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ABSTRACT:

The ferroelectric control of spin-polarization at ferromagnet (FM)/ferroelectric organic (FE-Org) interface
by electrically switching the ferroelectric polarization of the FE-Org has been recently realized in the organic
multiferroic tunnel junctions (OMFTJ) and gained intensive interests for future multifunctional organic
spintronic applications. Here, we report the evidence of ferroelectric “ailing-channel” in the organic barrier
which can effectively pin the ferroelectric domain, resulting in nonswitchable spin polarization at the FM/FE-
Org interface. In particular, OMFTJs based on LaoeSrosMnOs/P(VDF-TrFE) (t)/Co/Au structures with
different P(VDF-TrFE) thickness (t) were fabricated. The combined advanced electron microscopy and
spectroscopy studies clearly reveal that very limited Co diffusion exists in the P(VDF-TrFE) organic barrier

when the Au/Co electrode is deposited around 80K. Pot-hole structures at the boundary between the P(VDF-
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TrFE) needle-like grains are evidenced to induce “ailing-channels” that hinder efficient ferroelectric
polarization of the organic barrier and result in the quenching of the spin polarization switching at Co/P(VDF-
TrFE) interface. Furthermore, the spin diffusion length in the negatively polarized P(VDF-TrFE) is measured
to be about 7.2nm at 20K. The evidence of the mechanism of ferroelectric “ailing-channels” is of essential
importance to improve the performance of OMFTJ and master the key condition for an efficient ferroelectric

control of the spin polarization of “spinterface”.



The organic multiferroic tunnel junctions (OMFTJs)23 have recently attracted much attention since they
combine advantages of spintronics, organic electronics, and ferroelectric electronics. In comparison to
inorganic based devices, organic materials are appealing because of the long spin lifetime of charge carriers,*
low cost, and chemical diversity.>® In an OMFTJ, the core structure comprises a ferroelectric organic (FE-
Org) tunnel barrier layer sandwiched between two ferromagnetic (FM) electrodes. Owing to the combined
tunneling magnetoresistance (TMR) and tunneling electroresistance (TER) effects,”:8:9:10.11.12.13 jt shows a
performance of a four resistance states.® More interestingly, it has been demonstrated that the spin-polarization
at the FM/FE-Org interface, called as “spinterface”, can be inversed by electrically switching the ferroelectric
polarization of the FE-Org.® This discovery emphasizes the critical role of “spinterface”41%:16:17 on the
determination of the spin polarization at organic/ferromagnetic interface and open new functionality in
controlling the injection of spin polarization into organic materials via the ferroelectric polarization of the
barrier. Despite much effort, direct observations of the FM/FE-Org interfaces and investigation of the influence
of FE-Org ferroelectricity on the spin-transport properties governed by the “spinterface” are largely insufficient
and remain elusive.

The ferroelectric organic P(VDF-TrFE) material!®120:21 exhibits good piezoelectric and pyroelectric
responses as well as low acoustic impedance which matches water and human skin. In the PVDF based
ferroelectric tunnel junctions (FTJs) of Au/PVDF/W,?? 1000% TER at room temperature (RT) has been
achieved. In this work, OMFTJs based on LasSrosMnQO3z/P(VDF-TrFE)(t)/Co structures with different
thickness, t, of P(VDF-TrFE) were fabricated. By combining scanning transmission electron microscopy
(STEM) and electron energy loss spectroscopy (EELS), we investigate the local chemical composition of the
structures, especially to understand the stability of the layers, and check the presence of “dead layers” in the
organic layer due to the metal diffusion. A mechanism of the ferroelectric “ailing-channels” that hinders the

efficient ferroelectric polarization of the organic barrier and consequently quenches the spin polarization



switching at FM/FE-Org interface was evidenced. The understanding of the microstructure influence is of
essential importance for the improvement of the OMFTJ device performance and mastering the key conditions

for the ferroelectric control of the spin polarization of the “spinterface”.

Results and discussions.
Interface morphology and chemistry study by STEM combined with EELS.

OMFTJ samples based on LagsSrosMnOs/P(VDF-TrFE)(t)/Co/Au structure on SrTiO; substrate were
prepared. Different thicknesses of P(VDF-TrFE) (15nm, 19nm and 33nm) are used as tunneling barrier layer.
Hereafter, we call them as thin (15nm), medium (19nm) and thick (33nm) sample, respectively. Figure la
shows a high-angle annular dark-field (HAADF) STEM image of the thin sample. The bottom LaoSro4MnOs
(LSMO) magnetic electrode reveals a good homogeneity with a thickness of 85 nm and low roughness of about
3 nm. However, the P(VDF-TrFE) barrier with a mean thickness of 15 nm appears rough with a peak-to-peak
roughness of about 8 nm (zoomed in Figure 1d). Some “pot-hole” structures are found in the organic barrier
(indicated with red arrows). The surface morphology of P(VDF-TrFE) barrier is also investigated by atomic
force microscopy (AFM) and it reveals a root-mean-square (RMS) roughness of 2.1 nm in the 1x1 pm2 window
(Figure 1b). The surface morphology exhibits a needle-like crystallite feature with a width of about 50 nm and
length of about 100 nm, which is a characteristic of the ferroelectric g phase of P(VDF-TrFE).2 Figure 1c
shows the section profile extracted from the AFM image (marked with the blue line on Figure 1b), which is
compared with the profile of the Co/P(VDF-TrFE) interface from the HAADF STEM image (Figure 1d)
recorded on the cross section of the film. The very good agreement between the two profiles proves that no
modification of the sample morphology occurs during the preparation of the lamella for the STEM observation
by focus ion beam (FIB) lift out method. The “pot-hole” structure observed in the STEM image can then be
understood to be formed at the boundary of P(VDF-TrFE) needle-like grains. In Figure le, we present STEM

image of the OMFT]J stack structure with medium thickness of P(VDF-TrFE). Compared to the thin sample,
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the thickness of the organic barrier of the medium sample appears much homogenous with a lower roughness
about 5 nm. No obvious “pot-hole” structure is found in the observed region.

In the previous works reported on the organic magnetic tunnel junctions based on soft organic materials,
such as Algs?*2°26 buckminsterfullerene!® and P(NDI20OD-T2)?, it is noteworthy that there exists the
penetration of chemical elements from the top metallic electrode into the soft organic layer, leading to a “ill-
defined” organic spacer to modify the spin transport properties.?® In order to examine the chemical diffusion
issue in our OMFTJ, HAADF STEM imaging coupled to high spatial resolution STEM-EELS was employed
to characterize the chemical distribution at the FM/FE-Org interface. Figure 2a displays the ADF STEM image
of the interfacial structure of the thin device. One can distinguish some grey contrast zones between the Co
and P(VDF-TrFE) layers and also between the P(VDF-TrFE) and LSMO layers (indicated with blue arrows).
These grey zones are due to the roughness of Co/P(VDF-TrFE) and P(VDF-TrFE)/LSMO interfaces. Since
the lamella prepared by FIB has a certain thickness, the grey zone is a result of the superposition of Co-P(VDF-
TrFE) or P(VDF-TrFE)-LSMO layers. EELS spectrum images are registered in the area where the apparent
superposition of phases is minimum (area marked with blue rectangle in Figure 2a). The chemical maps
resulted from this analysis are presented in Figure 2b. The maps of chemical elements Co (sky-blue), C (red)
and La (magenta) are extracted from the EELS spectrum images by using signals of Co.3(779eV), Ck(280eV)
and Lawms(820eV) edges, respectively. The irregular aspect of the interfaces in the resulting chemical maps is
due to the drift correction when recording the spectrum image. Despite the drift, it appears clearly that there is
quite limited Co diffusion inside the organic barrier. Since the large roughness of organic barrier is due to the
needle like grains of P(VDF-TrFE), one may suppose that the Co diffusion could happen in the grain
boundaries. To clarify this point, zones where grains form a “pot-hole” structure are studied (Figure 2c). EELS
spectra were recorded crossing the P(VDF-TrFE) layer where Co and P(VDF-TrFE) are superposed. Figure

2d and 2e present the EELS spectra recorded on the positions 1 to 5 marked in the Figure 2c. One can follow
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the intensity of Cors2and Ci peaks. Although strong peaks of Coys2 exist in the superposition zone (No.2, blue
line), Co signals disappear at the end of this zone, indicating pure P(VDF-TrFE) layer in the boundary zone
(No.3, purple line). This clearly confirms that the Co diffusion is also very limited in the grain boundaries in
the P(VDF-TrFE) barrier. More structure and chemistry analysis of the thin and medium samples can be found
in Supporting Information S2 and S3.

This result is quite surprising compared to the reported diffusion of metals into the organic layer.162427
The absence of the Co diffusion into the P(VDF-TrFE) can be a result of the growth of the Au/Co electrode at
low temperature (~80K) (please see Supporting Information S1). For comparison, we also fabricated one
sample in which the Au/Co electrode was deposited at room temperature. Figure 3 shows the STEM image
and corresponding EELS maps of different elements in the area marked with the blue rectangular in Figure 3a.
We can observe a grey layer indicated with the yellow arrow in the STEM image (Figure 3a). This layer is
homogeneously following the surface morphology of P(VDF-TrFE) and has an almost constant thickness of
about 5nm, which is obviously different from the above-mentioned character of the superposition zone due to
the interface roughness effect. Moreover, the EELS maps reveal that Co and C coexist in this zone (Figure 3b).
Therefore, it can be identified to be the Co inter-diffusion region to form the “ill-defined” dead layer, as
reported in many literatures.'®?42” The recent work by Subedi et al. also reported TMR in LSMO/P(VDF-
TrFE)/Co junction.?® However, their TMR sign cannot be modulated with changing the ferroelectric
polarization of the organic barrier. Since their Ag/Co electrode was deposited at RT, this induces a quite large
Co diffusion into the Co/P(VDF-TrFE) interface and thus the spin polarization switching at the spinterface is
guenched. The direct observation of the FM/FE-Org interfaces proves that the low temperature metal
deposition technique can greatly suppress the metal diffusion in the organic barrier, which will be of great

interest for the organic electronics community.



Ferroelectric properties studied by PFM.

Like PVDF system, the ferroelectric order of P(VDF-TrFE) copolymer also originates from the permanent
dipoles and the cooperative long-range rotation of the molecular chains via the short-range Van der Waals
interactions.> Two polarization states associated with either F-C-H/Co or H-C-F/Co interface are possible
(Inset of Figure 5b). The ferroelectric properties of the P(VDF-TrFE) barrier have been characterized by the
piezo-response force microscopy (PFM) at room temperature. Figure 4a displays the local PFM phase and
amplitude hysteresis loops recorded on the thin P(VDF-TrFE) surface. The local switching behavior and the
electromechanical activity are revealed by the two opposite polarization states and the clear hysteresis loops.
The coercivities of the polarizing voltage (Vc) in the phase and amplitude loops are found to be identical and
as large as 0.5V (average value of the positive and negative polarizations). Furthermore, we plot the
dependence of V¢ on the P(VDF-TrFE) thickness t in Figure 4b. It is found that the thicker P(VDF-TrFE)
requires higher V¢ for ferroelectric switching since a thickness-independent electric field is needed to polarize
the FE-Org barrier. In addition, by extrapolating Vc vs. t with linear fitting, one can see that a critical V¢ of
0.2V is required even when the P(VDF-TrFE) thickness meets zero. This could reflect the ferroelectric-stiffen
effect® due to the FM/FE-Org interface, where a supplementary energy barrier for switching is created due to
the hybridization of the interfacial density of states.®

To check the homogeneity in ferroelectric polarization switching, the PFM phase maps were recorded on
the thin and medium P(VDF-TrFE) surfaces (Figure 4c and 4d, respectively). The total images were scanned
over 500x 500 nm? area. As shown in Figure 4c,d, the film was firstly polarized with a biased tip at positive
voltage (+2V or +2.5V)3 over an area of 300x300 nm?, then an opposite poling bias (-2V or -2.5V) was
subsequently applied over an area of 150x150 nm? in the middle of the previously polarized area. For the thin
sample (Figure 4c), although a homogenous switching is found in the -2V polarizing area, inhomogeneous

switching revealed by dark cycles is very evident in the zone of +2V polarizing area. More interestingly, the
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size of the dark zones well corresponds to the size of P(VDF-TrFE) needle-like grains (see Figure 1b). This
indicates that each P(VDF-TrFE) crystallite grain can act as a ferroelectric domain, and some grains are
difficult to be positively polarized. On the contrary, the medium sample (Figure 4d) shows a rather homogenous
phase map in positive and negative polarizing areas. These results clearly suggest a P(VDF-TrFE) thickness
dependent ferroelectricity switching behavior.

As shown in Figure 2c, the thickness of P(VDF-TrFE) at “pot-hole” is much thinner than the mean barrier
thickness. In fact, when P(VDF-TrFE) layer is very thin, the interface-induced ferroelectric polarization
locking effect® can play an important role to produce an asymmetric ferroelectric switching and hinder the
ferroelectric domain propagation crossing the “pot-hole” structures during sideway domain growth. %
Therefore, the “pot-hole” structure could create the ferroelectric “ailing channel” and effectively influence the
ferroelectric switching behavior. In Figure 4c, one can identify the “pot-hole” structure in the zone between
the two unpolarized grains (indicated with red arrow), where the positive polarization state is not completely
achieved. Our previous ab initio calculation® reveals that the F-C-H/Co interface in negatively polarized state
is energetically favored (~25meV) than the H-C-F/Co interface in positively polarized state. This is due to the
larger hybridization when the positively charged H atoms are closest to Co surface (F-C-H/Co). This can
explain why a homogenous negatively polarized state can be achieved, while the positively polarized state is

guite inhomogeneous.

Magneto-transport study of OMFTJs.

To study the influence of ferroelectric “ailing-channels” on the transport properties, the OMFTJ devices
with different P(VDF-TrFE) thicknesses have been fabricated. The device structure is schematically shown in
Figure 5a. Please see Experimental section for detailed fabrication procedure. To check the possibility of the
existence of pinhole (direct metallic contact between top and bottom electrodes) to dominate the transport

properties, we have performed conductive-AFM scanning at RT on the surface of organic barrier with different
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thicknesses. With an applied voltage of +5V, no obvious leakage current conduction can be found (See
Supporting Information S4). In addition, the resistances of OMTJs show an exponential increase with the
increase of barrier thickness with a non-linear 1-V characteristic for all devices (see Supporting Information
S4). Together with the results from TEM observation, we can thus conclude that the pinhole does not play a
role in our OMT]J devices.

Figure 5b shows the magneto-response (resistance vs. magnetic field) of the medium OMFTJ for two
different ferroelectric polarizations (polarized using +2V and -2V, respectively) measured at 20K. Here, the
TMR is defined as: TMR = RAQ—_RP %X 100% for positive TMR, and TMR = RA;—_RP x 100% for negative

P AP

TMR, where Rp and Rap are junction resistance when the magnetizations of two electrodes are parallel and

gDown_pUp
L -2 x 100%, where R2°*"and R,? are
RP

antiparallel, respectively. The TER is defined as: TER =
parallel resistance in P(VDF-TrFE) “down” and “up” polarization states, respectively. In our case, the “down”
and “up” polarization states correspond to the conditions when P(VDF-TrFE) barrier is polarized with positive
and negative polarizing voltages, respectively. One can clearly notice that with the same bias voltage (+10mV),
a positive +3.6% TMR or a negative -11.5% TMR can be achieved when the P(VDF-TrFE) is polarized to
“down” state or “up” state, respectively. Simultaneously, a huge difference between the two parallel resistances
(Rp) for the two polarizations allows to reach a TER over 600%. The four resistance states associated with
different magnetization and ferroelectric configurations are identified in the inset of Figure 5b. Similar to our
previous work with a PVDF organic barrier, the inverse of the TMR when P(VDF-TrFE) ferroelectric
polarization is switched can be attributed to the change of spin-polarization sign at Co/P(VDF-TrFE) interface.®
Compared to the pure PVDF system,> OMFTJs based on P(VDF-TrFE) show a comparable TMR effect, but
much larger TER effect, proving an advanced ferroelectricity of the P(VDF-TrFE) copolymers.

To compare with devices with different P(VDF-TrFE) thicknesses, we show the magneto-response curves

of the thin, medium and thick OMFTJs in Figure 5c-e, respectively. It is interesting to find that although the
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TMR effect is reduced in the thick device (~2%), the TMR sign can still be changed by switching the P(VDF-
TrFE) polarization. However, for the thin device, the TMR sign cannot be changed and only a modulation of
TMR amplitude (from -19.1% to -2.4%) is found. To further prove that the TMR sign change or amplitude
modulation is correlated to the change of P(VDF-TrFE) polarization, the parallel resistance (Rp) and the TMR
are measured as a function of the polarizing voltage, as shown in Figure 5f-k for different thickness devices.
In the three cases, the resistances measured at 20K clearly show hysteresis loop behaviors with coercive
voltages (Vc¢) larger than those measured by PFM on the full P(VDF-TrFE) films at RT. We also plot V¢ vs. t
in Figure 4b and find that the linear fitting of V¢ vs. t can lead to a same value of 0.2V as extracted from PFM
results when the P(VDF-TrFE) thickness meets zero. This validates that the resistance change is indeed
resulted from the P(VDF-TrFE) barrier itself and excludes the possibility of resistivity switching resulted from
the change of LSMO surface due to the migration of oxygen vacancy.?#* From the TMR loops of the medium
and thick OMFTJs, one can see that the sign of TMR closely depends on the ferroelectric state of P(VDF-
TrFE). The positive TMR is associated with the high resistance state, while the negative TMR is linked to the
low resistance state. The TMR loop processes exact the same V¢ as the R, loop. For the thin device, the TMR
loop is also correlated with the resistance loop, i.e. the low TMR is associated with the high resistance state,
while the high TMR is linked to the low resistance state. Especially, we show respectively two loops of
measurements for R, and TMR in Figure 5f,g and 5i,j, which can be well repeated. This is completely different
from the mechanism of the change of TMR sign due to the formation of pinholes.***¢ The latter case normally
shows a random feature for TMR sign change which cannot be correlated with the loop of junction resistivity.
Therefore, our results provide a strong argument that the sign or modulation of TMR is controlled by the
ferroelectric polarization of the P(VDF-TrFE) barrier.

The aforementioned ferroelectric “ailing-channels” can help us to decipher the reason behind the

nonswitchable TMR sign for the thin device upon the P(VDF-TrFE) polarization. Firstly, the TER in the thin
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device is only about 30% at 20K, which is much lower than that of medium (600%) and thick (145%) devices,
as seen in Figure 5f-h. This undoubtedly indicates a partial ferroelectric polarization in the thin organic barrier.
Secondly, due to the existence of ferroelectric “ailing-channels” in the “pot-hole” structures, it has been seen
in the PFM phase map (Figure 4c) that an important inhomogeneity of ferroelectric polarization exists in the
+2V polarizing area while a relatively good homogeneity of negative polarization state appears in the -2V
polarizing area. This means that with -2V polarizing voltage the thin device can almost reach fully negatively
polarized state, but +2V polarizing voltage is not sufficient to fully positively polarize all ferroelectric domains.
Since the junction size (200x200um?) is much larger than the ferroelectric domain size (xgrain size
100x50nm?), the TMR is determined by the average spin polarization at Co/P(VDF-TrFE) interface within the
junction area. As a consequence, a large negative TMR of -19% is obtained with fully negatively polarized
state while a much smaller TMR of -2.4% is measured with partially positively polarized state. Since the
electrons are inclined to transport through the thinnest parts in the P(VDF-TrFE) barrier, a large portion of
electrons probably tunnels through the “pot-hole” structure and contribute to the TMR and TER effects. This
emphasizes the critical role of “pot-hole” structure on the spin-transport properties. To avoid creating
ferroelectric “ailing channels” in the “pot-hole” structure to hinder the effective polarization switching like in
the thin device case, it is important to improve the organic barrier surface roughness and eliminate the “pot-
hole” structure substantially. Other growth method such as Langmuir-Blodgett method*” will be tried in the
future to grow thin organic barrier layer.

In the last part, the results for the temperature dependence of TER and TMR (Figure 6a-c) are reported for
the devices with different P(VDF-TrFE) thicknesses. For the three samples, we have firstly ferroelectrically
polarized P(VDF-TrFE) in two polarization states at 20K, and then increased the temperature separately. It is
found that the TER in all samples decreases with increasing temperature. The medium device shows a lowest

decay rate and still remains 200% TER at RT (Figure 6b). For the three samples, the TMR in both polarization
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states decreases monotonously with the increase of temperature (Figure 6a-c). The decrease of TMR with
temperature cannot be ascribed only to the loss of LSMO surface magnetization at room temperature,®® but
also strongly depends on the P(VDF-TrFE) thickness. The TMR in the thick device vanishes above 100K
(Figure 6¢), while the TMR in the thin and medium devices is still measurable above 250K (Figure 6a,b). The
thickness dependent TMR allows us to extract the spin diffusion length for spin-polarized electron transport
through the P(VDF-TrFE) organic barrier. The inset of Figure 6d presents the TMR in negative polarization
as a function of P(VDF-TrFE) thickness measured at 20K. The exponential decay of TMR vs. t can be fitted

with the Julliére formula;?427:39

AR _ 2P P,e~(t=to)/4s 1
R 1-PyPye—(t=to)/2s (1)

Where P; and P, are spin-polarizations of the Co/P(VDF-TrFE) and P(VDF-TrFE)/LSMO interface,
respectively. t is the mean thickness of organic layer and to is the “ill-defined” layer at the FM/FE-Org interface
due to the metal penetration,?” which can be neglected in our case due to the very limited Co diffusion in
P(VDF-TrFE). As is the spin diffusion length. As shown in the inset of Figure 6d, the fitting is quite good,
which gives a product of P1P, to be about 0.28+0.01 and As to be about 7.2+0.2nm. Considering that the spin-
polarization of bulk Co is about 0.43%° and LSMO is close to 1 at 20K,** the fitted results are quite reasonable.
The spin diffusion length found in the P(VDF-TrFE) is much smaller than those reported in Alg3 (45nm)? and
P(NDI20D-T2) (65nm)?” measured at 4.2K. This could be a result of the enhanced spin relaxation due to the
presence of high dielectric field inside the ferroelectric organic barrier. Furthermore, we plot the temperature
dependence of the spin diffusion length as a function of temperature in Figure 6d. The spin diffusion length
decreases very slightly from 7.2nm at 20K to 6nm at 80K, and the interface spin polarization almost remains
constant. The spin relaxation time can also be extracted from z=eA*/kT,* where k is Boltzmann constant

and . is mobility. By taking account of the mobility « about 7.3x10*cm?V-1s* measured in the P(VDF-TrFE)
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based ferroelectric organic memory transistor®® and assuming that the mobility is temperature independent,

the spin relaxation time z can be estimated to be about 41ns at 20K and 7ns at 80K.

Conclusions

In summary, OMFTJs based on LagsSrosMnO3/P(VDF-TrFE)/Co structures with different thickness of
P(VDF-TrFE) have been studied. The combined STEM imaging and EELS spectroscopy analyses clearly show
a very limited diffusion of Co into the P(VDF-TrFE) organic barrier when top electrode is deposited at low
temperature. Pot-hole structures at the boundaries of the P(VDF-TrFE) grains have been evidenced to induce
ferroelectric “ailing-channels™ that hinder efficiently polarizing the organic barrier and quench the spin
polarization switching at Co/P(VDF-TrFE) interface. As a consequence, the TMR sign of OMFTJ changes in
the thick device (t>19nm), but no change of TMR sign is observed in the thin device (t<15nm). Furthermore,
the spin diffusion length in negatively polarized P(VDF-TrFE) is measured to be about 7.2nm at 20K. This
study highlights the interplay of the ferroelectricity of the FE-Org barrier with the spin transport properties of
the OMFTJ and paves a comprehensive way to optimize the conditions for ferroelectric control of spin

polarization of “spinterface”.

Experimental Section

Sample preparation.

OMFTJ samples based on LSMO/P(VDF-TrFE)/Co structure were fabricated with different thickness of
P(VDF-TrFE) as tunneling layer. The sample structure is shown in Figure 1a. LaosSroaMnOs film with
thickness of ~85 nm was firstly epitaxial grown on <100> oriented SrTiOs (STO) substrates at 750°C using
DC magnetron sputtering. The film was subsequently annealed at 800°C for two hours in O, atmosphere before
being slowly cooled down to the room temperature. The P(VDF-TrFE) films were prepared by spin-coating

method. The solutions were first obtained by dissolving P(VDF-TrFE) (VDF/TrFE=70/30) powders
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(purchased from Piezotech-Arkema) into N,N-dimethylformamide (DMF) (purchased from Sigma-Aldrich).
The solution was then spin-coated onto the LSMO/STO(001) substrate with a speed of 3000 RPM for 1min.
Subsequently, the as-coated film was annealed at 150°C in air for two hours to improve the crystallinity of the
ferroelectric S phase. The thickness of the P(VDF-TrFE) film is controlled by adjusting the concentration of
the DMF:P(VDF-TrFE) solution (from 20 to 40mg/ml). The top Au/Co electrodes were deposited in a MBE
system (with a base pressure of 1x102°torr) by e-beam evaporation. In the purpose of minimizing the metal
diffusion into organic materials, the temperature during the growth of the top electrode is maintained at ~80K,
by using liquid-N; cooling deposition technique. For the devices prepared for transport measurement, the
Lao.sSro.4MnOs layer was etched by using hydrogen chloride (37%) to pattern 200um width bars as the bottom
electrodes. After spin coating P(VDF-TrFE) layer, the 10nm Co/10nm Au was deposited in MBE with a
shadow mask to form the top electrode. The final junction size is 200x200um?, as schematically shown in

Figure 5a.

Piezo-response force microscopy characterization.

To check the ferroelectric properties of the P(VDF-TrFE) film with PFM, the P(VDF-TrFE) film was spin-
coated on a thermal oxidized SiO»/n-Si substrate covered with 100nm Au. The surface morphology was studied
using an AFM (Asylum Research, MFP-3D, USA) working in contact mode under environmental conditions.
Local electrical experiments were performed by using dual AC resonance tracking (DART) PEM. Ti/lr
conductive coating tips (Asylum Research ASYELEC-01 probes, k ~2.8 N m™) and ground conductive bottom

electrodes were used.

HR-STEM/EELS characterization.

HR-STEM combined with spatially resolved EELS was performed by using a probe-corrected microscope
JEOL ARMZ200F (cold FEG) equipped with a GATAN GIF quantum energy filter to reveal the structure and

element distribution in the FM/FE-Org interface. Due to the strong sensitivity of polymers to electron-beam
14



damages, the microscope was operated at 80kV and the temperature of the sample was held at 103K using a
Gatan double-tilt liquid nitrogen cooling sample holder. High angle annular dark-field (HAADF), annular
dark-field (ADF) and bright-field (BF) images were simultaneously recorded for structural study while only
HAADF and ADF images were recorded during EELS mapping. The spatial resolution of EELS maps is about
0.5 nm. During the spectrum image recording, the spatial drift was measured at the end of each line and a drift
correction was immediately applied. This STEM-EELS combined chemical analysis technique has already
been successfully employed to study interlayer chemical inter-diffusion in the spin-injector on spin light
emitting diode at atomic-scale level.* The cross-sections for STEM observations were prepared by lift out

method using a FIB FEI Helios NanoLab DualBeam.

Magneto-transport measurement.

The magneto-transport measurement was performed in a close cycle cryostat by varying temperature from
20K to 300K with magnetic field up to 4kOe. I-V measurements were performed in two-terminal geometry by
using a Keithley 2400 as a voltage source and a Keithley 6487 picoammeter to measure the current. To polarize
P(VDF-TrFE) barrier, electrical voltage pulse with a ramp of 0.1V/s and a duration of 1s was applied to the
junction with different voltages. We have verified with conductive AFM that the polarizing voltage around

+2V range does not induce a damage of organic barrier with the formation of pinholes and leakage currents.

Supporting Information

In the Supporting Information, top electrode deposition with Lig-N- cooling technique, STEM and EELS
mapping on the medium P(VDF-TrFE) sample, EDS characterization on the thin P(VDF-TrFE) sample,
verification of pinhole contribution and anisotropic magnetoresistance in the ferromagnetic electrodes are

described.
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Figures

TOC figure: Schematics of the LSMO/P(VDF-TrFE)/Co device. STEM combined with EELS analysis was
performed to study the structure and chemical distribution. Chemical map was extracted from the EELS

spectrum image to display the distribution of Co, C and Laelements in the blue rectangle area.
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Figure 1. Morphology observation by STEM and AFM. (a) HAADF STEM image of LSMO/P(VDF-
TrFE)(t=15nm)/Co sample. (b) AFM topography measurement of the P(VDF-TrFE) (t=15nm) barrier surface
over 1x1 um? area. (c) Section profile recorded by AFM along the blue line marked in (b). (d) Zoom-in of
STEM image in the red dash rectangular area marked in (a). The red arrows indicate the “pot-hole” structures
in the organic barrier. The width of the rectangular image is 0.8 um. (¢) HAADF STEM image of

LSMO/P(VDF-TrFE)(t=19nm)/Co sample.
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Figure 2. Chemical distribution analysis by STEM-EELS characterization. (a) ADF STEM image of
LSMO/P(VDF-TrFE)(t=15nm)/Co sample. Blue arrows indicate the superposition zones due to the roughness
of Co/P(VDF-TrFE) interface and P(VDF-TrFE)/LSMO interface. (b) Chemical maps drawn with Co.s, Ck
and Laws signals extracted from the EELS spectrum image recorded in the blue rectangle area in (a). The
corresponding colors assigned to the elements are labeled on the right of the images. (c) ADF STEM image of
a zone where P(VDF-TrFE) grains form a “pot-hole” structure. (d-€) EELS spectra analysis recorded on

different positions marked in (c).
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Figure 3. STEM-EELS characterization on the OMFTJ with the top electrode grown at RT. (a) HAADF STEM
image of LSMO/P(VDF-TrFE)(t=19nm)/Co sample, whose Au/Co top electrode was grown at RT. Yellow
arrow indicates the inter-diffusion zone. (b) Chemical maps drawn with Co.s, Ck and Laws signals extracted

from the EELS spectrum image recorded in the blue rectangle area in (a).
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Figure 4. Ferroelectricity behaviors of P(VDF-TrFE) barriers. (a) Local PFM hysteresis phase and amplitude
loops measured on the thin P(VDF-TrFE) surface (15nm) at RT. (b) Thickness dependence of polarizing
voltage coercivity (Vc) of P(VDF-TrFE). The red squares show polarizing voltage coercivity measured by
PFM at RT. The blue cycles show ferroelectric coercivity extracted from loops of Rp of LSMO/P(VDF-
TrFE)(t)/Co devices measured at 20K. (c-d) PFM phase image recorded on the surface of thin and medium
P(VDF-TrFE) samples, respectively. Contrasts show that the ferroelectric switching are firstly obtained after
polarizing with +2 V (+2.5V) DC bias on the tip over 300x300 nm? (bright square) and subsequently polarizing
with —2V (-2.5V) over inside 150x150 nm? area (dark square). The total image was acquired over 500x500

nm? area. The red arrow in (c¢) indicates the unpolarized zone in the “pot-hole” structure.
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Figure 5. Magneto-transport measurements on LSMO/P(VDF-TrFE)/Co devices. (a) Schematics of the
LSMO/P(VDF-TrFE)/Co device. (b) Magneto-response curves measured under a bias of +10mV at 20 K after
+2.0 V and 2.0 V polarizing the device with 19nm thick P(VDF-TrFE). The insert schematics show four
resistance states associated with different polarization and magnetization orientations. (c-e) Magneto-response
curves measured under a bias of +10 mV at 20 K after negative and positive polarizing the devices with 15nm,
19nm and 33nm thick P(VDF-TrFE) layers, respectively. (f-h) Loops for parallel resistance versus electric
polarizing voltage for the devices with 15nm, 19nm, and 33nm thick P(VDF-TrFE) layers, respectively. (i-k)
Loops for TMR versus electric polarizing voltage for the devices with 15nm, 19nm and 33nm thick P(VDF-

TrFE) layers, respectively.
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Figure 6. Temperature dependence of TER and TMR. (a-c) Temperature dependent TMR after negative and
positive polarizing, for the devices LSMO/P(VDF-TrFE)(t)/Co, t=15nm, 19nm and 33nm, respectively. The
blue curves show the temperature dependence of TER. (d) Temperature dependence of spin diffusion length

and interface spin polarization product. Inset: TMR after negative polarizing measured at 20K with different
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