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ABSTRACT 
The discoveries of ferromagnetic and ferroelectric two-dimensional (2D) materials have dramatically inspired intense interests due 
to their potential in the field of spintronic and nonvolatile memories. This review focuses on the latest 2D ferromagnetic and ferroelectric 
materials that have been most recently studied, including insulating ferromagnetic, metallic ferromagnetic, antiferromagnetic and 
ferroelectric 2D materials. The fundamental properties that lead to the long-range magnetic orders of 2D materials are discussed. 
The low Curie temperature (Tc) and instability in 2D systems limits their use in practical applications, and several strategies to address 
this constraint are proposed, such as gating and composition stoichiometry. A van der Waals (vdW) heterostructure comprising 2D 
ferromagnetic and ferroelectric materials will open a door to exploring exotic physical phenomena and achieve multifunctional or 
nonvolatile devices. 
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1 Introduction 
In the 1930s, Landau and Peierls concluded that no two- 
dimensional (2D) crystalline long-range order can survive at 
any finite temperature owing to the thermal fluctuation [1–3]. 
In 1966, Mermin and Wagner predicted “absence of ferro-
magnetism or antiferromagnetism in one-dimensional (1D) or 
2D isotropic Heisenberg models at any non-zero temperature” 
[4], and further deduced no 2D crystalline long-range order [5], 
which is currently accepted as “Mermin-Wagner Theorem”. 
However, in 2004, Geim A. and Novoselov K. discovered a flat 
flake of carbon with a thickness of just one atom—graphene [6], 
realizing the groundbreaking experiments in the 2D models, 
which induced a fundamental transformation in 2D materials. 
The discovery of graphene has inspired scientists to extensively 
explore the family of 2D van der Waals (vdW) materials more 
than ever before, and ultimately uncover plenty of unique 
optical, electrical, mechanical and thermal properties in 2D 
systems very different from their own properties in bulk 
materials. Through the wonders of 2D layered materials, 2D 
materials display metallic [7], semiconducting [8], supercon-
ducting [9], insulating and ferroelectric [10–12] properties. 
However, the Mermin-Wagner theorem was suppressing the 
achievement of 2D ferromagnetism until 2017, when long-range 
magnetic orders were experimentally discovered in CrI3 and 
Cr2Ge2Te6 down to the monolayer limit [13, 14], which represent 
another paradigm shift in the field of 2D materials.  

Ferromagnetism, refers to a permanent magnetic moment 
without applying any external magnetic field when the tem-
perature is below a critical value-Curie temperature (Tc). 
Through the ages, the three-dimensional (3D) ferromagnetic 
with high Tc can be easily achieved. However, the absence of 
2D ferromagnetic is a long-standing issue. According to the 
Mermin-Wanger theorem, the finite-range exchange interaction 
cannot preserve the long-range magnetic orders which can be 
destroyed by the thermal fluctuation at nonzero temperature [4]. 
Cutting through the limitation of Mermin-Wanger theorem 
requires strong enough magnetic anisotropy overcoming the 
thermal fluctuation like the way the 2D Ising model are. Thus, 
introducing magnetocrystalline anisotropy, shape anisotropy, 
exchange anisotropy and magnetoelastic anisotropy, will make 
the way to long-range magnetic order at finite temperature 
and 2D ferromagnetism possible. It should be made clear, in 
parentheses, that the layered vdW magnetic bulk crystals have 
been discovered in 1960s [15, 16]. But until now, through the 
wonders of growth and exfoliation technology, mono/few-layer 
ferromagnetism is realized by mechanically exfoliating from 
the chemical vapor transport (CVT) grown bulks. 

In the meantime, a few atomically thin magnets have been 
prepared on 2D non-magnetic materials via extrinsic methods, 
such as defect engineering [17–20], doping control [21–24] 
and surface functionalization [20, 25, 26], etc. Nevertheless, 
limited by the destructive effect in material and weak magnetism, 
there remain debates on the origin of the magnetism; and it is 
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difficult to put them into practice. In 2016, few-layered 
antiferromagnetic NiPS3 [27], FePS3 [28, 29] and CrSiTe3 [30] 
were exfoliated from magnetic 2D bulk materials. The significant 
breakthrough took place in 2017, the unambiguous experiments 
of ferromagnetism in atomically thin monolayer CrI3 [13] and 
trilayer Cr2Ge2Te6 [14], respectively. Ever after, experimental 
lists of ferromagnetic examples of Fe3GeTe2 [31], VSe2 [32] 
and MnSe2 [33] have been reported in succession. Except for 
the experimental efforts, a set of 2D ferromagnetic materials 
were predicted via density functional theory (DFT) calculation, 
such as transition metal dichalcogenides [32, 34, 35], transition 
metal trichalcogenides [14, 30, 36, 37], trihalides [13, 38–41], 
MXenes [42–46] and other materials [31, 47–54]. The 
summarized details of the partial theoretical and experimental 
2D ferromagnetic materials have been illustrated in Table 1. 

As another vital type of 2D vdW materials, ferroelectric 
materials with a non-centrosymmetric structure shows huge 
potential in electric devices and nanoscale electromechanical 
systems. For the record, ferroelectric by definition is a type 
of materials with spontaneous polarization in the absence of 
external electric field below the Tc. The polarization could be 
switched and controlled through an external electric field, which 
unlocks plenty of application opportunities for field-effect 
transistors (FET) [55], nonvolatile random access memory 
(RAM) [56, 57], sensors and photonic devices [58, 59], etc. As 
early as 1920s, the ferroelectric has been discovered [60], 
however, to date, the stable polarization of traditional ferroelectric 
materials are only maintained above a critical thickness of 
approximately ten of nanometers, otherwise the synergetic 
effects of depolarization and electric dipoles will occur [61–64]. 

Higher density, lower-consumption and ultra-sensitive electrics 
are urgently needed for modern technology, and ferroelectric 
devices happen to suit this need with reduced dimensions. So 
far, lots of attentions have been devoted to perovskite oxide thin 
films (such as PbTiO3 [61], BaTiO3 [65] and BiFeO3 [66]) and 
simple binary oxides (HfO2 [67] and ZrO2 [68]), the ferroelectric 
could be retained down to several unit cells. Nevertheless,  

the elaborate design of lattice-matched growth substrates or 
complex preparation processes are inevitable to achieve high- 
quality ferroelectric thin films at nanoscale, which restricts their 
practical applications in modern nanoscale electric devices. 
2D vdW layered materials provide opportunities to overcome 
this constraint to some extent owing to the unique strong 
intralayer coupling and weak interlayer interaction, which 
can be easily integrated into substrates, making them become 
promising candidates in realizing low-dimensional ferroelectric 
devices. To date, abundant 2D ferroelectric materials have been 
theoretically predicted, including monolayer distorted 1T-phase 
transition metal chalcogenides with a formula of MX2 (M = 
Mo, W; X = S, Se, Te) [69–71], low-buckled honeycomb AB 
binary monolayer (A and B originate from group IV or III–V) 
[72, 73], III2–V3 compounds (such as In2Se3) [11], graphitic 
binary compound bilayer (such as BN, AlN, ZnO, GaSe) [73] 
and transition metal thiophosphate (such as AgBiP2Se6, CuInP2S6 
and CuInP2Se6) [74–76] and other materials [73, 77–82]. In 
contrary, experimental reports on 2D ferroelectric materials 
remain uncommon. At present, only the following 2D 
ferroelectric materials of 1T-MoTe2 [12], WTe2 [83], α-In2Se3 
[11], β’-In2Se3 [84]，SnTe [85], CuInP2S6 [86], BA2PbCl4 [87], 
have been experimentally reported. In order to make readers 
more intuitive, parts of the theoretical and experimental results 
have been summarized in Table 2.  

The strong covalent-bonded intralayer coupling and weak 
vdW interlayer interaction of 2D material hold great potential 
in constructing heterostructure devices and achieving multi-
functional applications. Upon external perturbations (light, 
strain, gating and proximity, etc.), 2D vdW ferromagnetism and 
ferroelectrics will give rise to more exotic quantum phenomena 
and provide more opportunities in device applications. 
Particularly, 2D ferromagnetic and ferroelectric heterostructures 
attract intense interest and open numerous opportunities for 
spintronic, sensor and nonvolatile memory devices. In this 
review, we will give a general overview about the rapid progress 
in 2D vdW ferromagnetic and ferroelectric. This paper is 

Table 1 2D ferromagnetic materials  

Material Tc (K) Research status Ref. Material Tc (K) Research status Ref. 

VS2 90 Theoretical [34] Mn2NF2 1,877 Theoretical [42] 

VSe2 300 Experimental [32] Mn2NO2 1,379 Theoretical [42] 

MnS2 225 Theoretical [35] Mn2CO2 110 Theoretical [43] 

MnSe2 250 Theoretical [35] Mn2CCl2 380 Theoretical [43] 

CrGeTe3 57/106 Theoretical [36] Mn2CH2 120 Theoretical [43] 

CrSiTe3 36/80 Theoretical [30] Cr3C2 886 Theoretical [44] 

CrSnTe3 170 Theoretical [37] Cr2NO2 566 Theoretical [45] 

Cr2Ge2Te6 30 Experimental [14] Fe2C 861 Theoretical [46] 

CrI3 45 Experimental [13] Fe2Si 780 Theoretical [47] 

CrBr3 73 Theoretical [38] FeC2 245 Theoretical [48] 

CrCl3 49 Theoretical [38] Fe3GeTe2 206 Experimental [31] 

CrF3 41 Theoretical [38] MnO2 140 Theoretical [49] 

VI3 98 Theoretical [39] Mn3O4 45 Theoretical [50] 

VCl3 80 Theoretical [39] Cu2MoS4 350 Theoretical [51] 

MnI3 720 Theoretical [40] K2CuF4 8 Theoretical [52] 

MnBr3 700 Theoretical [40] CrN 675 Theoretical [53] 

MnCl3 680 Theoretical [40] Co2S2 404 Theoretical [54] 

MnF3 450 Theoretical [40]     

RuI3 360 Theoretical [41]     
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mainly divided into six parts to illustrate the current situation 
of 2D vdW ferromagnetic and ferroelectric. In Section 2, we 
will introduce the 2D insulator ferromagnetic, such as CrI3 
and Cr2Ge2Te6. In Section 3, we will review the 2D metallic 
ferromagnetic of Fe3GeTe2. In Sections 4 and 5, we will briefly 
discuss the 2D antiferromagnetic and 2D ferroelectric, 
respectively. Finally, we will provide a conclusion and give 
perspectives of future research areas in 2D vdW ferromagnetic 
and ferroelectric. 

2 2D ferromagnetic insulator: CrI3 and Gr2Ge2Te6 

2.1 CrI3 

Few- and monolayer (1L) CrI3, with the strong intrinsic 
magnetocrystalline anisotropy and magnetism maintained in 
thin layers, have been extensively investigated both in theory 
and experiment since 2017. The structure schematic of CrI3 is 
shown in Fig. 1(a), the Cr atoms are coordinated to six I atoms 
to form edge-sharing octahedral arranged in a hexagonal 
honeycomb lattice. And the magnetism arises from the super- 
exchange interaction between Cr atoms mediated by the 
spin-orbit coupling of I atoms. Previous research has shown 
that the bulk CrI3 is a strongly anisotropic ferromagnet below 
the Tc of 61 K and the easy magnetization axis is perpendicular 
to the basal plane [88]. In 2017, a pioneering work of the 
ferromagnetism persisting down to monolayer in CrI3 was done 
by group of Xu et al. Utilizing polar magneto-optical Kerr 
effect (MOKE) measurement, it was validated that monolayer 
CrI3 is an intrinsic Ising ferromagnet with the Tc of 45 K. In 
Fig. 1(b), layer-dependence MOKE measurements of CrI3 
demonstrated that the ferromagnetic behavior was distinctly 
observed in the monolayer, while the net magnetization vanishes 
in bilayer CrI3 because the adjacent two layers have opposite 
magnetic orientation and nearly compensate each other, giving 
rise to antiferromagnetic behavior, and the ferromagnetic 
behavior returns back in trilayer CrI3. The extraordinary behavior 
indicates the strong layer-dependent coupling of magnetic order 
[13]. In addition, the helicity of ligand-field photoluminescence  

(PL) in CrI3 was observed, which was determined by magnetic 
order, and hence the PL emission is regarded as a powerful tool 
to probe the magnetic phase of CrI3. Figure 1(c) shows the 
circular polarization-resolved PL spectra of bilayer CrI3 under 
different magnetic fields of −1, 0, 1 T, at 15 K, respectively. 
There remains no net circular polarization at 0 T and an 
anomalous anti-ferromagnetic interlayer interaction was 
observed in bilayer CrI3 [89]. Subsequently, Klein et al. and 
Wu et al. further proved the anti-ferromagnetic coupling 
mechanism of bilayer CrI3 through dual-gated and second- 
harmonic generation (SHG) methods, respectively. Klein et al. 
demonstrated the conductance measurement on the basis of 
graphite/bilayer CrI3/graphite/h-BN device (Fig. 1(d)). Upon 
the anti-ferromagnetic configuration, the conductance is 
suppressed. However, a large and sudden increase in conductance 
takes place owing to the switch from anti-ferromagnetic to 
ferromagnetic state [90]. 

There still remain debates on the stacking order of CrI3 at 
low temperature. Bulk and encapsulated few-layer CrI3 have 
been reported to be monoclinic stacking at room temperature 
and switch to rhombohedral stacking at ~ 210 K [88, 91], in 
contrary, the BN-encapsulated bi- and few-layer CrI3 and 
CrCl3 are recently demonstrated to adopt monoclinic structure 
(point group C2h (2/m)) at ~ 10 K [92–94]. Figure 1(e) shows 
the low-temperature SHG spectra of bilayer CrI3. A giant 
nonreciprocal SHG signal arises from the broken time-reversal 
symmetry and spatial-inversion symmetry due to the layered 
anti-ferromagnetic order. The polarization-resolved SHG 
spectra show that the SHG signals of co-circularly polarized 
configuration are appreciable although the cross-circularly 
polarized SHG is predominant, indicating the monoclinic 
stacking order in bilayer CrI3 [92]. However, most recent 
work systematically investigated the stacking order of 2–5L 
and bulk CrI3 at 10 K by the linear and circular polarization- 
resolved Raman spectroscopy (Figs. 2(a) and 2(b)), validates 
rhombohedral stacking structure in both antiferromagnetic 
and ferromagnetic CrI3 [95]. 

The ferromagnetic properties of 2D ferromagnetism CrI3 
are significantly sensitive to external perturbations, such as 

Table 2 2D ferroelectric materials   

Material Tc (K) polarization Research status Ref. Material Tc (K) polarization Research status Ref. 

d1T-MoS2 > RT Out-of-plane Theoretical [69] GaN — Out-of-plane Theoretical [73]
t-MoS2 — Out-of-plane Theoretical [70] GaSe — Out-of-plane Theoretical [73]
t-MoSe2 — Out-of-plane Theoretical [70] SiC — Out-of-plane Theoretical [73]
t-MoTe2 — Out-of-plane Theoretical [70] BN — Out-of-plane Theoretical [73]

WS2 — Out-of-plane Theoretical [70] AIN — Out-of-plane Theoretical [73]
WSe2 — Out-of-plane Theoretical [70] ZnO — Out-of-plane Theoretical [73]
WTe2 > 350 Out-of-plane Theoretical [71] Bi 463 In-plane Theoretical [81]
-GeSe 212 In-plane Theoretical [77] Sb 680 In-plane Theoretical [81]

GeS RT In-plane Theoretical [78] As 478 In-plane Theoretical [81]
SnS RT In-plane Theoretical [78] Te > RT In-plane Theoretical [82]
SnSe RT In-plane Theoretical [78] d1T-MoTe2 RT Out-of-plane Experimental [12]
GeTe 570 In-plane Theoretical [79] WTe2 350 Out-of-plane Experimental [83]
SnTe 570 In-plane Theoretical [79] -In2Se3 RT In-plane/out-of-plane Experimental [11]
SiTe 570 In-plane Theoretical [79] ’-In2Se3 473 In-plane Experimental [84]
PbTe — In-plane Theoretical [80] SnTe 270 In-plane Experimental [85]
SbN 1,700 In-plane Theoretical [72] CuInP2S6 315 Out-of-plane Experimental [86]
BiP ~ 800 In-plane Theoretical [72] BA2PbCl4 453 In-plane Experimental [87]
InSe — Out-of-plane Theoretical [73]      
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electric field, electrostatic doping, strain or pressure. Xu et al. 
constructed a dual-gated bilayer CrI3 device to explore gate- 
controlled magnetoelectric coupling effect (Fig. 2(c)). At   
a fixed magnetic field, the critical field for the meta-magnetic 
transition can be tuned by up to 30% by applying a gate 
voltage, which allows a gate-voltage driven phase transition 
from anti-ferromagnetic to ferromagnetic phase. Moreover, the 
two degenerate anti-ferromagnetic states could be distinguished 
by opposite slope after applying voltage [96]. Shan et al. 

demonstrated a control of the magnetic properties of both 
monolayer and bilayer CrI3 by electrostatic doping in CrI3- 
graphene vertical heterostructures [97] (Fig. 2(d)). For monolayer 
CrI3, the saturation magnetization, coercive force and Curie 
temperature could be significantly enhanced by electron 
doping. For bilayer CrI3, a transition from anti-ferromagnetic 
to ferromagnetic could be induced by electron doping with 
above ~ 2.5  1013 cm−2 doping concentration in the absence  
of a magnetic field. Furthermore, Xu et al. and Shan et al. 

 
Figure 1 (a) Schematic crystal structure of CrI3. (b) MOKE signal on monolayer, bilayer and trilayer CrI3 flakes, respectively. (a) and (b) Reproduced 
with permission fromRef. [13], © Spring Nature 2017. (c) Circular polarization-resolved PL spectra of bilayer CrI3 at 15 K under selected magnetic fields 
of −1 and 1 T, respectively (reproduced with permission from Ref. [89], © Spring Nature 2017). (d) Conductance through a bilayer CrI3 tunnel barrier as a 
function of an out-of-plane applied magnetic field with 500 μV AC excitation (reproduced with permission from Ref. [90], © American Association for the
Advancement of Science 2018). (e) Polarization resolved SHG spectra of bilayer CrI3 (reproduced with permission from Ref. [92], © Spring Nature 2019).

Figure 2 (a) The rhombohedral stack order in bilayer CrI3. (b) Polarization-dependence Raman spectra of 2–5L CrI3 at 10 K. (a) and (b) Reproduced 
with permission from Ref. [95], © Science China Press and Springer-Verlag GmbH Germany, part of Springer Nature 2019. (c) RMCD signal mapping 
changes with back gate and top gate voltage in bilayer CrI3 (reproduced with permission from Ref. [96], © Springer Nature 2018). (d) The phase diagram 
of doping density-magnetic field at 4 K (reproduced with permission from Ref. [97], © Springer Nature 2018). (e) Tunnel conductance G as a function of 
magnetic field in a bilayer CrI3 tunnel junction at 1.7 K under selected pressure of 0, 1, 1.8 and 0 GPa (reproduced with permission from Ref. [98], © Springer 
Nature 2019). (f) Tunneling current vs. magnetic field at a series of pressures (reproduced with permission from Ref. [99], © Springer Nature 2019). 
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demonstrated the pressure-tuned/controlled CrI3 magnetic 
states at the same time (Figs. 2(e) and 2(f)). The stacking order, 
structure phase and interlayer coupling could be tuned by 
external pressure, which provides a promising way to design 
magnetic phases and functionalities [98, 99]. 

2.2 Cr2Ge2Te6 

As another typical long-range ordered ferromagnet, Cr2Ge2Te6 
is a 2D Heisenberg soft ferromagnet with small magnetic 
anisotropy which means that the spin can be easily oriented 
towards all directions by external magnetic field. The crystal 
structures of Cr2Ge2Te6 are shown in Fig. 3(a); the distorted 
honeycomb lattice of Cr atoms is sandwiched between two 
Ge and Te layers to form a single layer of Cr2Ge2Te6. And the 
slight distortion of the Cr-Te6 octahedral cage, together 
with spin-orbit coupling from the Cr atoms, leads to a small 
out-of-plane magnetocrystalline anisotropy. Scanning magneto- 
optical microscopy has been utilized to reveal the intrinsic 
long-range ferromagnetism [14]. The temperature-dependence 
Kerr rotations of 2–4L Cr2Ge2Te6 show a Tc of 40 K with the 
help of a small out-of-plane magnetic field of 0.075 T to 
stabilize the magnetic moments and a strong dimensionality 
effect stemming from the low-energy excitations of magnons 
can be observed, indicating the interlayer magnetic coupling 
plays an important role in stabilizing the ferromagnetic order. 
This work serves as a benchmark to inspire more theoretical 
and experimental researches. In the same year, the identifications 
of ferromagnetic Cr2Ge2Te6 thin flakes with various thickness 
have also been explored [100] (Fig. 3(b)). Electrostatic gating 
has long been regarded as an efficient method to manipulate 
the quantum state. In Fig. 3(c), Han et al. designed the ionic 
and Si-gated few-layer Cr2Ge2Te6 FET, combined with micro- 
area Kerr measurements, a bipolar tunable magnetization 
behavior was observed by electron/hole doping in conduction/ 
valence band. The mechanism of bipolar gate-tuned magnetism 
is ascribed to a rebalance of the spin-polarized band structure. 
The magnetism of Cr2Ge2Te6 was also probed by electrical 
transport method [101]. As shown in Fig. 3(d), Shi et al. 
fabricated Cr2Ge2Te6/Pt heterostructure and detected induced  

magneto-transport properties in Pt. The clear anomalous Hall 
effect (AHE) has been observed and the hysteresis loop persists 
to  60 K, which is well consistent with the Tc obtained from 
the bulk magnetization measurements [102]. In addition, the 
observed slanted AHE loops with a narrow opening at 4 K, 
indicating the formation of magnetic domain, match with the 
results from low-temperature magnetic force microscopy (MFM). 
Inelastic light scattering provides approaches to measure various 
magnetic excitations, such as acoustic and optical magnons, 
and spinons. Raman spectroscopy has been conducted to explore 
the phonon dynamics and spin-phonon coupling in the system 
of Cr2Ge2Te6 (Fig. 3(e)). A broad background signal above Tc 
can be seen owing to the thermal magnetic fluctuations, while 
near Tc, magnetic quasi-elastic scattering arising from the 
nearly 2D nature of its magnetism leads to a dramatic changes 
of Eg1 and Eg2 Raman modes [103]. In short, 2D Heisenberg 
ferromagnetic of Cr2Ge2Te6 provides a platform for exploring 
underlying physics and highlights the feasibility for advancing 
emerging applications such as ultra-compact spintronics. 

3 2D ferromagnetic metal: Fe3GeTe2 
Unlike the 2D insulated ferromagnet mentioned above, Fe3GeTe2 
is a metallic itinerant ferromagnet with higher Tc and better 
air stability in atmosphere [104]. Each layer consists of five 
sublayers with sandwich-like stacking order, in which iron 
atoms occupy three layers and the top and bottom sublayers 
are equivalent while the central one differs. The asymmetry of 
iron atoms leads to the occurrence of sizable magnetocrystalline 
anisotropy (Fig. 4(a)). Xu et al. systematically studied the 
temperature/thickness dependences employing the polar 
reflective magnetic circular dichroism (RMCD) method [105] 
(Fig. 4(b)). With increasing the temperature from 90 to 153 K, 
the hysteresis loop shrinks gradually and disappears at  130 K, 
which indicates the Tc of monolayer is  130 K. In Fig. 4(c), 
the thickness-temperature phase diagram can be divided into 
three sections: paramagnetic, single-domain ferromagnetic and 
labyrinthine-domain ferromagnet. This temperature dependent 
formation of magnetic domain implies a decrease in the ratio 

 
Figure 3 (a) Schematic crystal structure of Cr2Ge2Te6 (top), the emergence of a Kerr rotation signal in the trilayer and bilayer Cr2Ge2Te6 flake under 
0.075 T, with the temperature decreasing from 40 to 4.7 K (bottom) (reproduced with permission from Ref. [14], © Springer Nature 2017). (b) The 
magnetic field dependence of the Kerr rotation on 2D Cr2Ge2Te6 flake measured at 3 K (reproduced with permission from Ref. [100], © IOP Publishing 
Ltd 2017). (c) Kerr measurement of BN-encapsulated 3.5 nm Cr2Ge2Te6 at 40 K for negative gate voltages (reproduced with permission from Ref. [101], 
© Springer Nature 2018). (d) Anomalous Hall hysteresis loop of Cr2Ge2Te6 at 4 K (reproduced with permission from Ref. [102], © American Chemical 
Society 2019). (e) Temperature-dependence collinear Raman spectra of Cr2Ge2Te6 for the Eg1 and Eg2 modes (reproduced with permission from Ref. [103], 
© IOP Publishing Ltd 2016). 
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of the strength of out-of-plane anisotropy to that of exchange 
interactions as the temperature increases. The electron con-
centration of 2D ferromagnetic Fe3GeTe2 is up to  1021 cm−3, 
making it easy to manipulate the magnetism through electrostatic 
control. The anomalous Hall resistance measurement of trilayer 
Fe3GeTe2 based on lithium-based electrolyte gated device [31] 
(Fig. 4(d)) demonstrated that Tc is only  100 K and the 
hysteresis of Rxy curve also disappeared at zero gate voltage. 
However, when applying a positive gate voltage, Tc non- 
monotonically varies, reaching a value in excess of 300 K. The 
phenomenon is attributed to a substantial shift of the electronic 
bands and a large variation in the density of electron states 
near the Fermi level, which can be well interpreted by Stoner’s 
criterion. Besides the gate-controlled method, the Tc also can 
be tuned via compositional modulation. Xiu et al. demonstrated 
a wafer-scale growth of Fe3GeTe2 with precisely controllable 
compositions and thickness by molecular beam epitaxy (MBE) 
method [106]. With increasing Fe composition, the Tc can be 
increased to  220 K (Fig. 4(e)).The coercive field can be 
enhanced 50% by constructing Fe3GeTe2/MnTe heterostructure, 
arising from the exchange interaction at the ferromagnetic/ 
anti-ferromagnetic interface. Furthermore, thickness-dependent 
AHE measurements validated that a hard magnetic phase with 
large coercive field occurred when the thickness of nanoflake 
is less than 200 nm [107] (Fig. 4(f)). In brief, owing to the 
larger magnetic anisotropy energy and higher Tc, metallic 
ferromagnet Fe3GeTe2 is regarded as promising candidates 
for the applications of magnetic RAM and magnetic tunnel 
junctions (MTJ). 

4 2D anti-ferromagnetic materials: FePS3 and 
CrPS4 
Despite the fact that anti-ferromagnets display zero net 
magnetization, anti-ferromagnets are insensitivity to external 
perturbations and have ultrafast spin dynamics in the terahertz 
range, making them become promising candidates in low- 
consumption, high-density and ultrafast information storage 
spintronic devices [108, 109]. Currently, various magnetic 
configurations have been discovered, such as the Heisenberg  

anti-ferromagnets of MnPS3 and MnPSe3 [110, 111], XY-type 
anti-ferromagnet of NiPS3 [111] and Ising anti-ferromagnet of 
FePS3 and FePSe3 [110, 112]. In particular, the class of metal 
phosphorous trichalcogenide shows great importance in 
magnetism and spintronic applications. Here, we mainly 
introduce two kinds of anti-ferromagnetic FePS3 and CrPS4. 

As shown in Fig. 5(a), in FePS3 crystal, Fe atoms are 
coordinated with six S atoms, while P atoms are coordinated 
with three S atoms to form a tetrahedral [PS3]2− unit, which 
further connected with another unit to form a [P2S6]4− unit. 
Connecting [P2S6]4− unit with six Fe atoms forms a honeycomb 
lattice. Raman spectroscopy could provide nondestructive 
techniques to probe complicated magnetic parameters. Figure 5(b) 
shows the Raman spectrum of monolayer FePS3 grown by CVT. 
Below Néel temperature, a broad feature of low-frequency P1 
mode splits into four modes due to the presence of the zig-zag 
anti-ferromagnetic order which results in that the zone- 
boundary modes become active [29]. Temperature and thickness 
dependence of Raman features due to spin-phonon coupling 
have validated a magnetic persistence in FePS3. The magnetic 
order can be maintained even down to monolayer limit [113] 
(Fig. 5(c)), and the Néel temperature of monolayer and bulk 
crystal is almost the same, indicating that intralayer spin 
coupling predominates the magnetic order. Furthermore, the 
pressured-induced phase transitions of FePS3 were investigated 
(Fig. 5(d)). With a help of X-ray and electrical transport 
measurements, a transition process from insulator to metal at 
high pressure has been unambiguously observed, clarifying the 
relationship between lattice distortion and electron transition, 
perhaps which provides the insight into the origin of high- 
temperature superconductivity [114].  

Spectroscopic studies are regarded as a powerful tool to 
explore the light-matter interaction for 2D magnets, nevertheless 
only a few of 2D magnets exhibit PL. Intriguingly, CrPS4 is an 
anti-ferromagnetic semiconductor with near-infrared emitting. 
Lee et al. systematically investigated the optical and structure 
properties of single/few-layer CrPS4 grown by CVT method, 
and temperature-dependent magnetization measurement demon-
strates that the Néel temperature is  37.9 K [115]. The relation 
of layer thickness and Raman features can be employed to  

Figure 4 (a) Schematic crystal structure of Fe3GeTe2. (b) RMCD signal of monolayer Fe3GeTe2 from 90 to 153 K, indicating the Tc of 130 K. (c) Thickness–
temperature phase diagram of Fe3GeTe2. (a)–(c) Reproduced with permission from Ref. [105], © Springer Nature 2018. (d) Gate-temperature phase
diagram of trilayer Fe3GeTe2 (reproduced with permission from Ref. [31], © Springer Nature 2018). (e) Curie temperature varies with the ratio of iron
element for 8 nm thick Fe3+δGeTe2 (reproduced with permission from Ref. [106], © Liu, S. S. et al. 2017). (f) Thickness-dependence Hall resistance of
Fe3GeTe2 nanoflake at 2 K (reproduced with permission from Ref. [107], © Tan, C. et al. 2018). 
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determine the thickness of a given CrPS4 sample (Fig. 5(e)), 
which matches well with the data of atomic force microscope 
(AFM). Few-layer CrPS4 shows strong PL emissions at ~ 1.32 
and 1.33 eV originating from the continuum states of d band 
transitions localized at Cr3+ ions. Strikingly, a Fano resonance 
takes place due to the quantum interference of the continuum 
and discrete states when the time-reversal symmetry is broken 
by the anti-ferromagnetic orders (Fig. 5(f)). The discrete state 
stems from the extra atomic phosphorus [116]. Some novel 
concepts have been proposed to expand the scope of applications, 
such as the synaptic memory effects found in CrPS4 [117]. The 
intrinsic characterization of 2D anti-ferromagnetic renders 
them excellent platforms for future applications. 

5 2D ferroelectric materials: In2Se3 and MoTe2 
In the past decade, 2D layered vdW materials grow rapidly and 
exhibit various physical properties, which provide numerous 
opportunities to realize ferroelectricity in single-layer scale. 
Benefiting from the development of fabrication and probe 
technology, ferroelectric signal from several unit cells could be 
clearly observed and various 2D ferroelectric materials have 
been discovered. Here, 2D ferroelectric materials of In2Se3 and 
MoTe2 will be discussed in detail. 

As shown in Fig. 6(a), alternating Se and In atoms connect 
through covalent bond to form a single layer, and a quintuple 
layer of In2Se3 is constructed by stacking single layers together 
through weak vdW force. In general, it can be divided into 
five phases (α, β, γ, δ, κ) according to the stacking order. 
Actually, the α phase is predicted to be the most stable and can 
be maintained at room temperature. In 2017, room-temperature 
ferroelectricity with reversible spontaneous electric polarization 
in α-In2Se3 has been predicted via first-principles calculations 
and the out-of-plane (OOP) and in-plane (IP) polarization 
coexist [118]. In the same year, the experimental observation  

of OOP polarization in multilayer α-In2Se3 was reported [11]. 
The distinct ferroelectric domains could be distinguished by 
piezoresponse force microscopy (PFM) and the OOP polariza-
tion is potentially switchable in the samples with a thickness 
of  10 nm (Fig. 6(b)). Afterwards, room-temperature robust 
intralayer ferroelectric in ultrathin flakes of α-In2Se3 has been 
realized (Fig. 6(c)). Intriguingly, the correlation between IP 
and OOP polarization is detected, in which the reversal of the 
OOP polarization by a vertical electric field also induces the 
rotation of the IP polarization. The behavior originates from the 
lateral movement of the central Se atomic layer induced by 
electric field [10]. Subsequently, a room-temperature ferroelectric 
diode was realized in graphene/α-In2Se3 heterojunctions 
(Fig. 6(d)). The switchable diode effect is due to OOP fer-
roelectric, and the interfacial Schottky barrier can be effectively 
tuned by switching the electric polarization with an applied 
voltage, leading to an on/off ratio up to  105 [119]. Room- 
temperature IP ferroelectricity in β’-In2Se3 has also been 
observed (Fig. 6(e)). The IP polarization ferroelectricity is 
strongly tied to the formation of 1D superstructures aligned 
along one of the threefold rotational symmetric directions of 
the hexagonal lattice in the c plane [84].  

As compared to IIIV compounds of 2D ferroelectric, the 
realization of ferroelectricity in TMD is still lacking. On the 
basis of diverse components of TMD, there are various structural 
phases, such as 2H, 1T, 1T’ and d1T. The 2H phase represents 
a stable semiconducting phase with trigonal prismatic 
coordination, while the 1T is an unstable metallic phase with 
octahedral coordination [120]. The 1T’ phase refers to a distorted 
1T phase with centrosymmetric structure in the form of zigzag 
M–M chains. The difference between 1T’ and and d1T phases is 
mainly due to the different way of atomic distortion. Recently, 
the room-temperature ferroelectricity in monolayer d1T-MoTe2 
has been reported [12] (Fig. 6(f)). PFM measurement verified 
the existence of distinct ferroelectricity in d1T-MoTe2 down to 

 
Figure 5 (a) Schematic crystal structure of FePS3. (b) Temperature-dependence Raman spectrum of single-layer FePS3. (a) and (b) Reproduced with 
permission from Ref. [29], © American Chemical Society 2016. (c) Thickness vs. Néel temperature of FePS3 (reproduced with permission from Ref. [113], 
© IOP Publishing Ltd 2016). (d) Resistivity vs. temperature under the pressures from 3.0 to 13.5 GPa within a Bridgman anvil cell of FePS3 (reproduced 
with permission from Ref. [114], © American Physical Society 2018). (e) Raman spectra of 1−5L and bulk CrPS4, respectively (reproduced with 
permission from Ref. [115], © American Chemical Society 2017). (f) PL spectrum of CrPS4 at 4 K (inset: the mechanism of Fano resonance in CrPS4) 
(reproduced with permission from Ref. [116], © American Chemical Society 2020). 
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monolayer limit; the OOP polarization can be switched by 
electric field. In contrast, no ferroelectricity was detected in the 
2H-MoTe2 phase. Theoretical calculations demonstrate that 
the spontaneous polarization of d1T-MoTe2 is attributed to the 
form of trimerite structure induced by vertical displacements 
of the Te atoms. However, more efforts are needed to expand 
the family of 2D ferroelectric materials. 

6 Perspective 
In this review, we have taken a holistic view to introduce the 
present research situation and rapid progress of 2D ferromagnetic 
and ferroelectric materials, which provide a broad platform 
for theoretical and practical investigation. The instability and 
low Tc in such atomically thin ferromagnetic and ferroelectric 
layers limit their practical applications. At present, it is 
necessary to discover new 2D ferromagnetic and ferroelectric 
materials, it is necessary to develop new approaches to improve 
their stability and Tc, it is necessary to realize large-scale growth, 
which will make the journey to practical applications possible. 

The interface physics of heterostructure geometry comprising 
2D ferromagnetic and ferroelectric materials is a rich field that 
remains to be explored. Owing to the atomic-level flatness  
and various excellent properties of 2D materials, interfacial 
engineering of heterostructure will provide vital platforms 
for exploring new physical properties and constructing novel 
functional devices. Generally, three main mechanisms: inter-
facial charge transfer, interfacial built-in electric field and 
magnetoelectric coupling, make the proximity effect between 
layered vdW materials and 2D magnets/2D ferroelectric occur. 
To date, MTJ, multiferroics-based and spin-filtering devices 
etc., such as Fe3GeTe2/h-BN/Fe3GeTe2, graphene/CrI3/graphene, 
graphene/CrBr3/graphene, CrI3/WSe2, have been reported 
[121–124].  

The emerging vdW magnets with well-defined layer thickness 
and atomic flatness are playing a vital role in the MTJ technology. 
Compared with the conventional non-vdW materials, 2D layered 
vdW MTJ with uniform thickness exhibits great advantages  
in all-area tunneling because the tunneling current is an 
exponential function of the barrier thickness. The 2D MTJ of  

Fe3GeTe2/h-BN/Fe3GeTe2 heterostructures have demonstrated 
a 160% magnetoresistance ratio [121]. The two metallic 
ferromagnetic layers are magnetically decoupled mediated via 
h-BN, which enable the realization of independent switching. 
Strikingly, a novel sandwiched heterostructures of graphene/ 
CrI3/graphene have also been realized with a record 19,000% 
magnetoresistance ratio [122]. The magnetic states of bilayer 
and few-layer CrI3 switch with external magnetic field, which 
further influence the tunneling current. However, serious 
challenges concerning room temperature working, nonvolatility 
and low-power switching, are still remaining. High-density, 
low-power and nonvolatile memory is vital in solid-state 
electronic devices. Based on various types of storage media 
and different mechanisms, a variety of nonvolatile memories 
have been developed in recent years, such as Flash, M-RAM, 
Fe-RAM, PC-RAM and MF-RAM, etc. [125–129]. Utilizing 
the electric-control of dual-ion phase transformations method, 
multi-magnetic state transitions have been realized in SrCoO2.5 
at room temperature [130]. In multiferroic tunnel junctions of 
La0.7Sr0.3MnO3/BaTiO3/La0.7Sr0.3MnO3, multi-nonvolatile resistive 
states have been realized, the switching speed and write 
current density are  6 ns and  3  103 A·cm−2, respectively 
[129]. Furthermore, the realization of electric control of  
Néel spin-orbit torque can be observed in antiferromagnetic 
Mn2Au/PMN-PT heterostructure with the driven-voltage of 
 2 kV·cm−1, realizing the reversal of in-plane uniaxial magnetic 
anisotropy by 90 [131]. However, the aforementioned devices 
are inevitably facing the problem of high-power consumption. 
Since the thickness of 2D materials is only a few atomic layers, 
the screening effect is drastically weakened, which makes it 
easier for modulating the electrical and magnetic properties 
through external electric field and magnetic field, and it is 
more conducive to reducing the power consumption of the 
device, even achieving near-zero power consumption. Hence, 
2D ferromagnetic and ferroelectric materials provide a promising 
platform for developing nonvolatile memory devices. On the 
other hand, many of 2D ferroelectric materials have been 
predicted to be multiferroics with abundant physical properties, 
coupling with 2D ferromagnetism provides a significant and 
promising idea for nonvolatile spintronics and memories. The  

Figure 6 (a) Schematic crystal structure of In2Se3 (reproduced with permission from Ref. [118], © Ding, W. J. et al. 2017). (b) PFM phase and amplitude 
images of a thin α-In2Se3 flake, respectively (reproduced with permission from Ref. [11], © American Chemical Society 2017). (c) Schematic model of
switching coupling for IP and OOP polarization (top). The phase images for both OOP and IP polarization of a 6 nm thick In2Se3 flake (bottom). 
Reproduced with permission from Ref. [10], © American Chemical Society 2018. (d) I–V curves of ferroelectric diodes with switchable rectifying behavior 
at 2 and −2 V, respectively (reproduced with permission from Ref. [119], © The Royal Society of Chemistry 2018). (e) PFM and AFM measurements for
’-In2Se3 (reproduced with permission from Ref. [84], © Zheng, C. X. 2018). (f) PFM phase hysteretic and phase image of monolayer d1T-MoTe2, 
respectively (reproduced with permission from Ref. [12], © Yuan, S. G. et al. 2019). 



 Nano Res. 2021, 14(6): 1802–1813 

 | www.editorialmanager.com/nare/default.asp 

1810 

2D ferroelectric material is utilized to provide a strong effective 
electric field at the interface. Theoretically, the strength of 
effective electric field is three orders of magnitude higher than 
the external applied electrostatic field. The long-range magnetic 
order can be tuned by combining the strong interfacial mag-
netoelectric coupling and weak screening effect, which highlight 
a bright future for the realization of energy-efficient nonvolatile 
memories. 

The challenges still remain serious: 1) Lower Tc. At present, 
the typical Tc of 2D layered vdW ferromagnets is almost far 
away below room temperature. According to Mermin-Wagner 
theory [5], the critical temperature is mainly prohibited by 
exchange interaction and magnetic anisotropy. The Tc can be 
improved to  300 K by means of ionic gating and chemical 
stoichiometric ratio tuning [31, 132]. More efforts are needed 
to overcome this constraint. 2) Unstable in air. Another 
important challenge is to discover 2D ferromagnetic and 
ferroelectric materials that are air-stable and insensitivity 
under ambient conditions, allowing them to work for a long 
time. In most cases, the current experimental operations 
are performed in the glove box, which limits the practical 
applications. Encapsulation by using few-layer h-BN as 
passivation is regarded as an effective way to prolong lifetime 
[133]. 3) Lacking of ferromagnetic or antiferromagnetic 
semiconductor. Future experiments are required to really 
realize the intrinsic magnetic semiconductor, although which 
have been predicted by first principle calculations. 4) The 
convinced mechanisms of spin-electron coupling and magnon 
in 2D system still lack, although which have been studied 
in 3D ferromagnetic insulator, such as YIG. Importantly, the 
spin-electron coupling and spin-wave can be harnessed to 
carve out a path to realize topological spin configurations like 
skyrmions, high-density, low-power data storage and computing 
devices [134]. Therefore, more experimental and theoretical 
works should be done to explore the fundamental physical and 
chemical properties in future. 
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