the 214-LSCO film remains insulating, but the 10 K re-
sistivity is largely lower than that of 1125-LSCO film (Fig. 7d). Consid-
ering the embedded Co-rich clusters in the 214-LSCO film are mainly 

composed of metallic elemental cobalt, one may conclude that the ob-
tained SL 214-LSCO phase should behave insulating in the whole 
measured temperature range though the specific contribution from Co 
clusters cannot be separated from present experimental results. 

3.5. The role of A-site La3+-doping in the formation of Co-migration 
channel 

It is worthy to point out that the topotactic transformation induced 
by the concerted migration of oxygen and Co-ions has never been real-
ized on SrCoOx films, either in our experiments or in previous reports. 
Obviously, the A-site La3+-doping should play a key role in the tri-state 
topotactic transformation. To reveal the mechanism of such topotactic 
transformation facilitated by the substitution of La3+ for Sr2+ at A-site, 
first-principles calculations on the reaction enthalpy changes of BM-SL 
phase transformation were performed for both 1125-LSCO (La0.7Sr0.3-

CoO2.5) and SrCoO2.5 (see Supplementary Note S3). The results 
demonstrated that the 1125-LSCO with La3+-doping at A-site shows high 
thermodynamic instability compared to SrCoO2.5. The calculated reac-
tion enthalpy change for 1125-LSCO (1.49eV) is lower than that of 
SrCoO2.5 without La3+ doping (1.86eV), demonstrating that the La3+

doping at A-site reduces the thermodynamic barrier for the trans-
formation from BM to SL phase. 

These results demonstrate that the mixed valence of cobalt ions 
created by A-site La3+-doping may play a vital role in this series of 
topotactic transformations (see Fig. 9a). In perovskite 113-LSCO film, 
the Co ions in the CoO6 octahedron are in a mixed valence state of 70% 
Co3+ and 30% Co4+. Due to the high energy of Co4+ valence state in 
multivalent cobaltites [10,12], the mixed Co4+ and Co3+ state tends to 
convert to more stable Co3+ and/or Co2+ state and promotes the for-
mation of the BM structure by the oxygen ions transfer. In present BM 
1125-LSCO with La3+-doping, the average valence state of Co ions in the 
CoO6 octahedron tends to reduce towards +3 due to the mixture of 70% 
La3+ and 30% Sr2+ at A-sites, resulting in an enhanced stability of the 
CoO6 layer compared to that in BM SrCoO2.5 without La3+-doping (see 
Fig. 9b). While for CoO4 tetrahedrons in 1125-LSCO with La3+-doping, 
the valence state of Co ions (+2) may also tend to reduce due to the 
substitution of La3+ for Sr2+ considering possible charge transfer caused 
by covalent sharing (see details provided in Supplementary Note S4), 
which makes a relative weak Co–O bond in the CoO4 tetrahedron in 
comparison with that in SrCoO2.5 without La3+-doping (see Fig. 9b). 
Moreover, theoretical calculations of cohesive energy for present 
1125-LSCO further demonstrated that the Co–O bond in CoO4 tetrahe-
drons is more unstable than that in the CoO6 octahedrons (see section 
3.3, Supplementary Note S3 and Note S4). 

In other words, the Sr2+ at A-site tends to increase the content of 
Co4+ in the perovskite structure and promote the formation of the BM 
structure, while the La3+ content at A-site tends to lower the valence 
state of Co in the BM structure and destabilize the Co–O bond in the 
CoO4 tetrahedron. Compared to SrCoOx, the La3+-doping at A-site 
effectively reduce the cohesive energy of the Co ions and thus the sta-
bility of the Co–O bond in CoO4 tetrahedron of 1125-LSCO. As a result, 
the Co–O bond in the CoO4 tetrahedron of 1125-LSCO breaks down and 
oxygen escapes from the film as the temperature increases in a process of 
vacuum annealing, facilitating the outflow of Co ions in the tetrahedral 
layer from the structural framework of BM 1125-LSCO. 

3.6. Reversibility of the topotactic transformation 

The reversibility is important to practical application of topotactic 
transformed materials, such as potential ion battery or electrocatalysis 
applications. By utilizing the reversed oxygen-annealing, the revers-
ibility of the tri-state transformation from perovskite to BM and to SL 
was examined. It was found that the 214-phase can completely return 
back to the perovskite structure by annealing under oxygen atmosphere. 
Fig. 10 shows the comparison of XRD patterns for the sample undergoing 

Fig. 8. PNR with the spin-dependent neutron reflectivities R++ and R– at 10 K 
under a 0.9 T magnetic field applied along the in-plane direction. The inset is 
the Q dependence of spin asymmetry (SA). 
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vacuum-annealing and reversed oxygen-annealing, respectively. 
Firstly, as discussed in section 3.1, upon successive annealing at 300 

◦C and 450 ◦C under a vacuum of 10− 6 Pa for the as-prepared 113-LSCO 
film, the characteristic peaks of 1125-LSCO phase (BM-(004), (006) and 
(008)) and 214-LSCO phase (SL-(004), (006)) emerge successively, 
accompanied by the disappearance of perovskite and BM characteristic 
peaks, respectively (see Figs. 10a and 1e), which manifests the process of 
tri-state transformation from perovskite to BM and to SL. While upon the 
oxygen-annealing for the fresh 214-LSCO film at 800 ◦C under flowing 
oxygen, perovskite characteristic peaks of P-(001) and P-(002) re- 
emerge at around 23.3◦ and 47.7◦, accompanied by the disappearance 
of SL characteristic peaks SL-(004) and SL-(006) at about 28.9 and 42.9◦, 
as shown in Fig. 10b. Note that there is no other phase observed in the 

XRD patterns for the oxygen-annealed 214-sample, demonstrating the 
occurrence of a completely reversed transformation to perovskite 
structure. It is worth noting that there is no obvious 1125-LSCO char-
acteristic peaks observed in the returning process for the oxygen- 
annealed 214-sample (Fig. 10b), which can be understandable consid-
ering the instability of 1125-LSCO under oxygen atmosphere. Actually, 
we found that the 1125-LSCO phase can even naturally transform to an 
oxygen-deficient perovskite structure when placed in air (see supple-
mentary Fig. S10). 

Moreover, the transport properties for the 214-LSCO film after 
oxygen-annealing have also been examined to further validate the 
reversibility of the presented topotactic transformation. It was found 
that the resistivity of 214-film significantly decreases by 5 orders of 

Fig. 9. Schematic diagrams of the oxygen and cobalt ions migration process. (a) Schematic diagrams of tri-phase topotactic transformations from perovskite 113- 
LSCO to BM 1125-LSCO to SL 214-LSCO. (b) Effects of La doping on the relative stability of CoO4 tetrahedrons and CoO6 octahedrons. 

Fig. 10. (a) XRD θ-2θ scans of the sample undergoing transformations from Perovskite to BM and to SL. (b) XRD θ-2θ scans of 214-sample undergoing reversed 
transformation from SL to perovskite via annealing under flowing oxygen at 800 ◦C for 2hr. 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, 
while SL-(004) and SL-(006) are the ones of single layered perovskite. 
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magnitude (from~102 Ω cm to ~10− 3 Ω cm) after the oxygen-annealing 
(see Supplementary Fig. S11b). Meanwhile, a metal-insulator transition 
reappears in the oxygen-annealed 214-film (Supplementary Fig. S11), 
which is similar to that in original as-grown perovskite film. The tran-
sition temperature of the oxygen-annealed 214-film, determined as 189 
K from the maximum point of resistivity, is only a bit lower than that of 
original as-grown perovskite film (197 K) probably due to a small 
amount of residual oxygen defects in the oxygen-annealed 214-film. 
That is to say, the evolution of transport behaviors in the 214-sample 
upon oxygen-annealing is just the reverse of what occurs in the as- 
grown perovskite sample upon vacuum-annealing, where the transport 
behaviors transform from metal to insulation. Such opposite variation in 
transport behaviors further evidences that the presented topotactic 
transformation is completely reversible. 

4. Conclusion 

In summary, a tri-state topotactic transformation from perovskite to 
BM and to SL phase, driven by concerted transfer of oxygen and B-site Co 
ions, has been achieved in the La0.7Sr0.3CoO3 film via a two-step vacuum 
annealing. Ac-STEM and XRD analysis demonstrated that the transfer of 
Co-ions is not arbitrary, but orderly along the CoO4 tetrahedral sub- 
layer. XPS, XAS, EELS, PNR, magnetic and electric measurements 
further show that the concerted transfer of oxygen and B-site ions sub-
stantially changes the valence state, occupation of 3d orbital and spin 
state of Co ions, resulting in stark changes from ferromagnetic metal to 
canted-antiferromagnetic insulator and to ferromagnetic insulator. This 
unique character of modulating eg occupancy and spin state of B-site 
ions in present tri-state topotactic transformation can be helpful in 
monitoring the dynamic change in oxygen reduction and/or evolution 
activities for energy generation and storage devices. 

First-principles calculations revealed that the La3+-doping at A-site 
effectively reduces the cohesive energy of Co ions in the CoO4 tetrahe-
dron and largely destabilize the Co–O bond in tetrahedral sub-layer of 
BM phase, facilitating the establishment of a distinct migration channel 
for Co-ions transfer in the CoO4 tetrahedral layer. Our finding highlights 
the effectiveness of regulating topotactic transformation via B-site ions 
transfer in thin films of ABOx complex oxides, which opens up a new 
approach for manipulating the reversible topotactic phase transition 
with diverse operational functionalities. 
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