
2D Materials

ACCEPTED MANUSCRIPT

Magnetism and Spin Dynamics in Room-Temperature van der Waals
Magnet Fe5GeTe2

To cite this article before publication: Laith Alahmed et al 2021 2D Mater. in press https://doi.org/10.1088/2053-1583/ac2028

Manuscript version: Accepted Manuscript

Accepted Manuscript is “the version of the article accepted for publication including all changes made as a result of the peer review process,
and which may also include the addition to the article by IOP Publishing of a header, an article ID, a cover sheet and/or an ‘Accepted
Manuscript’ watermark, but excluding any other editing, typesetting or other changes made by IOP Publishing and/or its licensors”

This Accepted Manuscript is © 2021 IOP Publishing Ltd.

 

During the embargo period (the 12 month period from the publication of the Version of Record of this article), the Accepted Manuscript is fully
protected by copyright and cannot be reused or reposted elsewhere.
As the Version of Record of this article is going to be / has been published on a subscription basis, this Accepted Manuscript is available for reuse
under a CC BY-NC-ND 3.0 licence after the 12 month embargo period.

After the embargo period, everyone is permitted to use copy and redistribute this article for non-commercial purposes only, provided that they
adhere to all the terms of the licence https://creativecommons.org/licences/by-nc-nd/3.0

Although reasonable endeavours have been taken to obtain all necessary permissions from third parties to include their copyrighted content
within this article, their full citation and copyright line may not be present in this Accepted Manuscript version. Before using any content from this
article, please refer to the Version of Record on IOPscience once published for full citation and copyright details, as permissions will likely be
required. All third party content is fully copyright protected, unless specifically stated otherwise in the figure caption in the Version of Record.

View the article online for updates and enhancements.

This content was downloaded from IP address 146.201.201.34 on 03/09/2021 at 18:28

https://doi.org/10.1088/2053-1583/ac2028
https://creativecommons.org/licences/by-nc-nd/3.0
https://doi.org/10.1088/2053-1583/ac2028


Magnetism and Spin Dynamics in

Room-Temperature van der Waals Magnet

Fe5GeTe2

Laith Alahmed,† Bhuwan Nepal,‡ Juan Macy,¶ Wenkai Zheng,¶ Brian Casas,¶

Arjun Sapkota,‡ Nicholas Jones,† Alessandro R. Mazza,§ Matthew Brahlek,§

Wencan Jin,‖ Masoud Mahjouri-Samani,† Steven S.L. Zhang,⊥ Claudia Mewes,‡

Luis Balicas,¶ Tim Mewes,‡ and Peng Li∗,†

†Department of Electrical and Computer Engineering, Auburn University, Auburn, AL

36849

‡Department of Physics, University of Alabama, Tuscaloosa, AL 35487

¶National High Magnetic Field Laboratory, Florida State University, Tallahassee, Florida

32310

§Materials Science and Technology Division, Oak Ridge National Laboratory, Oak Ridge,

TN, 37831, USA

‖Department of Physics, Auburn University, Auburn, AL 36849

⊥Department of Physics, Case Western Reserve University, Cleveland, Ohio 44106

E-mail: wzj0029@auburn.edu,sxz675@case.edu,tmewes@ua.edu,balicas@magnet.fsu.edu,

pzl0047@auburn.edu

Abstract

Two-dimensional (2D) van der Waals (vdWs) materials have gathered a lot of atten-

tion recently. However, the majority of these materials have Curie temperatures that
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are well below room temperature, making it challenging to incorporate them into device

applications. In this work, we synthesized a room-temperature vdW magnetic crystal

Fe5GeTe2 with a Curie temperature T c = 332 K, and studied its magnetic properties by

vibrating sample magnetometry (VSM) and broadband ferromagnetic resonance (FMR)

spectroscopy. The experiments were performed with external magnetic fields applied

along the c-axis (H ‖c) and the ab-plane (H ‖ab), with temperatures ranging from 300

K to 10 K. We have found a sizable Landé g-factor difference between the H ‖c and

H ‖ab cases. In both cases, the Landé g-factor values deviated from g = 2. This indi-

cates contribution of orbital angular momentum to the magnetic moment. The FMR

measurements reveal that Fe5GeTe2 has a damping constant comparable to Permalloy.

With reducing temperature, the linewidth was broadened. Together with the VSM

data, our measurements indicate that Fe5GeTe2 transitions from ferromagnetic to ferri-

magnetic at lower temperatures. Our experiments highlight key information regarding

the magnetic state and spin scattering processes in Fe5GeTe2, which promote the un-

derstanding of magnetism in Fe5GeTe2, leading to implementations of Fe5GeTe2 based

room-temperature spintronic devices.

I. Introduction

The increasing interest in magnetic two-dimensional (2D) van der Waals (vdWs) materials

in recent years is warranted by their importance for fundamental studies of 2D magnetism,

as well as potential applications for spintronic devices. Compared to three-dimensional (3D)

magnets, 2D magnetic materials exhibit exotic electrotransport, optical, and spin proper-

ties.1–3 One of the biggest practical issues of most 2D vdWs magnetic materials is that they

generally have a Curie temperature (T c) that is well below room temperature, making it

difficult to incorporate them into relevant devices.4–9 For example, the Curie temperatures

of 2D magnetic materials such as Cr(Si,Ge)Te3 (33 K and 61 K),4,5 and Cr(Br,I)3 (47 K and

61 K),6,7 are all lower than typical 3D magnets. This is due to their 2D nature, where the
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pair-exchange interaction is much weaker than in 3D magnets, as it is mostly mediated by

neighboring magnetic atoms in the 2D plane.

The low T c of the aforementioned 2D vdWs ferromagnets makes it impossible to use

them in room-temperature spintronic devices. More specifically, in the 2D limit, it was

shown theoretically that the Curie temperature is given by the uniaxial magnetic anisotropy

constant K, and the spin-exchange interaction J, as follows:10

Tc ∼
4πJ

3ln(π2J/K)
(1)

According to Equation (1), as the magnetic anisotropy in vdWs ferromagnets is much

smaller than the exchange interaction, T c is low.11 It should be noted that the Fe5GeTe2

compound has a complex crystalline structure with more than one inequivalent iron positions.

Thus, this equation only gives a crude estimation of T c. Extensive research efforts succeeded

in engineering 2D materials that could overcome these challenges. For example, T c can be

significantly raised to about room temperature by enhancing exchange interaction while

keeping the vdWs structure,11 such as in the layered 2D FenGeTe2 (n≥ 3).12,13 This led to

Fe3GeTe2 with T c around 220 K,9,14,15 Fe4GeTe2 with T c = 270 K,11 and Fe5GeTe2 with Tc

ranging from 260 - 310K, depending on the Fe content.13,16,17

Fe5GeTe2 was first synthesized by May et al. who found that its Curie temperature

is ∼ 310 K.16,17 It was later discovered that Fe5GeTe2 possesses itinerant long-range fer-

romagnetism,13 which originates from the giant spin polarization of the delocalized ligand

Te states.18 A recent work reported that Fe5GeTe2 transitions from ferromagnetic to fer-

rimagnetic at 275 K, and then to glassy clusters as the temperature reduces to 100 K.19

Besides, several groups carried out electro-transport measurements and detected anomalous

and topological Hall effects.19,19–21,21 The magnetization dynamics in Fe5GeTe2, however

remain unexplored, and thus is the focus of this work.

Ferromagnetic resonance (FMR) spectroscopy is an important technique to study mag-
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netization dynamics.22,23 Several studies have analyzed the spin dynamics in 2D magnets by

FMR,24–26 which revealed their magnetocrystalline anisotropy dependence on temperature.

It is found that there is a discrepancy between the Landé g-factor along the c-axis and the

ab-plane directions in the 2D magnet Cr2Ge2Te6.26,27 However, the Landé g-factor is quite

isotropic along different directions in another 2D magnet CrI3.25 These measurements were

all performed on 2D magnets with low Curie temperatures (e.g. Tc = 61 K for CrI3). With

the most promising room-temperature vdWs magnet arguably being Fe5GeTe2, we are in-

terested in understanding its quasi-static and dynamic magnetic properties, which can shed

light on its magnetic states and spin scattering mechanisms.

We first synthesize the vdWs magnet Fe5GeTe2, and then we study its magnetization

properties using both vibrating sample magnetometry (VSM) and ferromagnetic resonance

(FMR) spectroscopy, in the temperature range of 300 K to 10 K. For FMR, a microwave field

was applied to the sample in addition to a quasistatic magnetic field, thus triggering spin

precession. At the resonance field H res for a given microwave frequency f, FMR oscillations

(uniform-mode excitation with k ≈ 0) occur. The FMR spectroscopy has revealed different

Landé g-factors along the c-axis and the ab-plane in Fe5GeTe2, indicative of orbital mo-

ment contribution to the magnetic moment. After examining the temperature dependence

of the FMR linewidth, we find that Fe5GeTe2 has an effective damping coefficient similar

to Permalloy at room temperature. The increased FMR linewidth at lower temperatures

indicates that Fe5GeTe2 experiences a magnetic phase transition from ferromagnetism to

ferrimagnetism.

II. Structure Characterization

Nominal Fe5GeTe2 crystals are grown using a mixture of precursor materials filled into

a quartz ampoule that is vacuumed and sealed with 1.9 mg/cm3 of iodine as a transport

agent. The mixture consists of pure elements of Fe:Ge:Te in the molar ratio of 6.2:1:2 (Fe:
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99.998%, powder, Alfa Aesar; Ge: 99.999%, 100 mesh, Alfa Aesar; Te: 99.999%, powder,

Alfa Aesar). The excess Fe powder is to compensate for any possible Fe-site vacancies that

might occur during the growth.

A standard MTI 2-zone model OTF-1200X furnace was employed, where the reactants or

elemental precursors were placed in the high-temperature zone and the products were grown

in the low-temperature side. The ramping rate for both the hot (775 ◦C) and cold (700 ◦C)

zones to their target temperatures was 1 ◦C/min. This temperature differential was held for

14 days with the Fe5GeTe2 crystals being subsequently quenched in an ice bath.

Prior to characterization, the excess iodine was removed through a bath and rinse cycle

of acetone and isopropyl alcohol, respectively. Samples were either stored in a glove box

with high purity argon gas (99.99%) of 0.01 ppm O2/H2O, or a desiccator under vacuum

with pressures ranging between 100-200 mTorr.

The following results are obtained from a bulk Fe5GeTe2 crystal in the shape of an ellipse,

with area = 3.2×10−3 cm2 and thickness ∼ 100 microns. The crystalline structure character-

ization is presented in Figure 1. Figure 1a shows the crystal structure schematic of Fe5GeTe2.

The vdW-separated eight atomic-thick monolayers of two unit cells can be observed, where

the vdWs gaps exist between the Te atoms of neighboring unit cells. The light-blue circles

labeled Fe(1) represent the two possible occupation locations for the Fe(1) atoms, either

above or below a given Ge atom, with an occupation probability not exceeding 50%, as the

Fe-Ge bond becomes non-physical if both locations are occupied simultaneously.16

The X-ray diffraction (XRD) data collected for the experimental Fe5GeTe2 sample crystal

are shown in Figure 1b. The (00l) reflections reveal the c-axis of the single crystal. The (00l)

peaks, where l=3n, reflect an ABC stacking sequence in the unit cell of the bulk crystal.

This is consistent with the rhombohedral lattice structure of the R3m (No. 166) space group,

as previously reported.13,16

The rocking curves measured at (00l) peak angles are shown in Figure 1c. The full-

width-at-half-maximum values of the acquired curves, with values less than 0.06o, reflect the
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Figure 1: Crystal structure and x-ray diffraction (XRD) of single crystal Fe5GeTe2. a.
Schematic of crystal structure of Fe5GeTe2. b. XRD 2θ/ω scan showing (00l) peaks. c.
Rocking curve scan of the peaks at 9◦, 27◦, 67◦ showing high crystallinity. d-f : Single
crystal XRD scan of Bragg reflections of different planes. d: (0kl) plane. e: (h0l) plane. f :
(hk0) plane.

high level of crystallinity of the Fe5GeTe2 samples. Figures 1d-f are Bragg reflection scans

of different crystal planes (0kl), (h0l), (hk0) from high-resolution XRD. They all show clear

streaks, confirming the high-quality of the single-crystal samples.

III. Quasi-Static Magnetization Properties

Quasi-static magnetization properties were measured using VSM in a Quantum Design

Dynacool PPMS system. The measurements were carried out with the magnetic field applied

along both the c-axis (H ‖c) and the ab-plane (H ‖ab) directions. To determine the Curie

temperature of the sample, we measured field-cooled curves, as well as heat capacity curves

in the absence of a magnetic field.

Figure 2a shows the results of the VSM magnetization versus field measurements of the

Fe5GeTe2 sample, for temperatures ranging from 1.8 K to 350 K, and external field ap-

plied along both the c-axis (dashed lines) and the ab-plane (solid lines) directions. The
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curves show that the easy-axis of Fe5GeTe2 is in-plane because a stronger field is required to

saturate the sample along the c-axis, compared to the ab-plane, at all temperatures. Fur-

ther measurements (See Supplementary Material Section I) show that there is no uniaxial

anisotropy within the ab-plane, establishing Fe5GeTe2 as an easy-plane magnet. Possible

spin-reorientation features, such as the ones observed in Fe4GeTe2,11 are not observed in

this sample. Our results are reasonable considering the fact that the out-of-plane magne-

tocrystalline anisotropy in Fe5GeTe2 crystals is weak.11,19 Figure 2b shows the field-cooled

(FC) curves for the H ‖c and the H ‖ab cases. The magnetization magnitude change on the

H ‖ab curve indicates a possible magnetic phase transition. This feature has been reported

in previous publications.11,16,19 Based on the transition points of the FC curves, the Curie

temperature was estimated to be T c = 332 ± 5 K.

Heat capacity measurements were used to validate the Curie temperature estimation.

The measurements were set to start from the highest temperature setpoint, T = 390 K,

then the temperature was gradually reduced to 1.8 K as the heat capacity data was collected.

This procedure guarantees that an appropriate time constant is used to achieve more stable

readings. The measurement results are shown in Figure 2c. Two points of interest are

highlighted on the curve by two black arrows. The first is a transition at T = 332 K, which

is consistent with T c from the FC measurement. The second is the observation of a slope

change around T = 110 K. The slope change again indicates that Fe5GeTe2 experiences some

phase transition, which will be discussed more extensively in the analysis of FMR linewidth

in Section IV.

IV. Magnetization Dynamics

We measured the FMR response of the Fe5GeTe2 sample for H ‖c and for H ‖ab, at

temperatures varying from 10 K to 300 K. In our custom-built system, a coplanar waveguide

(CPW) with impedance matched to 50 Ω was used to guide the microwave field to the sample.
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Figure 2: Static magnetization of the Fe5GeTe2 bulk single crystal. a. Temperature-
dependent hysteresis loops at various temperatures for H ‖c (dashed lines) and H ‖ab (solid
lines). b. Field-cooled curves (H = 50 Oe) for the H ‖c (blue) and the H ‖ab (red) cases,
respectively. c. Heat capacity as a function of temperature. The transition at 332 K and
110 K mark the Curie temperature and possible magnetic phase transition, respectively.

The tested microwave frequencies ranged from 5 GHz to 40 GHz, with higher frequencies

up to 115 GHz used in the room temperature H ‖c case, along with high magnetic fields, to

ensure that the magnetization of the sample is fully saturated at FMR. For each microwave

frequency, the magnetic field was swept from high magnetic field towards zero. A microwave

diode was used to convert the transmitted microwave signal to a dc voltage. To improve

the signal-to-noise ratio, we used a set of field-modulation coils supplemented by a lock-in

amplifier to detect the signal. Thus, the detected FMR response is identified as the derivative

of the microwave power absorption.
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Figure 3: Ferromagnetic resonance (FMR) measurements of Fe5GeTe2 single crystal. a.
FMR profiles for H ‖c at 200 K, 250 K, 280 K, and 300 K. b. FMR profiles for H ‖ab at 10
K, 200 K, 250 K and 300 K.

As shown in Figure 3, we detected strong FMR responses at 300 K, demonstrating

ferromagnetism of Fe5GeTe2 at room temperature. Figures 3a and 3b show the temperature

dependence of the FMR profiles at 10 GHz and 20 GHz, for H ‖c and H ‖ab, respectively.

Besides the data points, the curves show fits to the derivative of a combination of symmetric

and antisymmetric Lorentzian functions.22 The measured FMR response is a time-averaged

signal of the microwave power absorption. Such absorption is dispersive and has a symmetric

feature. However, there are a number of effects, including Eddy currents, that can lead to

a phase shift of the driving microwave field relative to the original signal.28 Such a phase

shift leads to a quadrature component that manifests as an antisymmetric contribution to

the FMR signal.29,30 From the fits, one can extract the resonance field H r and peak-to-peak

linewidth ∆H pp as shown in Figures 4 and 5, respectively. It is observed that the magnitude

of the FMR peaks decays with reducing temperature in the H ‖c case. Below 200 K, the

FMR signal becomes undetectable in this orientation. We attribute this phenomenon to the

broadening of the FMR resonance peaks.

The resonance frequencies f vs. the FMR resonance fields H r at different temperatures

are plotted in Figures 4a and 4b for the H ‖c and for the H ‖ab cases, respectively. The
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fitting equation for the H ‖c measurements is:31

f = γ′(Hr − 4πMeff) (2)

and the fitting equation for the H ‖ab-plane measurements is:31

f = γ′
√

(Hr + 4πMeff)Hr (3)

where f is frequency, γ′ is the reduced gyromagnetic ratio (γ′ = |γ|
2π
), and 4πM eff is the

effective magnetization. The fitted curves are also presented in Figures 4a and 4b. By fitting

the data with equations (1) and (2), we obtain different γ′ and corresponding spectroscopic

Landé g-factor values, as well as M eff values, for the H ‖c and H ‖ab cases, as shown in

Figures 4c and 4d, respectively. We note that the 4πM eff values obtained along those two

orientations are in good agreement with each other. A difference between these two values

could be an indication for the presence of a higher order anisotropy,32 but this is not the

case here. In Figure 4c, the left vertical axis shows γ′, and the right vertical axis shows

the Landé g-factor calculated using |γ| = g µB
h̄
. The g-factor exhibits a weak dependence on

temperature along both the ab-plane and the c-axis directions. However, it deviates from g

= 2.

Furthermore, our data appears to indicate a sizable difference of the g-factor along dif-

ferent directions in Fe5GeTe2. Similar to Cr2Ge2Te6,26 the deviation of the g-factor from

g = 2 may suggest an orbital contribution to the magnetization due to spin-orbit coupling

in Fe5GeTe2. It was found that strong spin-orbit coupling results in nontrival Berry phase

in Fe3GeTe2, another member in the FenGeTe2 (n≥ 3) family. In this case, the orbital

character is formed by a mixture of 3D orbitals from the Fe I–Fe I dumbbells and Fe II

sites.33 A theoretical work found that the magnons can have long lifetimes and exhibit non-

reciprocal magnon transport in Fe3GeTe2.34 In Fe5GeTe2, the spin-orbit coupling could be

characterized by the d orbitals of Fe atoms and p orbitals of Te atoms.26 In addition, the
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anisotropy of the g-factor, which follows from that of the orbital moment, is also expected

physically: a small orbital moment arising from reduced crystalline symmetry may “lock”

the large isotropic spin moment into its favorable lattice orientation through spin-orbit cou-

pling, giving rise to a sizable magnetic anisotropy. Therefore, it is likely that the orbital

moment is closely linked to the magnetocrystalline anisotropy in itinerant ferromagnets, as

shown theoretically by Bruno et al.35 for transition-metal monolayers. A recent experiment

used x-ray magnetic circular dichroism (XMCD) and detected the contribution of the orbital

moment to the overall magnetization of Fe5GeTe2.18

Figure 4: Analysis of the FMR data of the Fe5GeTe2 single crystal. a. Frequency f vs.
resonance field H r at 200 K, 250 K, and 300 K for H ‖c. The data points are fitted to
Eq. (2). b. Frequency f vs. resonance field H r at 10 K, 100 K, 200 K, 250 K, and 300
K for H ‖ab. The data points are fitted to Eq. (3). c. Temperature dependence of the
gyromagnetic ratio γ and spectroscopic g-factor for the H ‖c (red) and H ‖ab (black) cases,
respectively. d. Temperature dependence of saturation magnetization 4πMs and effective
magnetization 4πMeff from VSM and FMR measurements, respectively.
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It is worth noting that an unsaturated magnetization at FMR can also lead to an inac-

curate estimation of the gyromagnetic ratio.36 Because the c-axis magnetization saturates

at significantly larger magnetic fields, it is possible that the magnetization was not fully

saturated for FMR measurements up to 40 GHz. To estimate to first order the influence of

an unsaturated sample at resonance, we write 4πMeff(H) = 4πMeff,0 + 4πpH, where H is

the external field, 4πMeff,0 is the effective magnetization extrapolated to zero field, and 4πp

is the slope of 4πMeff vs. H curve in the region where FMR occurs. Using this equation,

equation (2) can be written as: f = γ′meas(Hr − 4πMeff,meas), with γ′meas = γ′(1 − 4πp) and

4πMeff,meas = 4πMeff
1−4πp

. To exclude this possibility and to comfirm the g-factor anisotropy, we

used a high-frequency, high-magnetic-field setup for the FMR measurement (Supplementary

Material Section III). The resulting g-factor extracted from the high-field FMR data still

shows significant difference between the ab-plane and c-axis, as shown in Figure 4c. Thus,

supporting the presence of a g-factor anisotropy in Fe5GeTe2.

The fits also yield the effective magnetization 4πM eff at different temperatures. Figure

4d plots 4πM eff for both H ‖c (i.e., 4πMH‖c
eff ) and H ‖ab (i.e., 4πMH‖ab

eff ) cases measured from

FMR, along with the saturation magnetization 4πM s measured from VSM. One can see (1)

4πMH‖c
eff and 4πMH‖ab

eff are close, and (2) there is a difference between 4πM s and 4πM eff.

This reveals a crystalline anisotropy field that can be calculated by H k = 4πM s - 4πMH‖ab
eff .

As plotted in Figure 4d, H k is positive and reduces with increasing temperature. This shows

that there exists an out-of-plane crystalline anisotropy field H k of several kOe, though it

is smaller than the in-plane shape anisotropy. This observation is consistent with previous

reports.11,19

Next, we analyze the FMR linewidth in order to gain insights on the spin scattering

mechanisms in Fe5GeTe2. In Figures 5a and 5c, we plot the peak-to-peak linewidth ∆Hpp

vs. frequency at different temperatures measured for the H ‖ab and the H ‖c cases, respec-

tively. For an ideal magnetic thin film that is homogeneous and defect-free, the linewidth

reflects intrinsic FMR damping. In this scenario, the uniform magnon mode (k = 0, ferro-
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magnetic resonance) decays into Stoner excitations as temperature decreases. This involves

the transition of an electron from an occupied state to an unoccupied state of the same wave-

vector, which can be described by the interband term in Kambersky’s formula.37,38 It should

be noted that Kambersky’s model is only appropriate to second order in spin-orbit coupling

parameter ξ, but to higher order no intraband terms occur.39 Besides intrinsic damping,

due to non-uniform magnetization states and defects in the sample, the linewidth can be

broadened by extrinsic scattering mechanisms such as inhomogeneous line broadening ∆H0

and two-magnon scattering ∆HTMS. Thus, the FMR linewidth ∆Hpp can be expressed by

the following form:40

∆Hpp =
2αeff√

3|γ|
f

2π
+ ∆H0 + ∆HTMS (4)

Figure 5: Characterization of FMR linewidth in Fe5GeTe2. a. Peak-to-peak linewidth ∆Hpp

vs. frequency for H ‖ab. b. Temperature dependence of effective damping parameter αeff for
H ‖ab. c. ∆Hpp vs. frequency for H ‖c.

Figures 5a,c plot the FMR linewidth versus frequency for H ‖ab and H ‖c cases, respec-

tively. We measured linewidths with the magnitude between 400 Oe to 2000 Oe for both

cases. As shown in Figure 5a, the FMR linewidth increases when the temperature reduces

from 300 K to 150 K. The linewidth becomes higher and very scattered below 150 K. This in-

dicates extrinsic contributions in Fe5GeTe2 at lower temperatures. A previous study showed

that when FeRh transitions from ferromagnetic to antiferromagnetic, this causes a signifi-

cant increase of the FMR linewidth.41 Other studies have shown a significant increase of the
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linewidth in magnetite as it undergoes the Verwey transition,42 and of the effective damping

in Py/Gd bilayers when approaching the Gd ordering temperature.36 It is likely that the

increased linewidth we have observed can also arise from similar magnetic phase transitions.

In fact, Ref.19 has proposed that Fe5GeTe2 transitions from ferromagnetic to ferrimagnetic

at 275 K, and then transitions to a state with glassy clusters below 110 K. While our AC sus-

ceptibility results show no indication of a state with glassy clusters (Supplementary Material

Section II), our low-temperature FMR measurements support the argument of ferromagnetic

to ferrimagnetic transitions at lower temperatures. We acknowledge that Fe5GeTe2 has a

very intriguing and complex magnetism and we believe that a complete understanding will

require many further studies.

The FMR measurements have shown that Fe5GeTe2 exhibits a similar damping constant

to that of soft 3D magnets, when interpreting the slope of the linewidth as an effective Gilbert

damping parameter. As can be seen from Figure 5b, the effective damping parameter αeff

ranges from 0.025 to 0.085 as temperature reduces from 300 K to 150 K. We summarized

table 1 for a comparison of the Gilbert damping constant for typical materials. It can be

seen that the reported vdW magnets have similar damping constants as 3D magnets. The

αeff of Fe5GeTe2 is similar to that of soft 3D transition metal magnets such as Permalloy.43

Because the αeff of Fe5GeTe2 is estimated from the H ‖ab measurements, it is likely that

∆HTMS also contributes to αeff.

Table 1: Summary of measured effective Gilbert damping constants for different materials
at different temperatures.

Material type Gilbert damping
constant Temperature Source

NiFe (permalloy)
thin film (3 nm) 3D-conducting 0.013 300 K Ref.43

Fe5GeTe2 2D-conducting 0.035 300 K This work
Fe5GeTe2 2D-conducting 0.007 10 K This work
CrBr3 2D-insulating 0.009 30 K Ref.44

Cr2Ge2Te6 2D-insulating 0.01-0.08 10 K Ref.27
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Summary and conclusion

In summary, we have synthesized a vdWs Fe5GeTe2 crystal that showed a bulk Curie

temperature of 332 K. While the Curie temperature of Fe5GeTe2 is expected to decrease

when the vdWs crystal is exfoliated into thin layers, the bulk value is still one of the highest

recorded for a vdWs bulk magnet until now, making it an attractive 2D option to be used

in spintronic devices. We used both VSM and FMR to study the magnetic properties of the

Fe5GeTe2 sample. The experiments were performed with external magnetic fields applied

along the c-axis and the ab-plane directions from 300 K to 10 K. We have focused on the

temperature and field dependences of the g-factor and spin scattering mechanisms. The

g-factor along the ab-plane is larger than that along the c-axis, indicative of considerable

orbital momentum arising from spin-orbit coupling in Fe5GeTe2. The FMR analysis also

reveals low temperature-enhanced linewidth broadening, together with the VSM data, they

indicate a ferromagnetic to ferrimagnetic transition at lower T . For future studies, it will be

interesting to exploit Fe5GeTe2 thin films for spin transport and spin-to-charge conversion

experiments at room temperature. Fe5GeTe2 also opens new ways to build and study hybrid

magnonic structures.
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