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Small-voltage multiferroic control of 
two-dimensional magnetic insulators
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Magnetic insulators, which have long-range magnetic order and are 

electrically insulating, allow spin propagation without electron motion 

and could be used to create dissipationless magnetoelectric and 

magneto-optical devices. Atomically thin two-dimensional (2D) magnetic 

insulators could, in particular, be used to fabricate compact devices. 

However, the efficient electrical control of 2D magnetic insulators remains a 

challenge due to difficulties in electrostatically doping such insulators and 

the inability of external electric fields to modify their crystal fields. Here 

we report the electrical control of the 2D magnetic insulator chromium 

germanium telluride (Cr2Ge2Te6) using a thin ferroelectric polymer. We show 

that ±5 V across the C r 2 Ge 2 T e 6 /polymer h et er os tr uc tures can open and close 

the magnetic hysteresis loop. The magnetic modulation is non-volatile, and 

is observed in bilayer, trilayer and four-layer Cr2Ge2Te6, but not in thicker 

eight-layer Cr2Ge2Te6, which indicates the importance of the interfacial 

multiferroic effect. The heterostructure multiferroics also enable direct 

electrical toggling between two magnetization states.

Magnetic insulators (MIs) allow spin-wave propagation whereas forbid 

charge current. They, thus, provide a class of platforms for the develop-

ment of energy-efficient spintronic and magnonic devices that separate 

the flow of spin and charge1,2. The MI yttrium iron garnet offers ultralow 

Gilbert damping constants on the order of 10−5 and ultralong magnon 

diffusion lengths of tens to hundreds of micrometres, which are ena-

bled by the suppressed electron–magnon scattering3,4. Alternatively, 

the MI terbium gallium garnet offers efficient optical isolation, which 

is enabled by the strong Faraday effect5 with high optical transpar-

ency6,7. These examples highlight the unique magnetoelectric and 

magneto-optic effects of MIs that can be used to create niche devices8–12. 

The discovery of two-dimensional (2D) layered MIs—such as chromium 

germanium telluride (Cr2Ge2Te6) and chromium triiodide (refs. 13,14)—

could lead to the development of new applications due to their atomic 

thinness, wide property tunability and simple construction of van der 

Waals heterostructures15–18.

Efficient voltage control of 2D MIs is critical for applications. The 

electrical control of magnetism has been demonstrated in diluted mag-

netic semiconductors19,20, metal thin films21,22 and 2D magnets23–25. How-

ever, the efficiency needs to be improved. The low controlling efficiency 

is linked to two fundamental issues: external electric fields are typically 

three orders of magnitude weaker than materials’ crystal fields, and 
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Density functional theory (DFT) calculations support the domi-

nant role of interfacial hybridization mechanism instead of the charge 

transfer doping mechanism. Calculations of a model heterostructure of 

Cr2Ge2Te6/P(VDF-TrFE) with opposite FE polarizations show a prominent 

difference in interfacial wavefunction overlap. The heterostructure with 

a down-polarized P(VDF-TrFE) has a larger interfacial wavefunction 

overlap than the same heterostructure with an up-polarized P(VDF-TrFE) 

(indicated by the larger area of yellow and cyan isosurfaces in Fig. 2j than 

Fig. 2l). Furthermore, the calculated doping levels in Cr2Ge2Te6 induced 

by the interfacial charge transfer from P(VDF-TrFE) with down and 

up polarizations are 4.0 × 1012 electrons cm−2 and 1.5 × 1012 holes cm−2, 

respectively (Supplementary Fig. 2). The calculated doping-dependent 

magnetic anisotropy of 2D Cr2Ge2Te6 shows that the abovementioned 

doping levels (Supplementary Fig. 3, yellow dashed lines) have a neg-

ligible effect on the magnetic anisotropy of 2D Cr2Ge2Te6. Moreover, 

we experimentally verified that electrostatically doping Cr2Ge2Te6 

even up to the density of ±8 × 1012 electrons cm−2 cannot cause the 

observed modulation effects in coercivities (that is, the coercivities 

shown in Supplementary Fig. 4a remain almost unchanged). Therefore, 

the combination of the calculated doping level in Cr2Ge2Te6 (by inter-

facial charge transfer from the adjacent P(VDF-TrFE)), the calculated 

doping-dependent magnetic anisotropy of Cr2Ge2Te6 and experimen-

tally measured coercivities of the electrostatically doped Cr2Ge2Te6 

suggest that the interfacial charge doping is not the main underlying 

mechanism causing our observed ferroelectrically controlled coercivi-

ties. Furthermore, the Raman spectra of 2D Cr2Ge2Te6 remain unchanged 

under different voltages (Supplementary Fig. 5), suggesting the absence 

of observable interfacial strain effect, which would otherwise be com-

mon in conventional composite multiferroics36.

The observed interfacial multiferroic effect is non-volatile. When 

the magnetic state is ON (that is, the hysteresis loop is opened with 

non-zero coercivity and remanence; Fig. 2f) at +0 V, the shape of the 

hysteresis loop, coercivity and remanence are consistent with the 

previous ON state at +80 V (Fig. 2e). Likewise, for the OFF state (that is, 

vanishing coercivity and remanent magnetization) by applying −80 V 

(Fig. 2g), the magnetic hysteresis loop continues to remain in the OFF 

state after −80 V is removed (that is, −0 V; Fig. 2h). A similar non-volatile 

effect is reproduced for the 4L-Cr2Ge2Te6 device (Supplementary Fig. 1).  

Non-volatility is a hallmark characteristic of FE electronics with tech-

nological significance.

We continue to systematically study the electrical control of the 

2L-Cr2Ge2Te6 device by sweeping the external voltages with a step size 

of 20 V (Supplementary Fig. 6). The voltage-dependent coercivity and 

percentile remanence are summarized in Fig. 3a,b. To quantify the 

switching behaviours of our multiferroic heterostructures, we esti-

mated the effective voltage across the Cr2Ge2Te6/P(VDF-TrFE) hetero-

structure excluding the voltage drop across the 260-nm-thick SiO2. We 

conducted a capacitance–voltage (C–V) measurement of P(VDF-TrFE)/

SiO2 to deduce the relative capacitance ratio between P(VDF-TrFE) and 

SiO2, and calculated that the voltage drop across P(VDF-TrFE) is 17.7% 

of the voltage applied across the entire device (Supplementary Fig. 7). 

Hereafter, the effective voltage (VEF) denotes the voltage drop across 

the 2L-Cr2Ge2Te6/P(VDF-TrFE) heterostructure.

Both coercivity and percentile remanence show square-shaped 

electrical hysteresis loops (Fig. 3a,b). The ON and OFF states corre-

spond to the two scenarios when the FEs are polarized downward (↓) 

and upward (↑), respectively. Specifically, in the case of magnetic 

coercivity, the VEF value of −5 V is the turning point at which the device 

switches to the OFF state with vanishing magnetic coercivity. When VEF 

increases above +5 V, the device switches back to the ON state with a 

5 mT magnetic coercivity. Likewise, the percentile remanence (Fig. 3b) 

exhibits a similar hysteretic dependence on VEF, and switches between 

14% (ON) and 0% (OFF) at ±5 V. These results confirm that in this work, 

±5 V corresponds to the coercive voltages of the FE P(VDF-TrFE). The 

coercive electric field of P(VDF-TrFE) of ~100 mV nm−1 (that is, 5 V across 

50-nm-thick P(VDF-TrFE)) agrees well with previous reports32. To fur-

ther confirm that our calculated VEF value is quantitatively reliable, 

we fabricated a 3L-Cr2Ge2Te6/P(VDF-TrFE) multiferroic device with a 

graphite bottom electrode on SiO2 (Supplementary Fig. 8 and Note), 

which allows us to directly apply voltages across the P(VDF-TrFE)/

Cr2Ge2Te6 heterostructure by circumventing the voltage dropped 

across SiO2 to control the 2D magnetic behaviour. Consequently, the 

applied small voltages are approximately equivalent to VEF. As shown 

in Supplementary Fig. 9, based on this device, we indeed demonstrated 

the non-volatile voltage control of 3L-Cr2Ge2Te6 with threshold volt-

ages of about ±5–6 V, which agrees well with our calculated flipping 

VEF across the P(VDF-TrFE)/Cr2Ge2Te6 heterostructure based on SiO2.

Given that the magnetoelectric ON/OFF behaviours were observed 

only for 2L-, 3L- and 4L-Cr2Ge2Te6 devices (Fig. 2e–h and Supplemen-

tary Figs. 1a and 9a) but not in the heterostructure with 8L-Cr2Ge2Te6 
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Fig. 3 | Voltage dependence of magnetic coercivity and percentile remanent 

magnetization in 2L-Cr2Ge2Te6/P(VDF-TrFE) at 4 K. a, Magnetic coercivity 

versus effective voltage VEF dropping only across the 2L-Cr2Ge2Te6/P(VDF-TrFE) 

heterostructure. Each data point is extracted from RMCD-measured magnetic 

hysteresis loops by systematically sweeping the voltages. The magnetic 

coercivity of 5 mT is obtained for the ON state. b, Percentile remanence as a 

function of VEF. A percentile remanence of 14% is obtained for the ON state. Both 

a and b show similar non-volatile hysteresis characteristics with the flipping 

effective voltages VEF of ±5 V, at which two magnetic states (ON/OFF) can be 

reversibly switched back and forth. The error bars represent the standard 

deviation from the mean of coercivity or percentile remanence derived from the 

magnetic hysteresis loops under five repetitive measurements.
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N,N-dimethylformamide (99.8%) to make a 2.5 wt% solution. The 

50-nm-thick P(VDF-TrFE) thin film can be obtained by spin coating at 

3,000 rpm for 30 s. The co-polymer film was then dried at 80 °C for 

10 min and further annealed in the glovebox to improve the crystal-

linity. A 20-nm-thick transparent ITO was deposited by electron-beam 

evaporation to cover the multiferroic heterostructure as a transparent 

electrode. Another metallic contact (Cr (5 nm) and Au (50 nm)) for 

wire bonding was thermally evaporated on a side region of the ITO, 

which does not block the probing laser. A highly p-doped Si substrate 

served as the bottom electrode for all the devices, except for the rede-

signed device shown in Supplementary Fig. 8 where a graphite bottom 

electrode on SiO2 was adopted (Supplementary Fig. 8 and Note). The 

devices were mounted on a dual in-line socket sample stage with silver 

paste, with both top and bottom electrodes wire-bonded to sockets for 

electrical connections.

RMCD characterization

The RMCD characterizations of our samples were conducted in a 

Montana closed-cycle cryostat down to 4 K and up to 300 mT in the 

out-of-plane direction. A 633 nm He–Ne laser served as the excitation, 

which was focused onto a sub-micrometre spot on the sample (opti-

cal power, ~7 µW) via a ×50 objective with 0.5 numerical aperture. The 

reflected light was collected by the same objective and detected by 

a photodiode. A chopper and photoelastic modulator were used to 

modulate the intensity and helicity/polarization of the excitation beam, 

respectively. The RMCD was determined by the ratio between the a.c. 

signal at 50 kHz (modulated by the photoelastic modulator) and the 

low-frequency a.c. signal at 237 Hz (modulated by the chopper) of the 

reflected light intensity, simultaneously measured by two different 

lock-in amplifiers. The phase of the 50 kHz a.c. signal was analysed to 

reflect the magnetization switching in the magnetic-field-dependent 

study of the redesigned device with a graphite bottom electrode.

Data availability
The data that support the plots within this paper and other findings of 

this study are available from the corresponding author upon reason-

able request.

Code availability
The codes used for plotting the data are available from the correspond-

ing author upon reasonable request.
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