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Abstract  

We have investigated the tunability of the transport and magnetic properties in 7.5 nm 

La0.7Sr0.3MnO3 (LSMO) epitaxial films in a field effect geometry with the ferroelectric 

copolymer P(VDF-TrFE) as the gate insulator. Two different switching behaviors were 

observed upon application of gate voltages with either high or low magnitudes. The 

application of single voltage pulses of alternating polarity with an amplitude high enough to 

switch the remnant polarization of the ferroelectric copolymer led to a 15 % change of the 

resistance of the LSMO channel at temperature 300 K (but less than 1 % change at 20 K). A 

minimal shift of the peak in the resistance-temperature plot was observed, implying that the 

Curie temperature TC of the manganite layer is not changed. Alternatively, the application of 

a chain of low voltage pulses was found to shift TC by more than 14 K, and a change of the 

channel resistance by a 45 % was obtained. We attribute this effect to the field-assisted 

injection and removal of oxygen vacancies in the LSMO layer, which can occur across the 

thickness of the oxide film. By controlling the oxygen migration, the low-field switching 

route offers a simple method for modulating the electric and magnetic properties of 

manganite films 
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Introduction 

With the scaling down of non-volatile memory devices, power management has become one 

of the most pressing challenges for the semiconductor industry. For example, significant 

improvement was made to reduce the current density of spin-transfer torque magnetic random 

access memory (STT-MRAM) devices
1
. Besides using an electric current, the manipulation 

of the magnetic properties by an electric field can further reduce the power consumption. The 

manipulation of magnetism via an electric field has therefore attracted much attention
2-4

. 

Recent progress has successfully demonstrated the control of saturation magnetization
5-7

, 

Curie temperature
5, 7-10

, magnetic anisotropy
5, 7, 11

 and exchange bias in magnetic thin films
5, 

12
 or heterostructures

5, 13, 14
. 

Manipulating the magnetic properties in ferromagnets (FM) via an electric field can be 

classified into two approaches. The first approach relies on the magnetoelectric (ME) 

coupling between ferroelectric (FE) and magnetic order in a single phase multiferroic, which 

is promising for future multifunctional devices
2, 12

. Unfortunately, only a few systems 

demonstrate the coexistence of FE and FM
12, 15

. Alternatively, artificial multiferroic 

heterostructures were also deployed to achieve the manipulation of magnetism via an electric 

field
16

. Such heterostructures consist of a FM that is gated with FE oxides. Based on the 

polarization reversal in the FE oxides, carriers in the FM film are attracted towards (or 

repelled from) the FM/FE interfaces. This electrostatic effect induces changes in the carrier 

concentration in the FM, accompanied by a change of the magnetic properties. However, FM 

metals have high carrier concentrations (10
21

 - 10
22

 cm
-3

), resulting in a very short 

electrostatic screening depth, and ultra-thin FM layers are therefore required
16

. In general, for 

achieving high microstructural match quality between the FM and FE materials, epitaxial 

growth of FM and FE materials is required. For example, Pbx Zr1-xTiO3 and BaTiO3 are 



 

promising candidates due to their high FE polarization coefficients and compatibility with 

various FM oxides
4, 17, 18

. 

For high compatibility with different epitaxial FM oxide, FE polymers such as the copolymer 

of polyvinylidene fluoride with trifluoroethylene P(VDF-TrFE) have attracted much 

attention due to their unique properties. They are lead-free, they have a high-flexibility and 

the highest dielectric constant (κ ~10) among other FE polymer
19, 20

. Stolichnov et al. used 

P(VDF-TrFE) as a FE layer to control the ferromagnetism (Curie temperature and coercive 

field) in (Ga,Mn)As
21

.  

The second approach for electrical modulation of magnetism is to induce a large change in 

the carrier density (by more than 10
14

 cm
-2

) of a FM via electrochemical doping using ionic 

liquid (IL) gating on functional metal oxides
22

. The mechanism of IL gating is due to the 

formation and annihilation of oxygen vacancies (VO)
23, 24

.  A gate voltage of 1 V to 5 V 

applied on the IL is sufficient to induce a drift of VO in functional oxides, thus achieving the 

tunability of electrical and magnetic properties of such materials. However, IL usually 

involves halogen-functional groups and they are corrosive in nature
10

.  

LaxSr1-xMnO is a family of perovskite manganites which, when optimally doped (x = 1/3), 

show a metal-insulator transition at temperature (Tc) above 300 K, and they possess a high 

spin polarization that is favorable for spintronic heteroepitaxial structures
25-29

. Electric field 

modulation of manganite devices has drawn considerable attention. Wu et.al. reported a shift 

of Tc by 12 K in a 5 nm thick LSMO channel layer upon electrostatic modulation (charge 

accumulation/depletion) via FE polarization reversal in BiFeO3 layer
13

. In contrast, Cui et.al. 

reported a shift of Tc by 70 K in a 15 nm thick LSMO channel layer achieved via 

electrochemical doping
8
. The large change of Tc in the LSMO channel was attributed to the 

changing valance ratio of Mn
4+

 and Mn
3+

, due to VO movement upon different polarity and 

magnitude of voltages applied to the LSMO channel.  



 

Here, we report on the use of P(VDF-TrFE) as a medium to induce Vo formation/annihilation 

in a LSMO channel via a series of low voltage pulses. Through structural, electrical and 

magnetic studies, we demonstrate that the enhancement in the tunability of electrical and 

magnetic properties of the LSMO channel is caused by the evolution of voltage-induced 

oxygen ions by pulsed voltages of small amplitude, instead of FE polarization reversal in the 

P(VDF-TrFE) layer. 

Experimental 

High quality LSMO thin films of thickness 7.5 nm were grown on (001)-SrTiO3 (STO) 

substrates by pulsed laser deposition using a KrF excimer laser. Prior to deposition, the 

substrates were treated with either deionized (DI) water or buffered HF, and then subsequent 

thermal annealing at 1000 
o
C for 2 hours, in order to obtain clear steps and terraces surfaces

30, 

31
.  The growth of LSMO was fixed at 700 

o
C at an oxygen pressure of 20 Pa. A post-

deposition annealing process was applied in-situ at 10 Torr for 5 minutes, and then the 

samples were cooled down to room temperature at a rate of 10 K/min. The film thickness was 

controlled by the deposition time based on the calibration rate obtained from a thick sample, 

and further confirmed with X-Ray Reflectivity (XRR) measurements. 

To examine the ionic charge accumulation characteristics of LSMO, field effect devices 

based on FE polymer of P(VDF-TrFE) deposited on LSMO films were defined into Hall bar 

structures with 200 µm (20 µm) channel length (width) by photolithography and reactive ion 

etching (Fig.1a).  Au (80 nm)/Ti (15 nm) contact electrodes were prepared by e-beam 

evaporation. Copolymer of P(VDF-TrFE) with 70/30 mole ratio was dissolved in diethyl 

carbonate with a mass content of 2.5%. The solution was then spin-coated at 4000 rpm for 

30 s on the LSMO film, and was annealed at 120 
o
C in air for two hours to obtain the 

crystalline structure with ferroelectric β phase. The final thickness of the copolymer film 



 

was 250 nm. Finally, Au (30 nm)/Al (100 nm) top gate electrodes were evaporated through 

a stainless steel shadow mask (Fig. 1a). The LSMO channel resistance along the 

longitudinal direction (Rxx) was measured with a four point technique at 300 K with a 

current of 1 µA.  

Results and Discussions 

Before investigating the LSMO/P(VDF-TrFE) heterostructure, the surface morphology of 

epitaxial LSMO films was characterized by atomic force microscopy (AFM). Fig. 1b shows 

the AFM image of a 7.5 nm thick LSMO film, which exhibits atomically flat terraces with 

widths of a few hundred nm. The step height between terraces is ~ 4 Ǻ, consistent with the 

unit cell height of LSMO along (001) orientation. The crystallinity of the P(VDF-

TrFE)/LSMO heterostructures was examined using a high resolution Rigaku Smartlab system. 

For relative thick (24 nm) LSMO film (Fig. 1c) thickness fringes alongside the (002) 

crystallographic plane were observed, implying a highly ordered crystalline structure in the 

film with a flat surface. When the thickness of the LSMO layer decreases to 7.5 nm, the (002) 

crystallographic plane of LSMO peak broadens and it is shadowed by the (002) STO peak
32, 

33
. On the other hand, the peak at 2θ = 19.7

o
 corresponds to the (100) and (200) 

crystallographic planes of P(VDF-TrFE) in the ferroelectric β phase
34

.  



 

 

 

 

Fig. 1 (a) Schematic illustrations of the device for resistance modulation in LSMO 

induced by charge accumulation in P(VDF-TrFE) (left), and the Hall bar pattern of the 

LSMO/P(VDF-TrFE) heterostructure (right).  (b) AFM image of a 7.5 nm thick LSMO 

film grown on TiO2-terminated STO (001) substrate. (c) XRD pattern of P(VDF-TrFE) 

/LSMO on STO (001) substrate. 

 

The ferroelectric properties of the heterostructures were examined by piezoelectric force 

microscope (PFM) measurements. First, the out-of-plane piezoelectric response of the 

P(VDF-TrFE) grown on LSMO film was measured at room temperature. Fig. 2a shows a 

clear hysteresis behavior of the PFM phase and amplitude signals, which is acquired by 

applying a voltage between the PFM tip (positive terminal) in contact with P(VDF-TrFE) and 



 

the LSMO bottom electrode (negative terminal). Good ferroelectric switching is observed, 

and the phase angle of the PFM signals indicates a nearly 180
 o

 polarization switching in the 

P(VDF-TrFE) layer resulting in the P+ and P- orientation, respectively. Voltage pulses of ±35 

V are sufficient for a full switch of the direction of polarization. In addition, ferroelectric 

switching with low voltage pulses was also examined. Fig. 2b shows the PFM image of the 

copolymer with regions undergone different poling conditions. The unpoled region (large 

square) indicates random dipole arrangement, which results in a low piezoelectric signal and 

noisy PFM phase signals. The intermediate and inner square regions correspond to areas 

scanned with -10 V and +10 V tip voltage before the PFM scanning. A good
 
ferroelectric 

phase signal contrast is observed between the inner and intermediate square areas. This shows 

that a voltage of 10 V applied to the P(VDF-TrFE) film is enough to partially switch the 

ferroelectric polarization in P(VDF-TrFE). The surface morphology of the copolymer layer 

acquired during the PFM measurement indicates no surface deformation during the film 

poling process (Fig. 2c). The presence of the thick P(VDF-TrFE) film concealed the smooth 

flat terrace steps of LSMO. 

 

 

 

 

 

 



 

 

Figure 2 (a) Hysteresis behavior of the PFM signal and phase measured on P(VDF-

TrFE) on LSMO film. (b) PFM phase image of a square area with downward and a 

smaller square inside with upward polarization written with ±10 V. No voltage had been 

applied to the region outside of the larger square. (c) Surface morphology of a 

LSMO/P(VDF-TrFE) heterostructure after the PFM scan. 

 

Tunable electrical and magnetic properties of the heterostructure were investigated by 

measuring the temperature dependence of LSMO channel resistance with upward/downward 

FE polarization in the P(VDF-TrFE) layer (Fig. 3).  A single pulse of 35 V with different 

polarity leads to FE polarization reversal in the copolymer layer, resulting in a 15 % 

a) Without pole 

-10V 

10V 

b) 
a) 

c) 



 

resistance change in LSMO channel layer at 300 K, and less than 1% change at 20 K.  The 

drastic decrease in the resistance modulation at low temperature can be attributed to the high 

carrier concentration in the LSMO layer (~10
21

 cm
3
) in the low temperature regime. The 

resistance change in LSMO layer is induced by the FE polarization of the P(VDF-TrFE) layer. 

As temperature goes down from 300 K, the screening depth of the polarization of the P(VDF-

TrFE) layer becomes more confined to the copolymer/LSMO interface. Since the LSMO 

channel will undergo a metal to insulator transition at 240 K (characterized by the peak in the 

resistance-temperature (R-T) plot), the screening depth will decrease, resulting in a reduced 

change of the channel resistance in the low temperature regime 
18

.  

Although a 15 % resistance change is observed in the LSMO layer at 290 K, only a slight 

shift of the peak in the R-T plot of the LSMO channel layer is observed. This tiny shift in Tc 

reflects the dependence between TC and the carrier concentration in the LSMO channel layer. 

Under application of +35 V (-35 V) gate voltage, the LSMO channel resistance is increased 

(decreased) since the hole charge carriers are expelled from (attracted towards) the surface of 

the LSMO channel layer due to the FE polarization direction of P(VDF-TrFE). This process 

becomes irreversible if the voltage pulse applied for polarization reversal in P(VDF-TrFE) is 

too large, as an electric breakdown in the P(VDF-TrFE) layer (at ~400 MV/m) leads to an 

excess leakage current
35

. Lu et al. demonstrated that the electric field from the surface 

polarization of ferroelectric oxide BTO can only penetrate through about 2-3 unit-cells (u.c.) 

(~ 1.2 nm) of the LSMO film
18

. In our case, the field effect from P(VDF-TrFE) in the LSMO 

channel is expected to be lower than from BTO, since the remnant polarization of BTO (P~45 

µC/cm
2
) is much higher than of P(VDF-TrFE) (P~±10 µC/cm

2
).     

Wu et al. suggested that the insignificant change of Tc in the manganite channel during the FE 

polarization reversal is due to inhomogeneous phase separation between FE and FM 

interfaces
9, 10

. This inhomogeneous phase region, commonly called a dead layer, is composed 



 

of nanoscale metallic (insulating) clusters in the insulating (metallic) matrix when the 

ferroelectric polarization of P(VDF-TrFE) is pointing upward (downward). The 

inhomogeneous phase separation in the LSMO channel layer would lead to a change in the 

channel resistance upon ferroelectric polarization reversal, but with insignificant change of TC 

in the manganite. 

 

Figure 3. Temperature dependence of the LSMO channel resistance Rxx at different 

ferroelectric polarization (+35V: P+, -35V: P-).  
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We argue here that the insignificant change of Tc upon ferroelectric polarization reversal is 

due to the short electrostatics screening depth in the LSMO layer  The relative change in Tc 

due to the resistance change in LMSO channel can be expressed by following equations
36

, 

    
  

 
 
  

 
 

while    can be expressed as, 

     
  
 

 

   is the remnant polarization of the FE layer, n is the carrier concentration of LSMO layer 

and   is the thickness of LSMO layer. Therefore 

      
  
  

 

Based on this relation, we deduce that     in our case (using the remnant polarization of 

P(VDF-TrFE) ~ 10 µC/cm
2
 ) should be around 1 K

34
, which is consistent with our 

experimental result. Cui et al. reported that a shift of TC by 5 K can be obtained in 

BTO/LSMO heterostructures
37

, where the thickness of LSMO layer is 20 u.c. and the 

remnant  polarization of BTO is 48 µC/cm
2
.  

Alternatively, we also examined the electric field-driven oxygen ion migration in the LSMO 

channel layer, with the assistance by the dielectric P(VDF-TrFE) layer. Rather than giving a 

single large pulse for switching the polarization of the FE copolymer, a chain of low voltage 

pulses (10 V magnitude with 300 ms pulse width at 1.25 Hz) was applied. The LSMO 

channel layer demonstrates a gradually increasing channel resistance as shown in Fig. 4a. 

Moreover, the channel resistance is found to remain in the high resistance state after the top 

gate voltage is removed. The change in channel resistance can be due to the accumulation of 



 

hole carriers (electron depletion) arising from the ferroelectric polarization reversal
9
, or it can 

occur as a result of VO formation (VO annihilation) in the LSMO film
38

. 

 

Figure 4. a) Channel resistance Rxx upon application of a series of voltage pulses of 

amplitude 10V. b) Change ΔRxx of the channel resistance upon application of 60 pulse 

cycles of different amplitude Vg. c) Channel resistance Rxx upon application of pulses of 

±10 V to the P(VDF-TrFE) layer d) Channel resistance measured over temperature 

before and after application of 36,000 pulse cycles. 
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Further evidence of VO formation or annihilation is seen in the LSMO channel resistance 

shown in Fig.4b. The application of a continuous chain of 60 pulses with magnitude 5 V 

(smaller than the coercive field for ferroelectric polarization switching) leads to a change of 

the channel resistance by more than 30 . By gradually increasing the magnitude of the 

voltage in the pulse chains from 1 to 10 V, the channel resistance is exponentially increased 

from 30 to 350 . This increase of the voltage amplitude of the pulses at the gate will 

generate more VO at the interface between the P(VDF-TrFE) and LSMO channel layers. 

Continuous pulses of relatively low gate voltage are sufficient to accumulate the VO at the 

LSMO interfaces, since the enthalpy of VO formation is low
38, 39

. Moreover, the leakage 

current through the P(VDF-TrFE) gate insulator (400 μm by 500 μm in size) is only 10
-7

 A at 

10 V.  With such a low leakage current, we believe that the movement of VO in the LSMO 

interface is mainly driven by the electric field. The channel resistance Rxx controlled via a 

continuous pulse chain of magnitude ±10 V is shown in Fig. 4c. The two resistance states of 

the LSMO channel demonstrate that the movement of VO  can be manifested by different 

polarity of the voltage pulse. 

R-T measurements were carried out to investigate the electrical and magnetic properties of 

the LSMO channel before and after the application of the Vg pulse chain. As presented in Fig. 

4d, Rxx increases from 0.28 to 0.41 M after 36,000 pulse cycles at 300 K. A three-fold 

increase of resistance is observed in the low temperature regime. Moreover, TC of the LSMO 

channel is shifted down by 14 K after the application of the Vg pulse chain. These 

observations are attributed to the accumulation of VO at the LSMO interfaces
40

. As the 

number of pulses is increased, more and more VO are formed. These regions of high VO 

concentrations in the LSMO interface would lead to a high channel resistance, and a decrease 

of Tc in the LSMO channel layer due to the p-type nature of LSMO
8
.  



 

We believe that the enhanced tunability of Tc with a chain of low voltage pulses is mainly 

due to VO formation/annihilation, rather than a result of the FE polarization reversal in 

P(VDF-TrFE). A gate voltage of ±10 V is not sufficient to switch the polarization of the 

P(VDF-TrFE) layer completely, as the coercive voltage is ±35 V. Fig. 1a shows that an 

electric field of ± 10 V can only contribute to a partial change of the phase of the PFM 

response of the ferroelectric copolymer (a 180° phase change of the PFM signal corresponds 

to a full switch of the remnant polarization P ~ ±10 µC/cm
2
 in the P(VDF-TrFE) layer) 

41
. 

According to the previously discussed relationship between ΔTc and the ferroelectric 

polarization, an electric field of ±10 V (which leads to 20° phase change out of possible 180°) 

can only contribute to a change of ΔTc ~ 0.4 K.  

Comparing with the switching by ferroelectric polarization reversal, a continuous and pulsed 

Vg application to the LSMO channel can offer an enhanced LSMO channel resistance change 

and tunable capability in TC. Our results clearly show that field-assisted injection and removal 

of Vo into the LSMO layer can effectively improve the tunability of the LSMO channel, since 

the density of Vo around the LSMO interface is gradually increased and it becomes more and 

more insulating upon a chain of positive pulsed voltage.  

Conclusion 

In conclusion, we reported the electric field control of electrical and magnetic properties of a 

P(VDF-TrFE)/LSMO heterostructure via ferroelectric polarization reversal, as well as by  the 

field-assisted movement of Vo through the interface between LSMO and P(VDF-TrFE). With 

the polarization reversal in the ferroelectric copolymer achieved by the application of single 

and large electric pulses, a channel resistance change of 15% was observed, accompanied by 

an insignificant change of Tc. In contrast the movement of Vo via a successive chain of low-

voltage pulses led to a remarkable change of the LSMO channel resistance by 45 %, and a 



 

strong shift of TC by more than 14 K. Such a low electric field-induced switching effect has 

the potential to enhance the field-induced magnetism in artificial multiferroic heterostructures. 
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