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ABSTRACT: Combining optical and magnetic functionalities into
memristors is an attractive option to expand applications into image
recognition, information storage, and low power processing. Here,
we have fabricated ferromagnetic-fullerene-manganese oxide struc-
tures that display a hysteretic, nonlinear I-V characteristic and a
photovoltaic effect with a photocurrent dependent on the relative
alignment of the magnetization and the light polarization vector.
Reversible, voltage-induced oxygen migration from manganese
oxide into the molecular layer reduces the resistivity of the device
by several orders of magnitude, eliminates the nonlinear transport,
and quenches the photovoltaic response, giving rise to an optically
sensitive memristor where the photocurrent is dependent on both
the electrical and magnetic history of the device. Density functional
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theory calculations attribute the origin of these effects to changes in the electronic structure at the Fermi level and a reduction of the
interface dipole upon ionic migration. These results open research pathways towards single-molecule scale memristive memories with
optical excitation, electrical readout and magnetic sensing functionalities.

KEYWORDS: memristor, molecular spintronics, metal-oxide, fullerene, light polarization, photocurrent

1. INTRODUCTION

Ionic displacement is a common mechanism to the operation of
memristors, with applications in sensors, memories and artificial
synapses for neuromorphic computing.'~ Ionic dynamics have
also been discussed as a possible means to control electrically
magnetic properties of hybrid magneto-oxide structures, leading
to applications in information storage.”® Magneto-ionic'®"!
and opto-ionic'>'* memristors have also been considered for
artificial neural networks with low power of operation and
reduced learning steps.'* This has led to the field of bioinspired
ionotronic neural computing. Ionic migration in molecular spin-
tronics has been explored to control the response of organic
spin valves, with both fluorine atomic diffusion'> and oxygen
impurities changing the magnetoresistance of the device.'® In
order to mimic the flexibility of neural operation, with visual
recognition, hysteresis, and the replication of biological
responses to a variety of stimuli with an electrical readout, it
is key to develop structures with extended functionalities where
the input/output is dependent not just on one of electrical,
magnetic or optical signals but also on a combination thereof
and the history of the device. For example, optical inputs can
be used for self-powering readout of photoactive oxide hybrid
menmristors,’” oxide-based hybrid random access memories,'®
and optoelectronic memristors for neuromorphic computing.'’
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Adding functionalities leads to architectures that can imitate dif-
ferent bioprocesses, combining electro-magnetic read/write
with optical sensitivity.

Here, we present results in metal-molecular-metal oxide mul-
tilayers, where large resistance changes are observed under both
optical irradiation and electric bias. Furthermore, when using a
magnetic electrode, a photocurrent is measured and dependent
on the relative alignment of the magnetization of the electrode
with respect to the light polarization. The structure has, there-
fore, two independent memory capabilities; magnetic and elec-
trical, both of which can be probed optically and independently
of each other. The combination of three different functionali-
ties, electrical, magnetic, and optical, make of these structures
an interesting platform for complex operations, or when differ-
ent responses are needed to an array of environmental signals.
The structure is scalable and could potentially be reduced to
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nanoscale or single molecule devices. Although the switching
process can be detected electrically in the form of a change in
the molecule’s conductance, adding spin and optical functionali-
ties to molecular memories is particularly relevant, for example,
in the recording of high resolution visual information and image
recognition via transmission of optical irradiation through pat-
terns, with the wavelength and light intensity transmitted altering
the device photovoltaic response, see schematic in Figure 1a.>°

2. EXPERIMENTAL SECTION

Cobalt, platinum, manganese, and fullerene thin films were grown
without breaking vacuum at a base pressure of ~#10™® mTorr. Metals
were deposited via DC magnetron sputtering (Pt, Co, Mn, and Al),
followed by plasma oxidation to form MnO, on a glass transparent
insulating substrate. Oxygen content varies across the film and depend-
ing on the electrical bias applied, with MnO, the most stable form in
ambient conditions. The Co layer acts as metal electrodes and also as
ferromagnetic element for the magnetic record response of the device.
Pt/Co multilayers are used as electrode with perpendicular magnetic
anisotropy (PMA) when tuning the stray magnetic fields and magnetic
domain structure. Cg, layers are thermally evaporated at ~#450 °C. The
molecules are optically active, absorbing a wide range of wavelengths in
the visible range with photoluminescence at 1.69 eV. The fullerenes are
also highly resistant to metal growth, forming polycrystalline films with
a typical grain size of several tens of nm. A 2 nm thick Al film is depos-
ited over the device and passivates upon exposure to atmosphere,
forming a protective Al,O; layer that prevents degradation. The four-
point resistance of the Co/C,/MnO, devices is of the order of MQ
for a typical 100 X 100 pm® junction area (junctions with 200 X
100 pm* surface were also measured, these are identified in the cap-
tions). The metal oxide electrode acts as an ionic reservoir, providing
the oxygen migrating into the fullerene layer to switch resistivity and
photovoltaic states. However, the MnO, electrode can have a very high
resistance that reduces the photocurrent. The MnO, is the p-electrode

and connected to the positive bias terminal. Photovoltaic measure-
ments are carried out in a microscope using a 50x objective, a mapping
mechanical stage with sub-pim step control and three lasers at 633, 532,
and 473 nm. Shorter wavelengths generate a higher photocurrent, but
may lead to device degradation via polymerization of the fullerenes at
powers above some 1 kW/cm? It is possible to reverse the switching
of the device for over 30 cycles, but exceeding voltage thresholds of
8-12 V leads to an irreversible low-resistance state, probably due to
the formation of filaments as observed in, e.g.,, photovoltaic ferroelec-
trics.”’ The characteristic switching time of the device is of the order
of seconds at room temperature in a 100 X 100 pm® junction 20 nm
thick (Supporting Information Figure S1). For an oxygen concentration
of approximately 0.1 atoms per molecule in the low resistance state, the
change in concentration for oxygen atoms, Ac, would be 1.4 X 10 m™.
With a diffusion time of the order of one second, the flow density of oxy-
gen particles over the Cy, junction, g, is then ~2.8 X 10'* ms™". The
diffusion coefficient (J,,, over Ac and the junction thickness) is then
D ~ 1072 cm?7!, similar to values found in thin film solid state
Li-based battery electrolytes and cathodes.”>**

Collinear, van der Waals (vdW) corrected DFT simulations were
performed using the projected augmented wave (PAW) formalism as
implemented in the VASP program.”*>° We used the PBE exchange-
correlation (XC) functional,”” a 400 eV plane wave energy cut-off,
and, unless otherwise stated, a 2 X 2 X 1 Monkhorst—Pack k-point
grid”® A Gaussian smearing of 0.1 eV width was used in all the calcu-
lations. We applied anisotropic Hubbard corrections [DFT+(U-J)]*
to the 3d orbitals of the Mn atoms (U = 6.1 eV and ] = 1.0 eV) to
ameliorate the limitations of the PBE-XC functional in describing man-
ganese oxides. VAW corrections were applied using the Grimme
parameterization.’® Geometry optimizations, with inclusion of dipole
corrections, were performed by fully relaxing all atoms in the systems
within a tolerance of 0.02 eV/A on the atomic forces. A vacuum buffer
of 15 A along the nonperiodic direction was added to all systems con-
sidered. Bader charge analysis®' was carried out based on the total
charge density, accounting for both the electronic and ionic core
charges. Electrostatic interface dipoles perpendicular to the interface
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Figure 1. Memristive effect in Co/Cg,/MnO, due to oxygen migration into the molecular layer. (a) Schematic of the functionalities of each layer,
with electrical and magnetic memory operations and polarization-dependent optical probing. (b) Oxygen ion migration under an applied voltage.
Transmission electron cross section images elemental analysis in the (c) asymmetric state before switching, and (d) in the more symmetric state with
lower resistance after the oxygen is pushed into the molecular layer for a Co(25)/Cy,(40)/MnO,(30) thicknesses in brackets in nm. (e) Typical
current—voltage characteristic of a device with hysteresis effects appearing for voltages above 1-1.5 V in a Co(5)/C,(20)/MnO,(10) device.
Before switching, the I-Vis highly asymmetric, with a factor 20 difference in the resistance for positive (R~ 200 M) and negative (R =
12.5 MQ) 0.5 V bias, but becomes symmetric after switching to the low resistance state (R~ 1.8 MQ at + and —0.5 V). (f) Change in the C, pho-
toluminescence (PL) under irradiation with red light (633 nm) after oxygen migration in this device, which breaks the dipolar field and decreases the
exciton lifetime. Lines are a guide to the eye from the smoothed data. Error bars not shown are too small to display.
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plane were calculated using the standard procedure implemented in
VASP for dipole corrected calculations.

3. RESULTS AND DISCUSSION

In their pristine state, the I-V characteristic of Co/Cs,/MnO,
devices is nonlinear and asymmetric, with rectification factors,
the resistance ratio measured at 0.5 V positive and negative volt-
ages, of up to 20-30. The resistance of the device drops by up
to three orders of magnitude after a large negative electric bias,
and the I-Vbecomes more symmetric, with a lower rectification
factor. The resistance switching is about one order of magnitude
smaller than for state-of-the-art hybrid P3HT:PCBM optical
memristors.'” The resistance change and rectification are revers-
ible with an applied voltage of reverse polarity. We attribute the
changes to the displacement of oxygen atoms from the
MnO,—C,, interface into the molecular layer, an effect confirmed
by elemental mapping in transmission electron microscopy of
cross-section images of the multilayer (Figure lcd). The
I-V characteristic is similar to that of Monazomycin-formed ion
channels in lipid membranes that mimic neuronal behavior, albeit
with one order of magnitude higher voltage threshold.**

The structure has a photovoltaic response under laser irradi-
ation due to exciton generation at the molecular layer and split-
ting via the dipolar electric fields at the interfaces,**** with open
circuit voltages (V) of the order of 0.3 V and short circuit
photocurrent densities (Js.) of 10 mA/cm? for excitation pow-
ers of the order of 100 W/cm?. We find that the photovoltaic
effect is only present when Cy, is interfaced with some transi-
tion metals such as Cu and Co, and is absent when interfaced
with, eg, Ta, Al or Au, see Supporting Information
Figure S2. This is probably due to a good alignment of the
Fermi level of the former metals with the LUMO of the mole-
cules. C,, metalizes on Cu and Co due to strong binding and
large interface dipole density, with charge going from the metal
to fullerene. This leads to strong electrical dipoles at the
metallo-molecular interface that breaks the excitons and forms
the photocurrent. At the other side of the junction, MnO, acts
as an electron sink and the electrostatic field is acting in the
same direction. The photocurrent has a strong inverse depen-
dence with the thickness of the metal electrode that can be
explained as due to changes in the metal work-function and
nonradiative energy transfer, with the electric dipole of the
molecular exciton transferring the energy to the metal surface
plasmons in thinner films and not contributing to the electrical
current (Figure 52).>>* Because our devices are fabricated by
shadow masking, the thickness of the layers is not uniform, with
slightly thinner Cg, and electrodes near the edges. This leads to
a larger photocurrent at the edges of the junction.

Oxygen causes a 4-fold decrease of the exciton lifetime and
typically a 20% reduction in the open-circuit voltage of
fullerene-based solar cells.’” After moving oxygen into the Cy,
layer, in our devices there is an increased photoluminescence
and a drop in the short circuit photocurrent, see Figures 1f
and 2a—c. Both the resistance and photocurrent recover after
applying a bias in the opposite direction to move the oxygen
back across the interface into the oxygen-depleted MnO, film.
Given that the electronegativity of oxygen is 3.44 eV and that
of manganese 1.55 eV, it is energetically unfavorable for elec-
trons to remain bound to manganese when oxygen is displaced.
Furthermore, the increased photoluminescence is indicative of
the presence of additional charges at the molecular layer in
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the low resistance state, so the oxygen is mostly likely to be dis-
placed as an ion. This can also be seen in the DFT models of
the structure before and after switching (See Figures S8 and
S9 in the Supporting Information). The memristive effect is,
therefore, linked to the capability of switching on/off the photo-
voltaic output in fullerene/metal oxide bilayer via reversible
voltage-induced oxygen diffusion and changes to the interfacial
dipole.**** Raman measurements of the junction in the high
and low resistance state before and after several switching cycles
show no evidence of oxidation or polymerization of the Cg,
cages, with a sharp Ag(2) mode peak at 1469 cm™ that is slightly
narrower in the low-resistance switched state but does not shift in
frequency, so the oxygen is likely to remain interstitial
(Supporting InformationFigure $3).3%% A Raman map after
switching does not show changes in the Ag(2) mode peak width
over the junction, so changes are not localized to certain regions
of the junction, at least within the ~2 pm resolution of the micro-
scope over which the signal is averaged. Changes in the peak
width could be due to breaking of the hybridization with manga-
nese oxide at the interface (Supporting Information Figure $3).*

The photovoltaic response of the device is highly sensitive to
the electric bias history. Applying increasingly large negative
voltages results in lower photocurrent and open circuit voltage
that can be recovered with positive voltages up to 6-7 V, see
Figure 2d. For applied bias above 8 V, the device is irreversibly
changed into a low resistance state as mentioned above. After
switching with an applied negative voltage, the device can also
switch back to the original high resistance state without a posi-
tive bias if left under optical irradiation for several minutes to
hours. Light exposure accelerates the return to a high-
resistance state due to photoassisted oxygen migration, with fac-
tor 10 higher diffusivity under light exposure.*' The switching
time is inversely dependent on the resistance value after apply-
ing a negative bias, i.e. a lower resistance is reached and a longer
reversal time under light exposure is observed when more oxy-
gen has been displaced, see Figure 2e. The photoconductance
of the device is also related to the presence of oxygen in the
Cgo layer, with a linear dependence between the photoconduc-
tance and the device resistance (Figure 2f). The effect of light
irradiation on the differential resistance (photoresistance) of
the device is shown in Figure 2g.

To investigate the effects of oxygen migration on the elec-
tronic and photovoltaic properties of the C,,/MnO, interface,
we carried out collinear, van der Waals-corrected density func-
tional theory (DFT) calculations. Starting from the energy-
favored, oxidized and chemically bound (o-chem) C,/
MnO,(110)-2x2 geometry (Figure 3a—c),*> we optimized 72
different structures by displacing each individual oxygen along
the z-axis on the MnO,(110) surface at three different dis-
tances: near the oxide surface, between the two Cg, molecular
layers and on top of two Cg, molecules; see Figure 3d,e and
Supporting Information. Adopting this combinatorial strategy,
we explored a grid of possible sites where the oxygen atom
could diffuse during the migration dynamics. When unphysical
overlaps between Cg, and the displaced oxygen atoms pre-
sented in the automatic setup of the systems, we repositioned
the oxygen atom, moving it along the z-axis if possible or within
the xy-plane otherwise to the nearest location where its distance
from the carbon atoms was at least 2.0 A.

O-diftusion from the MnO, ionic reservoir film into the Cg,
can populate different metastable states with overall strong sup-
pression of the interfacial dipole and associated electrostatic

https://doi.org/10.1021/acsami.6c02910
ACS Appl. Mater. Interfaces 2026, 18, 41881-41888

920z 1snbny 90 uo 1senb Ag jpd "sOT6Z0 -920Z We /00929099 /T88TY /OE /8T /4pd -8 |0 114 /40 wee /610 "soe "sqnd //:d 13y wo 1} papeo |umog


https://pubs.acs.org/doi/suppl/10.1021/acsami.6c02910/suppl_file/am6c02910_si_001.docx
https://pubs.acs.org/doi/suppl/10.1021/acsami.6c02910/suppl_file/am6c02910_si_001.docx
https://pubs.acs.org/doi/suppl/10.1021/acsami.6c02910/suppl_file/am6c02910_si_001.docx
https://pubs.acs.org/doi/suppl/10.1021/acsami.6c02910/suppl_file/am6c02910_si_001.docx
https://pubs.acs.org/doi/suppl/10.1021/acsami.6c02910/suppl_file/am6c02910_si_001.docx
https://pubs.acs.org/doi/suppl/10.1021/acsami.6c02910/suppl_file/am6c02910_si_001.docx
https://pubs.acs.org/doi/suppl/10.1021/acsami.6c02910/suppl_file/am6c02910_si_001.docx
https://pubs.acs.org/doi/suppl/10.1021/acsami.6c02910/suppl_file/am6c02910_si_001.docx
https://pubs.acs.org/doi/suppl/10.1021/acsami.6c02910/suppl_file/am6c02910_si_001.docx
https://pubs.acs.org/doi/suppl/10.1021/acsami.6c02910/suppl_file/am6c02910_si_001.docx
http://www.acsami.org?ref=pdf
https://doi.org/10.1021/acsami.6c02910

www.acsami.org

ACS Applied Materials & Interfaces

Research Article

a A=633nm
IPhoto
» L
%
b
1504 ° 1-Initial (Asymmetric)
i - 1st Switch (Symmetric)
1004 © i - Switch Back (Asymmetric) !
. ¢ iv - 2nd Switch(Symmetric) §
& 501 5.8
e ~
s 1 0 S
L o
< O 58
£ 3
= 50 i - (60£10)x10°% kQ o8
ii - 44.488+0.001 kQ
-1007 iii - 770£10 kQ
1501 iv - 37.120£0.002 kQ2
-0.5-04-0.3-02-0.1 0.0 0.1 0.2 0.3 04 0.5
Voltage (V)
do2o] B R P e fa .19
|| ) o e R Aaad A Switched 1%
+2.5V +2.5V i‘ L . states -of a~1 I~
0.25- +7.5V 4100 ae 30 / 2
S i
o {1805 5 *i0 4~ 2 20 7 8
< § E o g g ]
gox| B s % . s ¢ ; 8 1o
o = =18 o o =
8 s7v. M 180> Bo20fasas*as £%0 P N / S
Qo 2y 2 aE)
0.15- o) o ,‘512" N o 2 «  Dark
~40 > 6l ‘e, b £ 1 Wiem? J
6V BV . g7 ~-e lo 0 P [SIE 10 Wicm? .
o040l M Jsc f 0.15/®%°* e S 05— g 25 Wiem? -\Z
’ O Voc s 120 @ T Syitched R (MQ) . ig 8/vv/\l<;m22 i
——— . — : : E e s 10 namit LA | I
Iniial S1 R1 S2 R2 S3 R3 S ) 4 12 3 4 5 6 7 8 -04 -02 00 02 04
time after switch (h) Rpar (MQ) Bias (V)

Figure 2. Photovoltaic switching due to ionic displacement in a Co(5)/Cg,(20)/MnO,(10) structure-thicknesses in brackets in nm. (a) Schematic
of the measurement setup where a laser focused by an optical microscope is used for photovoltaic probing. The sample is placed on a mechanical
stage that allows for the mapping of the response. (b) I-V characteristic of the device in the four probed states; two with high resistance and
I-V asymmetry, and two low resistance with symmetric transport after an applied —2.5 V bias. (c) Corresponding photocurrent maps across the junc-
tion device. Higher photocurrent near the edge of the structure is due to a thinning of the layers caused by sputtering through a metal shadow mask.
(d) Photovoltaic response for different resistance states. Low resistance switching after an applied negative voltage shaded in yellow. Original state
recovered with a positive voltage. (e) Short-circuit photocurrent and device resistance after a negative voltage. The original high resistance state
emerges again after several hours under continuous exposure to red light. The sudden change in current and resistance is associated to the
re-formation of the interfacial dipole as oxygen migrates close to the MnO, surface. Inset: The time needed for the recovery is inversely proportional
to the resistance value in the switched state. (f) Photoresistance vs resistance in the low resistance switched state (yellow shade) and high resistance
state. (g) Bias-dependent resistivity as a function of the light intensity. All measurements under 100 W/cm?, 633 nm light irradiation.

field, therefore, quenching the photovoltaic effect (see Supporting
Information Table S1 and Figure 3f-h). As the pristine interface
presents electronic transfer from the Cg, molecules contacted to
the MnO, substrate (Supporting Information and ref 34), to a
first approximation this change can be understood as originating
from the motion of negatively charged O-atoms from an initially
negative MnO, substrate into a positively charged C, film, with
ensuing reduction of the charge separation across the MnO,/
Cyo contact and the ensuing interface dipole sustaining the photo-
current. The simulations of the modified Cg,/MnO, systems
reveal that O-atom (ion) diffusion into the Cg, film introduces
minority-spin empty gap states not present in the pristine half-
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metallic C,,/MnO, interface.”®*” In parallel, the LUMO of the
Cgo molecules contacted to the diffusing O-atoms undergoes a
~0.8 eV downward shift toward the Fermi level (Figure S9 and
Supporting Information). Together, these effects open additional
electronic transport pathways, which is consistent with the exper-
imentally observed decrease in resistance.

Both Jy and Vi can be monitored as a function of the light
polarization and magnetic history of the device, see Figure 4a.
Photomagnetic modulation has been put forward as a mecha-
nism for multidimensional spin-optolelectronic strained mag-
netic devices.*> The optical signal is dependent not only on
the resistance state of the device but also on the spin order of
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Figure 3. Side (a) and top (b) view of the optimized, starting C,/Cy,/MnO,(110)—2x2 geometry. (c) Top view of the system without showing the
Cg, molecules, with oxygen atom indices reported in white. Color code: C-cyan, Mn-purple, and O-red. (d) Cumulative visualization of the initial
geometries for the 72 structures created by systematically displacing each O atoms at the MnO, surface: near the surface (“down” structures),
between the two Cg, molecules (“half” structures), and on top of the two Cy, molecules (“up” structures). (e) Optimized geometry for the oxygen
ion #189 displaced to the half position. Atom-resolved projected density of states (PDOS) for the optimized systems with the #189 oxygen ion in the
half position, (f) and in the pristine state, (g) calculated Fermi level is set as 0 eV reference. Note the shift in the MnO, electronic structure and
changes in the available states at the Fermi level of the two molecular layers after ion displacement. (h) Plot of the net charges for the different com-
ponents and species of the 38 C4,/MnO,(110) interface models as a function of the change in interface dipole, with positive changes reducing its
absolute value, and color-coded to differentiate between the down, half and up geometries for the diffusing O-atoms. The horizontal and vertical
red lines mark the results for the initial pristine structure. Further detail and models can be found in the Supplementary Information.

the magnetic electrode. We find a change of 20-40% in ¢ and
10-20% in V5 as a function of the angle, ¢, between the mag-
netization of the cobalt electrode with the polarization of the
incident light. Light polarization effects can take place in hybrid
spintronic photovoltaic devices due to chirality-dependent excita-
tion of spin up/down electrons with clockwise/counterclockwise
circularly polarized light.”** However, in our measurements
the measurements are dependent on the alignment of linearly
polarized light; therefore, the same number of spin up and down
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electrons should be generated. The result is, therefore, unlikely to
be due to spin dependent hopping/tunneling at the molecular or
oxide layers. We attribute this difference in photocurrent with lin-
early polarized light to changes in reflectivity due to the quadratic
Kerr effect, Figure 4b. Lower (higher) Jq. is observed when the
magnetic electrode has previously been aligned parallel (perpen-
dicular) to the light polarization, see Figure 4c—e and Supporting
Information Figure SS. This light polarization vs magnetization
effect depends on the electrical record of the device, ie., whether
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Figure 4. (a) Schematic of the photovoltaic measurements setup with the light polarization axis and examples of short circuit photocurrent, J5c, and
open circuit voltage, V., maps of the response in the junction active area. Note the comparative uniformity of Vi, relative to Jq. across the junction
due to the strong dependence of the photocurrent on the electrode’s thicknesses, which is reduced on the edges of the Co(10)/Cy,(20)/MnO,(10)
device. Blue light (473 nm) with 1 mW power (partly refracted by the top electrode over the junction area), was used for photovoltaic excitation in all
the results that follow. (b) Schematic on the effect on the angle ¢ between light polarization (E,) and magnetization (M, ). When the magnetization
is parallel to the light polarization, there is a reduction in the photocurrent measured. (c) Maps of the photocurrent in a Co(5)/Cy,(15)/MnO,(10)
200 X 100 pm junction when the light polarization is (top) perpendicular (¢ = 90°), and (bottom) parallel (¢ = 0°) to the Co electrode magne-
tization. (d) The total photocurrent in a device is increased at ¢ = 90° for either vertically or horizontally polarized light. (e) Dependence of J5 on ¢
for a pristine device and after a switch to a lower resistance state. Normalized ]y as a function of the magnetic history of the device (OP — after
saturation in an out-of-plane field; IP — after an in-plane field; Dg — after degaussing) for a (f) Co/C,/MnO, device with in-plane easy axis, and
(g) a [Pt(1.5)/Co(0.5)],; electrode with PMA. (h) Magneto-optic Kerr microscope images of the [Co/Pt] electrode after degaussing show the rem-
anent maze domain magnetic structure at the junction. (i) V. measurements do not show sensitivity to the magnetic history of the device. All mea-
surements in (d—g,i) correspond to photocurrent averages of maps over the junction area. Thicknesses in brackets in nm.

a negative (low short-circuit photocurrent, J¢) or positive volt-
age (high Jsc) has been applied. After a factor 10 reduction in
the resistance of device induced with a negative bias, the depen-
dence of the photovoltaic effect on light polarization appears to
be quenched, Figure 4e. This could be due to the measurement
of an effect over a much smaller signal (lower photovoltaic cur-
rent after switching to the low resistance state) or to the migrated
oxygen altering the magnetic structure of the layers and inter-
faces. The photocurrent depends as well on the magnetic history
of the device via its domain structure. Conventional Co/Cg,/
MnO, devices with an in-plane anisotropy show higher Jq. after
the magnetic electrode has been disordered with an out-of-plane
field, and even more so after fully degaussing the electrode to
zero magnetization with a decaying AC field, Figure 4f. In con-
trast to the single layer Co electrode, [Pt/Co],./Cy,/MnO,
devices with a superlattice multilayer magnetic electrode that
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has perpendicular magnetic anisotropy (PMA) show a different
behavior. These structures generate a strong stray field in the
(out-of-plane, OOP) saturated state that reduces spin-
dependent charge accumulation at the interface, increasing the
current Jg- for the PMA saturated state, Figure 4g.
Demagnetizing the PMA structure now generates a maze-
domain state that reduces the stray field at the interface
(Figure 4h), reducing the current. This is the opposite effect seen
for in-plane devices, as there the stray field, and therefore Jq, are
maximized by degaussing the system. The open circuit voltage
V¢ does not show a dependence on the magnetic domain struc-
ture, Figure 4i. V5 can depend on the angle ¢, but the depen-
dence is weaker than in Jy, with changes of only a few
percent, see Supporting Information Figure SS. As it could be
expected, Cu/Cg,/MnO, devices without a magnetic electrode
do not show a dependence on the magnetic history of the device
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when averaged over several measurements (Supporting
Information Figure S6).

4. CONCLUSIONS

Our results show that it is possible to displace reversibly oxygen
ions from a manganese oxide reservoir into a molecular Cg,
layer. The ions alter the electronic states and exciton lifetime
of the fullerenes, leading to changes in the resistivity and lumi-
nescence of the structure. By adding metal electrodes with a
good alignment of the Fermi level and the LUMO molecules,
we can achieve strong charge transfer that forms an interfacial
dipole. The dipoles formed at both molecular interfaces split
excitons and carry electrons (holes) towards the oxide (metal),
leading to a photovoltaic response. This photovoltaic response
is quenched upon oxygen diffusion into the molecular layer.
Furthermore, by using a ferromagnetic metal, we can add func-
tionalities where the photocurrent is dependent on the relative
alignment of the magnetization with the light polarization and
with the magnetic history/domain structure of the device. The
net result is a functional multilayer structure where the resis-
tance and photocurrent output is dependent on the electric
and magnetic record—a magnetic field-dependent-memristor
that acts as well as photovoltaic switch. Our devices are in the
sub-mm scale, and reducing the junction size by using, e.g,
nanopatterned pillar junctions could lead to more reliable and
faster switching, ideally down to the molecule scale. However,
problems with fullerene degradation due to the use of chemicals
in optical and e-beam patterning need to be overcome, and
going below the 10-20 nm scale may result in device-to-
device variations in Cg, growth. The results pave the way to
combine magnetic and electric recording with photoexcitation
in nondissipative spin transport, magnetic information storage
and magnetic dynamics to electrical functionalities, for example,
to recognize and store visual inputs in neuromorphic memris-
tive networks.
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