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ABSTRACT: Two-dimensional (2D) magnets have attracted great research interest 

since long-range ferromagnetic ordering has been found in few-layer Cr2Ge2Te6 and 

monolayer CrI3. However, most 2D magnets have low magnetic ordering temperatures, 

impeding practical applications. Room-temperature or high-temperature intrinsic 2D 

magnets are highly desired for fundamental research and applications. Here, we present 

the van der Waals epitaxial growth, structure characterization, and magnetic properties 

of ultrathin crystalline magnetite (Fe3O4) nanosheets. The Curie temperature of as-

grown ultrathin Fe3O4 nanosheets (847 K) is as high as its bulk counterpart (858 K). 

Large and saturated anomalous Hall effect (AHE) is observed in individual ultrathin 

Fe3O4 nanosheets up to 400 K, the highest working temperature of our apparatus. The 

anomalous Hall resistance increases as the thickness of Fe3O4 nanosheets decrease to ~ 

10 nm. Irrespective of the thickness, the Hall angle reaches a maximum at 250 K, and 

the anomalous Hall conductivity σxy and longitudinal conductivity σxx obey a power-

law scaling behavior of σ𝑥𝑥𝑥𝑥 ∝ σ𝑥𝑥𝑥𝑥1.3, which slightly deviates from the universal scaling 

relation ( σ𝑥𝑥𝑥𝑥 ∝ σ𝑥𝑥𝑥𝑥1.6 ). The high Curie temperature and high stability of Fe3O4 

nanosheets make it a promising candidate for spintronics and Hall sensors, as well as a 

building block for various van der Waals heterostructures.  
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Mermin-Wagner theorem reveals that magnetism hardly survives in two-dimensional 

(2D) materials due to enhanced thermal fluctuations.1 However, the discovery of 

ferromagnetism in few-layer and even monolayer van der Waals layered materials re-

ignites interest in 2D magnets due to their crucial role in spin valves, magnetic 

tunneling junctions, and other spin electronics.2,3 Power efficient and miniaturized 

devices such as sensors, memories can be fabricated based on 2D magnets.4 However, 

most 2D magnets suffer low magnetic ordering temperature, air sensitivity, or 

instability.4–6 For example, the Curie temperature (TC) of monolayer CrI3 and bilayer 

Cr2Ge2Te6 are 45 and ~30 K, respectively, much lower than room temperature.2,3 

Besides, CrI3 is highly air-sensitive and easily degrades in air.3 Room-temperature 

ferromagnetism has been found in bulk magnets Fe5GeTe2 and 1T-CrTe2, while their TC 

decreases considerably after thinning down to 2D flakes (310 K (bulk) versus 280 K 

(thin) for Fe5GeTe2, 310 K (bulk) versus 200 K (monolayer) for 1T-CrTe2).7–11 Room-

temperature 2D ferromagnetism has been reported in monolayer Fe3GeTe2 as well.12 

However, its room-temperature ferromagnetism can only be realized by gate tuning. 

Hence, room-temperature or high-temperature intrinsic 2D magnets are still rarely 

reported but very appealing for both fundamental research and technological 

applications.4  

 

Magnetite (Fe3O4) is one of the oldest magnetic materials with high TC (858 K) and 

high spin polarization at room temperature. It has the inverse spinel structure, in which 

oxygen ions form a close-packed face-centered-cubic structure, and ferric ions (Fe3+) 
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and ferrous ions (Fe2+) occupy the interstices.13 One-eighth of the tetrahedral interstices 

(A-site) are occupied by Fe3+ ions. One-half of the octahedral interstices (B-site) are 

filled by equal amounts of Fe2+ and Fe3+ ions.14 The spin moments of all the Fe3+ and 

Fe2+ ions within each sublattice are ferromagnetically aligned. However, the spins of 

Fe3+ ions are antiferromagnetically aligned between A- and B-sites and cancel out each 

other.13 Only spins of Fe2+ ions in the B-sites contribute to the magnetization with the 

net magnetic moment of 2S = 2 × 2 = 4µB per formula unit.13 Therefore, Fe3O4 is a 

ferrimagnet with a non-layered structure, making high-temperature magnetism possible 

in ultrathin nanoflakes. The hopping electrons between Fe2+ and Fe3+ ions in 

neighboring B-sites result in high conductivity around room temperature.13 Upon 

cooling, the conductivity of the stoichiometric Fe3O4 suddenly drops at about 120 K, 

known as the Verwey transition due to charge ordering, along with a structural transition 

from cubic to a monoclinic structure.13,15,16 The phase transition temperature (TV) and 

the magnitude of the resistivity change are susceptible to the Fe/O ratio.13,15  

 

Its high conductivity makes it possible to investigate the magnetism in individual 

ultrathin Fe3O4 nanosheets through the anomalous Hall effect (AHE). Meanwhile, it 

also provides a vital platform for exploring the AHE. The AHE is an additional 

phenomenon typically occurring in ferromagnets, which depends on the 

magnetization:  𝜌𝜌𝑥𝑥𝑥𝑥 = 𝑅𝑅0𝜇𝜇0𝐻𝐻 + 𝑅𝑅𝑠𝑠𝜇𝜇0𝑀𝑀 , where ρxy is the Hall resistivity, H is the 

magnetic field, M is the magnetization, R0 is the ordinary Hall coefficients, and Rs is 

the anomalous Hall coefficients. The ordinary Hall effect arises from the Lorentz force, 
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while the origin of the AHE remains controversial.17 Based on the scaling relation 

between the anomalous Hall conductivity 𝜎𝜎𝑥𝑥𝑥𝑥 and the longitudinal conductivity 𝜎𝜎𝑥𝑥𝑥𝑥, 

a unified theory with three regimes has been developed, which include the ultraclean 

limit with extremely high conductivity (𝜎𝜎𝑥𝑥𝑥𝑥 ∝ 𝜎𝜎𝑥𝑥𝑥𝑥), the intrinsic intermediate regime 

(𝜎𝜎𝑥𝑥𝑥𝑥~ constant), and the dirty limit with lower conductivity (σ𝑥𝑥𝑥𝑥 ∝ σ𝑥𝑥𝑥𝑥1.6).18,19 To the 

best of our knowledge, only the scaling behavior of σ𝑥𝑥𝑥𝑥 ∝ σ𝑥𝑥𝑥𝑥1.6 is found in Fe3O4.20,21 

Other scaling relations have not been reported. High-quality ultrathin 2D Fe3O4 

nanosheets will provide not only high-temperature ferrimagnetism for technological 

applications but also a platform for fundamental research. Hence, the growth and 

magnetic properties of individual ultrathin 2D Fe3O4 nanosheets are highly desired. 

 

Here we report the van der Waals epitaxial growth of ultrathin crystalline Fe3O4 

nanosheets on mica. The nanosheets were characterized by X-ray diffraction (XRD), 

Raman, and high-resolution transmission electron microscopy (HRTEM). 

Magnetization and electrical transport measurement demonstrated that as-grown 

ultrathin Fe3O4 nanosheets exhibit high TC (847 K) and high-temperature intrinsic 

ferrimagnetism, comparable to high-quality bulk single crystals. The AHE is observed 

in individual Fe3O4 nanosheets with various thicknesses at temperatures up to 400 K, 

the highest working temperature of our apparatus. Moreover, the anomalous Hall 

resistance increases as the thickness of Fe3O4 nanosheets decrease to ~10 nm. 

Regardless of the thickness of the Fe3O4 nanosheets, the Hall angle reaches a maximum 

at 250 K, and the relationship between anomalous Hall conductivity σxy and 
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longitudinal conductivity σxx shows a power-law scaling relation of σ𝑥𝑥𝑥𝑥 ∝ σ𝑥𝑥𝑥𝑥1.3. Fe3O4 

nanosheets also show high stability in air demonstrated by Raman and transport 

measurement. 

 

RESULTS AND DISCUSSION 

Synthesis and Crystal Structure of Fe3O4 Nanosheets. Fe3O4 nanosheets were 

grown in a single-zone quartz tube furnace by a simple two-step method. Finely ground 

Fe3O4, NaCl, and KCl powder (200 mg) were first sintered at 750 ˚C for 30 min. Then 

the sintered mixture was used as the source, and freshly cleaved fluorophlogopite mica 

was used as the substrate, put above the sintered mixture with the freshly cleaved face 

downwards. Triangular- and truncated triangular-shaped Fe3O4 nanosheets were grown 

on mica in 30 min at 860 ˚C with 200 sccm Ar as carrier gas. As shown in Figures 1a, 

b, and S1, all the Fe3O4 nanosheets align well on mica and orient themselves within ±4 

degrees of the dominant direction, demonstrating the characteristic of van der Waals 

epitaxial growth as the lattice of Fe3O4 is registered on the mica surface. 

 

The quality of the as-grown Fe3O4 nanosheets was first investigated by micro-

Raman spectroscopy, which provides a powerful tool to examine the quality of 

nanomaterials. Figure 1c shows the Raman spectrum of an as-grown Fe3O4 nanosheet. 

Four Raman peaks at 188, 309, 535, and 664 cm–1 can be observed and attributed to the 

T2g(1), Eg, T2g(2), and A1g mode, respectively. These Raman peaks agree well with that 

of high-quality Fe3O4 single crystals.22 Moreover, the Fe3O4 nanosheets show high 
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stability in air. No apparent change of their Raman spectra was observed after exposure 

to the air for more than two months, as shown in Figure S2. The A1g mode Raman 

mapping of a Fe3O4 nanosheet is shown in Figure 1d. A quite uniform color contrast in 

the mapping indicates the uniform crystallinity of the nanosheet. As shown in Figure 

1e, the atomic force microscopy (AFM) topological image of a Fe3O4 nanosheet 

displays its atomically flat surface and 7.9 nm thickness. XRD confirmed the crystalline 

nature of the Fe3O4 nanosheets at room temperature. Four sharp peaks are observed, 

as shown in Figure 1f, suggesting that the Fe3O4 nanosheets are high-quality crystals 

and highly oriented on mica with (111) facets parallel to the mica surface. The distance 

between (111) planes of Fe3O4 extracted from XRD is 4.808 Å, very close to that of a 

high-quality single crystal (4.852 Å, Magnetite, syn, PDF#19-0629), indicating no 

apparent strain is induced due to the weak van der Waals interactions between Fe3O4 

nanosheets and mica. 

 

The high-quality crystalline nature of as-grown Fe3O4 nanosheets was further 

confirmed by TEM. A low-magnification TEM image of a Fe3O4 nanosheet is shown 

in the inset in Figure 2a, which exhibits a regularly triangular shape. Its corresponding 

energy-dispersive X-ray spectroscopy (EDS) mapping images shown in Figure 2a, b 

exhibit uniform Fe and O distribution throughout the entire top surface. No elements of 

NaCl and KCl used during growth are observed on both the top surface and cross-

section of the nanosheets (Figure S4). HRTEM image of one corner of the triangular 

Fe3O4 nanosheet in Figure 2a is shown in Figure 2c. The (111) facet is observed in the 
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top view image and is consistent with the XRD result. The high crystallinity of the 

nanosheet is further confirmed by selected area electron diffraction (SAED), which 

exhibits sharp diffraction spots as shown in Figure 2d. Moreover, the diffraction 

patterns collected at each corner of the triangular Fe3O4 nanosheet in Figure 1a are 

almost identical, as shown in Figure S3d-f, indicating its single-crystal nature. The 

cross-sectional image can also observe the (111) planes of the Fe3O4 nanosheet parallel 

to its surface (Figure 2e). The sharp diffraction spots of the cross-sectional Fe3O4 

further demonstrate its high crystallinity, as shown in Figure 2f. The top surface and 

cross-sectional HRTEM images (Figure 2c, e) indicate that the Fe3O4 nanosheets are 

high-quality crystals and highly oriented on the mica with (111) facets parallel to the 

mica surface. No structural defects and antiphase boundaries are observed in all the 

examined nanosheets.23  

 

Magnetic Properties of Fe3O4 Nanosheets. The magnetic properties of the as-

grown Fe3O4 nanosheets were investigated by the Magnetic Property Measurement 

System (MPMS3, Quantum Design Inc.) in the temperature range of 2–900 K. 

Temperature-dependent magnetization was measured to determine the TC, as well as 

the TV, of the as-grown ultrathin Fe3O4 nanosheets. As shown in Figure 3a, the TV of 

the ultrathin Fe3O4 nanosheets is 117 K, and the TC can be identified at about 847 K by 

fitting the curve, the latter of which is slightly lower than that of bulk (858 K). It 

demonstrates that lowering the thickness of Fe3O4 crystals does not significantly reduce 

its TC and high-temperature ferrimagnetism persists in ultrathin nanosheets. 
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Magnetization curves measured at various temperatures further support this result. As 

shown in Figure 3b, c, both in-plane and out-of-plane magnetization of the ultrathin 

Fe3O4 nanosheets were measured at temperatures from 100 to 400 K. In-plane and out-

of-plane magnetic fields were applied parallel and perpendicular to the (111) plane of 

Fe3O4 nanosheets, respectively. The nanosheets are fully magnetized and saturated in a 

low field (~0.5 T in in-plane, ~1 T in out-of-plane). The ultrathin Fe3O4 nanosheets are 

easier magnetized in the in-plane field than in the out-of-plane field (Figures 3b, c and 

Figure S6), which agrees well with the high-quality Fe3O4 thin films magnetization 

behavior.24 The saturation magnetizations slightly decrease both in in-plane and out-of-

plane fields as temperature increases from 100 to 400 K (Figure 3b, c). Its saturation 

magnetization decreases rapidly when the temperature approaches TC (Figure 3d). The 

fully saturated magnetization curves are in stark contrast to thin films grown by other 

methods, suggesting that antiphase boundaries in the as-grown Fe3O4 nanosheets are of 

low density. The high density of antiphase boundaries usually makes the magnetization 

curve hard to saturate.25  

 

Magneto-transport Properties of Individual Fe3O4 Nanosheets. Magnetic 

properties of the individual Fe3O4 nanosheets with various thicknesses were 

investigated through magneto-transport measurements. As shown in Figure S7a, the 

temperature-dependent resistivity gradually increases upon cooling, and no apparent 

sudden increase is observed in all the studied samples, probably due to the slight 

nonstoichiometry of the samples.13,20 However, the Verwey transition is still observed 
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as a kink in ultrathin samples (Figure S7a, b), consistent with the result measured by 

MPMS3 and the value of ultrathin Fe3O4 film.26 The presence of the Verwey transition 

ascertains the high quality of the nanosheets. The linear part in the curves just around 

and above the TV shown in Figure S7a demonstrates that charge transport is typically 

governed by thermally activated hopping (Table S1). Here we mainly focus on 

electrical transport properties above the TV (150 – 400 K). The room temperature 

resistivity of the Fe3O4 nanosheets with various thicknesses is listed in Table S1, which 

are close to high-quality homogeneous Fe3O4 single crystal.15  

 

Bulk-like Fe3O4 nanosheets (556 nm) exhibits similar magneto-transport behaviors 

to that of high-quality bulk Fe3O4 single crystals.27–30 Out-of-plane and in-plane fields 

were applied perpendicular and parallel to the (111) plane of the Fe3O4 nanosheets, 

respectively. Positive magnetoresistance (MR) (Figure 4a) and negative MR (Figure 

S8b–d) are observed in the out-of-plane and in-plane fields, respectively. Positive MR 

is weakly dependent on the magnetic field when the field is higher than ~0.5 T, while 

negative MR is weakly dependent on temperature. Although the amplitude of positive 

MR decreases as temperature increases from 150 to 400 K, MR curves maintain a 

similar shape. As shown in Figure 4b, the AHE is observed in an out-of-plane field in 

the temperature range of 150 – 400 K. The perfect proportionality between Hall 

resistance and magnetization curves shown in Figure S9 demonstrates that the AHE in 

the Fe3O4 nanosheets is controlled by magnetization, consistent with the Karplus-

Luttinger theory.31  
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For ultrathin Fe3O4 nanosheets (8.1–21 nm), the positive MR (Figure 4c, e and 

Figure S10c, 11c, 13c, 14c) are also weakly dependent on the field as that of bulk-like 

one, but in a slightly higher field of ~0.8 T. Moreover, butterfly-shaped hystereses are 

observed within the field of ±0.2 T in all the ultrathin nanosheets, which is different 

from the bulk-like Fe3O4 nanosheet and would be caused by spin switching.32 The AHE 

is observed and persists up to 400 K, as shown in Figures S10d, 11d, 13d, 14d, and 

Figure 4d, f. In all the studied Fe3O4 nanosheets, the AHE dominates the Hall effect 

(Figure S16) and saturate at ~1 T, which is in stark contrast to Fe3O4 thin films. No 

signature of saturation is observed even in a field up to 9 T due to the large density of 

antiphase boundaries in the Fe3O4 thin films.20 Additionally, as shown in Figure 5a, 

anomalous Hall resistance increases as the thickness decreases from 556 to 10.9 nm, 

and more than one order of magnitude increase in anomalous Hall resistance is 

observed in the ultrathin Fe3O4 nanosheets even at a temperature as high as 400 K. 

However, the decrease of anomalous Hall resistance in the 8.1 nm thick Fe3O4 

nanosheet requires further study. The large anomalous Hall resistance in the ultrathin 

Fe3O4 nanosheets may be associated with their sizeable longitudinal resistance, as 

shown in Figure 5b and Figure S19. The anomalous Hall resistance and longitudinal 

resistance increase with descreaeing temperataure (Figures 5b and S19). However, the 

Hall angle (𝜎𝜎𝑥𝑥𝑥𝑥
(0)/𝜎𝜎𝑥𝑥𝑥𝑥

(0)) reaches a maximum at 250 K irrespective of thickness as shown 

in Figure 5c. The relationship of anomalous Hall conductivity σxy (𝜎𝜎𝑥𝑥𝑥𝑥 = 𝜌𝜌𝑥𝑥𝑥𝑥
𝜌𝜌𝑥𝑥𝑥𝑥2 +𝜌𝜌𝑥𝑥𝑥𝑥2

) and 

longitudinal conductivity σxx (𝜎𝜎𝑥𝑥𝑥𝑥 = 𝜌𝜌𝑥𝑥𝑥𝑥
𝜌𝜌𝑥𝑥𝑥𝑥2 +𝜌𝜌𝑥𝑥𝑥𝑥2

) is shown in Figure 5d. Despite different 

longitudinal resistance and anomalous Hall resistance for different nanosheets, a power-
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law scaling relation σ𝑥𝑥𝑥𝑥 ∝ σ𝑥𝑥𝑥𝑥1.3 is found, which slightly deviates from the universal 

scaling relation (σ𝑥𝑥𝑥𝑥 ∝ σ𝑥𝑥𝑥𝑥1.6).17,20,21 Though the scaling exponent is smaller in our Fe3O4 

nanosheets, it is still close to the value in the disordered insulating regime with phonon-

assisted hopping transport with the scaling exponent from 1.33 to 1.76.33 However, the 

disorder in the Fe3O4 nanosheets cannot reach the dirty limit, which has a scaling 

exponent of 1.6.19 It is probably due to the high quality of Fe3O4 nanosheets and low 

density of antiphase boundaries that lead to the smaller scaling exponent. Another 

probability is that the scaling relation in the Fe3O4 nanosheets lies in the crossover 

regime from the dirty limit to the intrinsic intermediate regime, and thus has a smaller 

value of the scaling exponent of 1.3.18,19,34 The large, linear and saturated AHE in the 

ultrathin Fe3O4 nanosheets makes it a promising material for Hall sensors. More 

importantly, its high TC makes it an excellent candidate for spintronics. 

 

CONCLUSIONS 

In summary, high-quality ultrathin Fe3O4 nanosheets have been epitaxially grown on 

mica with (111) plane as exposed facets. Magnetization measurement shows that the TC 

of the ultrathin Fe3O4 nanosheets is as high as 847 K and the TV is at 117 K. The AHE 

in the individual ultrathin nanosheets persist up to 400 K. The anomalous Hall 

resistance increases as the thickness of Fe3O4 nanosheets decrease from bulk-like to 

~10 nm, probably due to the rise in longitudinal resistance. The anomalous Hall 

conductivity approximately scales with longitudinal conductivity as σ𝑥𝑥𝑥𝑥 ∝ σ𝑥𝑥𝑥𝑥1.3 

regardless of thickness and temperature. High-temperature ferrimagnetism and large 
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AHE, as well as its air stability, make it a promising candidate for spintronics and Hall 

sensors. All in all, it provides a versatile platform for investigating a wide range of 

spintronic phenomena, Verwey transition, the AHE, and other applications. 

 

METHODS 

CVD Growth of Fe3O4 nanosheets. A two-step method was used to grow Fe3O4 

nanosheets. First, Fe3O4/NaCl/KCl (200 mg) powder with a mass ratio of 

0.091/0.404/0.505 was ground by a mortar and put into a quartz boat as the Fe3O4 

source. Next, it was sintered in a single heating zone furnace at 750 °C for 30 minutes 

with 200 sccm Ar as protection gas, then cooling down to room temperature. The 

sintered lump was used as a Fe3O4 source to grow bulk-like Fe3O4 nanosheets, while 

the sintered lump was sintered again at 860 °C for 10 min before growing ultrathin 

Fe3O4 nanosheets. To produce Fe3O4 nanosheets, freshly cleaved fluorophlogopite mica, 

as the growth substrate, was put above the sintered Fe3O4/NaCl/KCl lump with the 

freshly cleaved face downward. The quartz tube was evacuated for 10 min with a pump 

to remove the air, and then filled with Ar to ambient pressure before temperature 

ramping. The furnace was heated up to 860 °C in 35 minutes with 200 sccm Ar as 

carrier gas and held at 860 °C for 30 minutes. Followed by slowly cooling down to 

~610 °C, the furnace cooled rapidly down to room temperature by opening its cover. 

 

Device fabrication and electrical transport measurement. As-grown Fe3O4 

nanosheets were first transferred from the growth substrate mica onto SiO2/Si with the 

assistance of polystyrene.35–37 Hall bar devices were fabricated by standard e-beam 
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lithography followed by deposition of 5 nm Cr and 60 nm Au as contact electrodes by 

thermal evaporation. All magneto-transport measurements were performed using a 

Physical Property Measurement System (Quantum Design Inc.). All the Hall and MR 

results were symmetrized using a standard symmetrization procedure. 

 

Characterization. As-grown Fe3O4 nanosheets were characterized by AFM 

(Bruker NanoScope 8) operated in AC-mode, optical microscopy (Leica), Raman 

spectroscopy (Witec confocal Raman system) with laser wavelength of 514 nm and 

objective magnification of ×100, XRD (Empyrean 2.2 kW, target, Cu), TEM (JEM-

3200FS, JEOL) at room temperature, and MPMS3. 
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Figure 1. Van der Waals epitaxial growth of Fe3O4 nanosheets on mica substrate. (a) 

Optical image of ultrathin Fe3O4 nanosheets grown on mica. (b) Histogram of the 

orientation distribution of the Fe3O4 nanosheets on mica. (c) Raman spectrum of a 

Fe3O4 nanosheet with A1g, T2g(2), Eg, T2g(1) modes located at 665, 535, 300, 194 cm−1, 

respectively. (d) Raman mapping image based on the intensity of the 665 cm−1 peak of 

the Fe3O4 nanosheet with its optical image shown in the inset. (e) AFM image and 

height profile of a triangular Fe3O4 nanosheet with a thickness of 7.9 nm. (f) Room-

temperature XRD pattern of the Fe3O4 nanosheets. 
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Figure 2. TEM characterization of as-grown Fe3O4 nanosheets. (a,b) EDS mapping of 

Fe (a) and O (b) of the Fe3O4 nanosheet with its low-magnification TEM image shown 

in the inset of (a). (c,d) Top view HRTEM image (c) and SAED pattern (d) of the Fe3O4 

nanosheet. (e,f) Cross-sectional HRTEM image (e) and SAED pattern (f) of the Fe3O4 

nanosheet. 
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Figure 3. Magnetization characterizations of the ultrathin Fe3O4 nanosheets. (a) 

Temperature-dependent magnetization curve for the Fe3O4 nanosheets. The applied 

magnetic field is 500 Oe and parallels the surface of the Fe3O4 nanosheets. The TC is 

extracted by fitting the curve using the Curie-Bloch equation around the phase 

transition: 𝑀𝑀(𝑇𝑇) ∝ (1 − 𝑇𝑇
𝑇𝑇𝐶𝐶

)𝛽𝛽. Inset shows the low-temperature magnetization curve. 

(b,c) In-plane and out-of-plane magnetization curves at 100 to 400 K. In-plane and out-

of-plane fields are applied parallel and perpendicular to the surface of the Fe3O4 

nanosheets, respectively. (d) High-temperature in-plane magnetization curves at 500 to 

850 K. The linear backgrounds in (b-d) have been subtracted. 
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Figure 4. Magneto-transport properties of individual Fe3O4 nanosheets. (a,b) Out-of-

plane MR (a) and the AHE (b) in a 556 nm thick Fe3O4 nanosheet as a function of 

temperature. (c,d) Out-of-plane MR (c) and the AHE (d) in a 13.2 nm thick Fe3O4 

nanosheet as a function of time. (e,f) Out-of-plane MR (e) and the AHE (f) in an 8.1 

nm Fe3O4 thick nanosheet as a function of temperature. The arrows in (e) represent the 

field sweep direction for all the devices. 
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Figure 5. Relationship between the anomalous Hall resistance (conductance) and 

longitudinal resistance (conductance) in the Fe3O4 nanosheets. (a) The thickness-

dependent anomalous Hall resistance and longitudinal resistance in the Fe3O4 

nanosheets at 300 K. (b) The temperature-dependent anomalous Hall resistance and 

longitudinal resistance of the 13.2 nm thick Fe3O4 nanosheet. (c) The temperature-

dependent Hall angles of the Fe3O4 nanosheet with various thicknesses. (d) The plot of 

anomalous Hall conductivity as a function of longitudinal conductivity. The solid blue 

line and purple dash line are fitted to σ𝑥𝑥𝑥𝑥 ∝ σ𝑥𝑥𝑥𝑥1.3, σ𝑥𝑥𝑥𝑥 ∝ σ𝑥𝑥𝑥𝑥1.6, respectively. 
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