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(A) Dark field scattering of 80 nm AuNPs on as deposited and annealed samples
The results we present in the main text are representative but the behavior for each specific cell can differ in detail. We consistently observe a change of the spectra only upon switching, but the change of intensity or peak position can vary due to the nature of the switching mechanism. Here, we present additional spectra for as-deposited and annealed samples.
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Figure S1: a, Scattering intensity collected simultaneously with b, the electrical signal from a single AuNP on a 8 nm thick STO film where stages c, Scattering spectra for I, II, III and IV. Similarly d-f for a different device.
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Figure S2: a, Scattering intensity collected simultaneously with b, the electrical signal from a single Au NP on an annealed Sample (300 Torr O2) where the oxygen vacancies are removed.

(B) Materials characterization of the device layers
The lattice constant of bulk STO is 3.905 Å. As shown in Figure S3a, the out-of-plane lattice constant c is calculated to be around 3.93 Å for the as-deposited STO film and around 3.88 Å for the annealed STO film. The bigger lattice constant of the as-deposited STO film is due to the presence of oxygen vacancies. However, after in-situ annealing process, oxygen vacancies are reduced and the lattice constant c of the annealed STO film is reduced. The lattice constant of the annealed STO films is smaller than bulk STO due to the tensile strain in annealed STO resulting from the lattice mismatch between TiN and STO.  RHEED diffraction patterns of the MgO substrate, TiN and STO layers are captured after growth (Fig. S3b). Sharp two-dimensional spots are present and lying on concentric Laue circles, implying true reflective diffraction from a smooth surface without the formation of 3D islands. These results are consistent with ex-situ atomic force microscopy (AFM) images in Figure S3c.
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Figure S3. a, XRD θ-2θ detailed scan around (002) reflection b, RHEED diffraction patterns of MgO substrate, TiN and STO layers. c, Ex-situ atomic force microscopy (AFM) images of TiN and STO layers.
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Figure S4. High-resolution TEM images of a, 3.5 nm and b, 8 nm thick STO films. c, Local selected-area electron diffraction patterns and d, EDX elemental mapping show the presence of the TiO2 layer between STO and TiN (yellow arrows), originates from the oxidization of the top TiN layer when the STO films are deposited under an oxygen atmosphere.
(C) DFT calculation for bulk and defective STO refractive index
The dielectric function is calculated using density functional theory and used as a reference for further FTDT simulations. We intentionally use a relatively small simulation cell to model the scenario of a high vacancy concentration localized in the ‘plug’ and ‘disc’. 
Calculations were performed using the plane-wave pseudopotential code CASTEP1. We used a 2x2x2 supercell to model SrTiO3-δ with a  k-point sampling and a plane-wave cut-off energy of 700 eV. This supercell contains eight formula units of SrTiO3, and each has 5 atoms. Hence, there are 8 x 5 = 40 atoms in total, with 8 x 3 = 24 of them being oxygen atoms. The valence state of 2s 2p for O, 3s 3p 3d 4s for Ti and 4s 4p 5s for Sr were treated with on-the-fly generated ultrasoft pseudopotentials. Cubic SrTiO3 was used as the bulk phase. Vacancies were introduced by gradually removing up to 5 oxygen from the bulk cell, followed by small random displacements applied to all ions to break the symmetry. The Perdew-Burke-Ernzerhof (PBE)2 functional was used with Hubbard-U correction (GGA+U), to take account the 3d electrons in Ti which are not well described with standard DFT. The simplified rotational invariant Ueff scheme was used3. We chose the value of U to be 4 eV, obtained by gradually increasing the value until in-gap defect states appears. The existence of these in-gap states is consistent with other experimental studies4. The value of U is consistent with other theoretical works where it range from 2 to 5 5–8.  A rigid shift of the Kohn-Sham eigenvalues is used to correct the band gap which is known to be systematically underestimated in DFT. The dielectric function was calculated using the OptaDOS9 code using the eigenvalues and matrix elements outputs from  CASTEP1. 
The calculated dielectric function has a strong peak in its imaginary part in the range of 800 nm-1000 nm when the cell contains a single vacancy. Removing more oxygen atoms creates more in-gap states. This causes the peaks to broaden and move to lower wavelength. The key is that the STO with vacancies becomes a lossy medium with absorptions in the visible light range.
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Figure S5. DFT calculation of a, real and b, imaginary dielectric function components of bulk STO and defective STO with different oxygen vacancies content (1 to 5 vacancies in a cell). 

(D) Near-field and far-field distributions of NPoM on STO layer- FDTD simulations 
While the nanocavity modes for a spherical nanoparticle on mirror configuration, with a spacer separating the two structure are well understood, the device considered here is made of several layers of different materials, which change the photonic modes. To be able to correctly identify the photonic modes in our device, we numerically model the NPoM arrangement, with both the parylene and spacer layers having refractive indices of 1.4. The field enhancement, scattering and absorption cross-section are plotted in Figure S6 and Figure S7 respectively (blue lines). The main bright resonance  appears at  in the near-field (Fig. S6a) and  in the far-field (Fig. S7a,b). The far-field spectra show the second-order mode  at . This is not observed in the near-field spectra, since we record them in the centre of the gap, and this mode is confined very close to the nanoparticle. 
Then, we gradually increase the refractive index of both layers to n = 1.6, which is the refractive index of parylene (Figure S6a, cyan line). The spectra red-shift slightly, but there is no significant change on the photonic modes excited. Then, we increase the refractive index of the spacer alone to n = 2.3, which is a good approximate value for STO. The higher-refractive index of the spacer red-shifts both modes, with the near-field now clearly detecting the  mode. This occurs because the higher refractive index confines the mode better within the gap. Both modes scatter almost equally to the far-field (Fig. S7a), but the  mode absorbs more efficiently than (Fig. S7b).
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Figure S6. Impact of parylene layer on near field spectra for 80 nm AuNP with 30 nm facet, dSTO = 4 nm. 

[image: ]
Figure S7. Impact of parylene layer on far field spectra, i.e. a, scattering and b, absorption, for 80 nm AuNP with 30 nm facet, dSTO = 4 nm. 
For the above spectra, we ignore the dispersive behaviour of STO. Figure S8 compares the scattering and absorption cross-section of a spacer made of a simple dielectric of n=2.3, and a spacer made of STO with optical properties calculated using DFT simulations (Fig. S5). The dispersive nature of STO has negligible impact on the photonic modes excited, and influences only the very short wavelengths (). However, while only two peaks are observed in the non dispersive spectrum (Fig. S8, blue), the dispersive STO spectra appear to have three (Fig. S8, red), with the third one just accounting for the lossy nature of STO at this frequency regime. 
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Figure S8. Impact of dispersive STO on far field spectra, i.e. a, scattering and b, absorption, for 80 nm AuNP with 30 nm facet, dSTO = 4 nm and parylene with n = 1.6.

We then study the impact of the parylene layer thickness (Fig. S9). Thicker layers reduce the scattering and absorption intensity, and slightly red-shift the spectra, but the impact on the photonic modes is negligible. 
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Figure S9. Impact of parylene thickness on far field spectra, i.e. a, scattering and b, absorption, for 80 nm AuNP with 30 nm facet, dSTO = 4nm and parylene with n = 1.6.
Finally, we investigate the impact of the TiO2 layer on the optical spectra. TiO2 has a much lower refractive index than STO and TiN, which changes the resonant frequencies of the system. Figure S10 shows that even just  of TiO2 significantly alters the spectra. More specifically, it red-shifts the dark odd modes of the system, in this case , to lower frequencies than the main bright  mode. This creates a dip in the scattering spectra at  for the layer, and therefore a peak at , which is also observed experimentally. No such behaviour is observed for the absorption cross-section, since the dark   mode cannot be efficiently excited with a plane wave. In the absorption spectra, the bright  mode is observed at , and all the higher-order modes at . Hence the  peak is not a photonic mode of the system, but it occurs due to the superposition of a broadband bright mode and a dark mode . We simulate the fields within the STO and TiO2 layers which shows that the field exponentially decays away from the NP. The STO layer has nearly ten-fold higher intensity than the TiO2 (Fig. S10 c), so that the optical signals observed are probing the morphological changes in the STO layer.
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Figure S10. Impact of TiO2 layer on the far field spectra, i.e. a, scattering and b, absorption, for 80 nm AuNP with 30nm facet, dSTO = 4 nm and TiO2 with n = 1.6. c, Far field intensity for a 80nm Au NP30 nm facet, dSTO = 8 nm, dTiO2 = 8 nm.
The mirror is made of epitaxial TiN, grown by pulsed laser deposition (PLD). The experimental optical data for TiN, taken from Pflüger et al10,11, are plotted with dots in Figure S11. However, in our system the epitaxial grown TiN gives a (002) crystal which might be less lossy than the sputtered TiN optical data found in literature10,11. So, we fit the experimental data to a Drude model:

and then reduce the  value gradually.  We found that the mirror of our device corresponds to losses of Hz, with  (rad/s) and .
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Figure S11: a, real and b, imaginary dielectric function of TiN for different losses . Experimental optical data for TiN, taken from Pflüger et al10,11. 
The optical field is mostly confined within the lateral width of FWHM 11 nm and 15 nm for D4 and D8, respectively, resulting in a lateral resolution of our spectroscopy technique of few nanometre (Figure S12).
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Figure S12: The optical field is mostly confined within the lateral width of FWHM 11nm and 15nm for D4 and D8 (with  typical facet size of 80nm NPs12,13).
(E)  Scattering intensity % change with O2 bubble and vacancies bridge formation  
We compare the change of scattering intensity for the two peaks to the one predicted by the numerical simulations. For D8 we focus our attention on the longer wavelength peak, highlighting the O2 bubble dynamics (Fig. S12a). We then fit the simulated intensity change due to  variation (Fig. S12b,c). The increase of scattering intensity covering the  prior swithing ON can be associated to a bubble growth from  to  (Fig. S12c). Having a bubble size may be interpreted as the result of a non dome-shaped bubble, i.e.  is reached and followed by the bubble lateral growth creating cylindrical or a truncated dome O2 bridging.
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Figure S13: Comparison of a, experimental (D8) and b, simulated % change of 800 nm peak intensity gives c, the estimation of O2 bubble size.
Similarly, turning our attention to the shorter wavelengths highlighting the drift of oxygen vacancies dynamics, we expect a ∼30% intensity change from the simulated spectra (Fig. S13 a,b) meanwhile we observe an experimental intensity change ∼150% for D4 (Fig. S13c). This might be the result of a slight variation of refractive index from the one predicted by DFT calculations, correctly predicting the behaviour while being not quantitatively accurate. Moreover, the change of scattering intensity shows that the build-up of the oxygen vacancy bridge covers a timescale of ∼30s before the SET event, information which is totally absent in the electrical signature, that merely shows a sharp transition to the ON state when the bridge is completed (Fig. S13c).
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Figure S14: a, Simulated variation of the scattering spectra with the oxygen vacancies bridge formation. Comparison of b, simulated and c, experimental (D4) % change of 600 nm peak intensity with its current response.
(F) Electrical characterization of the switching process.
The IV cycles show that when SET is achieved, high currents are observed at low voltages (Figure S15), as expected when resistive switching is achieved. We additionally highlight the presence of forming, i.e. higher SET voltage in the first switching cycle (Figure S15a-c). Moreover, endurance plots show LRS in the range of 106 and HRS in the range of 1011 (Figure S15d). 
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Figure S15: a-c, IV curves of sample D4 in their a, first, b, last, and c, all switching cycles. Colour scale indicates the time evolution over the cycles, i.e. in a single cycle plot (as in a,b) earlier times correspond to red forward IV curves ‘1’ and later times to green backward IV curves ‘2’, while in a multiple cycles plot (as in c) earlier times correspond to full red loops and later times correspond to full green loops. d, Endurance plot showing the HRS and LRS over a number of cycles (read at 9V).
To prove that the TiO2 does not play an active role in the resistive switching, we produced a control sample of TiO2/TiN (but no STO) on a MgO substrate (same conditions as for the STO/TiO2/TiN samples). The measured IV characteristics show typical metallic behaviour (read voltages ranging from 2V-15V were used, see Fig. S16) and no memory effect at any measured voltage is observed.
[image: ]
Figure S16: IV curves of TiO2/TiN on MgO substrate (read at 2V, 5V, 8V, 10V, 12V and 15V) showing typical metallic behaviour. No memory effect at any measured voltage is observed.

(G) Contact force between NP and cantilever
Our cantilever spring constant is mN/m. Considering its total length of , of which only 1/3rd is in contact with the device during measurement (i.e. ) and angle to the surface of 5, we can estimate its vertical displacement at the edge of the cantilever 60µm = 5.7µm. However, the particle is never positioned at the edge of the cantilever, but approximately halfway along the flat  in contact with the surface, i.e. . This results in a displacement 30µm = 2.6µm, and then results in a force on the particle . 
Almost no change in the switching characteristic is observed for applied forces  over squared contact areas14. This results in a threshold for pressure-induced effects of between  and . 
Here we have   and double the contact area compared to [14] (our facet gives ). Hence, the pressure in our system is . If we now note that Au is much softer than STO (Youngs modulus  and 15), some of the strain is taken up within the Au, and thus the pressure on the gap region is reduced by a factor 3, to , which is well below all thresholds previously reported14. The resolution of our piezo controllers is approximately 1nm, which gives a good control over the positioning and thus the local contact force.

(H) Statistical variations in current characteristics
Statistical variations in devices might arise from the reduced size of the STO/AuNP interface. A transition between two classes of size dependent electronic transport mechanisms exists, defined by a critical contact size ε (determined by facet size in our devices). At sizes larger than ε, an edge-related tunnelling is observed and contacts with sizes smaller than ε exhibit random fluctuations in current16. At the STO/AuNP interface a depletion region resulting from band bending is observed. For large contacts (>250 nm diameter), the depletion regions are fully developed, and the depletion widths (extending within the STO) do not change with contact size. These large depletion width result in an extremely low probability of tunnelling. For smaller contact sizes (<70 nm), the depletion regions have smaller widths, hence the tunnelling probability dominates. The barrier height ‘seen’ by electrons is reduced by the presence of such tunnelling. Interface defects or local dopant density variations now have big effects at such extremely small sizes, which leads to statistical variations in all Schottky parameters, hence higher random fluctuations in current.
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