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1. Crystal structures of A2CuO4

Figure S1. T, T*, and T’ structures of A2CuO4 layered cuprates. The key difference among the three 
structures is Cu-O coordination: octahedral (T), pyramidal (T*), and square-planar (T’).
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2. Oxygen isotope exchange apparatus

Figure S2. Schematic illustrations of the oxygen isotope exchange apparatus. (a) First, the sample is placed 
in the quartz tube then pumped down to ultra high vacuum (UHV) by a turbomolecular pump. The tube is 
filled with ultra high purity oxygen to a desired pressure, then (b) the furnace slides to enclose the tube and 
bring the specimen rapidly to elevated temperatures. After a period of time (at least ten times the isotope 
annealing time in the second step), the furnace slides back (a) and the quartz tube is quenched to room 
temperature by fan air. The process is repeated, but this time filled with 18O.
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3. Strain in LCO thin films
We summarized the lattice constants of T and T’-La2CuO4 in the table below. Both structures have 

tetragonal structures (space group = I4/mmm), but with different lattice constants1,2. The a=b and c lattices 

extracted from STEM-HAADF and -BF images in Figure 3 are 3.79±0.01 and 13.03±0.03 Å for T-LCO, 

and 4.003±0.03 Å and 12.35±0.05 Å for T’-LCO, respectively, in reasonable agreement with the ones in 

the literatures.

Structure a=b (Å) c (Å)
T-La2CuO4 3.803 13.15
T’-La2CuO4 4.005 12.55

According to the previous experimental results1,2, increasing x in La2-xCexCuO4 does not change 

a=b, but decreases the lattice parameter along the c-axis. The La1.85Ce0.15CuO4 (LCCO15) seed layer has 

lattice parameters a=b = 4.01~4.02 Å and c = 12.425 Å, and thus T’-LCO grown on top experiences 

negligible lattice mismatch and strain. The LaAlO3 substrate (LAO, space group = ) has lattice 𝑃𝑚3̅𝑚

constants a=b=c = 3.787 Å at  room temperature. Therefore, T-LCO grows epitaxially with c-axis 

perpendicular to the surface of LAO without rotation as observed with HRXRD analysis and STEM images, 

and the strain experienced by T-LCO is -0.421% (compressive strain). Since the thermal expansion 

coefficients of LCO and LAO are almost identical (~10×10-6/K), it is safe to assume that there is no change 

in strain experienced by the film over the temperature range of the experiment (500~600 ). STEM-℃

HAADF and -BF images of T-LCO thin film/LAO substrate in Figure S3 show no structural defects such 

as edge dislocations along the interface. This confirms that there is no significant strain acting on the T-

LCO film.
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Figure S3. STEM-HAADF and –BF images of T-LCO thin film/LAO substrate.

As an example, defect formation energies for T-LCO are calculated with and without the 

compressive strain of 0.421% and compared in Figure S4. The defect formation energies are nearly identical 

for all types of oxygen defects, as expected from such a small strain.
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Figure S4. DFT calculated defect formation energy of doubly charged defects with and without strain (  = 𝜀
0 and -0.421 %).
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4. Selection of Ueff value

Figure S5. Total density of states (DOS) of bulk T-La2CuO4 of antiferromagnetic type-II (AFM-II), 
computed with various Ueff for Cu atoms and fixed Ueff= 3 eV for La atoms. EF is the Fermi energy. Inset: 
band gap of bulk T-La2CuO4, with respect to the Ueff applied to Cu atoms.



8

5. Energy correction in defect formation energy calculation

As explained in Method 3.2 section in the main text, defect formation energies of charged defects 

were calculated using equation (1)3,4 as defined below

,           (1)𝐸𝑑𝑒𝑓𝑒𝑐𝑡
𝑓 = 𝐸𝑑𝑒𝑓𝑒𝑐𝑡:𝑞

𝑡𝑜𝑡 ‒ 𝐸𝑝𝑒𝑟𝑓𝑒𝑐𝑡
𝑡𝑜𝑡 + ∑𝑛𝑂𝜇𝑂 + 𝑞(𝐸𝐹 + 𝐸𝑝𝑒𝑟𝑓𝑒𝑐𝑡

𝑉𝐵𝑀 + ∆𝑉𝑎𝑣𝑔)

Among the terms in eq. (1), the last two terms  are the same as   which is a correction 𝑞(𝐸𝑝𝑒𝑟𝑓𝑒𝑐𝑡
𝑉𝐵𝑀 + ∆𝑉𝑎𝑣𝑔) 𝐸𝑐𝑜𝑟𝑟

term that accounts for finite k-point sampling in the case of shallow impurities or for elastic and/or 

electrostatic interactions between supercells, introduced in refs3,5.  is the VBM (valence band 𝐸𝑝𝑒𝑟𝑓𝑒𝑐𝑡
𝑉𝐵𝑀

minimum) of the perfect supercell, which is obtained by , where  is the total 𝐸𝑝𝑒𝑟𝑓𝑒𝑐𝑡
𝑡𝑜𝑡 ‒ 𝐸𝑝𝑒𝑟𝑓𝑒𝑐𝑡, + 1

𝑡𝑜𝑡 𝐸𝑝𝑒𝑟𝑓𝑒𝑐𝑡, + 1
𝑡𝑜𝑡

energy of the +1 charged perfect supercell. We obtained  and  from DFT relaxations with 𝐸𝑝𝑒𝑟𝑓𝑒𝑐𝑡
𝑡𝑜𝑡 𝐸𝑝𝑒𝑟𝑓𝑒𝑐𝑡, + 1

𝑡𝑜𝑡

neutral and +1 charge in the perfect LCO supercells.  is the difference between average potentials (∆𝑉𝑎𝑣𝑔

) far from the defect relative to the perfect supercell, i.e., , in which  𝑉𝑎𝑣𝑔  ∆𝑉𝑎𝑣𝑔 = 𝑉𝑑𝑒𝑓𝑒𝑐𝑡:𝑞
𝑎𝑣𝑔 ‒ 𝑉𝑝𝑒𝑟𝑓𝑒𝑐𝑡

𝑎𝑣𝑔 𝑉𝑑𝑒𝑓𝑒𝑐𝑡:𝑞
𝑎𝑣𝑔

and  are the average potentials of the defective and perfect supercells, respectively. For the 𝑉𝑝𝑒𝑟𝑓𝑒𝑐𝑡
𝑎𝑣𝑔

calculations of  and  terms, we obtained planar-averaged Hartree potentials of LCO 𝑉𝑑𝑒𝑓𝑒𝑐𝑡:𝑞
𝑎𝑣𝑔 𝑉𝑝𝑒𝑟𝑓𝑒𝑐𝑡

𝑎𝑣𝑔

supercells along c-axis, with and without defects, as shown in Figure S6 (a). Depending on the presence of 

the defect, potentials fluctuate around the defects compared to that of the perfect supercell. For the macro-

averaged potential profiles, we conducted Baldereschi averaging6 three times – examples shown in Figs. 

S6 (b) and (c). For the perfect supercell (Figure S6(b)), as macro-averaging is repeated, we can see that the 

profile is coarse. After averaging three times, the profile (orange line) becomes almost flat at around the 

potential = 0 V (green dotted line), because there is no large change in the macro-averaged-potential in the 

perfect supercell. In a defective supercell (for example, a supercell containing an apical  as shown in 𝑉2 +
𝑂

Figure S6 (c)), the average potential far from the defect (L/2 away from the defect position (red triangle in 

Figure S6 (c))) still shows a plateau as observed in the perfect supercell. We read the macro-averaged 

potential at the red triangle as , the macro-averaged potential at the defect (blue triangle) as 𝑉𝑝𝑒𝑟𝑓𝑒𝑐𝑡
𝑎𝑣𝑔

, and then calculated  value.𝑉𝑑𝑒𝑓𝑒𝑐𝑡:𝑞
𝑎𝑣𝑔 ∆𝑉𝑎𝑣𝑔
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Figure S6. (a) Planar-averaged potential profiles of perfect supercell and supercells containing oxygen 

defects (apical oxygen vacancy , equatorial oxygen vacancy , oxide interstitial ). Blue, green, 𝑉2 +
𝑂 𝑉2 +

𝑂 𝐼2 ‒
𝑂
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red dots indicate the location of oxygen defects in the supercells, respectively. (b) Macro-averaged potential 
profiles of perfect supercell along c-axis. Numbers in the legend (0, 1, 2 and 3) denote the number of 
averaging time. The horizontal green dotted line denote potential = 0 V. (c) Macro-averaged potential 

profiles of supercell with apical , along c-axis. Blue and red triangles denote the average potential at 𝑉2 +
𝑂

the defective supercell ( ) and far from the defect, that is, at the perfect supercell ( ). L 𝑉𝑑𝑒𝑓𝑒𝑐𝑡:𝑞
𝑎𝑣𝑔 𝑉𝑝𝑒𝑟𝑓𝑒𝑐𝑡

𝑎𝑣𝑔

indicates the length of the supercell along c-axis.

This calculation was done before the calculation of defect formation energy of charged defects7 (in 

large CeO2 supercell of 96 atoms). The calculated formation energy of doubly charged defects in our 

previous study showed similar value to other researchers’ calculation done with correction term  8. 𝐸𝑐𝑜𝑟𝑟

Furthermore, the formation energy of doubly charged defect calculated with the same method as ref7 

describes the formation of the defect observed in the experimental evidence. Moreoever, the result from the 

study well predicts the dominant formation of oxygen interstitials in T-La2CuO4, in accordance with 

previous results from multiple computation/experiments9–13. Therefore, we verify that the defect formation 

energy calculation method used in this study is valid.

There is no universal correction method for the energy correction and the correction is often 

required in small supercells which are prone to large errors. Unrealistically large defect concentrations in 

small supercells result in artificial interactions between defects that cannot be neglected. The supercell used 

in this study is composed of 112 atoms and the concentration of oxygen defects in this study is 

 in  which is considerably smaller than typical concentrations of 𝛿 = 0.016 ~ 0.032 𝐿𝑎2𝐶𝑢𝑂4 ± 𝛿,

 in smaller supercells. Since macroscopic bulk behavior for electrostatic screening or 𝛿 = 0.06 ‒  0.25

elasticity is typically recovered to within 0.01 eV at a distance of only 5 – 10 Å from the defect center5, our 

supercell (24  26.3 Å along c-axis) can minimize the error coming from short-range interactions. The ‒

concentration of oxygen defects chosen in this study has also proved to be within a similar range as 

experimentally measured values  14,15. We believe that our supercell is large enough to 𝛿 = 0.01 ‒  0.02

describe the defects in the experimentally prepared La2CuO4 specimens. 
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6. Diffusion energy barrier calculations

Figure S7. Energy landscapes obtained by climbing image-NEB calculations for (a) path B of  in T-𝐼2 ‒
𝑂

LCO, (b) path A of  pair in T-LCO, (c) path 5’ of in T’-LCO, and (d) path C’ of  𝐼2 ‒
𝑂 ‒ 𝐼2 ‒

𝑂 𝑉2 +
𝑂 𝐼2 ‒

𝑂 ‒ 𝐼2 ‒
𝑂

pair in T’-LCO. 

From experimental results of  = 0.81 eV for single crystalline T-LCO along the c-axis16 and  𝐸𝑎 𝐸𝑎

= 1.18 eV for polycrystalline T-LCO17, we can estimate that  for single crystalline T-LCO along the ab-𝐸𝑎

plane should be higher than  = 1.18 eV for polycrystalline T-LCO, considering that polycrystalline phases 𝐸𝑎

usually have lower   for diffusion because of the presence of grain boundaries that offer fast diffusion 𝐸𝑎

pathways. Indeed, our experimental measurement and climbing image-NEB prediction results in the 

activation energy for oxygen diffusion of ~ 1.79 eV. Hence, we believe that our climbing image-NEB 

calculations are valid for the study of oxygen diffusion behavior in La2CuO4.

Moreover, in oxygen diffusion in T’-LCO (in Figure S7 (d)), the final configuration in the process 

is in a lower energy state than the initial configuration and this process can end up in oxygen trap in a 
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microscopic point of view. However, since both initial and final configurations can be generated without 

external potentials, as summarized in Figure 8 (b) in the main text, macroscopic oxygen diffusion in large 

specimens, after the diffusion process described in Figure S7 (d) occurs in the some microscopic areas 

simultaneously, similar configurations of the initial image can again be formed microscopically (also with 

recombination of one of interstitial pair and vacancies) and the diffusion process via the MEP (minimum 

energy path) shown in Figure S7(d). We belive this macroscopic diffusion process will actively occur via 

thermal excitation as in our experimental measurement at high temperatures (500 600 ).‒ ℃
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