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SI-1. Stability of perovskite and brownmillerite phases in LajsSrysCoOy

It has been reported that the perovskite SrCoO; and brownmillerite LaCoO,s are not
structurally stable when exposed to the air in previous study!S!S2, However, after 60 days of
exposure to the air, the diffraction peak of presented Lag sSr)sCo; (red dashed line in Fig.S1a) and
LagsSrp5Coy5 (blue dashed line in Fig.S1b) still remain unchanged. This suggests that the
perovskite and brownmillerite phases are stable in Lag ;sSr) sCoOy system, which provides a stable
platform for the study of two-state switching and memory devices.

In order to understand the stability of the brownmillerite and perovskite phase of Lag sSrysCoOx,
we have calculated the energy difference (AE = E(ABO3) — [E(ABO25) +%E (02)]) of cubic SrCoOs3,
LaCoQO;, and LagsSrysCoO; phase by using DFT, compared to the orthorhombic SrCoQO;s,
LaCoO, s, and LagysSrysCo0,s phase, respectively, with an equation of E(ABO,s) +%E(02)—'E

(ABO3), where E(02)/4 is calculated to be -2.417 eV. The calculated total energy are listed in
Table S1. The energy difference (A E) is calculated to be 0.235 eV for SrCoOs, -0.549 eV for
LaCo0Os;, and -0.055 eV for LagsSrgsCoOs, respectively. We can see that the cubic perovskite
SrCoOj; phase is unstable and more like to form brownmillerite SrCoO, s phase, while cubic
perovskite LaCoO; phase is stable than the brownmillerite phase with a large energy gain of
-0.549 eV. Meanwhile, cubic perovskite Lag sSrysCoQOj3 is also more stable than the brownmillerite
phase Lag sSrg5C00, s, which leads to a higher reaction barrier from cubic to orthorhombic phase
than the reverse reaction with a barrier difference of 0.055 eV. However, the formation energy
(-0.055 eV) is one order of magnitude smaller than those of SrCoO3;, and LaCoOs, suggesting that
the transition between brownmillerite Lag sSry sC0oO, s and perovskite phases Lag sSrysCoOj; can be

easily reversible under external stimulations (such as external electric field in this work).
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Fig. S1. Structural stability for a) as-grown P-LSCO and b) vacuum-annealed B-LSCO exposed to the air.

Table S1 The calculated total energy (E) and energy difference (AE) for LaCoOy, SrCoOy and

Lag 5Sry5Co0Oy.
E (SrCo055) E (SrC002‘5)+%E(02) E (SrCo0y3) AE = E(SrCo03) — [E(SrCo0,5) + %E(Oz)]
-27.7813 eV -30.1983 eV -29.9638 eV 0.235eV>0 SrCo0, 5 is more stable.
E (LaCo0,5) E (Lacooz_s)%E(oz) E (LaCo03) AE = E(LaCo03) — [E(LaCo0,5) + 25(02)]
-32.9984 eV -35.4153 eV -35.9638 eV -0.549 eV <0 LaCoQj is more stable.

E (Lag 5519 sCo0,5) | E (LaO_SSrQSCoOz,s)%E (02) | E (LagsSrsCo03) | AE = E(LagsSrosC003) — [E(LagsSrosCo0z5) + %E (02)]
-30.4604 eV -32.8774 eV -32.9329 eV -0.055eV<0 Lag 5Sry sCoQj; is more stable
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SI-2. Surface topography and epitaxial quality of as-grown P-LSCO films

The quality and morphology of the film could largely affect the gating-modulation progress.
To evaluate the possible influence of surface morphology, we performed the atomic force
microscopy (AFM) measurements for all the as-grown P-LSCO films on various substrates. All
results are shown in Fig.S2. Firstly, all films exhibit similar surface morphology, no special
feature such as obvious nanoparticles are observed on the surface. Meanwhile, the calculated root
mean square (RMS) surface roughness of films on different substrates are all below 7.0 A and
within a small range of from 2.7 A to 6.5 A (Fig.S2). These results demonstrate that these films on
different substrates have alike and good surface morphology.

Moreover, the small angle X-ray reflection (XRR) measurements were also carried out to
check the quality of films on five substrates. The collected results and fitting data are plotted in
Fig.S3. Firstly, almost same thicknesses (~40 nm) are determined for all films (Fig.S3f). The clear
periodic oscillation in the reflection curve evidences the smooth interface/surface of films (Note
that the inconspicuous oscillation for P-LSCO/LAO is caused by the similar mass densities
between Lag 5819 5C0o0; (6.54 g/cm3) and LAO (6.52 g/cm3)). Furthermore, the almost same depth
profile of X-ray scattering length density (SLD) for all films (see inset of Fig.S3), obtained by
fitting the reflection curves, indicates that our films on different substrates have uniform chemical
composition.[$3! In addition, the measurements of X-ray diffraction rocking curve for films on
different substrates were performed to further compare the film quality. Results of P-LSCO on
various substrates of LAO, NGO, LSAT and STO are plotted in Fig.S4, respectively. It was found
that the full width at half maximum (FWHM) of all curves are very small, ranging from 0.04° to
0.08°, evidencing that all films have the same and good epitaxial quality.

All these results demonstrate that the presented films on different substrates have good
epitaxial quality and similar surface topography. Thus the influence of the surface morphology

and film quality on the observed strain-dependent gating-modulation may be trivial.
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Fig. S2. AFM measurements of as-grown P-LSCO on five substrates of a) LAO, b) SLAO, ¢) NGO, d) LSAT and
f) STO. The specific RMS surface roughness is written on the image of each film.
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Fig. S3. Small angle XRR and corresponding data fit for as-grown P-LSCO/STO films on substrates of a) LAO, b)
SLAO, c¢) NGO, d) LSAT and e) STO, respectively. The insets are X-ray SLD depth profile as a function of the

distance obtained by fitting the reflection curves. f) The obtained film thicknesses for five films.
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Fig. S4. X-ray diffraction rocking curves of P-LSCO films on substrates of a) LAO, b) NGO, ¢) LSAT and d) STO,
respectively. All curves show a very small FWHM with the rang from 0.04° to 0.08°, indicating the same and good

quality for films on different substrates.



SI-3. Crystal structural characterization and acquisition of in-plane lattice strain of films
The LajsSrysCoO; films about 40 nm thickness on five substrates were deposited and the
thickness was accurately measured by small angle XRR (Fig.S3f). We use XRD 6-26 scans to
identify the crystal structures of as-grown and vacuum-annealed films (perovskite and
brownmillerite phases). For the as-grown P-LSCO films on five substrates, characteristic
diffraction peaks of typical perovskite structure ((001), (002), (003)) are observed (Fig.S5a).
While for the annealed B-LSCO films, the (002), (004), (006), (008), (0010) diffraction peaks
emerge (Fig.S5b), indicating a brownmillerite phase. All the films are single phases. In addition,
the positions of diffraction peak of P- and B-LSCO gradually shift to high angle from LSCO/LAO
to LSCO/STO (enlarged pattern (42-50°) in Fig.S5a, b), which corresponds to a gradual decrease
in out-of-plane lattice parameter of film (cy,) due to lattice mismatch between LSCO film and
substrates.
The IP lattice strain of films (¢) are calculated by the equation & = (@jm-Gpuir)/Apuir, Where apui
is the lattice parameter of bulk LagsSrysCoOs (3.842 A). The lattice parameter of the film Qi 18
obtained from X-ray RSM (ay;, = 1/q., g is reciprocal space vector). The miller indexes are set as
(-103) for LAO, NGO, LSAT, STO but (-1011) for SLAO in RSM measurement. All calculated

values of ¢ are given in Table 1.
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Fig. S5 a) XRD 6-26 scans pattern (10-90°) and enlarged pattern (42-50°) of as-grown P-LSCO films on five
substrates. b) XRD 6-26 scans (10-90°) pattern and enlarged pattern (42-50°) of vacuum-annealed B-LSCO films

on five substrates.

S-9



SI-4. Reversible topological phase transformation for LSCO/SLAO, LSCO/NGO and
LSCO/LSAT

The reversible topological phase transformation (RTPT) for LSCO/SLAO (& = -0.42 %),
LSCO/NGO (& = +0.57 %), and LSCO/LSAT (& = +0.68 %) by IG gating-modulation are
achieved commendably. When +2V gate-voltage is applied to P-LSCO films (Fig.S6a, b, c, blue
line), O*-ions migrate out of the film, leading to formation of ordered superstructure in the film.
Finally, the film transforms to B-LSCO, showing characteristic XRD peaks of browmillertie phase
as same as the vacuum-annealed B-LSCO (11.0°-(002), 22.0°-(004), 33.1°-(006), 44.7°-(008) and
56.8°-(0010) for +2V-gating modulated B-LSCO/SLAO, 11.0°, 22.1°, 33.4°, 45.1° and 57.2° for
+2V-gating modulated B-LSCO/NGO, 11.1°, 22.1°, 33.4°, 45.2° and 57.4° for +2V-gating
modulated B-LSCO/LSAT).

When reversed -3V gate-voltage is applied (Fig.Sé6a, b, ¢, red line), O%*-ions migrate into film
orderly, the film reverts back into P-LSCO phase, with XRD characteristic peaks at 23.1°-(001)
and 47.3°-(002) for -3V-gating modulated P-LSCO/SLAO (23.2° and 47.7° for -3V-gating
modulated P-LSCO/NGO, 23.5° and 47.8° for -3V-gating modulated P-LSCO/LSAT), same as
as-grown P-LSCO. These results demonstrate completed RTPTs based on all-solid-state 1G

gating-modulation.
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Fig. S6 RTPTs for a) LSCO/SLAO. b) LSCO/NGO. c¢) LSCO/LSAT. The green trace is as-grown P-LSCO, the
black trace is annealed B-LSCO, the blue trace is for the film after +2V gating-modulation from as-grown P-LSCO,

and the red trace is after -3V gating-modulation from +2V gating modulated B-LSCO.
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SI-5. Stability of reversible topological phase transitions via gating-modulation

Serial modulation experiments were performed to evaluate the reversible stability of
topotactic transformation by ionic gel (IG) gating-modulation. The XRD results after four cycles
of oxygen insertion and extraction for the LSCO/LAO film are illustrate in Fig.S7. One can find
that the topological phase transformation between brownmillerite and perovskite phase were
achieved in all cycles, indicating that the transformation by gating-modulation is completely
reversible. In each cycle, after applying +2V gating-voltage on P-LSCO/LAO film, the
characteristic (008) superstructure diffraction peak of brownmillerite phase (B-phase) appears at
44.3° accompanied with the disappearance of the (002) diffraction peak of perovskite phase
(P-phase), demonstrating the transformation from P- to B-phase due to the oxygen extraction.
Reversely, after subsequently applying -3V gating-voltage on B-LSCO/LAQO film, the (002)
diffraction peak of P-phase re-appears at 46.8° with the disappearance of (008) characteristic
diffraction peak of B-phase due to the oxygen insertion. Moreover, the intensity and position of
characteristic peak of both P-phase and B-phase remain almost unchanged in each cycle (see
Fig.S7). These results evidence that the gating-modulated topotactic transformation in present

LSCO films has a good reversible stability.
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Fig. S7. XRD patterns of the LSCO/LAO film upon successively applying +2V (oxygen extraction) and -3V

(oxygen insertion) gating-voltage in 4 cycles.
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SI-6. Transition energy between P and B phases with strains based on thin films
To understand the relative stability of the perovskite (P) and brownmillerite (B) phase in

strained films, we have calculated the transition energy between P and B phases (AE=FE

1
(LagsSro5C003) —[E(LagsSrosCo025) +3E(02)]) with varying strains of thin films by using

DFT calculation. The lattice parameters b and ¢ for both P and B phases are set to be 5.442, 5.470,
5.522, 5.57, 5.62, 5.68, and 5.75 A, while the lattice parameter a and atomic positions are full
relaxed. The transition energy AE is calculated to be -0.138, -0.130, -0.114, -0.097, -0.077, -0.049,
-0.010 eV for the system with strain ¢ varying from to -3.3 % to 2.2 %, respectively. The result
is plotted in Fig.S8. We can see that the transition energy remains below zero within the whole
strain range, which means that the P-phase is more favorable and stable than B-phase even under
tensile or compressive strains. This result further verifies that the transition from B- to P-LSCO in
strained-films is more efficient and well consistent with the smaller #;, in the process of B- to
P-LSCO. Moreover, one can find that tensile strain induces an increasing of the transition energy
from -0.077 to -0.010 eV, while the compressive strain results in a decreasing of the transition
energy from -0.077 to -0.138 eV. This means that the stability difference between P-phase and
B-phase decreases with the strain changing from compressive -3.3 % to tensile +2.2 %, which is

consistent with the gradual reduction in the directional discrepancy of ¢, (see Fig.2d).
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Fig. S8. The transition energy between P- and B-LSCO as a function of strain &.

S-13



SI-7. Magnetic and electrical transport measurements for as-grown P-LSCO/STO
We have performed measurements on the as-grown P-LSCO/STO film and the obtained
magnetic and electrical transport data was illustrated in Fig.S9. It can be seen that the as-grown

film exhibits a distinct ferromagnetic insulating behavior with a Curie temperature 7, of 203 K

and saturated magnetization M; of 1.31 up/Co (at oH = 5 T), which is consistent with the

gating-modulated P-LSCO/STO (7, ~ 206 K, M, ~ 1.35 ug/Co) (see Fig.S9 and Fig.3). These
results indicate that observed unusual ferromagnetic insulator (FMI) is an intrinsic characteristic
for presented P-LSCO/STO film. Previously, D. Meng et al.[5* has reported a perovskite
ferromagnetic insulator in tensile-strained LaCoO; single crystalline thin films, which was
ascribed to the tensile strain induced FM coupling between nearest high-spin and low-spin Co
ions.[8% 861 Considering the same crystalline structure and similar ferromagnetism origin in present
LSCO films, it is reasonable to attribute the observed similar ferromagnetic insulator to the large

tensile strain in LSCO/STO film (+1.64 %).
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Fig. S9. Magnetic and electrical transport measurements for as-grown P-LSCO/STO. a) Temperature dependence
of magnetization M (T) curves under field cooling with applying an in-plane magnetic field uoH = 0.05 T, where
the arrow marks the Curie temperature (7). b) Magnetic hysteresis loops M (H) measured at 10 K. c¢) Resistivity

(p) as a function of temperature.
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SI-8. Diffusion of single oxygen atom in brownmillerite Lay sSr¢sC00; s

To understand the insertion and extraction process of O%-ions, we have calculated the energy
profiles of single O-atom diffusion in the vacancy line of orthorhombic LaysSrgsCoO, s phase
using the CI-NEB method.[37 The diffusion pathways along the z-direction [from site (0.5, y, 0) to
site (0.5, y, 1)] and corresponding energy profiles are presented in Fig.S10. The lattice parameters
b and ¢ for brownmillerite Laj sSry sCoO; 5 phase used in the calculation are set to be 5.442, 5.470,
5.522,5.57,5.62,5.68, and 5.75 A from line-1 to line-7, respectively, while the lattice parameter a
= 15.7724 A is fixed. The calculated diffusion barrier is 0.647, 0.629, 0.614, 0.646, 0.694, 0.782,
and 0.915 eV from line-1 to line-7, respectively. We can see that tensile strain induces an
increasing of the diffusion barrier from 0.614 to 0.915 eV. This means that a longer time and

higher energy are needed for the insertion or extraction process of O-atom under tensile-strain.
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Fig. S10 Diffusion of single O-atom in brownmillerite LaysSrysC00O,s. The diffusion coordinate (z) is changed

fromOto 1.
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SI-9. Calculation for sXAS Co L;/L; ratio

To evaluate the variation of Co-ions valence state in modulated B-LSCO films with lattice strain,
the L;/L; ratio is calculated by area ratio of L; and L, peaks (shadow area-A and -B in Fig.S11).
The integral range of the peak is set as 10 eV. A background intensity is deducted prior to the
integration, which is modeled by step functions in the threshold regions roughly (pink line in
Fig.S11). The ratio of the step heights is chosen to be 2 : 1 (2/34 and 1/3%) in accordance with the
multiplicity of the initial states (four 2p3/2 electrons and two 2pl/2 electrons).[S8-S111 This

background subtraction procedure is followed consistently for all of the acquired spectra.
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Fig. S11 Calculation sXAS for Co Lj/L, ratio.
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