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ABSTRACT  

Two-dimensional (2D) magnetic van der Waals materials provide a powerful platform for 

studying fundamental physics of low-dimensional magnetism, engineering novel magnetic 

phases, and enabling thin and highly tunable spintronic devices. To realize high quality and 

practical devices for such applications, there is a critical need for robust 2D magnets with 

ordering temperatures above room temperature that can be created via exfoliation. Here the 

study of exfoliated flakes of cobalt substituted Fe5GeTe2 (CFGT) exhibiting magnetism above 
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room temperature is reported. Via quantum magnetic imaging with nitrogen-vacancy centers 

in diamond, ferromagnetism at room temperature was observed in CFGT flakes as thin as 16 

nm corresponding to 16 layers. This result expands the portfolio of thin room-temperature 2D 

magnet flakes exfoliated from robust single crystals that reach a thickness regime relevant to 

practical spintronic applications. The Curie temperature Tc of CFGT ranges from 310 K in the 

thinnest flake studied to 328 K in the bulk. To investigate the prospect of high-temperature 

monolayer ferromagnetism, Monte Carlo calculations were performed which predicted a high 

value of Tc ~270 K in CFGT monolayers. Pathways towards further enhancing monolayer Tc 

are discussed. These results support CFGT as a promising platform to realize high-quality 

room-temperature 2D magnet devices. 

 

INTRODUCTION 

The discovery of thin van der Waals (vdW) materials with magnetic ordering 1-6 has opened 

up enormous opportunities for studying novel condensed matter phenomena and for meeting 

the demands of new information processing capabilities. Also known as two-dimensional 

(2D) magnets, they embody a high degree of tunability (e.g., via gating or strain), the ability 

to form custom-designed, multifunctional heterostructures, and the availability of a rich array 

of interfacial phenomena. These unique properties position 2D magnets as excellent platforms 

for fundamental study of low-dimensional spin physics7, engineering novel quantum phase 

via proximity effects6 or Moire structures8-10, and studying complex magnon behaviors11, 12. 

The potential to realize these novel effects, together with the ability for highly efficient 

interfacial control13, present 2D magnets as promising platforms to implement a wide range of 

important applications from spintronics to magnon-based hybrid quantum systems14, 15. 

 

To realize high quality and practical devices for aforementioned applications, achieving a 

Curie temperature Tc above room-temperature presents a critical goal4. Tc significantly below 

room-temperature is common among 2D magnets; for example, Tc ~60 K in monolayer CrI3
1 

and CrGeTe3
2, and ~130 K in monolayer Fe3GeTe2

16. Recently, several works have reported 

magnetism at room-temperature or above in 2D magnetic flakes grown epitaxially, via 

chemical vapor deposition, or via chemical exfoliation17-21. However, materials prepared in 

such a way are often prone to disorder and are generally unsuitable for creating high quality 

devices. While wafer-scale growth processes such as epitaxy are necessary for future 

integration of 2D magnets in spintronic, optoelectronic, and quantum devices, it is imperative 

to gain understanding of high-quality samples to explore the applications possible in a given 
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material. To date, it is recognized that mechanical exfoliation from bulk material remains the 

technique of choice to achieve the highest quality in 2D devices, which has enabled the 

demonstration of an array of important capabilities ranging from low current-density spin-

torque switching13 to quantum anomalous Hall effect22 in 2D magnetic materials. This 

approach also enables newly discovered bulk materials to be screened rapidly. Among 

exfoliated flakes, Ref. 23 reports Tc above room temperature in ionically intercalated few-layer 

Fe3GeTe2, but controversy on the result remains24; furthermore, ionic intercalation does not 

present a viable path for high quality devices. In the past few years, the possibility of intrinsic 

room-temperature ferromagnetism in exfoliated thin flakes is demonstrated in the 1T phase of 

CrTe2
25, 26 and 2H phase of VSe2

27. However, there are potential robustness issues with these 

two vdW systems. In the case of VSe2, its bulk crystal is not magnetic, but a structural phase 

transition occurs upon thinning and this leads to magnetic thin flakes27. It is unknown whether 

this structural transition is sensitive to the substrate or to strain, which may present problems 

for heterostructure assembly and for creating devices. Furthermore, it can be desirable to 

create thin vdW magnetic flakes from a source material where the bulk crystal is magnetically 

ordered. For instance, the magnetic properties of the bulk offer a baseline for the expectations 

of the thinned material, and indeed detailed studies of the bulk are often required to 

understand the behavior of the thin flakes. The magnetic 1T-phase of CrTe2 is meta-stable and 

decomposes above 330 K25, which also presents an obstacle for heterostructure/device 

fabrication which generally requires heating above this temperature. Therefore, thin 2D 

magnets with Tc above room temperature created via exfoliation of robust crystals – thermally 

stable and magnetic in the bulk – present a highly sought-after goal. The possibility to realize 

2D magnets with aforementioned properties is recently demonstrated in Fe3GaTe2 28. 

Following this breakthrough, there is an urgent need to expand the portfolio of such materials. 

In this work, we report above-room-temperature ferromagnetism in exfoliated flakes of Co-

substituted Fe5GeTe2. The family of iron-based vdW metals FenGeTe2 provides a promising 

platform for engineering high Tc 2D magnet, where Tc can be raised by increasing Fe content 

from n=3 to 516, 29-31. While Fe5GeTe2 system has a stacking related transition near 570K, the 

material appears to be thermally and structurally stable32. Fe5GeTe2-based system has a 

versatile feature that a rich array of diverse properties can be generated via Cobalt 

substitution, leading to significant interest in this family of material in the recent years33-37.  

High Co-content (>40%) can turn the system into either an antiferromagnet33, 34, 37 

(demonstrated for bulk crystal) or a polar ferromagnet35, 36 (demonstrated for flakes down to 

58 nm thickness).  Intermediate Co- substitution (~30%) is found to increase Tc in bulk crystal 
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of Fe5GeTe2
33, 34, indicating the potential for above-room-temperature ferromagnetism in thin 

Fe5GeTe2 with intermediate Co-substitution (which we shall refer to as CFGT) flakes. 

However, thin flakes generally have lower Tc compared to bulk crystals, hence the question of 

whether thin CFGT flakes could exhibit room-temperature magnetism remains to be explored. 

We address this question by detecting the minute magnetic stray field signal of CFGT flakes 

in air at room-temperature and above with a novel quantum magnetic imaging (QMI) 

technique based on nitrogen-vacancy (NV) centers in diamond. We have observed 

ferromagnetism at room-temperature in flakes as thin as 16 nm (16 layers). Along with 

Fe3GaTe2
28, this corresponds to one of the only room-temperature 2D magnet flakes with 

thickness in the device-relevant regime exfoliated from robust single crystals. This result also 

corresponds to the thinnest flake with room-temperature ferromagnetic ordering among the 

family of Co-substituted Fe5GeTe2 materials. The measured Curie temperature of CFGT 

ranges from 310 K in the thinnest flake studied to 328 K in the bulk. To investigate the 

prospect of high-temperature monolayer ferromagnetism, Monte Carlo simulations using ab 

initio effective spin Hamiltonian have been employed to determine a nearly-room-temperature 

Tc ~270 K in CFGT monolayer. We discuss the prospect for further enhancing Tc in 

monolayer CFGT. Our results point to CFGT as a promising platform to realize high-quality 

devices operational at room-temperature for applications and fundamental studies. In terms of 

applications, the potential air-stability of Fe-Ge-Te thin flakes does present a challenge and 

this aspect will require dedicated investigations, such as in Ref. 38; this work points to the 

value in further pursuing systematic investigation of CFGT thin flakes for room-temperature 

devices.  

 

RESULTS AND DISCUSSION 

 

Characterization of Bulk CFGT Crystal 

CFGT crystal growth and structural information (Inset in Figure 1a) are reported 

previously33. Crystals described in Ref. 33 remain ferromagnetic and have an enhanced Tc 

≈330 K up to ≈30% Co-substitution; above this level of substitution, e.g. at ≈50%, the 

material becomes antiferromagnetic. We note that another work reports the realization of a 

polar ferromagnetic metal with 50% Co-substituted Fe5GeTe2
36. Difference between these two 

works may be due to minor differences in composition and the resulting structure. Material 

reported in Ref. 36 also exhibits a high Tc ≈350 K, but magnetic properties were only 

examined in flakes with thickness >100 nm. In the present work, the bulk CFGT corresponds 



  

5 
 

to the 28% Co-substituted crystals utilized in Ref. 33. Specifically, the crystals are from the 

same crystal growth as the previously reported 28% Co-substituted crystals, where the cobalt 

content was determined from energy dispersive spectroscopy and was found to be consistent 

across the crystal growth products.  In addition, single crystal x-ray diffraction was utilized to 

examine the crystal structure of products from this growth. Data shown in Fig. 17 of Ref 39 

also originated from crystals from this same growth, and the diffraction data demonstrated 

that the 28% Co-substituted samples have significant stacking disorder. Temperature-

dependent magnetization measurements (Figure 1a) were performed with a vibrating sample 

magnetometer and reveals Tc =328 K (for details on the extraction, refer to S4 in Supporting 

Information) for the bulk crystal, consistent with previous results33. Isothermal 

magnetization data with demagnetization effect accounted for (see Section S5 in Supporting 

Information for details) is shown in Figure 1b which reveals easy-plane anisotropy, likewise 

consistent with the previous result33. Furthermore, we extracted the effective anisotropic field 

μ0Ha= ‒ 0.51 T (for details on the extraction, refer to Section S5 in Supporting 

Information), which has not been reported previously. The negative sign of the effective 

anisotropic field indicates the magnetization lies in the film plane, while the absolute value 

determines how large the external field is needed to pull the magnetic moments out of the 

plane. A zoom-in view of the isothermal magnetization curve (Inset in Figure 1b) reveals 

zero remanence, indicating the presence of magnetic domains in the material at low field that 

averages to zero magnetization.  

 

Revealing Room-temperature Magnetism of CFGT Flakes with QMI 

Given the small dimension and low mass of exfoliated flakes, a sensitive probe of magnetism 

capable of room temperature operation is required to investigate thin CFGT flakes. Examples 

of such probes include magnetic force microscopy (MFM), magnetic optical Kerr effect 

(MOKE) microscopy6, NV scanning probe microscopy40, 41, and more recently magnetic 

sensing with boron-vacancy in hexagonal boron nitride42-44. In this work, we employed wide-

field QMI with NV centers in diamond. Given its ability to detect magnetic field with high-

sensitivity and high spatial resolution (diffraction limited), the NV center in diamond realizes 

a powerful quantum sensor of local magnetic field and hence provides an enabling tool for 

advancing condensed matter physics and materials science45. In particular, the implementation 

of NV sensing in the form of wide-field magnetic imaging has been applied to study novel 

electrical flow in graphene46, vdW superconductors47, as well as 2D magnets both at low-

temperatures48 as well as at room-temperature31. While QMI’s diffraction-limited resolution 
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does not reach the nanoscale resolution offered by scanning probe, it is sufficient for the 

purpose of this work. Furthermore, QMI is particularly well-positioned for this work because 

of the ease of operation for high throughput measurement, and the ability to readily detect 

both in-plane and out-of-plane magnetization. Hence, QMI provides a highly suitable tool for 

our investigation. 

 

The setup of QMI is described previously31 and summarized in Figure 1c. An antenna for 

delivering microwave (MW) necessary for NV measurement is fabricated on the diamond. 

We exfoliated CFGT flakes on diamond containing a near-surface NV ensemble. A primary 

limitation of CFGT is its air sensitivity. Most of vdW magnets degrade in air, though in the 

recent time certain materials have emerged that demonstrate long-term stability in air49, 50. 

While air sensitivity of CFGT itself has not been characterized, one can gain insight from the 

study of a closely-related material Fe3GeTe2, which shows insignificant change in magnetic 

property in 8-layer up to 20 minutes in air38. Assuming similar trend in CFGT, a viable way to 

protect thin CFGT flakes in air is to deposit protective layer upon them, if the exposure time 

to air prior to deposition is on the order of minutes or less.  We evaporated a thin layer of Al 

(~5 nm) immediately after exfoliation to protect the flakes from oxidation, with the amount of 

time between exfoliation and pumping down the sample space of the evaporator to be less 

than three minutes. As in Ref. 31, optically detected magnetic resonance (ODMR) was 

performed with a camera to image the stray magnetic field generated by CFGT flakes. We 

adopted the configuration where an out-of-plane (z-direction) bias field B0 is applied, which 

enables us to image the distribution of the out-of-plane component of the stray field Bz(x,y).31 

 

To help inform what kind of pattern of stray-field distribution one anticipates to observe, we 

show the simulated Bz(x,y) generated by a square magnetic structure with a uniform out-of-

plane (Figure 2a) and in-plane 2D magnetization (Figure 2b). We note that in each case, 

stray field with vertical component is generated at a plane above the magnet. The former 

generates a Bz(x,y) that switches sign at the boundary, where the latter generates a dipole-like 

pattern that is antisymmetric along the magnetization direction. In Figures 2c-h, we show 

images of experimentally measured stray field distribution of several flakes. Thickness of 

flakes was measured with atomic force microscopy (AFM) and is 15.7(3) nm (16 layers) for 

Figures 2c, f, 25.6(2) nm (26 layers) for Figures 2d, g, and 28.6(3) (29 layers) for Figures 

2e, h. Thickness is 56.5(6) nm (58 layers) for Figure 2i. In Figures 2c-e, we show Bz(x,y) 

with an out-of-plane bias field B0~30 mT. In each case, we observed Bz(x,y) that has similar 
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topology to the one shown in Figure 2a, indicating that magnetization is directed out-of-

plane. We then lowered the bias field to B0~3 mT. If the flakes were paramagnetic, the stray 

field would merely change in amplitude but not topology. Instead, Figures 2h-f show that the 

stray field undergoes a dramatic change in topology and now manifests spatially-varying 

pattern, revealing textures in magnetization. This demonstrates ferromagnetic ordering in the 

flakes at room temperature. The presence of magnetic textures is consistent with the 

expectation of domains at small out-of-plane field, inferred from bulk magnetization 

measurement that shows zero remanence and easy-plane anisotropy; magnetic textures may 

also arise due to steps on the flake surface, but it appears unlikely given the topography of 

these flakes is mostly uniform (Supporting Information Fig. S3). In Figure 2i, we show the 

stray field of another flake at bias field ~3 mT, which also displays stray field texture, 

demonstrating that room-temperature ferromagnetism is ubiquitous among CFGT flakes. 

 

Thickness-dependent Tc 

We then measured Tc of various flakes shown in Figure 2. We employed simultaneous 

magnetometry-thermometry as described in Ref. 31. Heating was provided by a resistive 

heater, and ODMR imaging provides both Bz and temperature T of the sample. An out-of-

plane bias field ~3 mT was used. Because of the presence of domains, we adopted a statistical 

technique to extract Tc
51. For each flake, we select a region-of-interest (ROI) in the 

neighborhood of the flake, and compute the variance BROI
2=⟨(Bz−⟨Bz⟩)2⟩, where ⟨…⟩ denotes 

average over the ROI. Below Tc, the presence of stray field texture is captured in the variance, 

and hence one expects the variance to drop to zero at Tc as temperature is raised, and remains 

zero beyond Tc. Since fluctuations in measurement can also contribute to variance, we also 

select a background region in the vicinity of the ROI, and compute the background variance 

BBG
2. We then compute the normalized variance B2= BROI

2–BBG
2 which provides a 

proxy for magnetic ordering. In Figures 3a-c, B2 vs T is shown for the three flakes 

corresponding to Figures 2c-h. In general, we observe B2 decreases gradually as T increases, 

and then become flat and vanishingly small above a cutoff temperature, consistent with the 

expectation of a phase transition leading to the disappearance of ferromagnetic order. A fit to 

the power-law behavior y0+a(1−T/Tc) enables the extraction of Tc. We obtain Tc = 309.8(7) 

K, 321(2) K, and 319(2) K for the 16, 26, and 29 layer flakes respectively.  

 

We note that CFGT is ferromagnetic at above room temperature both in the bulk form and in 

thin flakes down to 16 layers. Furthermore, the Fe5GeTe2 family of materials is thermally 
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stable to temperatures well-above those used during standard exfoliation processes32. Hence, 

our result adds to the small portfolio of thin (<20 nm) 2D magnets at or above room-

temperature created from exfoliation of a single crystal that is magnetic in the bulk and 

thermally stable within typical temperature range employed in fabrication, with the only other 

such material being the recently reported Fe3GaTe2 28. The smallest flake thickness probed in 

this work was constrained by the flakes available in the vicinity of the stripline; in the future, 

even thinner flakes could be studied by first preparing them on a separate substrate, and then 

transferring them52 near a stripline on a diamond. Nevertheless, the sub-20 nm thickness for 

which we have observed above-room-temperature ferromagnetism enters the regime where 

practical spintronic devices can be created. For example, spin-torque oscillator has been 

fabricated from 17 nm thick yittrium iron garnet53, while highly efficient spin-orbit-torque 

(SOT) switching has been demonstrated for ~15-20 nm thick Fe3GeTe2
13. Hence, our results 

pave the way for the development of practical devices based on 2D magnets operational at 

room-temperature.  

 

For the thicker flake shown in Figure 2i (thickness ~56 nm corresponding to 58 layers), we 

observe nonhomogeneous temperature-dependent trends in different regions. For example, the 

region shown in Figure 3d is well described by a single power-law behavior with Tc 

=325.9(3) K, while Figure 3e displays a bimodal behavior whose fit requires a superposition 

of two power-law terms of the form y0+a(1-T/Tc), giving rise to two transition temperatures 

~316 and ~332 K. Another intriguing behavior is observed in the vicinity of the crack 

indicated in the ROI of Figure 3f. In Figure 2i, a large stray field is observed in the same 

region, which in fact persists to the highest temperature explored in this work. In Figure 3f, 

we plot the average stray field of this ROI in the vicinity of the crack. For comparison, we 

also plot the average stray field of a background indicated in the inset, which is nearly zero 

across all temperatures as expected. However, significant stray field associated with this ROI 

is observed up to ~350 K, indicating magnetization persists up to this temperature. As 

observed from AFM image (Figure S3, Supporting Information), this flake has several 

folds and faults. It is reasonable to expect that large and complex strain environment exists 

within this flake, leading to widely varied transition behavior. The bimodal behavior is 

consistent with the existence of two phase transitions. While we do not have a definitive 

explanation for what is the cause of this double phase transition, we do point out that multiple 

phase transitions and the corresponding multimodal M vs T (which our (B)2 vs T 

measurement provide a proxy as) is known in literature, e.g. in bilayer La1.4Sr1.6Mn2O7 54 and 
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even in van der Waals magnet CrI3 55, 56. In the work Ref. 55, three transitions were observed 

which are attributed to an interplay of structural and magnetic transitions. Ref. 56 observed 

that in addition to a transition attributed as the standard ferromagnetic transition, a satellite 

transition also exists at a lower temperature and is proposed to be a crossover from pinning to 

depinning of magnetic domain walls. Both appear to be possible scenario. In particular, from 

the AFM topography, we observe there are some structural faults in the vicinity of the region 

of Fig. 3e, and hence it is possible that structural evolution and/or pinning-depinning 

behaviors with respect to temperature change may be different compared to other regions. 

 

Monte Carlo Simulations of CFGT Monolayer Using ab initio Effective Spin 

Hamiltonian 

To investigate Tc in CFGT monolayer, we employed Monte Carlo simulation using ab initio 

effective spin Hamiltonian. The classical effective low-energy spin Hamiltonian57, 58 

describing the magnetic states at relevant experimental energy scales 

H = ‒ 1
2

∑ SiJiji.j Sj ‒K ∑ (Si⋅ẑ )i
2 ‒μS ∑ Si⋅Bi ,     (1) 

is constructed ab initio 57 using using noncollinear density functional theory (DFT) 

calculations. Here, Si are unit vectors; Jij is 3 × 3 tensor58, 59  describing isotropic nearest-

neighbor and beyond (as denoted by i, j) exchange interaction, Jij=
1
3

TrJij; the magnitude of 

the easy-plane anisotropy is specified by K; and B is an external magnetic field. Table 1 

provides ab initio extracted Jij parameters between atoms of CFGT units cell depicted in 

Figure 4a. We also compute the out-of-plane anisotropy, A=E⊥‒E∥ , where E⊥and E∥ are 

ground state energies for atomic magnetic moments aligned out-of-plane or in-plane, 

respectively, for both FGT and CFGT monolayers. Such anisotropy is A= ‒1.5 μeV/Fe-atom 

for FGT and A=2 μeV/Fe-atom for CFGT monolayer. Thus, Co-substitution switches easy-

axis anisotropy of FGT to easy-plane anisotropy of CFGT, as encoded by the second term in 

Equation 1.  These values are in good agreement with the previous DFT calculations33. As 

both 20% and 28% Co-substituted FGT host easy-plane anisotropy, we extract Jij and K 

parameters in Equation 1 for 20% Co-substituted FGT to avoid computational expense due to 

large number of atoms in the supercell. Additional details can be found in Supporting 

Information Section S1. 

At T=0, the calculated ground state of CFGT monolayer is an easy-plane ferromagnet, which 

becomes magnetized out-of-plane with a perpendicular external field at 40 mT. Normalized 

magnetization m/ms vs T is shown in Figure 4b. A fit to y0+a(1-T/Tc) yields Tc =271.6(9) K 
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and  =0.340(6) (see Section S2 in Supporting Information for details of the fit). We note 

that Mermin-Wagner-Hohenberg theorem60 and Berezinskii-Kosterlitz-Thouless scenario61, 

which forbid long-range in-plane magnetic order, apply to a purely two-dimensional plane of 

magnetic atoms with short-range interaction, and hence do not pertain to monolayer CFGT 

which consists of two atomic planes of magnetic atoms with strong exchange interactions 

between atoms in the different planes (Table 1) that is comparable to exchange interaction 

between atoms in the same plane61. Hence, the existence of a ground state with in-plane long-

range magnetic order is reasonable in CFGT monolayer. Our result shows that easy-plane 

anisotropy persists from the bulk to the monolayer limit. In magnetic memory applications, 

vertical anisotropy is generally desired given its faster switching, hence CFGT’s nature as an 

easy-plane magnet is a limitation in regards to high-speed operation.  

 

We can compare the Tc of CFGT to the result of pure FGT (lattice structure shown in Figure 

4a, interaction parameters shown in Table 2) where we extracted Tc =281.0(5) K (Figure 4b). 

This is in contrast to experiments which find Tc to be higher for Co-substituted materials in 

both bulk crystal (~330 K in CFGT from both Ref. 33 and this work vs ~310K in FGT 30) and 

in thin flakes (310 K in 16 layers CFGT vs 280-300 K in 12-20 layer flakes 30, 31).  This is 

likely due to a preferential site-substitution of cobalt atoms that reduces the magnetic 

fluctuations on the Fe1 sublattice, bringing the magnetism into greater unity 30, 32, 33. 

Underlying this higher Tc may also be a change in total transition metal content, specifically a 

reduced magnetic vacancy concentration. Thus, the experimental CFGT crystals and flakes 

have a higher Tc than the parent material, but the exact microscopic reason for this remains 

unknown. From a theoretical perspective, energetics from previous DFT calculations imply 

that CFGT would have a suppressed Tc relative to the parent material 33. However, those DFT 

calculations are on idealized structures and do not take vacancies into account, which 

seemingly highlights the importance of the disorder effects in these materials.  In this work, 

simulation on monolayer CFGT and FGT also find the same trends, with vacancy-free FGT 

having a higher theoretical Tc in the monolayer than does CFGT.  Importantly, though, these 

calculations reveal that long-range ferromagnetic order with easy-plane anisotropy can be a 

stable ground state in this system. Furthermore, we note that similar Monte Carlo calculations 

for CrI3, CrBr3, and CrGeTe3 have yielded monolayer Tc of 69, 39, and 65 K, which have 

reasonably good agreement (to within 25 K) with experimental values of 45, 34, and 45 K 

respectively62,  and show the same qualitative order in terms of which material has 

higher/lower Tc.  Hence, while the simulations reported here are idealized calculations in 
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comparison to the complex experimental systems, the qualitative trends reported by the 

simulations demonstrate that high Tc not too far below room temperature may be expected for 

monolayer CFGT materials, pointing tot he value of further experimental investigation of the 

materials in the monolayer limit. On the theoretical side, future investigations are needed to 

understand how the various disorder effects controls the properties in this material. 

 

In Figure 4c, we plot Tc from experimental data as well as from the monolayer calculation to 

display the trend of thickness dependence. While the calculated monolayer Tc for CFGT is 

below room temperature, it is in fact not too far from room temperature and even higher than 

freezer temperature (255 K). Hence, a monolayer with this Tc can readily operate outside of a 

cryostat when cooled with a thermoelectric cooler (TEC). Tc could be further enhanced via 

micropatterning63, strain engineering64, or via proximity effect65, 66, all of which have 

demonstrated >30 K enhancement in other 2D magnets. Hence, our result points to the 

prospect of room-temperature or nearly-room-temperature device involving monolayer 

CFGT, where at most a moderate cooling (e.g. via TEC) that is compatible with a practical 

working environment is sufficient to ensure operation of the device, and hence the value of 

future works that further investigate CFGT in the monolayer limit. 

 

CONCLUSION 

In conclusion, we have studied exfoliated flakes of CFGT via QMI. We have observed above-

room-temperature ferromagnetism in flakes as thin as 16 nm, with Tc ranging from ~310 K in 

the thinnest flake studied to ~330 K in the bulk. Our results add to the portfolio of thin 2D 

magnets at above room-temperature created from exfoliation of robust crystals. These results 

show that CFGT provides a suitable material platform for fabricating high quality devices. 

Via atomistic ab initio calculation, we have obtained a Tc~270 K in CFGT monolayer. This 

work establishes CFGT as a platform for high-quality 2D magnetic devices with high Curie 

temperature, and therefore opens up a number of important directions in the field of 2D 

magnets. First, our results point to the possibility of monolayer device capable of operation 

outside of a cryostat requiring only moderate cooling (e.g. via TEC) as well as engineering 

room-temperature Tc in monolayer via strain, micro-patterning, or proximity effect. Second, 

even without going into monolayer, our results show that room-temperature 2D magnet now 

enters the thickness regime in which practical devices can be made and that can take 

advantage of the unique properties of vdW materials. For example, excellent interface 

resulting from atomically smooth flat surface, which is a characteristic of vdW materials, can 
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lead to highly-efficient SOT switching, even for flakes ~15-20 nm thick.13 Hence, our results 

pave the way for creating energy-efficient spintronic devices at room-temperature with thin 

CFGT flakes, such as SOT-magnetic random-access memory and spin-torque oscillator. 

Lastly, our work also opens up the direction towards engineering novel magnetic phases in 

thin 2D magnet at or near room-temperature, e.g. non-collinear texture or skyrmion via 

proximity effect or twist engineering8-10, 67. 
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Figure 1. (a) Temperature-dependent magnetization measurement M vs T for bulk CFGT 
crystal. A fit near the critical region (blue curve) extracts Tc=328 K (see Section S4 in 
Supporting Information for details of the fit). The inset shows the lattice structure of CFGT; a 
single layer is shown. Fe1a and Fe1b correspond to a split site that allows for local atomic 
order and disorder; Co-substitution of these sites is energetically favorable compared to Fe2 
or Fe3 sites. For simplicity, the associated split site of Ge is not illustrated. (b) Isothermal 
magnetization measurement M vs H measurement at room-temperature for in-plane (IP) and 
out-of-plane (OOP) H, showing saturation behavior and easy-plane anisotropy. For OOP data, 
the horizontal axis takes into account the demagnetization correction (see Section S5 in 
Supporting Information). Inset:  zoom-in bulk in-plane measurement shows zero remanence, 
and hence the presence of domains. (c) Schematics of QMI.  
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Figure 2. Quantum magnetic imaging of CFGT flakes. a) and b): Simulated distribution of 
vertical stray field Bz for uniform a) out-of-plane (pointing along z) and b) in-plane (pointing 
along x) magnetization. Here, one assumes a 2D 1 μm × 1 μm square of magnetization, and 
stray field is simulated at a stand-off distance d=100 nm. Images are convolved with a point 
spread function corresponding to 600 nm optical resolution of the experimental setup. c)-e) 
Experimental stray field of CFGT flakes at room temperature with an applied vertical bias 
field (along z-direction) ~30 mT. These images have similar topology to a), demonstrating 
that magnetization is aligned along the vertical (z-) direction. f)-h): Measurement of the same 
flakes corresponding to c-e respectively, but with a smaller vertical bias field ~3 mT. Here, 
we see a stray field texture, characterized by multiple changes of sign in a flake, develops that 
reveals underlying domains. Magnetizations that get oriented along the bias field at high field 
and forms domains at low field demonstrate that these flakes have ferromagnetic order. 
Thickness of flakes are 15.7(3) nm (16 layers) for c, f, 25.6(2) nm (26 layers) for d, g, and 
28.6(3) nm (29 layers) for e, h. i) Measurement of a 56.5(6) nm thick (58 layers) flake under 
the same condition as f-h. All experimental images are shown to the same scale; all scale bars 
are for 2 m.  
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Figure 3. Temperature-dependent measurement. Panels (a-e) show normalized variance 
B2=BROI

2−BBG
2 as a function of temperature T, where BA

2≡⟨(Bz−⟨Bz⟩)2⟩ with A 
corresponding to the area over which statistical averaging ⟨…⟩ is performed. In the inset of 
each panel, an optical image of the flake is shown, together with the region-of-interest (ROI) 
in the neighborhood of the flake shown as solid red rectangle, and background (BG) shown as 
dashed red rectangle. Flake thickness is (a) 15.7 nm (6 layers), (b) 25.6nm (26 layers), (c) 
28.6 nm (29 layers), and (d-e) 56.5 nm (58 layers). Experimental data of B2 vs T is shown in 
red circles. Data is fit to power-law behavior y0+A(1−T/Tc), except for (e) which is fit to a 
superposition of two such terms. Fit is shown in blue curve. Extracted Tc is (a) 309.8(7) K, (b) 
321(2) K, (c) 319(2) K, and (d) 325.9(3) K. For (e), two temperatures ~316 and ~322 K are 
extracted.  (f) Average stray field of the ROI (red) and average stray field of the BG (black 
circles) vs T.  
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Figure 4. Monte Carlo simulation of CFGT and FGT monolayer. (a) Lattice considered in the 
calculation for CFGT (top) and FGT (bottom). Exchange couplings between spins are listed in 
Table 1 (CFGT) and Table 2 (FGT). (b) Average magnetization m vs temperature T, 
normalized by magnetization m0 at T=0. Simulation results are shown for CFGT (red, upper 
panel) and FGT (black, bottom panel) A fit to power-law y0+A(1-T/Tc) near the phase 
transition extracts Tc =271.6(9) K and =0.340(6) for CFGT, and Tc =281.0(5) K and 
=0.352(3) for FGT. Blue (green) solid curve in the upper (bottom) panel is the fitted model 
across the fitted temperature range for CFGT (FGT); blue (green) dashed curve in the upper 
(bottom) panel is the fitted model across the entire temperature range for CFGT (FGT). (c) 
Experimental Tc vs thickness for the 16-29 nm thick flakes (red circles) and 57 nm thick flake 
(orange), and CFGT monolayer value from calculation (red open square).  Black dashed line 
is bulk value 328 K. Blue dashed curve is a guide to the eye. 
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Table 1. Values of exchange coupling Jij between sites as labeled in Figure 4a for CFGT. 
System Jij (meV) 

Fe(1)-Fe(2) 54.1539 
Fe(1)-Fe(3) 33.5254 
Fe(1)-Fe(4) -0.7548 
Fe(2)-Fe(3) 2.1669 
Fe(2)-Fe(4) 26.9815 
Fe(2)-Co(5) 1.9647 
Fe(3)-Fe(4) 28.4089 
Fe(4)-Co(5) 7.6406 

 

Table 2. Values of exchange coupling Jij between sites as labeled in Figure 4a for FGT. 
System Jij (meV) 

Fe(1)-Fe(2) 42.2640 
Fe(1)-Fe(3) 32.5760 
Fe(1)-Fe(4) 0.0773 
Fe(2)-Fe(3) 4.7758 
Fe(2)-Fe(4) 21.1770 
Fe(2)-Fe(5) 9.1585 
Fe(3)-Fe(4) 21.2840 
Fe(4)-Fe(5) 8.7697 
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