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Abstract  

Vertical cross-bar devices based on manganite and cobalt injecting electrodes and metal-

quinoline molecular transport layer are known to manifest both magnetoresistance and 

electrical bistability. The two effects are strongly interwoven, inspiring new device applications 

such as electrical control of the magnetoresistance and magnetic modulation of bistability. By 

non destructive in operando X-ray Spectroscopy, we show direct evidences of the involvement 



  

2 
 

of the molecular material in the mechanism of bistability in LSMO/Gaq3/AlOx/Co devices. In 

addition to this, a significant fraction of oxygen ions migrates under voltage polarity, resulting 

in a modification of the electronic properties of the organic material and of the oxidation of the 

AlOx tunnel barrier. Conductivity switching is then associated to variable oxygen doping of the 

Gaq3. Linking finally the bistability and spintronic properties, the effects of oxygen doping of 

the molecular transport layer represent the first experimental evidence in favor of the proposed 

recently impurity band model describing the GMR in similar devices. 

 

1. Introduction 
 

Resistive switching (RS) behavior in organic devices has excited substantial attention because, 

in addition to the well-known aspects of high performance and low volatility that are inherent 

to RS memory, the use of organic components would yield easy-to-process, flexible devices.[1] 

RS has been reported for a wide variety of organic semiconductors including metal quinoline 

complexes.[2] Typical device configurations are simple and consist of two metallic electrodes 

sandwiching a semiconducting organic layer; their current–voltage (IV) characteristics are 

dependent on a pre-applied “writing” voltage pulse or on voltage-sweep directions and, in most 

cases, it is not volatile, i.e it persists when power is turned off [1]. Recent experiments [3] indicate 

that when the metallic electrodes are ferromagnetic (FM), magnetoresistance (MR) may also 

occur[4]. In our previous papers [3a, 3b], we clearly demonstrated that MR can be turned “on” and 

“off” as well as smoothly tuned between a number of non-volatile states depending on the 

device resistive state obtaining a full electrical control of MR.  This ‘multifunctionality’ 

correlating electric and spin phenomena is tantalizing for the development of new devices[5], 

with potential applications in multibit nonvolatile data storage and neuromorphic computing[5b, 

6].  
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In spite of significant achievements obtained recently in spintronics including molecular 

materials, from very high magnetoresistance values[7] to wise MR reproducibility mainly in 

case of devices involving manganite and cobalt spin polarised injectors and metal-quinoline 

transport layers[8], a comprehensive theory describing both the spin transport and the rise of 

magnetoresistance is basically missing [9] . Spin transport was first interpreted by extending the 

so call “conductivity mismatch” to organic semiconductors [10] involving injection in HOMO-

LUMO levels, later a multistep tunneling was considered in case ultra thin organic layer [11] to 

account for the peculiar voltage dependence and for the absence of Hanle effects[12]. More 

recently, magnetoresistance features were explained by spin-dependent electron tunnelling into 

the impurity broad band located in the gap between  molecular orbitals [13]. In such complex 

scenario for the interpretation of spin effects, the correlation of electrical bistability and 

magnetoresistance has obviously risen expectations for an additional way of inspecting the 

transport behavior, both for spin and charge properties 

Concerning bistability, hysteretic IV behavior has been observed in a large number of organic 

materials from polymers to small molecule and are explained either by charging related 

phenomena or by filament formation related phenomena[1, 14]. The former hypothesis is 

associated to charge-transfer processes in donor-acceptor systems and involves the presence of 

metallic clusters embedded in the organic layer[15], the latter is explained by the formation of 

locally highly conductive channels (filaments) and refers to redox effects[16].  

Two hypothesis have been considered in literature for the correlation of the bistability and 

magnetoresistance, none of them proven experimentally. For the first case MR originates from 

spin-dependent electron tunneling into  highly conductive filamentary paths[17]. Alternatively, 

a tunnel barrier has been suggested to arise [3c] at the FM/organic interface, with the barrier 

being reversibly modified during RS cycles by redox mechanism, thereby modifying the 

magnetic injection and producing MR.  
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In this paper, by combining spectroscopic investigations and electrical characterization, we 

identify that voltage bias application determines oxygen migration within the organic spacer 

and the reversible modification of the molecule electronic configuration. Experimental 

evidences link univocally the variable oxygen doping of the organic molecule to impurity 

driven conductivity effects. In turn, MR signal is  a results of spin transport in the organic layer 

across oxygen impurity states. Our investigation provides a key element for the development 

of comprehensive picture of spin effects in organics. 

  

2. Results and discussion 
 
 
Cross bar devices were fabricated with an area of 1mm2 and consisted of an ultra thin (10 to 15 

nm) Gaq3 [tris-(8-hydroxyquinoline) Gallium] layer sandwiched between a 20-nm-thick 

La0.7Sr0.3MnO3 (LSMO) film grown on a SrTiO3 (100) substrate, and a 7-nm-thick Co top 

electrode (inset of Figure1). An AlOx tunnel barrier was deposited between the Gaq3 and Co 

layers to minimize the penetration of Co atoms into the organic layer[18]. Gaq3 was considered 

instead of the well known Alq3 [19] because it provides similar magnetoelectric behavior, but it 

allows to decouple the spectroscopic signal originating from the AlOx barrier and from the 

organic layer.  Figure 1a shows the typical  hysteretic behavior of the current-voltage 

characteristic, which depends on the polarity of the applied voltage[3b] (with respect to the 

grounded Co top electrode). Initially, devices are in a low resistance state (RIRS(0.1V)~ 25 K) 

that we call IRS; the I-V characteristic is marked as (1). From the IRS, the device can be set to 

a high resistance state (HRS) by the application of a sufficiently negative voltage. In figure 1a 

the device in the HRS reaches higher  RHRS1M at 0.1 V and is marked as (2). This state is 

non-volatile and in order to set the device to a low-resistance-state (LRS marked as (3) with 

RLRS(0.1V) 4 k at 0.1 V) we must apply a sufficiently positive voltage. In analogy with what 

was observed in other organic bistable devices [20], our spin valves do not require an electro-
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forming pulse to enable the bistability. In comparison, electro-forming is commonly required 

in oxide-based RS devices[21] and is usually affected by the application of a high voltage. As 

expected[3b], a negative MR is present in the LRS (8%) which gradually decreases by 

increasing the resistance of  the device (figure 1b) eventually eliminating the MR for enough 

high resistance (1M).  

 

 

 

 

 

 

 
 
Figure 1 (a) I–V curves of LSMO/ Gaq3/AlOx/Co ultra thin device at RT displaying the 
bistability effect. Inset shows the device structure ( b) Negative magnetoresistive response for 
two different resistive states: LRS (R=5k, MR 8%) and HRS (R=125k, MR 2%) measured 
at Vbias=-0.1V.  
 

Electrical characteristics in our devices are consistent with previous investigations on similar 

samples [3b]. No consensus emerges from the literature on the charge conduction mechanism for 

such ultra thin device even if some typical signatures are found: I-V characteristic are non linear 

[11b] [22] [23]  and device resistances have a moderate semiconductive behavior [24]. In few cases 

the thickness dependence of resistivity has been demonstrated [11b] indicating multi step 

tunneling mechanism as the most probable in such thickness regimes that nominally involves 

n=10 molecules.  

To gain insight into the difference in transport between different resistive states, we carried out 

impedance spectroscopy (VAC=0.01V VDC=-0.1V). The impedance was modeled as a parallel 

RC loop with a series resistance, RS (Figure 2a). 
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Figure 2 (a)Impedance spectra of two different resistive states. The line is the fit to the 
equivalent circuit of a RPC-parallel unit in series with a resistor (Rs).  (b) HRS conductance-
voltage at  300K. The solid line represents fit to amorphous tunneling model. 
 

In each impedance spectrum, the impedance magnitude showed a plateau at low frequencies 

and decreased above a cut off frequency. Typically, for two different resistive states an almost 

identical capacitance of C= 2.36 10-9F was found. This value is in agreement with the 

geometrical value calculated using a relative permittivity of Ɛr= 4 as expected for a metal 

quinoline layer[25], indicating that the RS was not caused by an extraneous capacitive 

mechanism at the electrode/organic layer interface and can therefore not be responsible for the 

conductivity of the individual device states. The series resistance was very low for both states 

(Rs 1K) and was attributed to the electrodes whilst the parallel resistance varied during the 

transition in different resistive states (in Fig 2 from 95k to71k). These results indicate that 

RS is dominated by the  increase of the parallel resistance similarly to other organic based 

memory devices [26]. The charging effect model can be ruled out to play a major role in RS due 

to the constant C value [27] while  the filamentary mechanism seems the most appropriate 

accounting for the different bulk conductivity of the organic materials. The microscopic origin 

of filaments is still debated[28]  and could also rely to the specific device configuration: some 

experiments indicate that they are set after the migration of metallic clusters or ions from 

electrodes onto the organic layer[16b], others involve inhomogeneous conduction of the organic 

(a) (b) 
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layer itself due to doping or degradation[29]. Being the correlation between  conductive 

properties and magnetoresistance the key element in our devices, we explore the nature of 

transport by the analysis of differential conductance. The differential conductance at low 

voltage, reported in figure 2b, is not constant, which excludes conduction by purely metallic 

filaments, in contrast to the devices described in [30]. Our data are consistent with a transport 

mechanism that involves localized states forming a preferential path for conductance. We find 

that a hopping conductance similar to that described by Xu et al.[31] is an effective description 

(see SI1). Conductance at low bias was represented by a bias-independent term, which includes 

the direct and resonant tunneling contributions, and a bias-dependent term to account for the 

onset of hopping processes. Hopping involving up to three localized states fits the experimental 

data well. Hopping distances of only a few nanometres are then estimated, indicating that a 

thinning of the layers’ thickness with respect to nominal one should be expected.  Possible 

reduction of the Co-LSMO separation has been investigated by TEM and are presented in 

figure 3. The TEM images indicate the deposition of LSMO to be of good quality, with a clear 

epitaxial relationship with the STO substrate. The Gaq3 layer is amorphous, as expected, and 

the AlOx layer is discernable as a uniform, thin band beneath the Co electrode, which is 

polycrystalline(Figure 3a). EELS signals reveal the clear laminar structure and reveal in 

particular the oxygen band beneath the top Co electrode that is consistent with the presence of 

a continuous AlOx barrier layer (Figure 3b , 3c and SI2). Some regions of the devices, however, 

appeared more defective, as illustrated in figure 3d. Crystalline outgrowths were occasionally 

observed in the LSMO layer and are assumed to have grown during the deposition process since 

the encapsulating Gaq3 and Co layers tend to be conformal. In addition, some thickness 

variations were observed in the Gaq3 layer, such as that observed in the middle of figure 3d. 



  

8 
 

 

Figure 3 (a) Cross sectional TEM image of a typical device with the layer compositions 
indicated. Fourier transforms (inset) of the regions labeled (i) and (ii) indicate that the Co layer 
is polycrystalline and the LSMO and STO have a clear epitaxial relationship. (b)Electron energy 
loss spectroscopic analysis of a typical device: Dark field STEM image with major layers 
labeled. Heavier elements appear darkest and the region used for EELS analysis is indicated. 
(c) Composition maps showing the distribution of elements within the analysed region, each 
panel indicating the relative strength of background-subtracted EELS signal. The final panel is 
a red-green-blue composite of the Co, O and N signals. (d) Some regions of devices were found 
to be defective, with (left of image) mesa-like outgrowths from the LSMO apparent in addition 
to occasional thickness variations in the Gaq3 layer (middle of image).  
 
Both structural details will have the effect of reducing the separation of the two electrodes and 

such nano-regions are good candidates for localized conduction paths that is limited to few hops. 

In operando X-ray Photoelectron Spectroscopy (HAXPES) and X-ray Absorption Spectroscopy 

(XAS) provide a straightforward evidence of  processes setting bistability. XAS spectra of the 
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Co L2,3 thresholds are presented in figure 4a  and do not reveal significant differences between 

the HRS and LRS. Both spectra are characteristic of predominantly metallic cobalt and lack 

pronounced satellite features that would indicate substantial cluster formation [32] or complete 

oxidation [33], although a weak shoulder is present on the high-energy side of both peaks that 

suggests the formation of a thin oxide layer, in agreement with the EELS data (SI2). 

 

Figure 4(a) X-ray absorption spectra measured across the Co L absorption edge for LRS and 
HRS. Prior comparison, spectra were normalized by subtraction of a two step-like function with 
relative height of 2:1 [34]and overall scaling[32] (b) X-ray absorption spectra measured across the 
O K absorption edge for the HRS and LRS. Asterisk indicates the satellite peak for AlOx 
contribution(see SI3); A, B, C are described in the text. 
 

The interpretation of O K-edge spectra, shown in figure 4b, is more complicated because 

contributions arise from both AlOx and Gaq3 layers but an important result is that there are clear 

changes between the HRS and LRS. The spectra are dominated by a broad peak centered at 

E=546 eV (labeled ‘C’) and there are two satellites, at E= 539.8 eV (‘B’) and E= 537 eV (‘A’). 

Previous studies of amorphous AlOx layers [35] and Gaq3 [36] allow feature A to be attributed to 

AlOx (see SI3). Recent research [37] on AlOx based RS devices uses the sharpness of this satellite 

peak as an indicator of the presence of oxygen vacancies, which in the films here could provide 

a migration pathway for oxygen through the barrier during switching. Indeed, it has been noted 

(a) (b) 
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elsewhere that AlOx tunnel layers formed by the oxidation of aluminum thin films incorporate 

O2
- ions that are weakly bound to the positively charged oxygen vacancies but are able to drift 

into and out of the barrier layer under electrical bias [38]. In this framework, the LRS, set after 

the application of a positive bias to the LSMO layer, would rely on the migration of negative 

charges (O2
- included) towards the LSMO layer, leaving defective AlOx. Oxygen represents a 

source of doping  in our samples because the preparation of the tunnel barrier included O2 

exposure, in addition to brief exposure to the atmosphere before characterization[39].  

To study in more detail the role of the AlOx layer in RS, we analysed the Al chemical state 

directly by photoemission spectroscopy, as this allows direct isolation of the contribution of 

AlOx alone. The HAXPES Al1s spectra shown in figure 5a are typically described by three 

components [18c]: a main peak corresponding to the AlOx contribution [40] with two satellites at 

∆E1= +1.7 eV and ∆E2= -2.5 eV. The lower binding energy contribution is associated with the 

metallic Al (Al-Al) while the broader contribution could be related to the higher oxidation states 

for Al, as for example Al2O3
[40]. The HRS and LRS spectra indicate a subtle shift, relative to 

the IRS, of the main Al1s component only, which shifts by + (-) 0.1 eV for the H(L)RS, with a 

slightly broader lineshape (Г=1.8). An Al1s core level shift to higher (lower) binding energy 

indicates a higher (lower) oxidation state [41], indicating that in the HRS the Al experiences 

increased oxygenation and a slightly more inhomogeneous chemical environment. The increase 

of oxygenation in HRS is confirmed by the relative percentage of the peak associated to the 

AlOx with respect to the total area that is 78% while in  LRS is 74%. (See SI4)  
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Figure 5 (a) Normalized HAXPES Al 1s spectra (open circles) for the IRS (top), 
HRS(intermediate) and LRS(bottom). Green and grey lines represent the three components and 
red lines the curve fit. (b) Normalized HAXPES C1s spectra (open circles) for IRS, HRS and 
LRS. Lines represent the three components and red lines the curve fit. Inset: HAXPES N1s 
spectra for IRS and HRS 
 

Both O K-edge and Al1s analysis indicate a difference in the Al oxidation state between the 

LRS and HRS. We propose that the HRS, set by the application of a negative bias to the LSMO 

contact, is obtained by trapping of O2
̶  in the AlOX layer while the LRS, set by the application 

of positive bias to the LSMO contact, is obtained after migration of O2
̶  away from the AlOx. In 

the HRS, oxygen migration is not associated with any evident change in the Co layer (as 

observed in HAXPES), indicating that the AlOx tunnel barrier is the principal oxygen trapping 

layer.  

We turn now to the organic molecule. It is well established from theoretical calculations [42] that 

in metal quinoline complexes the highest occupied molecular orbital (HOMO) is located on the 

phenoxideside of the quinolinol ligands, whereas the lowest unoccupied molecular orbital 

(a) (b) 
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(LUMO) is found on the pyridyl side; the central metal ion (Ga) contributes negligibly to the 

density of states (DOS). Thus, it may be  expected that any possible variations to the electronic 

configuration of the molecule during RS are most likely to produce a sizeable effect on  the N1s 

or C1s HAXPES spectra. The C1s core levels HAXPES spectra for IRS, HRS and LRS are 

shown in figure 5b. They results from three main components corresponding to three bonding 

environments for carbon in the structure of the 8-quinolinol ligand (C–C bonds, C–H bonds, 

and C–X bonds where X stands for oxygen or nitrogen) and it is consistent with previous 

investigations [18c] of similar samples. During the fitting process, the area ratio for the C–C, C–

H, and C–X components was kept 1:3:5, in agreement with their ratios in the complex. The 

binding energies of all three components do not change between the IRS and the LRS but in the 

HRS increase by 0.25 eV, which is generally a signature of an oxidation process (i.e. removal 

of electronic charge). Nevertheless, it is worth noting that a shift of C1s binding energy 

concurrent with a broadening of the N1s peak during deposition of Ca onto Alq3 has previously 

been attributed to charge donation and ligand dissociation [43]. In our case we did not observe 

any change in the N1s peak between the IRS and HRS (inset to Figure 5), excluding such effects. 

We therefore interpret the increase in C1s binding energy as a consequence of ionization of the 

molecule to form an Alq3 cation. This charge removal is reversible, since the HRS and LRS 

were cycled many times without changing their spectroscopic signatures. This picture is 

supported by an analysis of the XAS C-K-edge spectra shown in figure 6. XAS spectra relates 

to unoccupied states (in the presence of a core hole), as they reflect dipole-allowed transitions 

to empty molecular orbitals. HRS spectra are narrower than the corresponding LRS spectra, 

indicating an overall difference in the lower lying empty states. Figure 6a shows the calculated 

C K-edge spectra for the Gaq3 molecule  in its neutral form and after the removal of an 

electronic charge (Gaq3 cation). Calculated spectra are in agreement with previous 

investigations [42a, 44] of bulk metal quinoline and feature more structured contributions with 

respect to experimental data, indicating that extrinsic broadening due to complex molecular 
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configuration is expected to dominate in devices. By a qualitative comparison of the measured 

and calculated  spectra in neutral and positively charged states, the narrower experimental 

lineshape of the broad feature centered at 289 eV in HRS indicates a partial presence of a Gaq3 

cations.  

 

Figure 6 (a) X-ray absorption spectra measured across the C K absorption edge. (b)Calculated 
C K edge absorption spectra for neutral Gaq3 molecule and for Gaq3 cation obtained by a 
removal of an electronic charge. 
 

Considering the Oxygen drift in and out the barrier,  the reversible generation of positively 

charged states in Gaq3 is then interpreted  as a results of the formation of a charge-transfer 

complex involving the organic molecule and molecular oxygen [45]. A partial redistribution of 

the electronic charge within the complex yields then a negatively charged oxygen molecule and 

a hole on the quinoline ligand [46]. 

The positive charging of the organic molecules, modifying their electronic structure[47], results 

in a higher localization of electrons in the HOMO with respect  to the neutral and negatively 

charged quinoline molecule. This localization of the HOMO would be unfavorable for electron 

hopping to a neighboring molecule and thus unfavorable for electron transport, as expected for 

HRS[47a]. We stress that XAS and HAXPES spectroscopic investigations average all over the 

(a) (b) 
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sample probing volume and thus  changes of the electronic configuration of organic layer are 

not restricted to local conduction paths as expected in filamentary conduction process but 

involves all the organic molecules down to few nanometer from the interface with the AlOx 

layer.  

A schematic of the underlying physical processes during RS is presented in figure 7. The HRS 

is set by the application of a negative voltage to the LSMO: negative charges, including free 

electrons and O2
- drift towards the Co top electrode. AlOx then gets  oxidized and acts as a trap, 

blocking the O2
- ions and preventing interaction with Co. The oxygen drift is accompanied by 

a positive charging of the organic molecules, modifying the Gaq3 electronic configuration[47a]: 

charges are generally more localized inside the individual quinoline unit inhibiting the electron 

transport and causing a subsequent increase of overall resistivity. In switching to the LRS by 

the application of a positive voltage to LSMO, oxygen migrates towards the LSMO layer to 

leave a defective AlOx barrier and restore the neutrality of the Gaq3 molecule.  

 

 

Figure 7 Schematic representation of RS: HRS (left) and LRS (right). HRS is set by the 
application of a negative voltage to the LSMO: negative charges, including free electrons and 
O2

- drift towards the Co top electrode. The AlOx is oxidized and acts as trap, blocking the O2
- 

ions and preventing interaction with Co. The oxygen drift is accompanied by a positive charging 
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of the organic molecules. Switching to the LRS, oxygen migrates towards the LSMO layer to 
leave a defective AlOx barrier and restore the neutrality of the Gaq3 molecule. 
 

Once established that resistive switching is associated to oxygen migration across the organic 

layer and to a reversible formation of Gaq3 cations, we discuss the correlation with MR.  

An important issue to take into account is the voltage regime at which bistability and MR are 

found. While bistability is set by applying few V to our device, MR is detectable only at 

extremely small voltages (≤ 0.1 V) which are much lower than interfacial electronic barriers for 

the charge injection into HOMO or LUMO level[48]. Such peculiar MR voltage dependence 

together with the absence of Hanle effect [12] expected in case of HOMO-LUMO transport, 

pushed several authors [7b, 11b] to propose a qualitatively different picture to describe spin 

transport in the OSVs based on the presence of intragap localized levels. Recently the impurity 

band model [13a] was proposed to explain  MR in regimes far from the direct tunneling from 

electrodes, but its experimental validation has yet to be accomplished. 

In our case, the MR intensity depends on the specific resistive state in which the device is put: 

on the basis of results above, MR is absent when a more efficient insulating AlOx barrier is set 

and Gaq3 cations are formed, while MR has its maximum value in case of defective AlOx barrier 

and after oxygen ions migration into the organic layer and the formation of complexes.  

We expect then that AlOx defective barrier [49] will generate a number of localized states able 

to promote the spin injection from the Cobalt electrode into the organic layer where the spin 

transport takes place in presence of Oxygen ions acting as dopant (or impurity), via the 

formation of complexes with Gaq3. Our data are consistent with the formation of intragap 

impurity levels as proposed theoretically by Yu[13a] to describe spin and charge transport in spin 

valves. Same model includes a quite inhomogeneous doping density distribution compatible 

with the expected formation of conduction paths or filaments and the establishment of a local 

impurity band.  
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The decrease of MR corresponds to more efficient insulating AlOx barrier [49], that limits the 

tunneling into the organic layer,  and to a lower density of impurities that in association with  

electronic localization of  Gaq3 cations increases the residence time of spin/charges, which have 

the effect of enhancing spin dephasing processes[50].  

Oxygen as dopant in organics can in principle  originate from intrinsic doping during deposition. 

Interestingly, among devices presenting reproducible MR in literature most of them have the 

LSMO oxide[8, 24, 51] as electrode or include the presence of oxide tunnel tunnel barrier [22, 52] 

indicating the oxide layers as most plausible sources of oxygens in such devices. Recently 

Grünewald et al.[3c], discussing similar devices, advanced a model ascribing both the resistive 

switching and magnetic characteristics uniquely to oxygen variations in the LSMO electrode. 

Our set of data do not access the interfacial LSMO layer in reason of the limited electron escape 

depth for Hard X-Ray photoemission, providing little access to the deep buried interface with 

LSMO layer. Nevertheless, our data provide a complementary  interpretation of the mechanism, 

indicating significant modifications of the stoichiometry of the aluminum oxide barrier and 

substantial oxygen diffusion inside the organic layer, both factors controlling the device 

resistance.[53]  

 

3. Conclusions 

In summary, we have demonstrated that resistive switching effect in LSMO/Gaq3/AlOx/Co 

devices is driven by the oxygen migration across the structure: both AlOx tunnel barrier and 

Gaq3 layer reversibly change the oxygen concentrations while switching between the high and 

the low resistive states. The reversible shift of the C peak by the programing voltage indicates 

that the oxygenated organic layer is a key element for establishing both the bistability and 

magnetoresistance behaviors, although at this stage it is difficult to separate quantitatively the 

roles of Gaq3 and AlOx layers. These findings shed important light on the still unidentified 
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mechanism of magnetoresistance in this class of devices and represent the first experimental 

evidence in support of the recently proposed impurity band model. 

 

4. Experimental section 

Samples were prepared ex-situ using Channel Spark ablation deposition for LSMO [54], thermal 

evaporation for Gaq3 and Al and electron beam evaporation for Co layer. AlOx was obtained 

by exposing the Al layer to a partial pressure of O2.  

Transmission electron microscopy (TEM) was employed for structural characterization, using 

a probe-corrected JEOL ARM200cF instrument that was operated at 200 kV and is equipped 

with a cold field emission electron gun and a Gatan Quantum electron energy loss spectrometer. 

Cross-sectional samples were prepared using standard ‘lift-out’ procedures on an FEI Nova 

Nanolab Focused Ion Beam instrument and were typically polished to ~100 nm thickness: 

further thinning tended to damage the delicate organic layer. Electron energy loss spectroscopy 

(EELS) data were acquired using the spectrum imaging [55] and dual EELS [56] methodologies 

within Gatan’s Digital Micrograph software, which was also used for data processing. 

Full magnetoresistive characterization was carried out in a 4-point cross bar configuration by 

using a Keithley 236 SMU in the temperature range 100-300K with a maximum applied field 

of µH=0.3 T. The LSMO electrode was biased while the Co was kept at ground. Impedance 

spectra were recorded with an Agilent E4980A LCR-Meter in the 20-100k Hz range in order to 

distinguish between capacitive and ohmic behavior. 

Chemical investigation by Hard X-ray Photoelectron Spectroscopy (HAXPES) and X-ray 

Absorption Spectroscopy (XAS) was performed at room temperature on a sample holder that 

allows current voltage (I-V) characterization in a 2 point configuration directly within the 

analysis chamber. The large depth sensitivity achievable by HAXPES (~ 15 nm) and by XAS 

(~ 7 nm) allowed us to investigate deep regions within a working device and to study the effects 

of the resistive switching on the top electrode, the underlying organic layer and the interfaces 
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with the barrier layer. Devices presented a retention time [5a] that greatly surpassed the HAXPES 

and XAS  measurement timescale, ensuring that the observed spectroscopic signatures are 

unambiguously associated with specific resistance states. 

XAS measurements were performed across the Co L2,3, O-K and C-K absorption edges at the 

BEAR beamline (Elettra-Trieste)[57]. Spectra are acquired in total electron yield mode, by 

measuring the sample drain current, and they are normalized to the beam flux by using a clean 

gold sample as reference. HAXPES spectra were collected from the Al1s, C1s, Ga1s, N1s core 

levels at the GALAXIES beamline (Synchrotron SOLEIL, Paris) [58] using an excitation energy 

of 7.2KeV. Fits were carried out by XPSpeak software .To eliminate the prospect of oxidation 

and contamination of the air-exposed side of the Co electrode, all the samples were mildly Ar+-

sputtered (E=500 eV for 30min) in the preparation chamber before spectroscopic investigations. 

Surface cleanliness was checked by monitoring the surface-sensitive C and O XPS signals. To 

minimize sample damage under prolonged x-ray exposure, the beam footprint was moved 

frequently across the device 

The XAS simulations were performed on the free Gaq3 molecule using the transition-potential 

method using the StoBe DFT simulation code. [59]An IGLO-III basis set was used on each 

excitation center, while effective core potentials were used for the remaining C atoms. The 

calculated dipole-excitation spectra were Gaussian convoluted with an energy-dependent 

broadening and aligned to the experimental curves. 
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