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Fig. 1. Sketch of ferroelectric-field effect: (a) When the fer-
roelectric polarization (as denoted by assows) is upward,
holes are attracted at the interface; (b) in contrast, elec-
trons will gather at the interface when the polarization is

reversed (11,
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Fig. 2. (a) Interfacial magnetic transition induced by charge
redistribution at the La; ,A,MnO3;/BaTiOj; interface. Spe-
cifically, the local moments of Mn (denoted by small ar-
rows) close to the interface change from parallel to antipar-
allel as the polarization of BaTiO; (denoted by large ar-
rows) is reversed; (b) the spin-resolved local density of
states of the interfacial Lagy5A)5MnO; varies with the ferro-
electric field direction of BaTiOs, shifting downwards (blue
dashed line) or upwards (red solid line) as the polarization

pointing to or away from the interface, respectively!.
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Fig. 3. (a) Magnetic hysteresis curves of LaggSry,MnO3 along [100] direction taken at 100 K as the PbZr, ,Ti; gO5 polariztion points
down into (black dots) or away from (red hollow diamonds) the interface; (b) sketch of the spin configurations of interfacial Mn for
the two polarization states of PbZr;,Tij303. The schematic change of Mn and O orbital states are shown along with the layer-re-
solved magnetic moment. The spin orientation of Mn are denoted by arrows?’; (c) magnetoelectric hysteresis curve taken at 100 K

which is obviously manipulated by the external electric field?!); (d) sketch of the interfacial charge distribution and spin structure of
BiFeO;/Lag ;Cag ;MnO; (denoed by arrows with different size).
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Fig. 4. (a) Schematic of the interfacial electrostatic potential (lines without dots) and the corresponding curve of Mns’ e, charge
density (line with dots), with the original density (dashed lines) for reference. The typical polarization cases (left: Q@ = —0.4, right:
@ = 0.4) are shown for better illustration. The sandwiched ferroelectric gate and its polarization are also drafted. (b) Ferroelectric
field dependent ground-state phase diagram for the interfacial layers. In addition to the intrinsic ferromangentic phase, there are
many antiferromagnetic orders (such as CE1 and Cx1)20l.
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Fig. 5. (a) The superlattice structure composed of mangan-
ite and ferroelectric titanate. The Ba, O, Ti, Mn, and the
mixture of trivalent and divalent cations are denoted by
green, red, cyan, purple, and yellow balls. The n/p-type in-
terfaces have been marked. The magnetic order of mangan-
ite can be switched from ferromagnetic to ferrimagnetic as
the polarization of titanate changes from —P (left) to +P
(right); (b) the layer-resolved e, density (spheres) and elec-
trostatic potential (bars) modulated by n/p-type interfaces
(bricks) and —P/+ P polarizations (arrows)!!.
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Fig. 6. (a), (b) Schematic of G-type antiferromagnetic order in pseudocubic perovskite structure (as in BiFeOj) viewed from differ-
ent orientations. The antiparallel spins are distinguished by green and purple; (c) the superlattice structure of BiFeO3;/SrTiO;
stacking along the pseudocubic [111] direction. The two Fe’s in bilayer are labeled as 1 and 2; (d), (e) spatial charge distribution for
the Py, and Py, cases. The orientations of M and P are also indicated; (f) the schematic process of the electric field switch of mag-

netlsm forming an E-M hysteresis loop/®.
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Fig. 7. (a) Crystal structure of LiFe,Fg, in which the Fe, Li,
and F are denoted by brown, green, and silver balls, re-
spectively; (b), (c) the sketch of charge-ordering-mediated
magnetoelectricity in LiFe,Fg with moderate compressive
strain: (b) the switch of polarization. Insert: sketch of the
charge redistribution within Fe?*/Fe3* dimer; (c¢) the switch
of local moment. Insert: the corresponding profile of partial

charge density.
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Charge-mediated magnetoelectricity: from ferroelectric
field effect to charge-ordering ferroelectrics”
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Abstract

Magnetoelectricity is an emerging topic and a frontier issue of the field of ferroelectricity. Multiferroics
containing more than one ferroic order is an ideal system to pursuit intrinsic and robust magnetoelectric
coupling, which holds rich physics and great potential applications. As a branch of the correlated electron
family, multiferroic also has multiple degrees of freedom, including the charge, spin, orbital, and lattice. Among
them, the charge degree of freedom has been mostly overlooked in the past researches and actually it may play
an important role in magnetoelectricity. In this topical review, the charge-mediated magnetoelectricity is
introduced, including the ferroelectric field effect in heterostructures and the charge ordering in single-phase
multiferroics. The physical mechanisms will be revealed, together with several examples we given in recent

years. We hope that this topical review can provide a reference for the researches in this vigorous filed.
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