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Abstract 

The ongoing demands for efficient and low-energy consumption spintronic devices 

motivate the idea of manipulating magnetism by ionic liquid (IL) electrolyte gating at 
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low voltage. Although magnetoelectric (ME) coupling has already been realized in 

some field-effect-transistor (FET) structures, some vital parameters such as giant ME 

coupling coefficient, excellent reversibility and low gating voltage seldom come at the 

same time, which greatly suppress the industrialization. Here we demonstrate a large 

552 Oe spin dynamics modulation of Fe3O4 thin film induced at gating voltage Vg= 

+1.5 V in an IL-gated Au/[DEME]+[TFSI]−/Fe3O4/MgO heterostructure with good 

reversibility up to 80 cycles, giving rise to a high ME coefficient of 368 Oe/V. Such 

large ME tunability under low Vg could be attributed to the electric field (E-field) 

induced ionic transformation between Fe2+ and Fe3+ at the interface. The tiny 

thickness change (~2 angstrom) and roughness change of Fe3O4 films under Vg= +1.5 

V illustrated by in-situ X-ray Reflection (XRR) give a reasonable explanation on the 

outstanding reversible property. Interestingly, it is found that the Verwey transition 

temperature of Fe3O4 has a strong dependence on Vg, revealing the potential of IL 

gating control of the intrinsic spin ordering inside magnetic films. This work drives 

forward the low-voltage induced reversible ME coupling to high-performance 

spintronic devices. 

  

Keywords: Magnetoelectric coupling, Voltage control of magnetism, Ferromagnetic 

resonance, Ionic liquid gating 
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Introduction 

High-performance spintronic devices with low energy consumption, adequate 

reversibility and fast response are greatly demanded for the evolving technology 

because spintronics offer opportunities for a new generation of devices combining 

standard microelectronics with spin-dependent effects that arise from the interaction 

between spin of the carrier and the magnetic properties of the material1-10. 

Voltage-induced magnetoelectric (ME) coupling in field-effect transistors (FET) at the 

interface opens up a new way to comprehend the fundamental science and design 

advanced spintronic devices. However, voltage-tunable ME devices on integrated 

circuit (IC) requires digital operation voltage (<5 V), which is too low to drive the 

bulk piezoelectric-based multiferroics11-16.  

 As one of the cutting-edge voltage tuning technologies, ionic liquid (IL) 

electrolyte gating has made great developments in manipulating p-n junction, band 

insulator, insulator-to-metal transition, carrier delocalization and transport properties 

of the semiconductor through vigorous ion transmission in an ideal Field Effect 

Transistor (FET) structure3, 17-19. In particular, IL gating is also very effective in the 

modifications of magnetic properties such as magnetoresistance, magnetization and 

magnetic anisotropy, and in spin wave and spin dynamics3,20-24, where the spin 

behavior is sensitive to interfacial charge doping. During the IL gating process, 

modification of spin, charge, orbital, lattice and interactions among them induced by 

electric double layer (EDL) at atomic or subatomic level enables exotic phenomena 

and novel spintronics/electronics devices with additional degrees of freedom18,25-27. 
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Interfacial ME coupling effect offers an effective approach for controlling the surface 

magnetism in various oxide gating structures with large ME tunability at low applied 

voltage3,26,28-32. Recently, Yu et al.33 reported an E-field induced tri-phase 

transformation in SrCoO2.5 via ionic doping (O-2, H+) through IL gating, enabling a 

smart tuning of electronic, optical or magnetic properties with great application 

potential in various fields. Clearly, this achievement proves that the IL gating of 

magnetic oxides systems are worth further studying because the magnetism of oxides 

are highly depended on chemical valences, which can easily be manipulated by ions 

transmitting during the IL gating process. Furthermore, precise determination of 

voltage control of magnetic anisotropy (VCMA) with excellent reversible 

performances still remains challenging for functional devices.  

Magnetite (Fe3O4) is a well-studied magnetic oxide with cubic inverse spinel 

structure, and has a conducting spin-polarized ferrimagnet with enriched physics and 

chemistry phenomena. The coexistence of Fe2+ and Fe3+ mixed valences creates 

various phases (FeO, α-Fe2O3, γ-Fe2O3), and corresponding plentiful magnetic, 

electrical and optical properties34,35. Magnetite thin films also attract great attentions 

for their broadly application potential on electronics, spintronics and biology36-39. 

Moreover Fe3O4 are more suitable for the spintronics application due to the lower cost, 

the higher abundance of iron and the lattice constant matching widely used substrates 

like MgO(001) and other oxide compounds. Tuning the magnetism of Fe3O4 

electrically in a fast, compact and energy efficient manner is thereby critical to realize 

next generation Fe3O4 based spintronic devices. In this work, we realized a 
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precisely-determined 552 Oe spin dynamics modulation (ferromagnetic resonance 

field shift, FMR Hr) via a small Vg (+1.5 V) with good reversibility in an 

IL/Fe3O4/MgO heterostructure, corresponding to a large ME tunability of 368 Oe/V, 

which is 2 orders of magnitude greater than that of strain-mediated ME structures in 

previous reported 2.15 Oe/V in Fe3O4/PZN-PT heterostructure11. The attained ME 

coupling coefficient is also higher than the recently reported record values in our 

previous research3 on Co and the mostly reported 226 Oe/V on La0.74Sr0.26MnO3 gated 

with IL2. This IL gating of magnetite process shows a great reversibility after 80 

cycles test. Both chemical and structural analyses indicate that the modulation of 

magnetism–spin dynamics is originated from E-field induced interfacial ionic 

chemical valence switching (between Fe2+ and Fe3+). The tiny thickness change (~2 

angstrom) and roughness change of Fe3O4 films after gated at Vg= +1.5 V illustrated 

by in-situ XRR give a reasonable explanation on the outstanding reversible property. 

In addition, the Verwey transition temperature of Fe3O4 can be also shifted by 6 K 

with IL gating, which is worthy further investigation for its capability of manipulating 

the intrinsic spin ordering. IL gating control of magnetite is therefore proven to be a 

great E-field modulation technology that allows essential modulation of magnetism 

and enables voltage-tunable spintronics/electronics applications with advanced 

functionality.  
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Results and discussion 

 

Figure 1. (a) X-ray diffraction patterns of the Fe3O4/MgO heterostructure. The inset 

shows the Raman spectra of the heterostructure. (b) Representative HRTEM images at 

the Fe3O4/MgO interface. The inset shows the selected area electron diffraction profile 

and the red square shows the overlapped electron diffraction spots of Fe3O4 (800) 

films and MgO (400) substrate. (c) [DEME]+[TFSI]− electrochemical window test. 

The Vg ranges were divided into Region I (-1.9 V < Vg < 1.8 V) and Region II (Vg ≥ 

1.8 V or Vg ≤ -1.9 V). (d) Frequency dependence of the capacitance of 

[DEME]+[TFSI]− from 20 Hz to 1000 Hz at different DC bias from 0 V to 6.5 V with 

the same AC voltage of 100 mV. 

 

The XRD θ-2θ scan for the (001)-oriented Fe3O4/MgO heterostructure 

demonstrates that the magnetic films are fully textured along the [001] orientation 

without other phases or textures, as shown in Figure 1a with the intensity in log scale. 
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A broader XRD pattern is also shown in Supporting Information in Figure S1a. The 

inset in Figure 1a displays the Raman spectra of the heterostructure, where the dash 

lines indicate the characteristic peaks of magnetite, confirming the formation of the 

Fe3O4 phase. Combining the XRD and Raman spectra, we can conclude that the 

magnetite films were successfully epitaxially deposited on the MgO substrates. The 

microstructure of the Fe3O4/MgO heterostructure was imaged by spherical 

aberration-corrected electron microscopy (SAEM). The different scale cross-sectional 

high-resolution transmission electron microscopy (HRTEM) images in Figure S1b-e 

(Supporting Information) show sharp interface between the Fe3O4 films and the MgO 

substrate. The perfect epitaxial growth is illustrated by the enlarged HRTEM image at 

the Fe3O4/MgO interface, as shown in Figure 1b. The inset in Figure 1b displays the 

selected area electron diffraction, in which the red square shows overlapped 

diffraction spots composed of Fe3O4 (800) films and MgO (400) substrate. Figure 1c 

displays the IL gating electrochemical window test, in which the applied Vg is divided 

into two regions: Region I (-1.9 V<Vg<1.8 V, |I| < 2 × 10−7 A, within electrochemical 

window) and Region II (Vg≥1.8 V or Vg≤ -1.9 V, |I| ≥ 2 × 10−7 A, outside the 

electrochemical window). To characterize the dielectric properties of the IL, the 

frequency-dependent capacitance of [DEME]+[TFSI]− is measured from 20 Hz to 

1000 Hz at different direct current (DC) bias (from 0 V to 6.5 V) with the same 

alternating current (AC) level (100 mV), as shown in Figure 1d. It is easy to find out 

that the greatest capacitance of ~1275 nF/cm2 is achieved when the DC bias is around 

3.0 V, corresponding to the highest interface charges accumulation during the gating 
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process.  

 

Figure 2. (a) The schematic of ESR measurement, and when θ=0 and 90o represent 

in-plane and out-of-plane, respectively. The in-plane and out-of-plane FMR spectra of 

Fe3O4/MgO heterostructure gated by IL were shown in (b) and (c), respectively. (d) 

In-plane and out-of-plane Hr as a function of applied Vg in both Region I and Region 

II. (e) The out-of-plane of in-situ VSM test of the Au/[DEME]+[TFSI]−/Fe3O4/MgO 

heterostructure at different Vg.  
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Figure 2 summaries the IL gating effect on the magnetic properties under various 

Vg in both Region I and Region II, which were measured in the X-band FMR cavity 

under N2 gas protection3,40, as shown in the schematic of Figure 2a. Figure 2b and 

Figure 2c show the in-plane and out-of-plane FMR spectra of the 

Au/[DEME]+[TFSI]−/Fe3O4/MgO heterostructure under E-field bias in Region I and 

Region II. The distinct in-plane and out-of-plane Hr shifts (spin dynamics change) 

were obtained and both the FMR shifts reached the maximum at Vg=3 V, 

corresponding to the maximum charges distribution at the interface as verified in 

Figure 1d. Figure 2d demonstrates the Hr dependence (both in-plane and out-of-plane) 

on Vg, covering the Region I and Region II. When Vg=3 V, the out-of-plane Hr shift 

reached its maximum of 1572 Oe (from 5580 Oe to 4008 Oe), corresponding to a 

large ME coefficient of 524 Oe/V. Meanwhile, an in-plane Hr change of 536 Oe with a 

ME coefficient of 178 Oe/V was also obtained. Compared with tunability of 234 Oe/V 

at Vg=5 V, the ME coefficient at 3 V is much greater due to the larger IL capacitance 

and surface charges accumulation at the interface, as confirmed in capacitance test of 

Figure 1d. The tendency of the ratio of Fe3+ to Fe2+ is further confirmed in the 

following analysis by EELS and XPS in Figure 4. Figure 2e presents the out-of-plane 

magnetic hysteresis loops of the IL-gated Fe3O4 obtained by vibrating sample 

measurements (VSM), from which we can find that Fe3O4 are always ferromagnetic 

during the gating process at different gating voltage. And the VSM curves without 

normalized saturation magnetization are shown in Supporting Information in Figure 

S2. The coercive field (Hc) almost keeps constant for all the Vg values applied. The 
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angular dependences of Hr at Vg=0 V and 1.5 V are also shown in Figure S3 

(Supporting Information). It can be seen that, the Hr increased for angle<60o while it 

decreased for angle>60o. 

 

Figure 3. The reversibility test for the Au/[DEME]+[TFSI]−/Fe3O4/MgO 

heterostructure with Vg in Region I. (a) Out-of-plane Hr loop as a function of the Vg 

(gating voltage was changed from 0 V to +1.5 V, to -1.5 V, and back to 0 V, as shown 

by the violet dash loop). (b) The typical FMR curves of the 

Au/[DEME]+[TFSI]−/Fe3O4/MgO heterostructure along the out of plane direction for 
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one cycle as shown in (a) and the dash lines indicate the difference of 0 V and +1.5 V 

(c) The model diagram of Fe3O4 based voltage tunable spintronic devices. (d) 

Out-of-plane Hr shift of the Au/[DEME]+[TFSI]−/Fe3O4/MgO heterostructure as a 

function of Vg= ±1.5 V for 80 cycles. 

 

The reversibility of the E-field tuning is a vital performance for realizing ME 

devices. In Figure 3, to verify the stability of the IL gating controlling of magnetism, 

the out-of-plane Hr shift of the Au/[DEME]+[TFSI]−/Fe3O4/MgO heterostructure as a 

function of ±1.5 V was tested for cycles. Firstly, the single cycle loop of the 

out-of-plane Hr as a function of gating voltage in Region I is displayed in Figure 3a, 

following the Vg sequence (from 0 V to +1.5 V, to -1.5 V and then back to 0 V at last, 

as shown by the violet dash loop). Only a positive Vg induced a large Hr shift. In 

contrast, under a negative Vg, the chemical valence could hardly change and affect the 

surface magnetism. The imbalanced VCMA change was also confirmed in our 

previous work on IL gating of metallic Co thin film3. The contour map of the 

out-of-plane FMR results at different Vg is illustrated in Figure S4a (Supporting 

Information), where the FMR intensity was plotted as a function of voltage (y axis) 

and applied magnetic field (x axis). Figure 3b shows the typical FMR curves in Figure 

3(a) at different gating voltages. The maximum of tunability of 552 Oe is obtained at 

+1.5 V and 50 Oe difference is detected for one cycle gating voltage since the 

reversibility of the induced double layer electron cannot be perfect because ionic 

gating process always involves the limited electrochemical reaction and the charge 
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distribution after the gating voltage is applied/withdrawn is time-dependent. When 

negative gating voltage was applied, no electron injection or oxygen vacancy were 

produced due to the inverse EDL distribution at the surface, hence the ration of Fe2+ 

and Fe3+ keep constant as the initial state and almost no tunability was observed. 

Since the great coefficient of 368 Oe/V at low gating voltage, a realizable 

Fe3O4-based low-energy consumption spintronic prototype device is being designed 

based on the great tunability obtained in our research as shown in Figure 3c. Figure 3d 

shows voltage-induced out-of-plane Hr shift for 80 times test gated between +1.5 V 

and -1.5 V. Specifically, the stable Hr tuning of the +1.5 V IL gating occurred after 

dozens of cycles with reversible Hr shift as high as 922 Oe, corresponding to a greater 

VCMA coefficient of 615 Oe V−1. The contour map of the out-of-plane FMR spectra 

for 80 cycles was shown in Figure S4b (Supporting Information). In short, the stable 

and maximum VCMA occurs after dozens of cycling tests, and the reason of the 

VCMA enhancement may be due to the stable charges distribution at the interface and 

almost unchanged roughness at the interface after dozens of cycles with applied Vg. 

The FMR spectra of in plane and out of plane with different cycles shown in Figure 

S4c-f (Supporting Information) indicated that even almost hundred of cycles the 

Fe3O4 films were also ferromagnetic as the initial state, which exhibited good 

reversibility. The 80-cycle reversibility test demonstrates great reversibility and shows 

the possibility to design the prototype to tunable spintronic devices. 
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Figure 4. (a) Depth variation of dispersion part of refractive index (δ) of the measured 

XRR profile (plot line) at different gating voltage. (b-d) XPS spectra of Fe 2p for the 

ungated, +1.5 V and 4 V-gated samples. The insets in (b), (c) and (d) show the 

schematics of the Au/[DEME]+[TFSI]−/Fe3O4/MgO heterostructure in ungated state, 

gated Region I and Region II, respectively. Only Fe3+ at the interface was marked to 

simplify the changes in Fe3+ at the interface during the gating process in initial state, 

Region I and Region II in the insets of b-d. 

 

To illustrate the changes of thickness and roughness of the Fe3O4 films, in-situ 

X-ray reflectivity (XRR) measurements were performed during the gating process. 

The Figure 4a shows the depth variation of dispersion part of refractive index (δ) 

obtained after fitting of the measured XRR profile which was shown in Supporting 

Information in Figure S5. As can be seen clearly that the thickness of the ungated 
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sample (111 Å) and 1.5 V gated sample (109 Å) has the almost identical thickness, 

which is mainly attributed to the change of the roughness when gating voltage was 

applied. The roughness decreased from 3.1 Å to 2.2 Å when gating voltage was 

increased from 0 V to 1.5 V. As for the 4.0V gated sample, drastic thickness decrease 

(66 Å) was observed due to the severe chemical reaction in Region II and the 

roughness also greatly increased. This may partly illustrate the outstanding 

reversibility performance up to 80 cycles although chemical reaction cannot be 

diametrically excluded in Region I. The structural analysis and interfacial valence 

states revealed by X-ray photoelectron spectroscopy (XPS) and electron energy loss 

spectroscopy (EELS) which are also displayed in Figure 4b-d and Supporting 

Information Figure S6. Since the state of IL-gated Fe3O4 sample will be kept long 

enough after the applied voltage was removed, we used samples which were applied 

gating voltage and then the ionic liquid was cleared at once for the structural and 

interfacial valence states analysis. Detailed EELS analysis and data are presented in 

Figure S6 (Supporting Information). The XPS experiments were performed for all the 

samples to reveal the interfacial valence change of the Fe ions. As shown in Figure 4b, 

the ungated sample has a Fe2+/Fe3+ ratio of about 1:2, corresponding to the 

stoichiometry of the Fe3O4 thin film. The schematic in the inset of Figure 4(b) present 

the ungated state of the heterostructure. Under an E-field of +1.5 V, the percentage of 

Fe2+ ions increased from 33.9% to 44.7%, while that of Fe3+ decreased from 66.1% to 

55.3%, as shown in Figure 4c, which may be attributed to the strong charge doping by 

under the high electric field induced by the interfacial electric double layer. As shown 
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in the inset of Figure 4c, EDL is formed at the interface due to the applied gating 

voltage. The generous doped electron at the interface may change the local electronic 

structure of Fe3O4, leading part of Fe3+ got electron and turned to Fe2+, which results 

in a large VCMA through this interfacial ME effect. The observed reversible Hr tuning 

could be attributed to the reversible redox process of Fe3+ and Fe2+ originated from the 

electron doping and withdrawn when positive and negative Vg are applied alternately. 

Although we cannot absolutely exclude the electrochemical process in the Region I, it 

must be in a negligible scale according to the XRR results in Figure 4(a). The 

variation of Fe2+ and Fe3+ ions extracted from the XPS data coincides perfectly with 

the EELS data. However, when Vg=4 V was applied, outside of the electrochemical 

window, the IL reacted with Fe3O4 films and corroded the interface irreversibly, which 

reduced the Fe3O4 thickness greatly. The percentage of the Fe2+ ions for 4 V-gated 

samples was further increased to 67.6% while that of the Fe3+ ions decreased to 32.4% 

due to more doped electrons and electrochemical reaction, as shown in Figure 4d. 

Although a larger Hr shift was obtained, the processes were irreversible because of the 

irreversibility of the electrochemical processes. Meanwhile more oxygen vacancies 

will be greatly induced in this process as shown in the inset of Figure 4(d), which 

could also be proven by the XPS spectra of O 1s of the heterostructures gated at 0 V, 

1.5 V and 4 V shown in Supporting Information in Figure S7. The surface 

morphology of the samples gated at different voltage was given in Figure S8 

(Supporting Information), showing a negligible surface roughness change in Region I 

and a drastic increase of roughness in Region II.   
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Figure 5. (a-b) Temperature-dependent Hr of the ungated (a) and gated with +1.5 V (b) 

Fe3O4 samples ~8 nm thick along both in-plane and out-of-plane directions. (c-d) 

Temperature dependent Hr of ungated and gated with different Vg Fe3O4 ~20 nm 

samples along the in-plane (c) and out-of-plane (d) directions. The inset in (d) shows 

the details at low temperature from 100 K to 118 K. 

 

As a widely used conducting spin-polarized ferrimagnet, the characteristic 

Verwey metal-insulator transition of magnetite remains an active area of research41-43. 

The mechanism behind the Verwey transition is under a long-standing debate between 

charge ordering (‘Wigner crystal’) of the Fe2+/Fe3+ cations on the octahedral sites and 

structural/orbital ordering. Here, the IL gating process as an external charge doping 

method provides a new approach to study the Verwey transition. Figure 5 shows 

temperature-dependent Hr of Fe3O4 with different thickness along in-plane and 
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out-of-plane direction under various Vg. The FMR measurements determined the 

Verwey transition temperature (VT) precisely from the values of Hr. In Figure 5a, the 

Fe3O4 (~8 nm)/MgO heterostructure was tested in the temperature range from 300 K 

to 100 K and no VT could be detected, which may be attributed to nano-size effect that 

smeared out the Verwey transition. It was reported that the Verwey transition 

disappears in Fe3O4 nanocrystals smaller than 6nm44 due to the broken symmetry of 

the crystal structure and the presence of low-coordinated atoms at the surface. The 

different nanocrystal size in 8 nm films and 20 nm films may be the reason for the 

size-dependent Verwey transition in Figure 5a-b. Interestingly, with an applied Vg of 

+1.5 V, a distinct Verwey transition appeared as evidence by a sharp drop of Hr vs. T, 

for both the in-plane and out-of-plane configurations as shown in Figure 5b, 

demonstrating a voltage controllable Verwey transition. The in-plane and out-of-plane 

VT was calculated from the FMR results as 108 K. Based on the EELS and XPS 

analyses in Figure 4, the ratio of Fe2+/Fe3+ cations at the interface of gated sample has 

been changed compared with that of ungated samples. Charge doping from IL gating 

leads to the redistribution of the localized electrons over linear three-Fe-site units and 

induces large electrical polarization coupled to the magnetization, resulting in an 

E-field induced Verwey transition. Our experiments thereby offer another evidence in 

favor of the charge ordering (‘Wigner crystal’)-dominated phase transition theory45,46 

instead of the structural/orbit coupling which cannot be changed during IL gating 

process apparently. In Figure 5c-d, the quantitative E-field induced VT was further 

investigated along the in-plane and out-of-plane directions for a thicker (~20 nm) 
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Fe3O4 film. A clear Verwey phase transition was detected from the in-plane 

temperature dependent Hr as shown in Figure 5c. Considering the smaller in-plane 

VCMA, the in-plane VT changes indistinctly. Along the out-of-plane direction, 

however, the temperature-dependent Hr patterns are very different under various Vg, 

as represented in Figure 5d. These VT values were estimated by finding the inflection 

points of the Hr - T curves (the inset of Figure 5d) as: 108 K (ungated), 106 K (-1.5 

V-gated), 112 K (+1.5 V-gated) and 108 K (4 V-gated). The 6 K reversible 

voltage-induced out-of-plane VT shift was observed, which is unneglectable within the 

IL chemical window. Under Vg=4 V outside the electrochemical window, VT shifts 

back to 108 K, however, this result is not meaningful because of the film damage and . 

The related weak voltage-induced Verwey transition change of Fe3O4 film may due to 

that the IL gating process only affects the interface layer. We may conclude that the 

Verwey transition is indeed originated from charge ordering and the proportion of the 

Fe2+/Fe3+ ions does influence the transition behavior just as other research reported47. 

As thus, IL gating method is not only an effective tool of VCMA, but also the method 

of modulation spin ordering such as the Verwey transition in magnetite thin films. 

 

Conclusions 

In summary, the VCMA of Au/[DEME]+[TFSI]−/Fe3O4/MgO heterostructure via 

IL gating is studied. Our results show that the magnetic properties of Fe3O4 thin film 

can be effectively controlled by IL gating, achieving a giant ME coupling tunability of 

552 Oe corresponding to a high ME coefficient of 368 Oe/V with good reversible 
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performances. The reversible VCMA is induced by the ionic transition between Fe2+ 

and Fe3+ through IL charge doping, confirmed by the EELS and XPS analyses. The 

thickness changes of the films during the IL gating process indicate almost no 

chemical corrosion in Region I and give rise to excellent reversibility. Moreover, the 

Verwey transition temperature can be also shifted by up to 6 K by E-field, proving the 

viability of IL gating in the modulation of intrinsic spin ordering. This study provide a 

new way for designing smart spintronics devices with high effective low voltage 

manipulated VCMA and reversibility.  
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Experimental Section 

Thin Film Growth Fe3O4 thin films were deposited onto 5 mm × 5 mm × 0.5 mm 

MgO (001) substrates by pulsed laser deposition (PLD) using a home-made α-Fe2O3 

ceramic target. The homogeneous and dense ceramic target with a diameter of 30 mm 

and a thickness of 5 mm was calcined and sintered by conventional solid-state 

reaction at 1050 oC for 2h. Krypton fluoride (KrF) excimer laser (Lambda Physik 

COMPEX PRO 205 F) with a 248 nm wavelength was employed and focused onto 

the ceramic target and operated with a laser energy density of 240 mJ per pulse laser 

beam energy at a repetition rate of 5 Hz at 9 ×10-4 Pa without the insertion of oxygen 

at 450 oC. The growth process took 10~50 minutes to deposit Fe3O4 with different 

thicknesses. No further in-situ annealing was carried out. 

Phase and Structure Characterization: High-resolution X-ray diffraction 

(PANalytical, X’Pert MRD) and Raman scattering were performed to determine the 

crystal structure of the Fe3O4 thin films. The surface analysis of the Fe3O4 films 

before and after gating were conducted by X-ray photoelectron spectroscopy (XPS) 

with 150-180 W Al anode and a 100 meV step. The film morphologies before and 

after gating with different voltages were characterized via atomic force microscope 

(AFM, Bruker, Dimension Icon). The interface structure of the as-grown Fe3O4 films, 

gated at 1.5 V and gated at 4 V, were imaged by spherical aberration correction 
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transmission electron microscope (JEM-ARM200F, JEOL).  

Device Fabrication: The ionic liquid 

N,N-diethyl-N-(2-methoxyethyl)-N-methylammonium 

bis-(trifluoromethylsulphonyl)-imide (DEME-TFSI, Kanto Chemical Co.) was 

dropped onto the Fe3O4 films and then confined into a 3 mm × 3 mm × 1 mm 

chemically inert cell. The gating voltage was applied to the system by two gold wires 

(0.1 mm in diameter), one was contacted with Fe3O4 magnetic films and the other was 

contacted with IL through the chemically inert cell. The cell was put into the FMR 

chamber and the test process was conducted under N2 as protecting gas.  

Magnetic Measurement: In-situ voltage-controlled magnetic anisotropy 

measurements were carried out by electron paramagnetic resonance (EPR, JES-FA200, 

JEOL RESONANCE Inc.) and vibrating sample magnetometer (VSM), where the 

angle between the film plane and the external magnetic field was precisely determined. 

The gating voltage was applied by an Agilent 2901A Electrometer. These tests were 

conducted after 5 minutes when the gating voltage was applied to the system in order 

to balance the movements caused by thermal diffusion or E-field driven. 

Electrical and Capacitance Measurements: The electrochemical window test was 

performed in a cavity filled with nitrogen gas, with the assistance of a B2901A 

Precision Source/Measure Unit at 4 mV s−1. The capacitance measurements were 

carried out using an Agilent E4980A Precision LCR Meter at room temperature from 

20 Hz to 1 kHz with amplitude of 100 mV. The DC bias was set according to the 

gating voltage of the magnetic measurement. During the measurement, the system 
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was also located in the FMR chamber in order to maintain the same atmosphere. The 

IL was located in a 3 mm × 3 mm × 1 mm chemically inert cell, therefore, the 

capacitance was calculated using a 9 mm2 surface area. 
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In this manuscript, we demonstrate a new concept of low voltage (1.5 V) 

modulation of spin dynamics in ionic liquid-gated Au/[DEME]
+
[TFSI]

−
/Fe3O4/MgO 

heterostructure. This low voltage gating method has an excellent reversibility. The 

existing concept of modulating the spin dynamics is strain-mediated, which requires 

hundreds of driving voltage. In comparison, the ionic liquid modulation method 

reduces the gating voltage in a significant manner. Here, a precisely-determined 552 

Oe spin dynamics modulation, corresponding to a large magnetoelectric (ME) 

tunability of 368 Oe/V with good reversibility up to 80 cycles was obtained, which is 

2 orders of magnitude greater than that of strain-mediated ME structures in previous 

reports. The large ME tunability comes from a relative new mechanism - the voltage 

induced valence state switching of Fe ions in Fe3O4. This work throws light on the 

understanding of spin dynamics modulation in magnetic oxides and paves a way 

toward high performance, low voltage tunable spintronic applications. 
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A giant ME coupling tunability of 552 Oe at 1.5 V corresponding to a high ME 

coefficient of 368 Oe/V with a good reversibility can be effectively controlled by IL 

gating in Fe3O4 thin film. These findings make it a possibility to design the prototype 

to tunable spintronic/microwave devices 

Page 27 of 27 Materials Horizons


