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TR R R R R B . Reprinted with permission from Ref. [28], Copyright © 2011 American Association for the Advancement of Science. (b)
RIAJE R Pb(Zr, , Tig §)O5/Lag st ,MnO5 572 i 5 K errfie % £ (MR )2 100 K). Reprinted with permission from Ref. [30], Copyright © 2009
WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim. (c) HL371E X FePtili Bmmits 04 HI1E . Reprinted with permission from Ref. [31],
Copyright © 2007 American Association for the Advancement of Science. (d) HL3% X} (Big sSby 5),Tes/Crg 14(Big 54Sbg 35), Tes FITATE. K] AN[RITH)ZIE
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Copyright © 2013 American Chemical Society

Figure 1 (Color online) Electric field control of magnetism based on the modulation of carrier density. (a) Electric field control of Co-doped TiO,.
Main: Anomalous Hall effect of Co-doped TiO, measured at different gate voltages; insert: Sketch of ionic liquid gating device. Reprinted with
permission from Ref. [28], Copyright © 2011 American Association for the Advancement of Science. (b) The electric field-dependent Kerr rotation in
Pb(Zr,Tiy5)O3/La, ¢S1,MnO; at 100 K. Reprinted with permission from Ref. [30], Copyright © 2009 WILEY-VCH Verlag GmbH & Co. KGaA,
Weinheim. (¢) Electric field effect on the coercivity of FePt. Reprinted with permission from Ref. [31], Copyright © 2007 American Association for the
Advancement of Science. (d) Electrical control of magnetism in (Biys5Sbgs),Tes/Cry 6(Bigs4Sbgsg).Tes. Upper panel: Electric field effect on the

anomalous Hall effect of (Bi, sSby 5),Te;/Cry 16(Big 54Sby 35), Te; with various top layer thicknesses; lower panel: Corresponding schematic representations
of the surface-related magneto-electric effects. Reprinted with permission from Ref. [32], Copyright © 2013 American Chemical Society
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Reprinted with permission from Ref. [17], Copyright © 2010 American Association for the Advancement of Science. (b) Cr#824%Bi Sb,_, Te;7EAIA][]
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Figure 2 (Color online) Electric field control of spintronic devices based on the modulation of carrier density. (a) Magnetoresistance curves with
different polarization states for Fe/BaTiOs/La, 4751, 33Mn0Os. Reprinted with permission from Ref. [17], Copyright © 2010 American Association for the
Advancement of Science. (b) Longitudinal and Hall resistance (R, and Ry) of the device under different V; at 100 K. Reprinted with permission from
Ref. [49], Copyright © 2020 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim. (¢) Electric field control of racetrack memory. Main: Domain wall
motion velocity of MgO/Pt/Co/Pd under different gate voltages; insert: Typical polar Kerr magnetic image and gate voltage dependent domain wall
motion velocity. Reprinted with permission from Ref. [21], Copyright © 2018 The Authors, some rights reserved; exclusive licensee American
Association for the Advancement of Science. (d) Polar Kerr magnetic images of the electric field control of skyrmion bubbles density in the Pt/Co/oxide
trilayer under a static 1.5 Oe perpendicular magnetic field. Reprinted with permission from Ref. [50], Copyright © 2017 American Chemical Society
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Copyright © 2007 American Physical Society. (b) #kHi(ferroelectric, FE)W454kff (ferromagnetic, FM)BERIFE A G R, LE: 10 kV/emTASM I
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KGaA, Weinheim. (c) FkifHLIZH13 Oeffid 1545 T Co/PMN-PTHI W k3% 25k, Reprinted with permission from Ref. [58], Copyright © 2014
WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim. (d) A~ [A]H13% T Mn;Ga/MgO/PtHY % iE 4 FL BHL(3 YK IE L2 ). Reprinted with permission from
Ref. [59], Copyright © 2020 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

Figure 3 (Color online) Electric field control of magnetism based on the strain effect. (a) Magnetization as a function of the electric field for
La,;SrysMnO3/PMN-PT heterostructure. Reprinted with permission from Ref. [56], Copyright © 2007 American Physical Society. (b) The correlation
between ferroelectric (FE) and ferromagnetic (FM) domains. Upper panel: Polar plots of the normalized remnant magnetization (Mg/Mj) of the magnetic
a; and a, domains on top of the ferroelectric ¢ and a; domains after the application of an out-of-plane electric field of 10 kV/cm; lower panel: The
polarization microscopy images of the FE and remnant FM domain structure illustrate the superposition of two patterns in the magnetic film. The
imaged area and magnetic field angle are 68 pm x 54 um and 0°, respectively. Reprinted with permission from Ref. [57], Copyright © 2011 WILEY-
VCH Verlag GmbH & Co. KGaA, Weinheim. (¢) Pulsed electrical operation with external magnetic field and the resulting magnetization measured at
3 Oe in Co/PMN-PT. Reprinted with permission from Ref. [58], Copyright © 2014 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim. (d) Electric
field dependent tunneling resistance curves of the Mn;Ga/MgO/Pt magnetic tunneling junction during three continuous measurements. Reprinted with
permission from Ref. [59], Copyright © 2020 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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Figure 4 (Color online) The application of electrical control of magnetism based on strain effect in spintronic devices. (a) TMR curves of CoFeB/

AlO,/CoFeB/ItMn at E = 0 and +8 kV/cm, respectively, and the repeatable high/low TMR states tuned by electric fields without the assistance of a
magnetic field. Reprinted with permission from Ref. [15], Copyright © 2014 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim. (b) Field-like

H<") and damping-like (H ") spin orbit torque effective fields in W/CoFeB/MgO heterostructure as a function of the electric field applied across the
FL ping pr) SP q

PMN-PT(011) for the current flowing along the tensile [011] and compressive [100] strain directions. Reprinted with permission from Ref. [72],
Copyright © 2020 American Physical Society
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Figure 5 (Color online) Electric field control of magnetism based on the exchange coupling. (a) Electric field control of magnetism in NiFe/YMnO,/Pt
(at 2 K). Upper panel: Hysteresis loop under different voltages; lower panel: Voltage dependent magnetization. Reprinted with permission from Ref.
[77], Copyright © 2006 American Physical Society. (b) Ionic liquid gating control of [Co/Pt]IrMn heterostructure. Upper panel: Sketch for ionic liquid
gating device; lower panel: Exchange bias fields (Hgg) and coervitities (H) of [Co/Pt]IrMn heterostructure under different gate voltages. Reprinted with
permission from Ref. [78], Copyright © 2015 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim. (c) Ionic liquid gating control of CoFeB/Ru/CoFeB
synthetic antiferromagnet[79]. Upper panel: Schematic of ionic liquid gating induced magnetism modification process; lower panel: Normalized magnetic

hysteresis loops under different ionic liquid gating voltages
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Figure 6 (Color online) Electric field control of magentism based on the orbital reconstruction. (a) Modulation of electronic structure in Fe/BaTiO; by
ferroelectric polarization switching. Left panel: Minority-spin charge density at the Fe/BaTiO; interface for two opposite polarizations in BaTiOs; right
panel: Orbital-resolved density of state (DOS) for interfacial atoms in a Fe/BaTiO; multilayer for Ti-3d. Fe-3d and O-2p. Reprinted with permission
from Ref. [83], Copyright ©2006 American Physical Society. (b) Electrical control of magnetism in BaTiO;/La,;Sr;;MnO; based on orbital
reconstruction. Left panel: Schematic for the covalent bond and orbital reconstruction at the BaTiOs/La,;;Sr|;MnO; heterostructure; right panel: The
La,3Sr;;sMnO; thickness (f) dependent in-plane magnetoresistance (pMR) when BaTiO; shows upward and downward polarizations (P, and Pyqy,).
Reprinted with permission from Ref. [12], Copyright © 2015 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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Figure 7 (Color online) Electric field control of magnetism based on the modulation of ion migration. (a) Control of magnetism in SrRuO; based on
the H" injection under electric field®. Left panel: Calculated Stoner criterion parameter IN, and c-axis lattice parameter as a function of hydrogen

concentration in H,SrRuOj; ferromagnet-paramagnet phase diagram; right panel: Color map of estimated topological hall resistivity(pYTX) and characteristic

fields at various temperatures and magnetic fields (coercive field, H. and the field where the pYTX reaches its maximum, Hp). (b) Control of magnetism in

SrCoO, based on the o injection under electric field®. Left panel: Typical scanning transmission electron microscopy-high angle annular dark field
images and atomic structure sketches are shown for the as-deposited film SrCoO, 5 and the same film after gating with V5=-3 V for 15 min. The scale
bar corresponds to 2 nm. Right panel: Magnetic circular dichroism based on electron beam for SrCoO, sand SrCoO;. (c¢) Control of magnetism in y-
Fe,0; based on the Li” injection under electric field. Left panel: Fully-reversible variation in magnetic response (measured with an applied magnetic
field of 10 kOe) of y-Fe,O; nanoparticles with respect to the lithiation (discharging) and delithiation (charging) cycles; right panel: Schematic
presentation of Li intercalation-driven magnetization variation. Reprinted with permission from Ref. [95], Copyright © 2014 WILEY-VCH Verlag
GmbH & Co. KGaA, Weinheim
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Using the spin degree of freedom to realize the information storage and processing is a promising way to overcome the
challenges of high chip heat loss and quantum size effect in classic semiconductor devices of nanoscale, which has
developed to be a hot research area of spintronics. The manipulation of magnetism is one of the core topics in the field of
spintronics. Various routes have been developed to control the magnetism, such as magnet, strain, chemical doping,
current, and light. With the advantages of reversibility, low-energy consumption, and good compatibility with
semiconductor industry, manipulation of magnetism using an electric field attracts increasing research interest and shows
enormous potential for application.

Actually, the possibility of tuning the magnetism by an electrical way was firstly proposed by the Maxwell’s equation and
the thought of the electric field control of magnetism could date back to the 1960s. After the experimental realization of the
electric field control of magnetism in diluted magnetic semiconductor (In,Mn)As by Ohno et al. in 2000, such a technology
has been utilized to manipulate the magnetic properties of different magnetic metals, oxides, topological insulators, and
two-dimensional materials. The physical mechanisms behind the electric field control of magnetism also attract a lot of
attention. In this review, we summarize the recent progress of electric field control of magnetism in different materials and
devices based on their mechanisms: Carrier-density, strain, exchange coupling, orbital reconstruction, and ion migration.

Various magnetic properties, like Curie temperature, magnetic moment, magnetic anisotropy, coercivity, and exchange
bias have been effectively modulated by the electric field. Among them, the electric field controls of magnetic anisotropy,
coercivity, and exchange bias are thought to be promising routes for magnetization switching based on the pure electric
field. Meanwhile, the electric field is also used to control the different magnetoresistance and spin-related transport
properties. The spin transfer torque and spin orbit torque are two kinds of torques that are generated by electrical current
and can be utilized to switch the magnetization. Using an electric field to control these two torques attracts more and more
attention. On the other hand, a lot of efforts have been made to control spintronic devices like magnetic tunnel junction,
multi-ferroic tunnel junction, and racetrack memory by the electric field for pursuing the next generation nonvolatile
memory technologies with low energy consumption, high density, and high speed.

A large number of researches have been done in the area of electric field control of magnetism, whereas, it is still a
developing topic with a lot of open questions in the performances, mechanisms, and practical applications. More efforts
need to be done in the area of electric field control of magnetism, to reveal the coupling between various mechanisms, to
increase the working temperature of more and more spintronic devices to or beyond room temperature, to realize the
electric field control of magnetism in low dimensional magnetic systems, magnetic nanostructures, antiferromagnet, and
magnetic insulator, to switch the magnetization using much lower or even no current density with the assistance of electric
field at room temperature and clarify the corresponding dynamic process, and to apply the electric field control of
magnetism in neurocomputing and logical operation.

electric field control of magnetism, spintronics, magnetoelectric coupling, magnetic materials and devices, strongly
correlated electron system

doi: 10.1360/TB-2021-0034

2060


https://doi.org/10.1360/TB-2021-0034

	电场调控磁性的研究进展 : 材料、机制与器件
	1�� 基于载流子调制的电控磁
	2�� 基于应变调制的电控磁
	3�� 基于交换耦合的电控磁
	4�� 基于轨道重构的电控磁
	5�� 基于离子迁移的电控磁
	6�� 多种机制的比较与讨论
	7�� 总结与展望


