N

N

Voltage-Driven Fluorine Motion for Novel Organic
Spintronic Memristor
Abir Nachawaty, Tongxin Chen, Fatima Ibrahim, Yuchen Wang, Yafei Hao,
Kevin Dalla Francesca, Priyanka Tyagi, Antonio Da Costa, Anthony Ferri,

Chuanchuan Liu, et al.

» To cite this version:

Abir Nachawaty, Tongxin Chen, Fatima Ibrahim, Yuchen Wang, Yafei Hao, et al.. Voltage-Driven
Fluorine Motion for Novel Organic Spintronic Memristor. Advanced Materials, 2024, Advanced Ma-
terials, 36 (33), pp.2401611. 10.1002/adma.202401611 . hal-04614360

HAL Id: hal-04614360
https://hal.univ-lille.fr /hal-04614360v1

Submitted on 4 Jul 2024

HAL is a multi-disciplinary open access L’archive ouverte pluridisciplinaire HAL, est
archive for the deposit and dissemination of sci- destinée au dépot et a la diffusion de documents
entific research documents, whether they are pub- scientifiques de niveau recherche, publiés ou non,
lished or not. The documents may come from émanant des établissements d’enseignement et de
teaching and research institutions in France or recherche francais ou étrangers, des laboratoires
abroad, or from public or private research centers. publics ou privés.

Distributed under a Creative Commons Attribution - NonCommercial 4.0 International License


https://hal.univ-lille.fr/hal-04614360v1
http://creativecommons.org/licenses/by-nc/4.0/
http://creativecommons.org/licenses/by-nc/4.0/
https://hal.archives-ouvertes.fr

Accepted Article

Title: Voltage-driven fluorine motion for novel organic spintronic memristor

Abir Nachawaty # Tongxin Chen Fatima Ibrahim% Yuchen Wang# Yafei Hao# Kevin Dalla
Francesca, Priyanka Tyagi, Antonio Da Costa, Anthony Ferri, Chuanchuan Liu, Xiaoguang Li, Mairbek
Chshiev, Sylvie Migot, Laurent Badie, Walaa Jahjah, Rachel Desfeux, Jean-Christophe Le Breton,
Philippe Schieffer, Arnaud Le Pottier, Thomas Gries, Xavier Devaux*, Yuan Lu*

* Authors having equal contributions

Dr. Abir Nachawaty, Dr. Tongxin Chen, Prof. Yafei Hao, Dr. Priyanka Tyagi, Dr. Sylvie Migot, Dr.
Laurent Badie, Dr. Thomas Gries, Dr. Xavier Devaux*, Dr. Yuan Lu’

Institut Jean Lamour, CNRS-Université de Lorraine, UMR 7198, 54011 Nancy, France

Email: yuan.lu@univ-lorraine.fr; xavier.devaux@univ-lorraine.fr

Dr. Fatima Ibrahim, Prof. Mairbek Chshiev

Université Grenoble Alpes, CEA, CNRS, SPINTEC, Grenoble 38000, France

Yuchen Wang, Chuanchuan Liu, Prof. Xiaoguang Li

Hefei National Laboratory for Physical Sciences at the Microscale, Department of Physics, University
of Science and Technology of China, Hefei 230026, China

Dr. Kevin Dalla Francesca, Dr. Antonio Da Costa, Dr. Anthony Ferri, Prof. Rachel Desfeux

Univ. Artois, CNRS, Centrale Lille, Univ. Lille UMR 8181, Unité de Catalyse et Chimie du Solide (UCCS),
F-62300 Lens, France

This article has been accepted for publication and undergone full peer review but has not been
through the copyediting, typesetting, pagination and proofreading process, which may lead to
differences between this version and the Version of Record. Please cite this article as doi:
10.1002/adma.202401611.



https://doi.org/10.1002/adma.202401611
https://doi.org/10.1002/adma.202401611
https://doi.org/10.1002/adma.202401611
mailto:yuan.lu@univ-lorraine.fr
mailto:xavier.devaux@univ-lorraine.fr
http://crossmark.crossref.org/dialog/?doi=10.1002%2Fadma.202401611&domain=pdf&date_stamp=2024-06-07

Accepted Article

WILEY-VCH

Dr. Walaa Jahjah, Dr. Jean-Christophe Le Breton, Prof. Philippe Schieffer, Arnaud Le Pottier

Univ. Rennes-CNRS, IPR (Institut de Physique de Rennes)-UMR 6251, F-35000 Rennes, France

Prof. Yafei Hao

Physics Department, Zhejiang Normal University, Zhejiang 321004, China

Keywords: Tunneling magnetoresistance; Memristor; Neuromorphic computation; Poly(vinylidene

fluoride); Langmuir-Blodgett.

Integrating tunneling magnetoresistance (TMR) effect in memristors is a long-term aspiration
because it allows to realize multifunctional devices, such as multi-state memory and tunable
plasticity for synaptic function. However, the reported TMR in different multiferroic tunnel
junctions is limited to 100%. Here, we demonstrate a giant TMR of -266% in
Lay ¢Sro sMnO3;(LSMO)/poly(vinylidene fluoride)(PVDF)/Co memristor with thin organic PVDF
barrier. Different from the ferroelectricity-based memristors, we discover that the voltage-driven
F motion in the junction generates a huge reversible resistivity change up to 10°% with ns
timescale. The removing F from PVDF layer suppresses the dipole field in the tunneling barrier,
thereby significantly enhances the TMR. Furthermore, the TMR can be tuned by different
polarizing voltage due to the strong modification of spin-polarization at the LSMO/PVDF interface
upon F doping. The combining of high TMR in the organic memristor paves the way to develop

high-performance multifunctional devices for storage and neuromorphic applications.

1. Introduction
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Memristor™ have garnered significant interest over the past decade due to their potential

(3.4]

applications, such as non-volatile memory™, neuromorphic and bio-inspired computing™*, and

[5]

threshold logic™'. Various physical mechanisms have been proposed to realize memristive

properties, particularly the reversible transition between the high resistance state and the low

resistance state. These mechanisms include the migration of oxygen vacancies®”, the formation of

[8,9] [10]

metallic filaments™” or agglomeration™ inside the active layer, charging or discharging of

|[11]

nanoparticles in the conduction channel™, metal substitution in 2D materials*, ferroelectricity of

[14,15,16] [17]

tunnel barriers , and magnetic domain motion in magnetic tunnel junctions (MTJs)

Combining the tunnel magnetoresistance (TMR) effect with memristors allows the creation of
new multifunctional devices. The change in resistance not only depends on the memristive
mechanism but also relies on the magnetization configurations of the electrodes. For example, it can
generate multi-level memories to significantly increase the storage capacity™®*%. Additionally, TMR
can provide a new degree of freedom to control the plasticity characteristics of the memristor-based
artificial synapse™®, which is crucial for emulating the synaptic morphological alteration property in
a biological synapse. To date, most TMR combined memristors have been realized through

)[20]

multiferroic tunnel junctions (MFTJs)™, where a ferroelectric barrier is sandwiched between two

[21]

ferromagnetic electrodes. However, the interface spin-polarization”™ can be strongly influenced by

the magneto-electric coupling at the interface and the large dipole and dielectric field inside the

barrier, so that the reported TMR ratio is still small and limited to 100%™,

In this work, we have demonstrated a significant TMR enhancement up to -266% in a
LageSro.4sMnO; (LSMO)/poly(vinylidene fluoride) (PVDF)/Co memristor with a thin organic PVDF
barrier fabricated by the Langmuir-Blodget (LB) method. Generally, PVDF and its copolymers are

well-known for their superior ferroelectric properties™” due to the formation of dipoles between

ted.
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positively charged hydrogen ions (H') and the negatively charged fluorine ions (F')lz‘”. However, in
this work, we have discovered a novel memristive mechanism different than the previously reported
ferroelectricity-induced memristor effect’?>?®. We find that F components can be significantly
decomposed from the thin PVDF layer after the annealing at 120°C on the LSMO electrode. Upon the
polarizing voltage applied to the junction, the F components can be driven either to the LSMO/PVDF
interface or into the top Co layer, reversibly changing the junction resistivity by more than 10°% with
ns timescale. The voltage-driven F motion not only creates a substantial memristor effect but also
strongly modifies the interface spin-polarization, resulting in a change in TMR sign and amplitude.
The removal of F from the PVDF barrier can also explain the reason for the TMR enhancement. The
giant TMR in the organic spintronic memristor has great potential for realizing multifunctional

devices for storage and neuromorphic applications.

2. Results and discussions
2.1 Demonstration of voltage-driven fluorine motion in LSMO/PVDF/Co junctions

Our junction comprises the following structure: SrTiO3 substrate//LSMO (50 nm)/PVDF
(5 layers)/Co (10 nm)/Au (10 nm). The fabrication details are provided in Experimental
Section/Methods. The five-layer PVDF film was deposited using the LB method in a vertical
dipping mode, which is more suitable for fabricating sub-10 nm ultrathin layers”®” than the
spin-coating method*®. We utilized high-resolution scanning transmission microscopy (HR-
STEM) to characterize the interfacial structures. Since atomic force microscopy (AFM)
characterization revealed that the PVDF barrier is not homogeneous due to the incomplete
coverage of PVDF on LSMO (refer to Supporting Information (SI) Note 1), STEM

characterization was focused on the thinnest PVDF region, where the tunneling transport is
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expected to occur. Figure 1a displays a large-scale HR-STEM high-angle annular dark-field
(HAADF) image, clearly delineating the LSMO, PVDF, and Co/Au layers. In the magnified
HAADF image (Fig. 1b), the thickness of PVDF varies from 2 to 5 nm. The roughness of
PVDF is primarily associated with the roughness of the LSMO electrode, exhibiting a peak-
to-peak height of 1-2 nm.

To demonstrate voltage-driven F motion in the LSMO/PVDF/Co junction, we conducted
spatially-resolved electron energy loss spectroscopy (EELS) to analyze the chemical
distribution within the junction structure. Two junctions from the same sample were
polarized in opposite directions before being processed into lamella STEM samples. Figs. 1d-
h display the EELS elemental maps of the positively polarized junction, while Figs. 1j-n
show the negatively polarized one. Apart from the inherent oxygen in the LSMO layer, an
additional oxygen distribution (Fig. 1f,1) is observed above the PVDF layer (depicted by the
carbon (C) signal in Fig. 1d,j). This oxygen signal is likely due to the water or air
contamination on the PVDF surface introduced during the LB fabrication process. The
presence of oxygen cannot be entirely removed even after annealing at 120°C under vacuum.
Consequently, the Co on PVDF undergoes partial oxidation (approximately 1.2 nm). Upon
comparing Figs. 1d,j and Figs. 1f,1, it is evident that the oxidized Co layer uniformly follows
the morphology of the PVDF layer. Interestingly, the locations of the F and C signals do not
overlap, indicating that PVDF has completely decomposed, and F atoms have been driven out
of the PVDF layer. The F elements either move towards the LSMO side in the junction after
positive polarization (Fig. 1e) or enters the Co side after negative polarization (Fig. 1k). In
Figs. 1k and 11, the F signal almost overlaps with the additional O signal, suggesting that all

fluorine contents have migrated entirely into the oxidized Co layer.
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Figure 1. Demonstration of voltage-driven fluorine motion in LSMO/PVDF/Co junctions. a) Large-
scale high-resolution scanning transmission microscopy (HR-STEM) high-angle annular dark-field
(HAADF) image displaying the multilayer structure. b) Enlarged HAADF image showing the thin
PVDF barrier. c,i) HAADF images of the two junctions from the same sample. One is after positive
polarization (c) and the other is after negative polarization (i). d-h, Spatially-resolved electron energy
loss spectroscopy (EELS) elemental maps were generated from the zone shown in ¢ for the positively
polarized junction. j-n) EELS elemental maps were generated from the zone shown in (i) for the
negatively polarized junction. Chemical maps were drawn by processing EELS spectrum images
using the signals of Cx (287 eV) (d,j), Fk (688 eV) (e,k), Ok (532 eV) (f,]), Mn 3, (641 eV) (g,m), and
Cor3. (779 eV) (h,n). Remarkably, the location of F and C signals do not overlap, indicating that
PVDF has been completely decomposed, and F atoms have been driven out of the PVDF layer. The F
element either moves towards the LSMO side after positive polarization (e) or enters the Co side after
negative polarization (k).

2.2 Magneto-transport characterizations of LSMO/PVDF/Co junctions

To investigate magneto-transport properties, we initially fabricated the junction device using an
in-situ mask technique. Fig. 2a illustrates the schematic structure of the LSMO/PVDEF/Co junction on
a SrTiO; (STO) substrate. The inset of Fig. 2a showcases one of the junction devices, approximately
200%x200 pmz in size. In order to demonstrate the memristor effect, we measured the resistance of the
junction after applying different polarizing voltages. Fig. 2b depicts two successive cycles of
resistance vs. polarizing voltage, clearly presenting a high resistance state (HRS, Ry) and a low
resistance state (LRS, R;). The second cycle reproduces HRS and LRS with a narrower coercivity

voltage (~1.2 V) compared to the first cycle (~1.6 V), indicating a history-dependent polarization
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behavior, which will be discussed further below. In comparison to the tunneling electroresistance
(TER) associated with the ferroelectric tunnel junctions, we define the resistance change ratio (RCR)
as (Ry-Rp)/R; x100%, which can reach up to 4300%. This is nearly two orders of magnitude larger
than the TER of 75% reported in previous LSMO/PVDF/Co MFTJ with ferroelectric mechanism™®.
To assess the retention of resistive switching, we conducted 100 cycles of alternate +1.8 V and -2.0 V
polarizations on the junction, as demonstrated in Fig. 2¢. Both resistance states are well preserved
after 100 polarization cycles. For further details regarding the retention measurements, please refer to

SI Note 2.

We also conducted TMR measurements on the thin PVDF junctions. Prior to any
polarization, the junction exhibits a TMR of +4.2% (refer to SI Note 3). Following positive
polarization, the TMR maintains a similar amplitude of +5% in the HRS (Fig. 2d). However,
after appropriate negative polarization in the LRS, we measured a remarkably large TMR,
reaching -120% (Fig. 2e). The distinct resistance plateaus observed between 50 to 400 G and
-80 to -700 G indicate a well-defined antiparallel (AP) magnetic configuration between the
LSMO and Co electrodes. Typically, the TMR is lower than 30-40% for micrometer-sized
organic MTJs fabricated using an in-situ mask technique, as reported in previous studies!*>".
In our case, the observed TMR is nearly one order of magnitude higher than the previously
reported TMR (-15%) in PVDF based MFTJ by spin-coating method**~! (see detailed
comparison in SI Note 4). The remarkably high TMR (-120%) is surprising, especially
considering the large size of the junction (200x200 pm?) and the presence of an

inhomogeneous PVDF barrier. The high resistance of the junction in the LRS (hundreds of

kQ) indicates that transport does not occur across the entire junction surface but is limited to
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a small region where the barrier is thinnest. For additional bias and temperature-dependent
characterizations, please refer to SI Note 5.

We observed that the TMR is sensitive to the cyclic polarization. Following 100 cycles of
polarization, the TMR in the LRS decreases from the initial -120% to -8% (Fig. 2f). However, a
partial recovery of the TMR to -28% is achieved after applying a higher negative polarizing voltage (-
2.4 V). To understand this phenomenon, we characterized the junction after cyclic polarization using
STEM-EELS (refer to SI Note 6). Despite a significant portion (75%) of the F element being
distributed in the CoO layer, a minor fraction (25%) of F still resides at the LSMO/PVDF interface.
This presence effectively reduces the interface spin-polarization (see below ab-initio calculation) and
results in the significant decline in TMR. Consequently, a higher polarizing voltage is necessary to
drive the residual F element away from the LSMO side, facilitating the TMR recovery. Careful
adjustment of the polarization voltage enables precise control of F distribution at both interfaces,

ensuring the reproducibility in the resistivity switching and achieving the desired TMR ratio.

Ak
Ak

Figure 2. Magneto-transport measurements on LSMO/PVDF/Co devices fabricated with an in-situ
mask. a) Schematics illustrating the structure and measurement setup of the LSMO/PVDF/Co/Au
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device. Inset: Optical image of the junction with dimensions of 200x200 pm®. b) The first two
successive loops of resistance vs. polarizing voltage on the same junction. Resistance was measured
under V,,.s=+10 mV. ¢) Display of 100 cycles of resistive switching. Resistance was measured after
each polarizing with Vp=+1.8 V (dark yellow) and Vp=—2.0 V (red), respectively. Inset: Diagram
illustrating the polarization voltage on the junction for one cycle of polarization. d) Tunneling
magnetoresistance (TMR) measured under V,..=+10 mV at 7=11 K after positive polarization with
Vp=+2.1 V. e) TMR curves measured after negative polarization with Vp=-1.9 V. f) TMR curves
before cyclic polarization (black), after cyclic polarization (dark yellow) and after cycling plus -2.4 V
polarization (red).

2.3 Giant TMR and synaptic function in small size junctions

To further optimize the device performance, we developed a UV lithography technique to
fabricate smaller junctions, achieving dimensions as small as 5x5 pm?” (Inset in Fig. 3a). Remarkably,
after proper negative polarization, the junctions with a thinner barrier (3 layers of PVDF) exhibit
significantly higher TMR, reaching up to -266% (Fig. 3b). In fact, the spin diffusion length in the
ferroelectric PVDF barrier is much smaller (7.2 nm at 20 K)?* compared to those reported in non-
ferroelectric organic barriers such as Algs (45 nm at 10 K)®*! and P(NDI2OD-T2) (64.5 nm at 4.2
K)"*. This normally should result in a considerably lower TMR in the LSMO/PVDF/Co junction
compared to the LSMO/AIqs/Co junction. However, the measured high TMR suggests a notably
increased spin diffusion length in the PVDF barrier after the removal of F. This enhancement is likely
attributed to the elimination of the dipole or dielectric fields within the PVDF layer, resulting in the
reduced electron scattering within the barrier and consequently an enhanced spin diffusion length.
Furthermore, decreasing the junction size effectively promotes the junction homogeneity, further

amplifying the TMR ratio.

Additionally, we conducted measurements of resistance vs. polarizing voltage loops for
the junction using various pulse widths (Fig. 3¢). The measuring voltage (Vmes) was set at
+0.2 V. Surprisingly, we have observed a significant enhancement in RCR in the small

junctions, reaching up to 10°% with 10 us pulsed polarization. Even with 20 ns pulse width,
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we still achieve a RCR of 10°%. It is found that longer pulse duration than 10 ps has very
little effect on the RCR. The shape of the loop remains almost unchanged as the pulse width
reduces to 100 ns. However, below 100 ns, the LRS resistance starts to increase, leading to a
reduction in RCR. We found that the shape of the pulsing voltage is significantly altered
below 100 ns due to the impedance mismatch in our electric circuit (refer to SI Note 7),
effectively diminishing the polarization efficiency. Nevertheless, the rapid polarization
indicates that the motion speed of F element can exceed at least 0.1 m/s by crossing the
PVDF barrier within the limitations of our setup. This speed is notably faster than the
previously reported ionic motion speeds in other non-organic ionic devices™>>**. We have
compared the performance of our memristor with other state-of-art MFTJs where the
memristive mechanism is due to the ferroelectricity of tunneling barrier (see SI Note 8).

In addition to showcasing the bipolar switching characteristics, we also demonstrate the
capability to tune the resistance of the memristor continuously by adjusting the polarity of the applied
programming voltage. Fig. 3d presents the results when the junction is polarized using a series of
positive (+1 V, 10 ms) and negative (-1 V, 10 ms) pulses. The positive voltage pulses progressively
elevate the junction resistance, whereas the negative pulses reduce the resistance. This mimics
synaptic potentiation and depression processes. Moreover, due to the interplay of the TMR effect, the
resistance displays distinct responses for parallel and antiparallel magnetization configurations. This

effect suggests the potential of utilizing an external magnetic field to modulate the synaptic

1
response[ 6].

Spike-timing-dependent plasticity (STDP) is a crucial mechanism in competitive
Hebbian learning, enabling adjustments in synaptic weight based on the precise timing of pre-

and postsynaptic spikes'*. We emulate the STDP function in our memristor by applying a
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voltage waveform depicted in the upper panel of Fig. 3e, simulating the activities of pre- and
postsynaptic neurons (Vpre and Vpos). The waveform comprises a rectangular voltage pulse
followed by a smooth slope of the opposite polarity, carefully controlled to ensure the voltage
never exceeds the threshold voltage (V,), thus preventing a single spike from altering the
resistance. When both pre- and post-neuron spikes reach the memristor with a delay A¢, the
resulting combined waveform temporarily surpasses Vi, (Insets of lower panel of Fig. 3e).
This leads to either an increase (AG>0, strengthening) or a decrease (AG<0, weakening) in
synaptic connectivity, with the weight change (AG/G) depending on the sign of Az. As
depicted in the lower panel of Fig. 3e, for A£>0 (At<0), the synaptic weight undergoes
augmentation (diminution), representing long-term potentiation (depression) characters. Our

[15:16] ' i]lustrating that only closely timed spikes

findings closely align with other studies
induce a conductance change, while prolonged delays do not alter the conductivity. The

successful replication of these biological synaptic functions underscores the high potential of

our organic memristor for integration into artificial neural systems.

pted Article
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Figure 3. Giant TMR and synaptic function measurements on LSMO/PVDEF/Co devices fabricated by
UV lithography. a) Optical image of LSMO/PVDF/Co/Au device fabricated by UV lithography. Inset:
Magnified optical image displaying one junction with dimensions of 5x5 pm®. b) TMR curves
measured under V,.,=+10 mV at 7=14 K after negative polarizing with V,=-1.6 V. c) Resistance vs.
polarizing voltage loops with different pulse widths. Resistance was measured under V,,.,c=+0.2 V at
7=10 K. d) Evolution of junction resistance (lower panel) as a function of a series of n identical
positive pulses (+1 V, 10 ms) followed by n identical negative pulses (-1 V, 10 ms), with n
exponentially increasing from 4 to 32 (upper panel). The junction resistance exhibits a different
response when the magnetization configuration is in parallel (P) and antiparallel (AP) states. €) Upper
panel: Pre- and postsynaptic spikes with a total length of 20 us. The amplitudes of the rectangular
voltage pulse and opposite slope are +0.6 V and -0.75 V for the spike from presynaptic neuron, and
+0.8 V and -0.55 V for the spike from postsynaptic neuron, respectively. Lower panel: Measurements
of spike-timing-dependent plasticity (STDP) at 10 K. The ratio of device conductance change (AG/G)
as a function of the delay (Ar) between pre- and postsynaptic spikes. Insets: Waveforms resulting from
the superposition of pre- and postsynaptic spikes.

2.4 Ab-initio analyses of spin polarization with F incorporation

To unveil the origin of the polarization-dependent TMR effect, we performed ab-initio
calculations, considering four distinct possible interfaces corresponding to the experimental
cases (see Experimental Section/Methods). For positive polarization, the first interface
entails F atoms inserted at the LSMO/C-H chains interface (Fig. 4a), while the other interface
comprises bare C-H chains/CoO (Fig. 4¢). In the case of negative polarization, the first
interface is modeled with bare LSMO/C-H chains (Fig. 4e), and the second interface involves
C-H chains/CoO with the incorporation of F atoms (Fig. 4g). For simplicity, we employed C-
H chains to simulate the PVDF after F decomposition. It is found that the C-H chains possess
a large band gap (~5.5 eV), akin to that of the PVDF chains. Consequently, we attribute any
states within this gap as interface states induced by the magnetic electrodes (either LSMO or
Co0). It is known that when organic molecules come into contact with a ferromagnetic metal,
hybridization between the molecular orbitals and the spin-split bands of the ferromagnet

gives rise to the "spinterface", exhibiting highly efficient spin-filtering properties!®>"!. To
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explore the potential of these C-H chains in spin filtering of tunneling electrons, Figs.
4b,d,f,h display the spin-resolved density of states (DOS) projected on the carbon atoms and
the corresponding spin polarization (Ps) for each interface. We observe that P highly
depends on the placement of the F atoms. When F is inserted into LSMO under positive
polarization, we observe a low P of approximately +9% (Fig. 4b). However, upon removing
F under negative polarization, a high Ps of nearly +100% is achieved (Fig. 4f), reflecting the
half-metallicity of the bare LSMO. On the other side, inserting F into CoO under negative
polarization results in a negative Ps of about -15% (Fig. 4h), while P changes to
approximately +48% after removing the F atoms (Fig. 4d). By considering the Julliére
formula for tunneling between two FM electrodes®®!, we can estimate a positive (negative)
TMR sign for positive (negative) polarization conditions, respectively, which qualitatively
aligns with the aforementioned observed TMR values (+5% and -120%) for different
polarization states. The sign change of spin-polarization at the PVDF/CoO interface
with/without F incorporation explains the observed TMR sign change. The rapid decrease in
TMR under positive polarization is attributed to the reduction in spin-polarization at the

LSMO/PVDF interface due to the F insertion.
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Figure 4. Ab-initio calculations of spin-polarization at four interfaces in LSMO/PVDF/Co structure
under different polarizations. a,e) Supercells of LSMO:F/C-H chains (a) and bare LSMO/C-H chains
(e). b,f) Spin-dependent carbon-projected density of states (C-PDOS) and the spin-polarization plotted
for LSMO:F/C-H chains (b) and bare LSMO/C-H chains (f), respectively. c,g) Supercells of bare
CoO/C-H chains (c¢) and CoO:F/C-H chains (g). d,h) Spin-dependent C-PDOS and the spin-
polarization for bare CoO/C-H chains (d) and CoO:F/C-H chains (h), respectively. a-d) correspond to
the interfaces under positive polarization. e-h) correspond to the interfaces under negative
polarization.

2.5 Mechanism of memristive effect
To comprehend the memristive effect associated with the F motion, we conducted /-

characterizations at various temperatures for both polarization states (SI Note 9). By
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employing the Brinkman model to fit the /- curves™”

, we extracted parameters such as
barrier thickness, height, and asymmetry. The two resistance states exhibited distinct barrier
thicknesses, with the HRS having a thickness about 0.8 nm larger in the low-temperature
range (<100 K). Considering that F insertion in LSMO was observed in the HRS, one might
hypothesize that LSMO doping with F may create an additional tunneling barrier. However,
ab-initio calculations reveal that the DOS at the interface of LSMO:F/C-H chains is
significantly enhanced due to the F insertion (SI Note 10), which also results in the reduction
of interface spin-polarization. Therefore, attributing the increase in barrier thickness to the F
insertion into LSMO is not appropriate. Another possibility could be the alteration in
resistivity in the CoO layer due to the F incorporation. As previously reported, CoO is a
semiconductor with a band gap of approximately 2.2-2.8 eV***!!, consistent with our ab-
initio calculations (~2 eV). Nevertheless, F doping in CoO introduces strong states in the
band gap at the Fermi level (SI Note 11), elucidating the observed reduction in resistivity
under negative polarization. Under positive polarization, the F atoms are driven towards
LSMO, restoring the resistivity of CoO and re-establishing the additional tunneling barrier. In
Fig. 5, we present schematics illustrating the change in barrier thickness under different
polarization states. This explanation also accounts for the disparate temperature dependencies
outlined in SI Note 5. The rapid decline in resistance in the HRS signifies a characteristic of
hopping transport through a thick tunneling barrier'**!. Furthermore, we have performed the
capacitance-voltage (C-V) measurements in our LSMO/PVDF/Co junction sample fabricated
by in-situ mask (SI Note 12). The C-V characteristic observed in our junction prepared by the
LB method, is entirely distinct from the "butterfly" pattern observed in typical ferroelectric

PVDF. These findings undeniably confirm that the decomposed thin PVDF layer in our
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junction no longer exhibits ferroelectric properties. We observed a character of C-V
hysteresis loop with clear two-level capacitance dependent on the applied voltage, which is
well consistent with the resistivity switching mechanism attributed to the change in tunneling

barrier thickness induced by the F motion.
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Figure 5. Mechanism of the memristive effect. a,b) Schematics illustrating the change in the
barrier thickness under positive polarization (a) and negative polarization (b). With voltage-
controlled F motion, the barrier thickness is considered to be a sum of PVDF and CoO layers
under positive polarization, while only the PVDF layer is considered as the tunneling barrier
under negative polarization due to the reduction of CoO resistivity with F insertion.

2.6 Mechanisms for voltage-driven fluorine motion

Several possibilities could potentially lead to the dissociation of F from the PVDF layer,
including the polarizing voltage, Co/Au deposition, or the LSMO bottom layer. To elucidate
the underlying origin, we have examined the interface structure and chemistry of the PVDF

film on LSMO without Co/Au deposition. Our observations reveal a significant concentration
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of F on the surface of LSMO, whereas the F concentration was notably reduced near the

PVDF/LSMO interface (see SI Note 13 for details). In addition, by performing piezo-
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response force microscopy (PFM) on the PVDF/LSMO sample, we have discovered a strong
degradation of PVDF ferroelectricity upon applying a positive voltage from the tip (see SI
Note 13) when F atoms are driven into LSMO. All evidence indicates that the PVDF
undergoes an initial decomposition by the LSMO substrate even before Co/Au deposition.
LSMO is known to contain oxygen vacancies, particularly on its surface!**!, depending on the
growth process!**!. This characteristic could trigger the fluorination of LSMO and the
subsequent decomposition of PVDF during the 120°C annealing procedure.

Upon the application of a polarizing voltage, the decomposed F is driven towards different
interfaces, resulting in the significant memristive effect. There are several possible mechanisms to
describe this voltage-driven F motion. Firstly, it could involve the motion of negative F™ ions, similar
to the reversible magnetization tuning demonstrated in Ruddlesden-Popper manganite
La,-»,Sr1:2Mn, 05 by electrochemical F~ ion (dc—‘:)intercalation[45 1. However, this mechanism can be
ruled out in our case, as it would result in an opposite F location according to the electric field applied
for the polarization (Fig. 5). Another possibility is linked to the decomposition of PVDF, forming HF
molecules that can be driven by the voltage. However, it can also be excluded because this type of
decomposition is known to occur at temperatures higher than 400°C*!, where HF exists in a gaseous
form. Thirdly, it is unlikely to move the highly electronegative (4.0) F atoms across the PVDF layer
without interacting with other matter. We believe the most plausible scenario is that the C-F bond
remains during the F motion, while the bond repeatedly breaks and re-bonds with another C driven by
the electric field. A similar mechanism has been proposed for F atom diffusion on the Si(111)

35,36,45,48 . P
[35.36.45, ], atomic motion 1n

surface*”). Unlike ionic motion in the non-organic magneto-ionic devices
organic structures can be mediated by carbon dangling bonds providing available sites for atomic

diffusion. Additionally, the dipole associated with C-F bonds could induce the rotation of C-H chains
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under an applied electric field, facilitating F motion across the PVDF layer. For a more in-depth

discussion, please refer to SI Note 14.

It has been noted that the two resistance vs. polarizing voltage loops exhibit different coercivities,
as illustrated in Fig. 2b. Specifically, we consistently observe that the coercivity voltage during the
first cycle is larger than that in the second cycle. However, starting from the third cycle, the loops can
well overlap with the second cycle. This suggests that during the first cycle measurement, more
energy is required to initialize the motion of F through the PVDF layer. However, once the junction is
activated, the motion of F becomes more facile, allowing it to follow the established path across the

PVDF layer driven by the polarizing voltage.
3. Conclusions

In conclusion, we have successfully achieved a remarkably high tunneling magnetoresistance in
an organic spintronic memristor, employing a novel memristive mechanism based on voltage-
controlled fluorine motion. The exceptional performance demonstrated in both tunneling
magnetoresistance and resistance change ratio promises the advancement of multifunctional devices,
enabling the applications such as multi-level storage and plasticity-tunable artificial synapses for
neuromorphic computing. In addition, the capability to control the sign and tune the amplitude of
TMR through electrical polarization of the organic memristor is analog to the tunneling electro-
magnetoresistance (TEMR) defined for METI™], which is a strongly desired property for electronic
control of next-generation spintronic device applications. Moreover, the prospect of fabricating large-
scale organic layers through low-cost, solution-based Langmuir-Blodgett processes makes these

developments highly attractive for wearable, flexible, and implantable device applications™".

Experimental Section/Methods
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Sample Preparation: The LSMO/PVDF/Co/Au structures were fabricated with the following
procedure. Initially, a 50 nm thick Lag ¢Sty 4MnQOj; film was epitaxially grown on a (001)-oriented
SrTiOj; substrate using pulsed laser deposition (KrF laser 248 nm) at a deposition temperature of
750°C in a flowing oxygen atmosphere at 300 mTorr. Next, PVDF films were deposited using a
vertical Langmuir-Blodgett method (KSV NIMA) as outlined below. We purchased PVDF beads from
Sigma-Aldrich (Ref. 427152). The average M,, is ~180,000 g/mol determined by GPC, and the average
M, is ~71,000 g/mol. A small amount of solution with a concentration of 0.01 wt% of PVDF
dissolved in dimethyl sulfoxide (DMSO) was dispersed onto the surface of an ultra-pure water
subphase. The PVDF molecules were then compressed by slowly approaching two barriers until
reaching a surface pressure of 5 mN/m. Subsequently, multiple PVDF layers were successively
transferred to the substrate by vertically lifting the sample at a speed of 3 mm/min, waiting 30 minutes
for each layer to dry. Following this, the PVDF film was annealed at 120°C both in a glove box under
an Ar atmosphere and in a molecular beam epitaxy (MBE) system under vacuum for 1 hour to
eliminate the water and CO, contamination. Finally, 10 nm thick Co and 10 nm thick Au layers were
deposited sequentially by e-beam evaporation in MBE, with the deposition carried out at 93 K to

minimize the metal diffusion into the organic materials.

Two types of devices were fabricated. For the first type, schematically shown in Fig. 2a, the
LSMO layer was initially etched using a diluted hydrogen chloride solution (37%) to create a 200 pm
wide bar, serving as the bottom electrode. Five PVDF layers were then prepared by LB dip coating,
with a nominal thickness of 5x2.2 nm=11 nm"”". Subsequently, the top Co(10 nm)/Au (10 nm)
electrode was deposited using an in-sifu shadow mask. The resulting junction, schematically depicted
in the inset of Fig. 2a, has a typical dimension of about 200x200 um?. For the second type of device,
the LSMO bottom electrodes underwent UV lithography and ion milling processes to create junctions

ranging in size from 5x5 to 40x40 pm? (Inset of Fig. 3a). Due to the reduction in junction size, a
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thinner barrier of three PVDF layers was prepared. Following the deposition of the top Co/Au layers,
UV lithography and ion milling were utilized again to fabricate the top electrodes (Fig. 3a). In both
cases, 10 nm of Ti and 70 nm of Au were subsequently deposited on the LSMO and Co/Au electrodes

to serve as bonding pads.

STEM-EELS characterization: HR-STEM coupled with spatially resolved EELS was conducted using
a probe-corrected JEOL ARM200F microscope (cold FEG) equipped with a GATAN GIF quantum
energy filter to reveal the structure and elemental distribution. The microscope was operated at 80 kV,
and HAADF images were acquired during EELS mapping. EELS spectrum images were captured
with a probe current of approximately 50 pA. Two EELS spectrum images were acquired
simultaneously: one for the low-loss region containing the zero-loss and the other for the core loss.
This method allows for advanced data post-processing, including energy drift correction and multiple
scattering corrections. To enhance the quality of the STEM-EELS data, a multivariate statistical
analysis software (temDM MSA) was employed to de-noise the core-loss spectrum image before
processing the quantitative chemical maps”". Thin lamellas were fabricated through focused ion

beam (FIB) milling using an FEI Helios Nanolab 600i dual-beam system.

AFM and PFM characterization: The surface morphology of the films was characterized using atomic
force microscopy in tapping mode (TM-AFM) with an NX10 microscope (Park Systems, South
Korea). Additionally, the local piezo-/ferroelectric behavior was probed utilizing the piezo-response
mode of the AFM (PFM) on an MFP-3D AFM microscope (Asylum Research/Oxford Instruments,
Santa Barbara, CA, USA), operating under ambient conditions. Switching spectroscopy PFM (SS-
PFM) was employed in remnant mode by applying a continuous driving voltage Vxc of 2 V for
PVDEF/Au and 3 V for PVDF/LSMO, superimposed on an intermittent DC bias voltage between the
conductive AFM tip and the grounded substrate. The off-field measurements yielded phase and

amplitude piezo-response loops by promoting an electromechanical response against the electrostatic
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interaction®”. The dual AC resonance tracking (DART) mode of the PEM was utilized to enhance the
low PFM signal. These analyses were conducted using a Pt/Ir-coated tip and a cantilever with a

stiffness of approximately 1.9 N-m™ (PPP-EFM, NanoSensors) as the nanometric conductive probe.

Magneto-transport measurement.: For the device fabricated by an in-situ mask, the magneto-transport
measurements were conducted using a liquid helium cooling cryostat. The temperature was varied
from 10 K to 300 K and a magnetic field up to 3 kG was applied. /- measurements were performed
in two-terminal geometry using a Keithley 2450 as the voltage source and a Keithley 6487
picoammeter to measure the current. To polarize PVDF junction, electric voltage pulses with a ramp

rate of 1 V/s and a duration of 1 s was applied to the junction with different voltage amplitude. The

TMR is defined as: TMR = R‘f;—_RP x 100% for positive TMR, and TMR = RA;—_RP x 100% for

P AP

negative TMR, where Rp and Rap represent the junction resistance when the magnetizations of the two

electrodes are parallel and antiparallel, respectively.

For characterizing the magneto-transport properties of the small junctions fabricated using UV
lithography, a physical property measurement system (EverCool-II, Quantum Design) was utilized to
maintain a low-temperature environment. Pulsed voltage was generated using an arbitrary function
generator (AFG 31000 Series, Tektronix), and the resistance was measured using a Keithley 2410
source meter. In the case of STDP characterization, a semiconductor parameter analyzer (4200A-SCS,

Keithley, USA) was used to apply two programmable voltage spikes.

The C-V measurements were conducted at room temperature utilizing an HP4284 LCR meter,
employing a sinusoidal voltage with an amplitude of 30 mV. The frequency range spanned from 200

Hz to 1 MHz.

Ab-initio calculations: Our first-principles calculations were conducted utilizing the projector-

54,55]

augmented wave (PAW) method™®, as implemented in the VASP package! with employing the
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generalized gradient approximation®®. To simulate the decomposed PVDF layer condition, we have
utilized C-H chains without F, assuming that all F atoms have decomposed and diffused into the
interface for the thin PVDF layer. For modeling the C-H chains, three monolayers of F-deprived
PVDF chains were employed. The LSMO structure consists of a rock salt layer of Lag sSrysO on top
of two layers of LaSrMnOs. This Ruddlesden-Popper (RP) type structure of manganite is known to
favor fluorine intercalation'*!, which could also be attributed to the possible sub-stoichiometric
condition on the LSMO surface. The LSMO/C-H chains interface was constructed by matching a 2x4
supercell of LSMO (001) (¢=7.79 A and »=3.91 A) with a 1x3 supercell of C-H chains (a=8.58 A,
b=5.12 A) on top. To model the insertion of F atoms into the LSMO surface, we have utilized a
fluorinated phase of RP-type LSMO with an additional F layer at the LSMO/C-H interface. The other
interface observed in the experimental samples was simulated using a (2x2x2.5) supercell of CoO
(a=4.59 A) matched with a (1x2) C-H chains. The magnetic ordering in CoO was set to
antiferromagnetic type II, consistent with experiments®” and theory™®. To account for the localized
d-orbitals in LSMO and CoO, we have adopted the GGA+U approach, including Hubbard U=4 eV,
J=1 eV for the Mn-d orbitals, and U=5 eV, J=1 eV for the Co-d orbitals. In all calculations, the in-
plane lattice constants were fixed to that of bulk LSMO. Atomic coordinates were relaxed until the
forces became smaller than 1 meV/A. A kinetic energy cutoff of 500 eV was employed for the plane-
wave basis set, and the I" point was used to sample the first Brillouin zone. To accurately describe the
interaction of C-H chains with the substrate, van der Waals forces were incorporated using the

Grimme type dispersion-corrected density functional theory-D2". Finally, the spin-polarization of

Dosmajority_Dosminority
Dosmajority 4 posminority

the DOS was calculated as Py = X 100%.
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Summary: We discover the voltage-driven F motion in the Lag¢SrosMnO3;(LSMO) /poly (vinylidene
fluoride) (PVDF) /Co junction, which can generate a huge reversible resistivity change up to 10°%
with ns timescale upon polarizing voltage. The removing F from PVDF layer also significantly
enhances the tunneling magnetoresistance, paving the way to develop multifunctional organic

spintronic memristor for storage and neuromorphic applications.
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