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Unraveling the resistive switching mechanisms in LaMnO3+-based memristive devices by operando hard X-ray photoemission measurements

Manganite-based devices have shown promising resistive switching properties, which performance strongly depends on the electrodes used to build them. Their nature affects the physical properties of the metal/manganite interfaces, leading to a different resistive switching responses and mechanisms, which are difficult to fully understand using conventional ex situ characterization techniques. Here, the switching mechanisms taking place in LaMnO3+-based memristive devices with a noble metal top electrode have been studied using an operando high energy x-ray photoelectron spectroscopy (HAXPES). The difference between HAXPES spectra obtained for devices in different resistance states, has allowed to elucidate the redox mechanism taking place in the devices. The HAXPES spectra indicate a reduction (oxidation) of the interfacial LMO when switching from high to low (from low to high) resistance states. The presence of an inert electrode instead of an oxidizable one, results in oxygen being released out of the lattice, instead of reacting with the electrode. Complementary, HAXPES energy shifts induced by the electric field has been used to probe the resistance drop inside the device at different position and for different resistance state.

Introduction

Hard x-ray photoelectron spectroscopy (HAXPES) is a powerful tool for operando nondestructive interface characterization of functional devices. The use of hard X-ray synchrotron radiation (2.4-12 keV) allows to gather information from regions up to 5 times deeper in the sample than with laboratory sources (e.g., Al-K), which is of particular interest to study the buried, often critical interfaces of a device covered by a thick electrode. Operando measurements, consisting in biasing a functional device (capacitor, memory cell, etc) while performing HAXPES, are, therefore, powerful in order to understand the changes in elemental composition and charge distribution inside the device during operation. Additionally, it confers to HAXPES analysis the necessary reliability for its application to device technology. This approach was already implemented for studying the interface polarization in a piezoelectric Pt/Ru/PbZr0.52Ti0.48O3 high-density capacitor. [1] Oxide-based memristive devices could also take advantage of the excellent capabilities of operando HAXPES as the resistive switching mechanism occurring in such devices is often triggered by surface/interface processes. HAXPES has been employed to study the buried interfaces of different oxide-based memristive devices such as TiN/Hf0.5Zr0.5O2, [2] Pt/Ti/Pr0.5Ca0.5MnO3, [3] Au/Fe:SrTiO3/Nb:SrTiO3, [4] TiN/Pt/NiO. [5] and Ti/HfOx. [6,7] Only the later work, however, has been subject to measurements in operando mode with in situ electrical characterization, while the others studied these interfaces after cycling operation. [8] Among the plethora of oxides enabling resistive switching (RS), the switching response of the non-stoichiometric transition metal oxide LaMnO3+δ (LMO) has been reported to be governed by the oxygen vacancies concentration in the material. [9,10] The apparent oxygen excess in LMO is ascribed to the formation of La and/or Mn cation vacancy sites (i.e., La1-x□x,Mn1-y□yO3, viz. LaMnO3+δ), where □ represents cation vacancies, and charge neutrality remains fulfilled thanks to the coexistence of Mn 3+ /Mn 4+ oxidation states. [11,12,13,14] Therefore, the valence state of the material is strongly correlated to the oxygen content, and Mn 4+ can be seen as an intrinsic dopant. [15] We recently investigated the microscopic mechanisms of local interfacial RS in LaMnO3+δ by conductive atomic force microscopy (c-AFM) [16] and demonstrated that the change in resistance is associated with a drift of oxygen ions to the surface and the concomitant variation in the Mn valence state, resulting in modifications in the transport mechanism. However, the experimental configuration used in this work presents several specificities (e.g., low current density, bare surface, large active area, etc) that do not match the requirements of a standard functional device. For this reason, we then performed a first set of operando HAXPES measurements on a TiN/LMO/Pt prototypical memory cell. [17] In this work, we monitored the redox reactions occurring at the TiN/LMO interface during RS. In this case, the TiN top electrode acts as a reservoir in which oxygen is stored when LMO is in high resistance state (HRS) and released during the switch back to low resistance state (LRS). From the HAXPES and electrical characterization we deduced that the switching mechanism was localized at the TiN/LMO interface. However other relevant electrode, but noble (e.g. Au, Pt, Pd) or semi-noble (Cu) metals, are also commonly used for building memory, and also display RS behavior. Since such materials have a low oxygen affinity, the question arises on how the resistive switching mechanism is affected by the absence of an oxygen reservoir interlayer.

In the present contribution we report the recent work on M/LMO/Pt stack with M = Au or Pd by means of operando HAXPES. We focus here on the behavior of a memory cell with a chemically inert electrode, compared to the previously reported LMO covered by an oxidizable TiN electrode. We propose a model explaining how an oxygen reservoir at the interface with the electrode is created during RS in the presence of a noble metal as top electrode. The results clearly illustrate that the electrode material has an impact on the nature of the oxygen reservoir necessary for multiple RS operation and thus on the associated switching mechanism itself. The LMO thin film (100 nm-thick) used for this study was grown by pulsed injection metalorganic chemical vapor deposition following the strategy III of Ref. [18] The structural characterization of the LMO thin film is presented in Figure S1 of Supporting Information. In order to both match the HAXPES requirements and allow in situ electrical characterization, the device depicted in Figure 1(a) was fabricated. The active region consists of a thin (~7 nm) metal layer (Au or Pd) deposited directly on a 100x100 µm² LMO surface. Outside this region, the top electrode was electrically isolated from LMO by a 50 nm thick, sputtering-deposited Si3N4 insulating layer. 300 m away from this active area, a thick current collector of the same material as the electrode was deposited, wire-bonded to the sample-holder, and eventually connected to a sourcemeter (Keithley 2635B). The Pt bottom electrode was also wire-bonded to the grounded contact pad of the sample-holder. Once in the HAXPES chamber, an additional small series resistance was measured due to the long distance between the chamber and the end station control cabin. By comparing the resistance measured directly at the sample's output and for a sample mounted on the sample holder in the analysis chamber, the total external resistance was measured to be Rext = 2.5 .

Experimental

HAXPES measurements were performed at the BL15XU beamline of the SPring-8 synchrotron facility (Hyogo, Japan). The photon energy was set to 7933.5 eV (as determined from the Fermi level of the Au top electrode of one of the device) The X-rays were monochromatized by a Si(111) double crystal and post monochromator (channel cut crystal). The beam cross-section was estimated to 10030 µm 2 , with take-off angle of 70°, the effective footprint of the beam on the sample surface was 400x30 m². The photoelectrons were detected by a high-resolution hemispherical analyzer (VG Scienta R4000) providing an overall energy resolution of 240 meV as measured by the Fermi cutoff of an Au film which also defined the binding energy (BE) scale. The projected beam could be selectively directed onto either a single memory device or the bare LMO film.

Results and discussion

Resistive switching of the M/LMO/Pt devices (M=Au,Pd)

Once the sample described in Figure 1a was mounted and introduced into the analysis chamber under Ultra High Vacuum (UHV) condition (~10 -7 Pa), electrical measurements were performed. Figure 1b shows the characteristic hysteretic current-voltage (I-V) curve measured in-situ by cyclic voltammetry for Au top electrode-memristive device. The device exhibits an asymmetric bipolar counter-clockwise-type switching without requiring an electroforming step. Noticeable differences are observed between the SET and RESET processes. An abrupt RESET from LRS (RLRS = 7.2 ) to HRS (RHRS = 22 k) occurs for positive polarity at ~2.0 V for a corresponding high to low resistance ratio of four orders of magnitude. Conversely, the SET process requires higher voltage in negative polarity and, instead of a single abrupt switch, it presents several consecutives steps starting at ~ -6 V. The compliance current was set to 10 mA in negative polarity in order to avoid the oxide electrical breakdown at high voltage (1A expected at -10V for R = RLRS). With this limitation, a decrease of the resistance of only two orders of magnitude is observed after the SET process. However, similar measurements performed ex situ (Figure S2) on other devices reveal that the resistance can be decreased to its initial value by increasing the current limit and that, in these conditions, several SET-RESET cycles can be obtained.

The log-log representation of the I-V curve in Figure 1c shows two linear regimes associated with two slopes: m = 1 and m > 1. The m = 1 case corresponds to ohmic transport in the device. It is observed in the initial LRS branch and at low voltage in HRS (|Vappl.| < 1 V). The presence of a non-ohmic behavior after RESET indicates a modification of the transport mechanism due to the switching process, as discussed in our previous works. [16,17] In situ electrical measurements have been performed the same way on the memristive device with a Pd top electrode. The corresponding log-log I-V curve depicted in Figure 1d shares similar features with the Au top electrode one, i.e. an ohmic behavior in the LRS and at low voltages in the HRS. The most noticeable difference between the two metal electrodes is the high to low resistance ratio of "only" two orders of magnitude for Pd with RLRS = 8.6  and RHRS = 225  compared to the 4 orders of magnitude observed for Au, although the associated conduction mechanism is assumed to be the same irrespective of the electrode material. These observations are also supported by the I-V curves obtained on LMO samples from similar ex situ measurements in standard metal/LMO/Pt devices with square top electrodes (see FigureS2 of Supporting Information). The similarity in the I-V characteristics demonstrates that the samples are not affected by the operando conditions (UHV and high energy radiation), at least as far as the first resistive switching operations are concerned. Having an ohmic behavior in low voltage range for both electrode in HRS and LRS indicates that the transport and switching mechanisms are different from the one reported when using TiN electrode in which case RS was driven the change of the electrode/interface state and resistance. [17] Moreover, the devices with inert metal electrodes (Au or Pd) present a larger resistive switching amplitude (of several orders of magnitude) compared to the one observed in our previous study using TiN (RHRS/RLRS=4).

HAXPES study of M/LMO/Pt devices in the virgin state

Prior to the operando measurements, the LMO bare surface was analyzed. Figure 2 presents the O 1s, La 3d5/2 and Mn 3s core levels. A Shirley-type background was subtracted from all the spectra. Peak fitting was performed using pseudo-Voigt functions.

The O 1s spectrum in Figure 2a. consists of two contributions, Olatt. (529.4 eV) and Ointer. (531.8 eV) corresponding to lattice oxygen from the LMO and interfacial oxygen (oxygen outside of the lattice, for instance adsorbed oxygen on a bare surface), respectively. This model for O 1s deconvolution in LMO has been widely used by electrochemists to study the LaMnO3 as oxygen catalyst. [19,20] The remarkable catalytic activity and stability of LMO is directly related to the noticeable and stable presence of adsorbed oxygen on its surface. [21] The La 3d photoelectron peak of lanthanum compounds shows very prominent satellite features due to core-hole screening processes triggered by charge transfer between the unoccupied 4f valence orbitals and 2p orbitals of oxygen. [22,23] Thus, in the resulting La3d5/2 spectrum, a main peak (cf 0 ) and two satellite peaks (cf 1 L) show up, where c and L denote a core-hole in the La 3d5/2 states and a ligand O 2p hole, respectively. [24] In our previous study, we demonstrated the direct relationship between the oxygen content in the La surrounding and the ratio of the satellites/main peak areas. [16] The Mn 3s core levels are split into two contributions due to differences in the 3s-3d electrostatic exchange interaction between spin-up (3s ↑ ) and spin-down (3s ↓ ) states after photoemission. The energy separation between the 3s ↑ and the 3s ↓ component in the 3s core level spectrum may be expressed by the Van Vleck's theorem as: [25] ∆𝐸 𝑀𝑛3𝑠 = (𝑛 + 1)𝐺 2 (3𝑠3𝑑)

Where n is the number of unpaired 3d electrons and G² the Slater exchange integral.

The energy separation increases linearly against n as long as the nature of the ligands is the same. [26] Data reported in the literature give an average multiplet splitting of 5.4 eV for pure Mn 3+ states and 4.4 eV for pure Mn 4+ states. [27,28] Thus, in our case, the estimated valence of manganese is 3.2 ±0.05 for a measured peak separation of EMn3s = 5.17 eV.

According to the device description of Figure 1, after fabrication the LMO surface was locally covered by a thin metal layer, either Au or Pd depending on the device. In this configuration, electrical measurements and HAXPES analyses can be performed simultaneously in so-called operando conditions. Figure 3 presents the Au 4f7/2 and Pd5/2 3d HAXPES spectra of the corresponding memristive devices for different applied voltages (Vappl. = 0, ±1V). The series of spectra provides evidence that the operando measurements are performed in reliable conditions. When a bias is applied, the photoelectrons kinetic energy is modified by the electrostatic potential and the measured energy levels are shifted accordingly. However, the shifts observed on the HAXPES spectra are smaller than the applied biases, due to the external series resistance resulting in a small bias drop across the circuit. The effective potential observed on the samples (V) for Vappl = +/-1V is equal to +/-0.7eV. The energy shift of a specific core level may be interpreted as the electrical potential "seen" at the location of the corresponding element in the device. As the metal electrode, Pd or Au, is located on top of the whole device (see Figure 1a), the observed shift of each spectrum is directly related to the total resistance of the sample. Thus, for an applied voltage Vappl and a HAXPES energy shift V (= electrical potential), the equivalent resistance is calculated with the following potential divider relationship:

𝑅 = 𝑅 𝑒𝑥𝑡 . 𝑉 (𝑉 𝑎𝑝𝑝𝑙 -𝑉) ⁄ (2) 
with the external resistance Rext = 2.5  corresponding to the external resistance of the overall setup (wires, contacts, etc).

Considering the Pd 3d spectrum, the amplitude of the energy shift is the same for positive and negative polarities and is determined as 0.72 eV in the virgin state. The corresponding resistance for the whole Pd/LMO stack is RPd+LMO = 6.4 . The energy shift for Vappl = +1 V gives a value of the LMO resistance with Au electrode of RAu+LMO = 6.1  thereby similar to RPd+LMO with Pd electrode. The total resistance RLMO+Rext = 8.6  is also in good agreement with the one electrically measured in LRS.

Operando measurements of the Pd/LMO/Pt stack

From the HAXPES measurements under applied electric field it was observed that not only the spectra of the metal electrode shift due to the applied electric field, but also those characteristics of the LMO film itself. For the LMO elements, unlike for Au or Pd, the peak shifts also include chemical state-and/or composition changes due to resistive switching triggered by the electric field.

For operando HAXPES measurements, we address only the results from the Pd/LMO/Pt device, as in the case of the Au top electrode, both La 3d and Mn 3s spectra overlap Au peaks, thereby hampering data interpretation (the La 3d core level is partially hidden by the asymmetric tail of the Au 4s signal and the Mn 3s peak overlaps the Au 4f line). HAXPES measurements were carried out on a Pd/LMO/Pt device before and after switching. The La3d5/2 and O1s core levels were measured, while the Mn 3s core-level was not recorded due to an overlapping with the Pd 3d one.

One of the goals of the operando measurements is to track small energy shifts in the photoemission spectra in complement with the chemical environment analysis. Therefore, it requires a proper and rigorous data treatment process. The following assumptions were made and applied as initial constraints during the O 1s fitting process:

-Peak fitting was performed using a combination of pseudo-Voigt functions with the Lorentzian to Gaussian ratio and the peak width kept constant for all the data sets. -In open circuit conditions (Vappl=0 V), the O 1s spectra are fitted using the binding energies from the reference bare surface (see Figure2). -For operando data (i.e. Vappl. = +/-2 V) only the energy is a free parameter. Indeed, for the Pd electrode, the operating voltage is well under VSET or VRESET and no chemical change is expected.

The resulting fits are presented in Figure 4 and the main parameters summarized in Table 1.

The O 1s spectra are dominated by the silicon oxide signal from the partially oxidized Si3N4 layer. Indeed, at the center of the 100x100 m² Au electrode, the beam footprint is 400x30 µm 2 but the effective footprint is much larger due to the beam tail and X-ray diffusion through the surface material, explaining the presence of a Si-O component in the O 1s spectrum. When the device is biased, the Si-O contribution is split into two separate peaks (see Figure 4c-d).

Oxidation of the Si3N4 surface occurs prior to electrode deposition. After device fabrication part of the native oxide is covered by the metal while the majority remains uncovered. Hence when a bias is applied on the top electrode, the covered part sees a larger electrical potential resulting in the shifted Si-O contribution Si-O/Pd in O 1s spectra, while the uncovered surface's contribution will not be shifted, and thus explaining the presence of these two contributions.

The two additional contributions to the O 1s spectrum (light blue and dark green contributions in Figure 4a-d) are specific to the LMO in the memristive device, and match well the Olatt. and Ointer. contributions from the bare surface (see Figure 2). 1. Relative content of each contribution in the O1s spectra (see Figure 4) and their energy shift when a ±2 V voltage is applied. Pristine refers to the bare surface presented in Figure 2.

O 1s

By comparing the O1s spectra measured in LRS and HRS in Figure 4a and 4b, respectively, noticeable differences are observed, though unfortunately partly screened by the large Si-O signal. For more details, Table 1 shows the relative area of each contribution. From LRS to HRS, the Ointer. contribution slightly increases with respect to the Olatt. one. We previously reported such a modification of the surface composition after RESET (LRS to HRS) operation performed on a bare LMO surface using a conductive AFM tip. [16] We concluded by the application of a positive bias (VRESET > 0) oxygen ions drift from the lattice towards the top electrode and remain adsorbed, triggering the change in resistance. At this point one may wonder what is the physical meaning of Ointer. when the surface is covered by an electrode. Some hints may be found in previous studies of oxide-based resistive switches revealing the formation of oxygen in gas form during switching operation. For instance, the growth of microscopic gas bubbles have been observed in Pt/TiO2/Pt during operation. [19] the formation of an oxygen pocket has even led to the deformation of the top electrode in a Pt/SrTiO3 system. [29] In both cases, the electrode was made of a noble metal. However, to the best of our knowledge, such oxygen pockets/bubbles have never been reported using an inert electrode. Therefore, the Ointer contribution is ascribed to adsorbed at the metal/oxide interface, which could eventually lead to the formation of oxygen pockets. Thus, the increase of the Ointer. contribution indicates that oxygen is released from the LMO lattice during RESET stage (VRESET > 0). Complementing the literature example, observations of the surface of Au/LMO/Pt devices after several ex situ I-V cycles show that a lift-off of the electrode had occurred (see Supporting Information in Figure S3 and S4). This deformation and eventual destruction of the top electrode could originate from the expansion of this gas pocket during the electrical measurements. This gas expansion may also be enhanced by Joule heating, keeping in mind that the LRS in LMO involves a large current density.

Figure 4c and 4d present the O 1s measured while applying a negative and positive voltage, respectively. The behavior of the Si-O signal has been previously explained, the shifts measured for the oxidized Si3N4 in contact with the electrode (Si-O/Pd) follows the one observed for Pd 3d. The energy shift of each contribution reported in Table 1 is in good agreement with our model: the deeper the contribution in the device, the lower the corresponding shift. The energy shifts in LRS show that Ointer. and Olatt. are not at the same electrical potential, indicating a noticeable potential drop between the top electrode and the LMO surface, and thus the presence of a LMO interfacial layer. In HRS the energy shifts of Ointer. and Olatt. are the same, but it cannot be concluded that the interfacial resistance vanishes since it may be screened by the large LMO resistance (as expected from Eq.2).

To complement these observations, Figure 4e and 4f show the La3d spectra recorded in LRS and HRS, respectively. By comparing them with the La 3d spectra from the bare surface it is observed that the main peak at 833.7 eV (orange peak) is less intense compared to its two satellites (in grey). This observation can be explained by an increase of the oxygen content.

At the excitation energy of 7.93 keV, the estimated probing thickness (3xIMFP) by La 3d photoelectrons is 18 nm. Due to the presence of the 7 nm-thick top electrode in the device, the probing area into the LMO (about 10 nm) is less deep than when measuring a bare surface. Thus, the difference in the La 3d spectra indicates that the interface with Pd is more oxidized than the bulk LMO, in agreement with a more oxidized LMO surface commonly observed in this material. [30] This relative intensity between the main photoemission line and its two satellites is also the key parameter regarding the spectra modification between the LRS and HRS. A slight decrease of the main peak intensity is observed in HRS (Figure 4f), indicating an increase of the oxygen content in the La neighborhood. From the O 1s analysis it was previously deduced that oxygen ions drift to the top electrode/LMO interface under the effect of the electric field, and part of the oxygen is released from the LMO lattice as gas traps at the interface. The La spectra indicates that, in addition to the oxygen release, an oxygen-rich region is formed at the top LMO interface. Therefore, a good consistency is found among the whole set of photoemission results as interpreted here. Compiling all these observations, a model of the Pd/LMO interface is depicted in Figure 5a.

Based on the operando analysis of the O 1s and La 3d spectra our system may be divided into three different regions: i) bulk LMO with standard stoichiometry, covered by ii) an oxygen-rich LMO region and, iii) the interfacial oxygen-pocket region. Coming back to the proper stoichiometry of LaMnO3+, and considering a homogenous cation concentration, the different regions may be described as:

i) Bulk LaMnO3+: 𝐿𝑎 1-𝑥 □ 𝑥 𝑀𝑛 1-𝑦 □ 𝑦 𝑂 3-𝛿 𝛿𝑉 𝑂 •• ii) Oxygen-rich region: 𝐿𝑎 1-𝑥 □ 𝑥 𝑀𝑛 1-𝑦 □ 𝑦 𝑂 3
being □ the cation vacancies and 𝑉 𝑂 •• the oxygen vacancies. Excess oxygen occupying interstitial sites is highly unlikely in LMO, as in other perovskites, due to steric effects, which implies the presence of cation vacancies. Having an apparent oxygen-rich region indicates the probable presence of oxygen vacancies in the observed bulk LMO. Thus, the described oxygen drift could be equivalently ascribed to oxygen vacancies motion under the applied electric field.

Based on the electrical characterization results, i.e. ohmic transport in HRS and LRS and abrupt SET and RESET processes, it is most likely that the RS mechanism is related to the formation of conductive filaments. The presence of filaments is also supported by the fact that we only observed small variations of the composition between HRS and LRS, despite a very large change in device resistance.

For the LMO in the filaments to be more conductive than the rest of bulk, these filaments needs to have an oxygen-rich stoichiometry with a larger Mn 3+ /Mn 4+ mixed valence state ratio. When a positive voltage (VRESET) is applied, oxygen from the bulk and from the filament drifts toward the top electrode, and consequently oxygen vacancies drift away (see Figure5b). The reduction of the conductive filament drastically reduces its conductivity. Oxygen cannot react with the noble metal electrode and, thus, accumulates at the interface (as deduced from the La 3d spectrum), or is released in gas form between the LMO and top electrode. The resulting state has a slightly more conductive interface but an electrically insulating bulk region, since the filament is broken. The device is therefore in its HRS. When a negative voltage (VSET) is applied oxygen is reintroduced into the material and conductive paths can be formed again: the device is back in its LRS (Figure 5c). Hence, this resistive switching operation can be repeated several times. However, the drawback of this mechanism with inert electrodes is the degradation of the metal/oxide interface due to the accumulation of released oxygen, and the possible formation of gas pockets. Based on these present observations on Pd(Au)/LMO/Pt devices and on our previous results on TiN/LMO/Pt devices [17] , it can be concluded that memristive devices using TiN top electrodes are more reliable for non-volatile memory applications due to more reliable redox processes occurring at the TiN/LMO interface, hindering the existence of gas pockets in the latter case.

Conclusions

In this work we presented an operando HAXPES study of the effect of a chemically inert electrode in a resistive switching device with LaMnO3+ as active material. The use of HAXPES in the present contribution has successfully demonstrated its ability to fingerprint modifications of the chemical composition of the LMO/metal interface during resistive switching. The fine analysis of the spectra recorded during the process reveals small changes in the O1s and L3d spectra indicative of the switching mechanism. We demonstrated that in this case the switching mechanism is different to the one when using a chemically reactive TiN electrode, though it is also triggered by redox reactions and oxygen drift. The main consequence is that oxygen, instead of partially oxidizing the electrode (in the case of the TiN electrode), is here accumulated at the interface, both in a top LMO oxygen-rich layer, and in the form of gas pockets under the metal electrode. This conclusion provides an explanation of the low endurance measured on devices with noble metal electrodes compared to those with TiN, and the severe degradation or lift-off of the electrodes after several RS cycles. These results bring complementary information on the effect of the nature of the top electrode to our previous studies on LMO-based resistive switching devices, providing a good overall view of this system. They show the importance of the choice of the electrode in an oxide-based memory cell device and how it affects both the electrical response and the redox chemistry of the materials that compose the whole system. Although a large HRS/LRS ratio has been demonstrated, desired for ReRAM applications, long time endurance of the device and stability are also critical properties for these devices. Based on our studies, only noble metals would not be suitable to build LMO-based memristive devices; an interlayer acting as an oxygen reservoir (ie. TiN) during operation would be required for optimal operation.
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 1 Figure 1 (a) sketch of the operando memristive device where the Pt bottom electrode is grounded and the metal top electrode is biased. (b) In situ I-V characteristics obtained for an Au/LMO/Pt stack with a current compliance of 10 mA. (c) and (d) log(I)-log(V) plots
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 2 Figure 2 HAXPES spectra of O1s (a), La 3d5/2 (b) and Mn 3s (c) core levels of a pristine LMO surface.
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 3 Figure 3 HAXPES shift of Pd 3d5/2 and Au 4f7/2 for the M/LaMnO3+stacks (M=Au, Pd) for applied voltages of 0V and +/-1V.
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 4 Figure 4 O 1s spectra for the Pd/LMO/Pt stack in (a) LRS, and (b) HRS for different applied voltage (c) Vappl. = -2 V and (d) Vappl. = +2 V. La3d5/2 spectra for the Pd/LMO/Pt stack in (e) LRS, and (f) HRS

Figure 5

 5 Figure 5 (a) Sketch of the proposed physical model used to describe the M/LMO/Pt devices (M = Au, Pd) studied by operando HAXPES. Oxygen drift (green arrows) and equivalent circuit of the structure (b) during RESET for Vappl. > 0 and (c) during SET for Vappl. < 0. For each stage, the dotted red lines represent the initial state and the continuous lines the final one (i.e. LRS and HRS for SET and RESET, respectively)
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