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            Abstract
The realization of long-range ferromagnetic order in two-dimensional van der Waals crystals, combined with their rich electronic and optical properties, could lead to new magnetic, magnetoelectric and magneto-optic applications1,2,3,4. In two-dimensional systems, the long-range magnetic order is strongly suppressed by thermal fluctuations, according to the Merminâ€“Wagner theorem5; however, these thermal fluctuations can be counteracted by magnetic anisotropy. Previous efforts, based on defect and composition engineering6,7,8,9,10, or the proximity effect, introduced magnetic responses only locally or extrinsically. Here we report intrinsic long-range ferromagnetic order in pristine Cr2Ge2Te6 atomic layers, as revealed by scanning magneto-optic Kerr microscopy. In this magnetically soft, two-dimensional van der Waals ferromagnet, we achieve unprecedented control of the transition temperature (between ferromagnetic and paramagnetic states) using very small fields (smaller than 0.3 tesla). This result is in contrast to the insensitivity of the transition temperature to magnetic fields in the three-dimensional regime. We found that the small applied field leads to an effective anisotropy that is much greater than the near-zero magnetocrystalline anisotropy, opening up a large spin-wave excitation gap. We explain the observed phenomenon using renormalized spin-wave theory and conclude that the unusual field dependence of the transition temperature is a hallmark of soft, two-dimensional ferromagnetic van der Waals crystals. Cr2Ge2Te6 is a nearly ideal two-dimensional Heisenberg ferromagnet and so will be useful for studying fundamental spin behaviours, opening the door to exploring new applications such as ultra-compact spintronics.
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                    Figure 1: Schematics of spin-wave excitations in two and three dimensions.[image: ]


Figure 2: Observation of ferromagnetism in bilayer Cr2Ge2Te6 and temperature-dependent Kerr rotation of few-layer and bulk Cr2Ge2Te6 crystals.[image: ]


Figure 3: Ferromagnetic hysteresis loop with single-domain remanence in a six-layer Cr2Ge2Te6 crystal.[image: ]


Figure 4: Magnetic field control of the transition temperature of few-layer Cr2Ge2Te6 crystals.[image: ]
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Extended data figures and tables

Extended Data Figure 1 Magnetization characterizations of a bulk Cr2Ge2Te6 crystal.
a, Photo of bulk Cr2Ge2Te6 platelets. b, Magnetization characterization by SQUID at 4â€‰K, showing that Cr2Ge2Te6 has an out-of-plane easy axis. c, Temperature-dependent magnetization characterization under a 0.075-T out-of-plane field, showing [image: ] by SQUID, consistent with our Kerr rotation result ([image: ]; in Fig. 2j).


Extended Data Figure 2 Characterizations of monolayer and bilayer Cr2Ge2Te6 flakes.
a, A representative optical image of exfoliated bilayer flakes. White arrows point to bilayer flakes. b, An optical image of a specific bilayer flake. c, The environmental AFM image of the bilayer flake in b, showing that a large monolayer flake attaches to the bilayer flake (left). The corresponding AFM height profiles are also shown (right). d, e, Optical (d) and SEM (e) images of thin Cr2Ge2Te6 flakes. The SEM image reveals an additional flake (circled by a white dashed line in e, adjacent to the bilayer strip), which might be a degraded monolayer flake (degradation can be seen from the bubble-like features).


Extended Data Figure 3 Evolution of optical contrast and Raman spectra of bilayer Cr2Ge2Te6 flakes in air.
a, Evolution of optical contrast of a bilayer Cr2Ge2Te6 flake in air. After 90â€‰min of exposure to air (highlighted by the yellow dashed arrow), the optical contrast of the bilayer flake begins to reduce slowly. Error bars are the standard deviation of the optical contrast of the flake of various regions. Insets show optical images of the flake as freshly exfoliated and after overnight exposure in air. b, The evolution of the Raman spectra of another bilayer Cr2Ge2Te6 flake. To avoid laser-triggered degradation, Raman spectra were acquired when the sample was pumped back to vacuum (10âˆ’5â€“10âˆ’6 torr). The peaks in the range 100â€“150â€‰cmâˆ’1 are features of bilayer Cr2Ge2Te6 and the peak at 520â€‰cmâˆ’1 is from Si.


Extended Data Figure 4 Optical and AFM images of few-layer samples.
a, b, Optical images of bilayer (2L) and three-layer (3L) flakes (a) and a four-layer (4L) flake (b). Numbers in a and b are the optical contrasts in the green channel of the flakes; errors are standard deviations. c, d, AFM images of five-layer (5L; c) and six-layer (6L; d) samples, with the corresponding height profiles.


Extended Data Figure 5 The sample-end experimental set-up of Sagnac MOKE.
a, For the temperature-dependent Kerr image study of 2â€“5-layer samples under a 0.075-T field, the specimen is loaded on a stage surrounded by a cylindrical permanent magnet and the effective magnetic field perpendicular to the specimen surface is approximately 0.075 T, measured by a Gauss meter. A quarter wave plate is placed on the quartz window. Therefore, the raw signal includes a sample Kerr rotation signal and a background signal, primarily from the Faraday effect of the quartz window. The background signal can readily be obtained by data acquisition on the bare SiO2 substrate. A description of the remaining part of the optical set-up connecting to the polarization maintaining fibre can be found in ref. 22. b, For the study of magnetic field control of transition temperatures, a slightly modified experimental set-up is used. The cylindrical magnet in a provides a magnetic field of only very limited strength. To compare the contrasting fields, we machined the heights of copper stages to accommodate the heights of different disk magnets with contrasting field strengths: 0.065 T and 0.3 T. c, For the hysteresis study, we made a superconducting coil to accommodate the chamber. Owing to the connection between the superconducting coil and the sample stage in our set-up, the superconducting coil cannot be used for temperature-dependent studies. WD, working distance.


Extended Data Figure 6 Temperature evolution of the remanent magnetization of a six-layer Cr2Ge2Te6 flake.
At 4.7 K, after â€˜saturatingâ€™ the six-layer Cr2Ge2Te6 flake by a 0.6-T magnetic field, the remanent magnetization is obtained by removing the field. Subsequently, under zero-field, the temperature is increased, during which process the Kerr rotation angle is tracked. This measurement shows an intrinsic ferromagnetic phase transition temperature of a six-layer Cr2Ge2Te6 flake close to 10 K. Error bars, standard error of sample signals.


Extended Data Figure 7 Positioning a target flake.
a, The pre-defined patterns of metal pads. b, A scanned map of the reflectance of the specimen. The colour represents the reflected light intensity. The reflectance of metal pads can vary because some pads were peeled off during the exfoliation process. c, A smaller-size scanning. The units of the numbers on the axes in b and c are millimetres.


Extended Data Figure 8 Magnetic interlayer coupling and single-ion anisotropy as a function of on-site Hubbard U in bulk Cr2Ge2Te6.
Blue circles represent single-ion anisotropy, and the magnetic anisotropy is out-of-plane (negative single-ion anisotropy) for Uâ€‰>â€‰0.2â€‰eV. Red squares represent interlayer magnetic coupling, which is ferromagnetic (negative) for Uâ€‰<â€‰1.7â€‰eV. Bulk Cr2Ge2Te6 is a ferromagnet with an out-of-plane easy axis. Therefore, the range 0.2â€‰eVâ€‰<â€‰Uâ€‰<â€‰1.7â€‰eV (shaded area) could qualitatively reproduce the bulk magnetic property. We set Uâ€‰=â€‰0.5â€‰eV in the subsequent calculations, because the experimentally estimated single-ion anisotropy in the bulk is small.


Extended Data Figure 9 Crystal structure consisting of magnetic ion Cr only.
Illustration of in-plane (left) and out-of-plane (right) nearest-neighbour exchange interactions. The ABC-type stacked hexagonal lattice is a reduced illustration of atomic arrangement of Cr in bulk Cr2Ge2Te6 crystals. J1, J2 and J3 (Jz1, Jz2 and Jz3) represent the first, second and third in-plane (out-of-plane) nearest-neighbour spinâ€“spin exchange interactions, respectively. Positive and negative J values represent antiferromagnetic and ferromagnetic exchange interactions. Each Cr site carries a spin Sâ€‰=â€‰3/2 in theoretical simulations. Blue and orange circles represent the Cr ions on A and B sublattices, respectively.


Extended Data Figure 10 Magnetic-field-dependent [image: ] under different values of anisotropy in RSWT.
Calculated magnetic-field-dependent [image: ] of monolayer (1L), bilayer (2L), three-layer (3L) and six-layer (6L) samples using Aâ€‰=â€‰0, Aâ€‰=â€‰âˆ’0.01â€‰meV and Aâ€‰=â€‰âˆ’0.001â€‰meV in RSWT, as well as that of the bulk, with Aâ€‰=â€‰âˆ’0.05â€‰meV. The x axis (B field) is plotted on a logarithmic scale. The efficient field control of transition temperature is clearly seen for small anisotropies in 2D layers.
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        Editorial Summary
Magnetism in flatland
The question of what happens to the properties of a material when it is thinned down to atomic-scale thickness has for a long time been a largely hypothetical one. In the past decade, new experimental methods have made it possible to isolate and measure a range of two-dimensional structures, enabling many theoretical predictions to be tested. But it has been a particular challenge to observe intrinsic magnetic effects, which could shed light on the longstanding fundamental question of whether intrinsic long-range magnetic order can robustly exist in two dimensions. In this issue of Nature, two groups address this challenge and report ferromagnetism in atomically thin crystals. Xiang Zhang and colleagues measured atomic layers of Cr2Ge2Te6 and observed ferromagnetic ordering with a transition temperature that, unusually, can be controlled using small magnetic fields. Xiaodong Xu and colleagues measured atomic layers of CrI3 and observed ferromagnetic ordering that, remarkably, was suppressed in double layers of CrI3, but restored in triple layers. The two studies demonstrate a platform with which to test fundamental properties of purely two-dimensional magnets.
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