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Supplementary Fig. 1. Schematic representation of the idealized crystal structures
of then =2, 3,4, 4.5, 5, 6 and co members of the Sr,Nb,Osn+2 type structures.
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Supplementary Fig. 2. Chain-shaped conductive plates and zigzag insulating
plates in the SrNbOQOs.4 crystal structure.



Supplementary Fig. 3. The epitaxial relationship between SNO film and NSTO
substrate. Scale bar=2 nm.
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Supplementary Fig. 4. Electrical characterizations of NSTO/SNO/W memristors.
(a) The structure schematic of the memristor. (b) I-V curves of a NSTO/SNO/W
memristor during 100 cycles. The arrows indicate the direction of the scanning voltage.
(¢) The corresponding histogram of Set voltage and Reset voltage extracted from b. (d)
The cumulative probability distribution of the resistance in HRS and LRS. The
resistances are acquired from 100 cycles at 0.48 V. (e) The endurance characteristics of
the memristor undergoing over 100 cycles. (f) The comparison of Set and Reset power

consumption for different memristors. The pentagrams represent the NSTO/SNO/W
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device. The reference data are sourced from the reported bipolar memristors[1-27].



Supplementary Fig. 5. The SNO device after cycle. (a) The optical microscope image
of the W electrode. (b) The cross-section STEM image of the device. Scale bar=50 nm.

Unlike memristors based on an electrochemical metallization mechanism (ECM),
in which metal ions from an active electrode infiltrate the channel and make contact
with another inert electrode to form a conductive path, SNO devices employ an inert
electrode (W). In addition, after hundreds of switching operations, no significant ion
accumulation was observed around the electrode and in the oxide/electrode interface
(Supplementary Fig. 5). In other words, memristor behavior is the essence of SNO
under voltage-induced electric field. The resistance switch feature is associated with
the associated oxygen vacancy, not the metal electrode.
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Supplementary Fig. 6. The work function of W and SNO. (a) The interface between
SNO in the [011] directions and W. Scale bar=2 nm. (b) The atomic model in the [110]
zone axis of W. (¢) The work function of W. (d) The interface between SNO in the [001]
directions and W. Scale bar=1 nm. (e) The atomic model in the [001] zone axis of SNO.
(f) The work function of SNO.
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Supplementary Fig. 7. The measured I-V curve of devices with different electrode

sizes (W needle: ~10? pm? and W electrode: ~9x10* pm?).



Supplementary Fig. 8. The design of in-situ electrical experiment. (a) The schematic
illustration of the integrated biasing and heating chip. (b) The sample setup on the
DENSsolution TEM holder. (¢, d) The STEM images of the sample prepared by focused
ion beam (FIB). Scale bar=1 pm.
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Supplementary Fig. 9. [In-situ resistive-voltage characteristics of the
NSTO/SNO/W device under applied bias.
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Supplementary Fig. 10. The QSTEM simulation of HAADF and ABF. (a) The
HAADF image of the experiment. Scale bar=1 nm. (b, ¢) The simulated HAADF and

ABF images without oxygen vacancies. (d, e¢) The simulated HAADF and ABF images

containing an oxygen vacancy.
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Supplementary Fig. 11. The HAADF images before (a) and after (b) the continuous
5-minute electron beam irradiation. Scale bar=1 nm.
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Supplementary Fig. 12. The EELS spectra of the O—K edges taken from the

oxygen-rich layer of the SrNbQO3.4. (a) The high-resolution HAADF image in the [001]

zone axis of SNO. Scale bar=2 nm. (b) The EELS spectra of the area with dotted
rectangular box (oxygen-rich) in a.
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Supplementary Fig. 13. The DFT calculation of oxygen vacancy formation energy
and configuration. (a) The formation energy of oxygen vacancy (oxygen atom marked
with black circle). (b-d) The change of Sr atom position after the appearance of 1, 2
and 3 oxygen vacancies.
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Supplementary Fig. 14. The relationship between the distance of Sr atom deviation
and the concentration of oxygen vacancy. (a) The HAADF image after applying bias
in-situ. Scale bar=2 nm. (b) The histogram of the statistical distribution of the deviation
distance of Sr atoms in a. The values inserted in the graph are averages. (c¢) The scatter

plot of the distance of Sr atom deviation with oxygen vacancy concentration.
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Supplementary Fig. 15. The GPA maps before and after applying the voltage (-8
V). (a) The HAADF image before applying bias. Scale bar=5 nm. (b, ¢) The GPA maps

of a. d, The HAADF image after applying bias. Scale bar=5 nm. (e, f) The GPA maps
of d.
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Supplementary Fig. 16. The per structural unit (a molecular formula of SrsNbsO17,

which consists of 5 Sr atoms, 5 Nb atoms and 17 oxygen atoms).



Supplementary Fig. 17. The HAADF images of NSTO/SNO/W after in-situ
applying bias. Scale bar=5 nm.
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Supplementary Fig. 18. The HAADF images of the W/SNO/NSTO device after 100
cycles. (a, b) The atom-resolved HAADF images after 100 cycles and in-situ electrical
experiment of the W/SNO/NSTO device. (¢, d) The cross-sectional EDS elemental
mapping of the device before and after cycle. Scale bar = 50 nm.
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Supplementary Fig. 19. The EELS spectra of the O—K edges after the cycle. (a)
The high-resolution HAADF image of SNO. Scale bar=10 nm. (b-g) The EELS spectra
of the area with dotted white rectangular box in a. (h) The ratio of EELS peak intensities

of oxygen in the 6 regions.
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Supplementary Fig. 20. The migration barrier of oxygen vacancy. (a, b) The
migration barrier of oxygen vacancy after the appearance of 1 and 3 oxygen vacancies
in StNbOs3 4. The curve color corresponds to the migration path arrows in the schematic
illustration. (c¢) The migration barrier of oxygen vacancy in StNbOs.
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Supplementary Fig. 22. The in-situ phase transformation caused by excessive
oxygen loss. (a) The HAADF image of the primeval StNbO3 4. Scale bar=5 nm. (b) The
HAADF image of the STNbO3 4 after applying bias. Scale bar=10 nm. (c¢) The atom-
resolved HAADF image of the area with white square frame in b. The illustration is an
atomic model of SrTNbOs (blue: Sr, green: Nb, red: O). Scale bar=5 nm. (d) The FFT
image of c. (e, f) The HAADF images near the upper and lower electrodes. Scale bar=10
nm. (g-h) The HAADF image of the StNbOs 4 under different focusing states after
applying bias in another in-situ experiment. Scale bar=10 nm. (i) The atom-resolved

HAADF image of the area with white square frame in h. Scale bar=5 nm.
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Supplementary Fig. 23. The in-situ resistive-voltage characteristics of the
W/SNO/NSTO device during bias-induced phase transitions.
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Supplementary Fig. 24. The I-V switching curves of the NSTO/SNO/W device with

phase transition during applying bias.
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Supplementary Fig. 25. The EDS of oxygen before (a) and after (b) the cycle. Scale
bar=50 nm.



Supplementary Fig. 26. The distribution of oxygen vacancies of the NSTO/C-
SNO/A-SNO/W device after 100 cycles. (a) The low power HAADF image at the
cross section of the NSTO/C-SNO/A-SNO/W device after cycle. Scale bar=500 nm.
(b-d) The high resolution HAADF images of C-SNO layer in a. Scale bar=5 nm.
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Supplementary Fig. 27. The schematic diagram of the OVSS.



Supplementary Fig. 28. The schematic diagram of the defected structure.



Conductive cubic phase

Supplementary Fig. 29. The schematic diagram of the conductive cubic phase.
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Supplementary Fig. 30. The I-V characteristics of the W/NSTO/W device. (a) The
diagram of the W/NSTO/W device. (b) The optical microscope image of device. (¢)
The I-V curve of device.

The W/NSTO/W device was prepared to verify whether the substrate NSTO
conducts electricity. The results showed that the resistance is ~40 Q and the device had
perfect ohmic contact (Supplementary Fig. 30), indicating that the NSTO is conductive
and can be used as the bottom electrode.



Supplementary Table 1. The scanning parameters of the HAADF image.

Figure 2b Movie 1

STEM magnification 4.04 Mx 4.04 Mx
Frame time 6.31s 6.31s

Screen current 36.3 pA 49.1 pA

Dose rate

Frame count

Total scanning time

1.94x10% e/A?

6.31s

2.62x10% e/A?

47

296.57 s
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