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ABSTRACT: Most previous attempts on achieving electric-field
manipulation of ferromagnetism in complex oxides, such as
La0.66Sr0.33MnO3 (LSMO), are based on electrostatically induced
charge carrier changes through high-k dielectrics or ferroelectrics.
Here, the use of a ferroelectric copolymer, polyvinylidene fluoride
with trifluoroethylene [P(VDF-TrFE)], as a gate dielectric to
successfully modulate the ferromagnetism of the LSMO thin film
in a field-effect device geometry is demonstrated. Specifically,
through the application of low-voltage pulse chains inadequate to
switch the electric dipoles of the copolymer, enhanced tunability of
the oxide magnetic response is obtained, compared to that induced
by ferroelectric polarization. Such observations have been
attributed to electric field-induced oxygen vacancy accumulation/
depletion in the LSMO layer upon the application of pulse chains, which is supported by surface-sensitive-characterization
techniques, including X-ray photoelectron spectroscopy and X-ray magnetic circular dichroism. These techniques not only unveil the
electrochemical nature of the mechanism but also establish a direct correlation between the oxygen vacancies created and subsequent
changes to the valence states of Mn ions in LSMO. These demonstrations based on the pulsing strategy can be a viable route equally
applicable to other functional oxides for the construction of electric field-controlled magnetic devices.
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1. INTRODUCTION

Doping is frequently adopted for manipulating the transport
and magnetic properties of complex oxides.1−4 Recent efforts
include, for instances, electrostatic gating of charge carriers at
oxide interfaces, across high-k dielectrics5,6 or ferroelectrics.5−7

Such electric field-induced modulation schemes permitted a
change in the areal charge density below 1014 cm−2.
Electrolytes or ionic liquids (ILs) can achieve stronger
modulation via the electric double-layer effect,8,9 capable of
an interfacial capacitance of up to tens of μF cm−2 (a change of
∼1015 cm−2 in carrier density).9 Such a modulation has been
shown to remain effective even with the gate voltage
retracted,10 which arises because of the redox reactions
between ILs and the channel layer.11−15 However, this may
necessitate a protective layer in some cases.16 The strong
modulation effect by ILs has facilitated the observation of
various exotic phenomena, such as tunable metal−insulator
transition in manganites13,17 and modulation of super-
conductivity in two-dimensional layered materials.18,19

Previous attempts on electric field-induced magnetism
modulation in perovskite manganites rely on epitaxially
grown oxide ferroelectrics.7,20−23 Charge carriers at the
ferroelectric/manganite interfaces were manipulated through
polarization switching, thus achieving changes in the transport
and magnetic behavior. This scheme, however, poses practical
challenges for probing the interfacial changes at the manganite
layer upon ferroelectric reversal. Polyvinylidene fluoride with
trifluoroethylene [P(VDF-TrFE)], a typical ferroelectric
copolymer, can be a promising alternative in this regard
because of its solubility in organic solvents.24 This enables
direct access to the interfacial changes in the magnetic
perovskite by conventional surface-sensitive techniques. Be-
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