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S1. Top electrode deposition with Liq-N2 cooling technique 

The top Au/Co electrodes were deposited in the MBE system (with a base pressure of 1×10-10 torr) by e-

beam evaporation. On the purpose of further improvement of P(VDF-TrFE) quality, the sample was annealed 

at 120°C for one hour under high vacuum before decreasing temperature for Au/Co deposition. To minimize 

the metal diffusion into organic barrier, the deposition temperature of Au/Co is maintained at around 80K by 

cooling the sample with injection of Liq-N2 through the sample holder, as shown Figure S1. 

 

 
Figure S1. Schematic of MBE deposition with keeping sample’s temperature at ~80K, with injection of Liq-N2 into the 
holder which tightly contacts with sample. 

S2. STEM and EELS mapping on the medium P(VDF-TrFE) samples.  

Figure S2a presents STEM image of the OMFTJ stack structure with medium thickness of P(VDF-TrFE). 

Compared to the thin sample, the thickness of the organic barrier appears much homogenous in the medium 

sample. No obvious “pot-hole” structure is found in the observed region. This also validates the ferroelectric 

switching homogeneity measured by PFM phase mapping (see Figure 4d in main text). 

EELS spectra were also recorded to study the distribution of the elements. Figure S2b shows an ADF 

STEM image where EELS spectrum image was recorded. For the three regions marked with 1, 2 and 3 on the 

STEM image, EELS spectra are collected and presented in Figure S2c. Although the Co signal is well 

distinguished in the region close to Co/P(VDF-TrFE) interface (No.1), we cannot find any Co signal in the 

middle of P(VDF-TrFE) barrier (No.2). There are also no La and Mn signals in P(VDF-TrFE) barrier compared 

to the strong signals from the region close to P(VDF-TrFE)/LSMO interface (No.3). All these results prove 

that there is no metal diffusion into the P(VDF-TrFE) organic barrier when Au/Co electrode is deposited at 

low temperature. 
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Figure S2. Large scale (a) and magnified (b) ADF STEM images of LSMO/P(VDF-TrFE)(t =19nm)/Co device. (c) EELS 
spectra recorded on the areas indicated in the STEM image (b). 

S3. EDS characterization on the thin P(VDF-TrFE) sample.  

Here, we show more STEM images of the thin sample and we performed another chemical analysis 

technique: energy dispersive spectroscopy (EDS) to double check the Co diffusion in the organic barrier. 

Figure S3 and S4 display the STEM images in different regions and the EDS analysis in different zones. Our 

conclusion is again that the Co diffusion is very limited in the P(VDF-TrFE) barrier. The suppression of Co 

diffusion in the P(VDF-TrFE) barrier is due to the low temperature growth (80K) of Au/Co electrode. 

 
Figure S3. (a) ADF STEM image of the thin sample and EDS analysis on different zones in (b) Au layer, (c) Co layer, (d) 
Co and P(VDF-TrFE) superposition zone, and (e) P(VDF-TrFE) barrier. 
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Figure S4. (a) ADF STEM image of the thin sample and (b) EDS analysis in the P(VDF-TrFE) barrier. 

S4. Verification of pinhole contribution 

A. Conductive AFM mapping of barrier conductivity.  

Conductive AFM measurement is the most direct way to identify the existence of pinholes. Nanoscale 

conductivity variations were probed through current mapping experiments using the conductive-AFM (c-AFM) 

technique. A Ti/Ir-coated silicon tip and cantilever with a stiffness of 3N×m-1 were used. DC bias voltages 

ranging from -10 and +10V between the grounded AFM tip and the bottom electrode were applied during 

scanning. The electrical conductivity was locally probed over the surface of the P(VDF-TrFE) layer by using 

c-AFM mode. The current map recorded over 20x20 µm² large area are displayed in Figure S5 for the samples 

with different P(VDF-TrFE) thicknesses. No conducting path is obtained for an applied bias of +5V, as 

demonstrated by the uniform contrast associated to insignificant current. Such absence of conduction signal 

was confirmed in several places of the sample surface regardless the applied bias voltage when varying 

between -10 and +10V, which confirms that the contribution of pinhole on transport is very limited. This also 

proves that the polarizing voltage around ±2V range does not induce a damage of organic barrier with the 

formation of pinholes and leakage currents. 

 
Figure S5. C-AFM scanning of barrier conductivity under an applied bias of +5V for different thickness of P(VDF-
TrFE)(t) samples: (a) t = 15nm, (b) t = 19nm and (c) t = 33nm. 
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B. Non-linear IV curve.  

Figure S6 shows the I-V characteristic of the devices with different thicknesses measured in negative 

polarized state. It can be seen that all I-V curves of the three samples show non-linear properties which indicates 

a tunneling behavior. 

 
Figure S6. I-V characteristics under the range between -0.2V to 0.2V for devices of LSMO/P(VDF-TrFE)(t)/Co, (a) t = 
15nm, (b) t = 19nm and (c) t = 33nm. 

C. Variation of junction resistance with barrier thickness 

The junction resistance should be much reduced when pinholes are presented. In Figure S7, we plot the 

variation of resistance with different barrier thickness. The exponential increase of resistance with thickness 

clearly proves the tunneling behavior in our OMFTJ without pinhole contribution. 

 

Figure S7. OMFTJ resistance (in negative polarization state, measured with a bias of +10mV) as a function of P(VDF-
TrFE) thickness, which can be fitted with an exponential formula Rµ exp(at), where t is the barrier thickness, and a is the 
coefficient related to the barrier height.  
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S5. Anisotropic magnetoresistance in the ferromagnetic electrodes 

To validate that the measured MR is not due to the AMR of FM electrodes, we have checked the AMR of 

LSMO and Co electrodes. As shown in Figure S8, the AMR of LSMO and Co shows a much smaller value 

lower than 0.4%. However, the MR in our device can be as large as 20%, which is much larger than that of 

AMR. We should also emphasize that the 20% MR well corresponds to the reported MR of 20% for 

Co/Al2O3/STO/LSMO junctions.[1] 

 

Figure S8. AMR measurement of (a) bottom LSMO and (b) top Au/Co electrodes. 
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