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Elucidating the origin of long-range ferromagnetic order in Fe3GeTe2 by low-energy
magnon excitation studies
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We report a detailed high-field/high-frequency ferromagnetic resonance (HF-FMR) study of low-energy
magnon excitations in the van der Waals ferromagnet Fe2.92(1)Ge1.02(3)Te2. At 2 K, the field dependence of
the magnon branches is well described by a semiclassical domain-based model, from which we extract key
microscopic parameters including the anisotropy gap � = 170(4) GHz, the anisotropy field BA = 5.85(8) T,
and the effective g-factor gab = gc = 2.07(4). Furthermore the uniaxial anisotropy constant is determined to be
K = 10.50(23) × 106 erg/cm3. Anisotropic short-range magnetic order persists above TC up to approximately
270 K, as evidenced by a finite anisotropy gap and anisotropic shifts in the ferromagnetic resonance (FMR)
resonance fields. Both results clearly show the presence of anisotropic local magnetic fields well above TC. Our
findings underscore the crucial role of magnetocrystalline anisotropy in driving long-range magnetic order in
Fe3GeTe2.
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I. INTRODUCTION

Reducing one dimension of a material below characteristic
lengthscales to achieve two-dimensional (2D) systems can
yield spectacular novel properties as evidenced among many
other examples by the quantum Hall effect, Dirac fermions in
graphene, superconductivity in cuprates, or the appearance of
topological phases [1–4]. The pronounced strength of thermal
as well as of quantum fluctuations in systems with reduced di-
mensionality, in particular, challenges long-range (magnetic)
ordering phenomena by establishing quantum ground states
and critical phenomena [5–11] and hence opens a wide field
for fundamental research. It also offers new routes for techno-
logical applications. The recent advances in the research field
of 2D van der Waals (vdW) materials illustrate these prospects
as progress in our understanding of low-dimensional materials
is accompanied by exploiting these properties in actual de-
vices (see, e.g., Refs. [12–16]). In this respect, the existence of
long-range ferromagnetic (FM) order is particularly important
for magnetic devices. Since, in the strict 2D Heisenberg case,
long-range magnetic order does not evolve for any short-
range in-plane magnetic exchange [5], magnetic anisotropy
is a crucial ingredient for establishing ferromagnetism and
to drive it beyond room temperature [17,18]. While sev-
eral semiconducting FM 2D vdW materials are known (e.g.,
CrI3, CrGeTe3, CrSiTe3, CrBr3, (Cr,Fe)Cl3, see Refs. [19–25]
and for a review Ref. [26]), the family of FenGeTe2 (n �
3, 4, 5) materials offers the rare case of metallic 2D ferromag-
nets [27–29] with FM ordering temperatures TC approaching
or even exceeding room temperature [17,30] (see also Ta-
ble I). From this family, Fe3GeTe2 offers great potential for
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application in magnetic heterostructures and spintronics
which is further boosted by its good air stability [27]. Re-
cent studies exploiting the low-dimensional metallic nature of
Fe3GeTe2 have found, e.g., a large anomalous Hall effect [13],
evidence of Kondo lattice physics and heavy-fermion states
[31], skyrmions [32], and a moderate magnetocaloric effect
[33].

Fe3GeTe2 features iron germanium layers which are sand-
wiched by tellurium atoms and only weakly bound via vdW
bonds [27] (see Fig. 1). The projection of the iron atoms to
the ab plane shows a hexagonal arrangement with germanium
atoms in the center of each hexagon as shown in Fig. 1(b).
There are two differently coordinated iron sites Fe1 and Fe2
which are positioned at different heights along the c axis in
each hexagon. Even for samples prepared under stoichiomet-
ric conditions, the Fe2 site is not fully occupied [35].

In comparison with other FM vdW materials, Fe3GeTe2

exhibits high uniaxial magnetocrystalline anisotropy (see Ta-
ble I) and its magnetic behavior can be tuned through a
variation of iron deficiency [36], the number of layers [37],
or by strain tuning [38] (see also the review in Ref. [39]).
Despite extensive previous research, the microscopic origin
of long-range FM order in Fe3GeTe2 still remains an open
question. Prior studies focusing on whether the FM ordering
arises from itinerant or localized magnetic moments lead to
contradictory conclusions [31,40,41].

In this work, we investigate low-energy magnon excitations
in Fe3GeTe2 using high-field/high-frequency ferromagnetic
resonance (HF-FMR). The field dependence of the magnon
branches at 2 K yields the size of the anisotropy gap, the
anisotropy field, and the effective g-factor of Fe3GeTe2, which
are also used to determine the uniaxial anisotropy constant.
Furthermore, from HF-FMR measurements at various temper-
atures we find that long-range order develops from anisotropic
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FIG. 1. Crystal structure of Fe3GeTe2 [27]: (a) Unit cell and
(b) top view of ab plane. The figures were generated with VESTA

[34].

short-range order which is quasistatic on the GHz timescale in
a wide temperature regime above TC. Our findings underscore
the crucial role of magnetocrystalline anisotropy and elucidate
the origin of long-range magnetic order in Fe3GeTe2.

II. EXPERIMENT

High-field/high-frequency electron spin resonance (HF-
ESR) measurements were performed in the frequency range
40 GHz � f � 850 GHz in transmission mode and Faraday
configuration. The generation and detection of the microwave
radiation was facilitated by means of a millimeter-wave vector
network analyzer from AB Millimetre [42]. The measure-
ments were performed in a magnetocryostat system (Oxford)
equipped with a 16 T superconducting coil and a variable
temperature insert (VTI) operating in the range 1.7 K �
T � 300 K [43]. The measurements were performed on an
approximately rectangularly shaped thin single crystal of di-
mensions 2.8 × 2.7 × 0.3 mm3 fixed in a brass ring (see also
the Supplemental Material (SM) [44]). The sample originates

from the same batch as in Ref. [35], where the atomic site
occupancy was determined to be Fe2.92(1)Ge1.02(3)Te2, im-
plying an identical composition for our sample. The static
magnetization was measured in a Quantum Design MPMS3
superconducting quantum interference device (SQUID) mag-
netometer operating with the magnetic field applied parallel
to the crystallographic c axis of the material. Our data (see
M(T, B = 1 T) in Fig. S2 in the SM [44]) show identical
behavior as reported in Ref. [35] where, from modified Arrot-
Belov plots, TC = 217 K was determined.

III. RESULTS

A. Ferromagnetic resonance modes at T = 2 K

First, we report the magnetic field dependence of the fer-
romagnetic magnon modes in Fe3GeTe2 at low temperature.
The ferromagnetic resonance (FMR) spectra were obtained
at T = 2 K, i.e., well below the ferromagnetic ordering tem-
perature, and show several resonance features associated with
magnon excitations. The corresponding spectra for B||c axis
and B||ab plane are shown in Fig. 2. The resonance features
are marked by colored symbols and can be clearly identified
in the spectra as the amplitude and the phase of the signal was
measured in both up- and down-sweeps of the field. For B||c
axis a single resonance branch ν3 is detected. In contrast, there
are two distinct resonance features ν1 and ν2 in the spectra
obtained for B||ab plane, the former being observed only up
to f = 148.2 GHz. There are a few further resonance features
(grey symbols in Figs. 2 and 3) which stem from the sample
holder including kapton sealing tape (e.g., at approx. 2 T for
f = 54.5 GHz and f = 60.2 GHz) or cannot be attributed to
any distinct resonance branch. The assignment of the ex-
tra features to the sample holder was confirmed by empty
sample holder measurements. The corresponding resonance

FIG. 2. HF-ESR spectra at selected frequencies obtained at T = 2 K for (a) B||ab plane (ν1, ν2) and (b) B||c axis (ν3). Colored symbols
mark the positions of the resonance features. Some spectra were corrected for a linear or quadratic background.
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fields are summarized in the resonance-frequency-magnetic-
field diagram ( f B diagram) in Fig. 3. The f B diagram shows
the three distinct resonance branches mentioned above which
main qualitative features are as follows: (1) Two modes (ν1,
ν3) demonstrate a zero-field excitation gap of about �̃ �
170 GHz. (2) The in-plane modes ν1, ν2 soften at about
� 6 T with distinct (ν1) or modest (ν2) bending. (3) The
high-frequency behaviors of ν2 and ν3 are quasilinear with
approximately the same slopes.

To model the field dependence of the three distinct reso-
nance branches in detail, the domain-based model for FMR
modes in materials with the easy-axis parallel to the crys-
tallographic c axis and in Faraday configuration is applied.
The model predicts three FMR modes—i.e., the solutions
of the Larmor equations obtained by using the Smit-Beljers
approach—with the following field dependencies of the reso-
nance frequencies [45,46]: For Bres||ab:

(
ν

γab

)2

=

⎧⎪⎨
⎪⎩

(
ν1

γab

)2

= (BA + NxMs)(BA + Ms sin2 α) − (BA + Ms sin2 α − NzMs)(BA + NxMs)

(BA + NyMs)2
B2

res, Bres � Bsat (1)

(
ν2

γab

)2

= (Bres − (BA − (Nz − Ny)Ms))(Bres − (Ny − Nx)Ms), Bres � Bsat. (2)

For Bres||c:

ν3

γc
= Bres + BA − NzMs. (3)

Here, α corresponds to the angle a certain magnetic domain
wall encloses with the external applied magnetic field; BA

is the anisotropy field; Ms the saturation magnetization; Nx,
Ny, and Nz are the demagnetization factors; and γab/c are the
gyromagnetic ratios for B||ab/B||c in units of GHz/T. The
gyromagnetic ratio is then given by (μB/h) × gab/c, where gab/c

are the effective g-factors, related to the slope of the resonance
branches in the f B-diagram for the respective field directions,
μB is the Bohr magneton and h is the Planck constant. At high
magnetic fields B � Bsat = BA + NyMs, the system adopts the
fully polarized spin configuration which is well described by
a single domain model and the respective resonance branch ν2

[Eq. (2)].
The demagnetization factors were determined to be Nx =

0.097(4), Ny = 0.099(5), Nz = 0.804(9) by assuming a per-
fect rectangularly shaped crystal with the above-mentioned
dimensions using the formulas from Ref. [47]. To account
for potential deviations from these values, e.g., due to imper-
fect rectangular shape or the finite penetration depth in the
metallic sample, fits of the domain-based model were also
performed with the demagnetization factors as free param-
eters. The determined values for BA, α, and γab/c did not
change significantly. Therefore, to determine BA, α, and γab/c

from the experimental data, the above-mentioned values for
Nx−Nz calculated for a perfect rectangularly shaped crys-
tal were used as an approximation for the demagnetization
factors of the nonperfectly shaped crystal measured in this
work. The saturation magnetization was determined from the
isothermal magnetization data (see Fig. S2 in the SM [44]) to
MS = 4.36(7) μB/f.u..

As illustrated in Fig. 3, the observed resonance branches
ν1−ν3 are well described by Eqs. (1)–(3). The experimental
data of all branches were simultaneously fitted. The three
lowest-lying resonance features ( f = 45.2 GHz, 55.0 GHz,
60.2 GHz) were assigned to the resonance branches ν1 and ν2

such that the deviation of the fit from the data is minimized.
The best fit to the data yields BA = 5.85(8) T, gab = gc =
2.07(4), and α = 0(11)◦.

The domain-based model applied here assumes the pres-
ence of magnetic domains with different orientations of the
magnetization within neighboring domains. For comparison,
we fitted the field dependence of the three magnon branches
at 2 K also by a single domain model where ν̃1 is described by
Eq. S1 in the SM [44]. This single-domain model, however,
yields an unsatisfactory description of the experimental data.
In particular, it fails to describe the resonance branch ν1 since
it does not capture the experimentally observed pronounced
bending which is reproduced well in the domain-based model
(see Fig. S5 in the SM [44]). Our experimental data hence
reveals the presence of domains in Fe3GeTe2.

The experimental data presented in Fig. 3 clearly show
the presence of a zero-field excitation gap �̃ which is at-
tributed to magnetic anisotropy. While its approximate value

FIG. 3. Resonance-frequency–magnetic-field diagram of
Fe3GeTe2 at 2 K. The resonance branches for B||ab plane (B||c)
are labeled ν1/ν2 (ν3). Solid lines are fits to the data using the
domain-based model described in the text.
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FIG. 4. Temperature dependence of the anisotropy gap � as de-
scribed in the text. The vertical dashed line marks TC.

can be directly read-off in the f B-diagram, its more precise
determination is feasible by exploiting the fit results of the
domain-based model to the resonance branches ν1−ν3. This
procedure yields � = γ BA = 170(4) GHz for the anisotropy
gap at T = 2 K. � is associated with the f -axis intersection
(i.e., �̃) of the resonance branches ν1 and ν3 of the domain-
based model. Calculating this intersection, e.g., for ν3 by
setting Bres = 0 in Eq. (3) yields �̃ = γcBA − γcNzMS and
therefore the relation � = γcBA = �̃ + γcNzMS .

B. Temperature dependence of the FMR modes and quasistatic
magnetic fields well above TC

The effect of increasing the temperature on the dynamic
magnetic response is studied by means of the temperature
evolution of the anisotropy gap and of the effective gc fac-
tor. To this end we recorded f B-diagrams for B||c axis for
temperatures between 2 K and 300 K (see Fig. S4 in the SM

FIG. 5. Temperature dependence of the effective gc-factor deter-
mined as described in the text. Open (orange) data points correspond
to fits with �̃ fixed to zero. The vertical dashed line marks TC.

FIG. 6. HF-ESR spectra at various temperatures at fixed frequen-
cies for (a) B||ab plane (at f = 125.8 GHz) and (b) B||c axis (at
f = 258.1 GHz). Colored symbols mark the positions of the reso-
nance features. Where needed the spectra were corrected for a linear
or quadratic background.

[44]). For all temperatures, the resonance frequencies linearly
depend on the magnetic field. The slope of the resonance
branches enables us to determine the effective g-factors, gc,
while their linear extrapolation to zero magnetic field yields
the associated excitation gap �̃. The obtained temperature de-
pendencies of the demagnetization-corrected anisotropy gap
� and gc are visualized in Figs. 4 and 5.

The zero-field anisotropy gap � is rather constant at low
temperatures but significantly decreases upon heating (see
Fig. 4). Notably, � is still finite at TC where it assumes the
value of ≈65 GHz, i.e., ≈38 % of its low-temperature value.
We observe a finite gap above TC which only vanishes for T �
T� � 270 K (≈1.25TC). Our data, in particular, do not indicate
any distinct anomaly at TC, which implies that on the GHz
timescale the (static) long-range ordering temperature is not
decisive. This observation is directly visible in our experimen-
tally observed f B diagrams (see Fig. S4 in the SM [44]) from
which the presence and size of the gap can be directly read
off while the demagnetization corrections (γcNzMs) are only
small. The saturation magnetization Ms at each temperature
used for the demagnetization correction was approximated by
the magnetization measured for B||c at B = 1 T � Bsat,c (see
Fig. S2 in the SM [44]), where Bsat,c denotes the saturation
field at 2 K for B||c. Consequently, the size of the correc-
tion decreases with increasing temperature and amounts to
approximately 5 GHz at TC, which is a magnitude smaller than
�(T = TC).

Concomitantly, the effective gc-factor derived from the
data in Fig. S4 in the SM [44] remains constant at low tem-
peratures, increases above ∼160 K, and again assumes an
approximately constant value of gc � 2.55 for T � TC. To
further reduce the number of fitting parameters, we exploit
that, for T � 260 K, the excitation gap �̃ assumes values
close to 0 GHz (see Fig. 4). We conclude that it vanishes
in this temperature regime as expected for sufficiently high
temperatures. We hence have performed linear fits based on
Eq. (3) with �̃ fixed to zero to extract gc above 260 K. The
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FIG. 7. Temperature dependence of the shift of the resonance
fields at f = 125.8 GHz (B||ab plane) and f = 258.1 GHz (B||c
axis) from its value at 280 K. The vertical dashed line marks TC.

resulting gc values exhibit much smaller error bars and suggest
that gc slightly decreases with increasing temperature above
TC (see Fig. 5). A comparable qualitative behavior of gc with
a more pronounced increase of gc towards TC was observed
in the literature for CrI3 [48], CrSiTe3 [45], and CrGeTe3

[30,45].
The observation of a finite anisotropy gap well above TC

indicates the presence of quasistatic magnetic order on the
timescale of the experiment, i.e., in the 102-GHz regime, in
this temperature range. To further prove this scenario, we
studied the evolution of the actual local fields with tempera-
ture by measuring the resonance fields at selected frequencies.
These measurements were performed for B||c axis and B||ab
plane at f = 258.1 GHz and f = 125.8 GHz, respectively,
in the temperature regime 2 K � T � 300 K. The recorded
spectra are shown in Fig. 6. For B||ab plane, we observe two
resonance features which both shift to lower magnetic fields
with increasing temperature. For B||c axis, in contrast, the
resonance shifts to higher magnetic fields upon heating. The
shifting of the resonance field positions continues above TC.

The resonance fields obtained from the measurements
shown in Fig. 6 were used to determine the shift of the res-
onance fields with respect to the resonance field at the highest
measured temperature where the resonances for B||ab plane
and B||c axis are both still visible (280 K; see Fig. 6). This
shift is visualized in Fig. 7. |Bres(T ) − Bres(280 K)| decreases
with increasing temperature for both directions of the external
applied magnetic field and vanishes only well above TC. It
should be again noted here that the shift of the resonance
position is anisotropic up to � 270 K, as the resonance fields
for B||ab plane and B||c axis shift in an opposite manner.

Since the resonance field positions probe the actual local
fields, the observed shifts clearly prove the monotonous in-
crease of quasistatic anisotropic fields upon cooling. Both the
temperature dependence of � and of the local fields hence
imply anisotropic short-range magnetic order up to at least
270 K � TC. We again emphasize the absence of any dis-
continuity at TC which shows that, at the timescale of our

experiments, the evolution of true long-range magnetic order
does not yield any significant changes of the local magnetic
properties.

C. Discussion

1. Anisotropy gap � at T = 2 K

At 2 K, the field dependence of the three observed magnon
branches is well captured by the domain-based model as
shown in Fig. 3. The saturation field Bsat = BA + NyMS =
5.89(8) T for B||ab obtained from the simultaneous fit for
B||ab and B||c is in good agreement with the reported
magnetization data [49]. Our data in particular enable us
to precisely determine the anisotropy gap of the magnon
branches which, at T = 2 K amounts to � = 170(4) GHz.
The uniaxial anisotropy constant can be calculated from the
fit parameters by K = MS�/(2γ ), yielding K = 10.50(23) ×
106 erg/cm3 at T = 2 K.

The comparison of the excitation gap determined here
with reported data from inelastic neutron scattering (INS) on
Fe3GeTe2 in Table II illustrates that Fe site occupancy is a
crucial parameter not only for � but also for TC. The Fe site
occupancy is supposed to govern TC by altering the density
of states and the lattice constants and thereby tuning the
magnetic interaction and anisotropy energies [50,51]. In the
2D limit of a Heisenberg ferromagnet, the relation between
TC, the exchange interaction J and the uniaxial anisotropy
constant K—which is proportional to the anisotropy gap by
K = �MS/(2γ )—is given by [52]

TC ∝ J

ln(π2J/K )
. (4)

Considering the recent analysis [53] of the Q2 behavior
of the spin waves in Fe2.72GeTe2, the data imply that the
significantly reduced ordering temperature of only ∼160 K
compared to the two samples with smaller iron deficiency
is directly associated with the smaller anisotropy gap. The
anisotropy gap obtained from INS [54] for a sample with a
similar iron deficiency and similar TC as used in this work
does not deviate significantly from the one determined in
this work by HF-FMR. However, considering the error bars,
HF-FMR allows for a much more precise determination of the
anisotropy gap as compared to the INS reports [50,53,54].

2. Domain structure

In the literature the domain wall configuration of the ab
plane was studied frequently [37,55–59]. Depending on the
thickness of the sample, the temperature, the cooling proce-
dure and the applied magnetic field stripe domains, labyrinth
domains, wavy-stripes with bubble domains, circular domains
with double-domain structure, branching features, and bub-
ble domains were observed in the ab plane of Fe3GeTe2

[37,55–59]. In all of the mentioned studies, where a mag-
netic field was applied, the field was applied parallel to the
c axis. Our FMR experiments in contrast provide information
on the domain wall configuration of the sample surface with
normal vector perpendicular to the crystallographic c axis and
magnetic field applied parallel to the ab plane: The parameter
α = 0(11)◦ present in Eq. (1) denotes the angle between the
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TABLE I. Microscopic anisotropy-related parameters of FM vdW materials determined by FMR. Listed parameters are the following:
Anisotropy type [uniaxial (u) or planar (p)], critical temperature TC, relation T�

TC
[unknown (uk) refers to samples were FMR was not measured

at T > TC], anisotropy gap �, anisotropy field BA, and anisotropy constant K .

u/p TC (K) T�/TC � (GHz) BA (T) K (erg/cm3) Ref.

Fe3GeTe2 u 217 1.25 170(4) @2 K 5.85(8) @2 K 10.50(23) × 106 @2 K This work
Fe4GeTe2 ua ≈270 >1.11 ≈30.6 (B||c) @3 Kb ≈1.07 (B||c) @ 3 Kb ≈2.9 × 106 (B||c) @ 3 K [60]

≈15 (B||ab) @ 3 Kb ≈0.5 (B||ab) @ 3 Kb ≈1.4 × 106 (B||ab) @ 3 K

Fe5GeTe2 p 332 uk ≈6.4 @ 100 Kc ≈0.22 @ 100 Kd 4.81 × 105 @ 100 K [17]

CrBr3 u 37 uk ≈18 @ 10 Kd ≈0.56 @ 10 K 7.2 × 105 @ 1 K [61]

CrI3 u 61 ≈1.3 80(1) @ 2 K 2.8(1) @ 2 K 2.9(9) × 106 @ 2 Ke [48]

u 68 uk ≈42 @ 10 Kd ≈2.7 @ 10 K ≈2.9 × 106 @ 10 K [61]
u 68 uk 82.9 @ 1.5 Kf 2.86 @ 1.5 K 3.1 × 106 @ 1.5 K [62]

CrSiTe3 u 34 ≈1 ≈33 @ 10 Kd ≈1.14 @ 10 Kd,g ≈5.4 × 105 @ 10 Kd,h [63]

CrGeTe3 ≈68 ≈1 ≈16.5 @ 10 Kd ≈0.58 @ 10 Kd,i [63] (SM)
u 64.7(5) uk ≈9 @ 2 Kd ≈0.3 @ 2 Kd 4.0 × 105 @ 2 K [30]
u 66(1) 1.5 ≈7 @ 4 Kd ≈0.25 @ 4 Kd 4.8(2) × 105 @ 4 K [64]
u ≈61 uk ≈0.49 @ 5 K ≈3.65 × 105 @ 5 K [65]
u 67.9 1 ≈6 @ 40 Kd ≈0.22 @ 40 Kd ≈1.9 × 105 @ 40 Kd,j [66]

aThe intrinsic magnetic anisotropy is of easy-axis type [60]. A more complex behavior at low temperatures is reported and yield distinct values
for � and BA for different magnetic field directions [60].
bObtained as � = γ BA = 2γ K/MS with K ≈ 2.9 × 106 erg/cm3 (B||c), K ≈ 1.4 × 106 erg/cm3 (B||ab), gc = 2.045(32), gab = 2.073(15),
and MS ≈ 539.19 erg/(cm3 G) from Ref. [60].
cObtained as � = γ BA with BA ≈ 0.22 Td, g ≈ 2.1 from Ref. [17].
dNo demagnetization correction was applied.
eObtained as K = BAMS/2 with BA = 2.81(10) T and MS = 3.0(10) μB/f.u. from Ref. [48].
fObtained as � = γ BA with BA = 2.86 T and g = 2.07 from Ref. [62].
gObtained as � = γ BA with � ≈ 33 GHzd and g ≈ 2.07 from Ref. [63].
hObtained as K = BAMS/2 with BA ≈ 1.14 T, MS ≈ 2.8 μB/f.u. [63] and No. of f.u./unit cell = 3, Vunitcell = 0.8301(1) pm3 [67].
iObtained as � = γ BA with � ≈ 16.5 GHzd and g ≈ 2.03 from Ref. [63] (SM).
jObtained as K = BAMS/2 with BA ≈ 0.22 Td and MS ≈ 30 erg/(G g) [66].

domain walls and the applied magnetic field direction. In
this respect we, however, note the rather high conductivity
of Fe3GeTe2 [13,27] implying a penetration depth smaller
than about 10 nm1 so that the applied microwave radiation
cannot fully penetrate the sample which exhibits a thickness
of 200 μm. Our experiment hence probes small portions and
edges of the sample and its ferromagnetic domain structure,
i.e., the surface of the sample. This is confirmed by observ-
ing the HF-FMR signal also when the sample is covered
by aluminium foil to exclude transmission through the bulk
(see Fig. S3 in the SM [44]). For the probed volume, our
observation of α � 0◦ indicates that at the sample surface
with normal vector perpendicular to the crystallographic c
axis the distribution of domain wall orientations is centered
parallel to the applied magnetic field direction. This suggests
a predominantly stripe domain arrangement at the surface, as
illustrated in Fig. S6 in the SM [44].

For the ab plane, it has been shown that the stripe-like
domains of the labyrinthine domain structures in Fe3GeTe2

1The penetration depth of the electromagnetic wave into a conduc-
tor is given by δ ≈ √

2/ωμσ , where ω ≈ 1 × 1011−1 × 1012 1/s is the
angular frequency of the used microwave, μ = 1 + χ the permeabil-
ity of Fe3GeTe2, and σ ≈ 1 × 105−1 × 106 �m is the conductivity
of Fe3GeTe2 [13,27]. As the magnetic susceptibility χ > 0 for FMs,
the largest possible penetration depth is in the order of 10 nm.

for higher temperatures and zero magnetic field tend to align
preferentially perpendicular to the sample surface [55], which
is also the case for the surface measured in the current work
at low temperatures and applied magnetic field (see Fig. S6
in the SM [44]). In CrI3, in contrast to Fe3GeTe2, the domain
structure is characterized by two main orientations of the do-
main walls: perpendicular and parallel to the applied magnetic
field, where the latter is the predominant one [48].

3. Anisotropic short-range order above TC

Short-range magnetic correlations in Fe3GeTe2 above TC

are expected due to its low-dimensional nature but experimen-
tal evidence reported in the literature is either ambiguous or
appears in micropatterned material: In the neutron scattering
data reported in Ref. [50], a characteristic ring feature in
the hk plane is well visible above TC, which might originate
from short-range magnetic order. However, it was stated that
phonon scattering could also lead to this observation [50]. The
authors of Ref. [55] reported a non-paramagnetic state above
TC in micropatterned Fe3GeTe2 where magnetic domains were
observed up to room temperature [55].

The experimental FMR data presented above clearly con-
firm the presence of short-range magnetic order in Fe3GeTe2

well above TC by detecting anisotropic local magnetic fields
and a finite anisotropy gap at the 100 GHz timescale. From our
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data, we conclude the existence of three distinct temperature
regimes:

(1) For T � T� (T� ∼ 270 K), we find vanishing of � and
there are no quasistatic anisotropic magnetic fields. However,
at T � 300 K we still observe a rather large g factor of gc �
2.5 and different resonance fields for B||ab plane and B||c
axis. This suggests that at 300 K a pure paramagnetic (PM)
regime is not yet reached. This agrees with indications for a
non-PM state in Fe3GeTe2 extending up to room temperature
reported in the literature [50,55]. (2) For TC � T � T� we
observe clear evidence of anisotropic short-range magnetic
order, as � is finite and there are anisotropic shifts of the
resonance fields. In addition to this, a plateau in gc is ob-
tained in this temperature region. (3) The development of
long-range magnetic order in Fe3GeTe2 is not associated with
clear anomalies in the FMR spectra as we do not observe any
anomalies in the temperature evolution of � and gc at TC.
Specifically, while � assumes finite values below ∼270 K and
smoothly increases upon cooling, gc starts to decrease below
∼230 K. We conclude that there is a continuous evolution
of quasistatic local fields upon cooling. At low temperatures
T � 80 K, gc, �, and the shift of the resonance fields start to
saturate which implies rather temperature-independent static
local fields.

The evolution of anisotropic quasi-static order and a finite
quasi-static anisotropy gap well above TC is at least a rather
common feature of 2D ferromagnets. Anisotropic local fields
(cf. Fig. 7) have been reported for the easy-axis vdW ferro-
magnets CrI3 [48], Fe4GeTe2 [60], and CrGeTe3 [64] as listed
in Table I. In addition, a finite anisotropy gap well above TC

is also reported for CrI3 [48]. Notably, its relative size at TC,
i.e., �(TC)/�(T = 2 K), is similar in Fe3GeTe2 and CrI3 (see
Table I). This also holds for and might be associated with
the ratio of the characteristic temperatures T�/TC. Extending
this comparison to the materials where quasistatic anisotropic
fields have been detected above TC suggests similar ratios
T�/TC in Fe3GeTe2, CrI3 [48], Fe4GeTe2 [60], and CrGeTe3

[64].2 The contrasting behavior T� � TC has been found for
CrSiTe3 by Li et al. [63] who also reported such a coincidence
for CrGeTe3; for the latter experimental evidence is, how-
ever, ambiguous since the authors of Refs. [63,66] reported
T� � TC in contrast to those of Ref. [64] (see Table I). The
examples of Fe3GeTe2 at hand and CrI3, however, clearly
demonstrate that in both 2D ferromagnets long-range mag-
netic order evolves from anisotropic short-range order which
extends in a rather large temperature regime above TC. At
T > T� isotropic short-range order is found in CrI3 [48],
which is also very likely to appear in Fe3GeTe2. Measure-
ments at higher temperatures than feasible with our electron
spin resonance (ESR) setup are needed to further confirm this
issue.

2For all materials except CrI3 and Fe3GeTe2 studied at hand where
a finite gap is reported above TC, T� is determined from the experi-
mental data as the onset temperature of anisotropy in the resonance
fields.

TABLE II. Excitation gap in Fe3GeTe2 as determined by HF-
FMR (this work) and as reported by previous INS studies [50,53,54].

TC (K) � (GHz) � (meV) Ref.

Fe2.92(1)Ge1.02(3)Te2 217 170(4) 0.70(2) This work
Fe2.86GeTe2 215 230(50)a 0.96(20)a [54]
Fe2.75GeTe2 150 895(50)b 3.7(2)b [50]
Fe2.72GeTe2 160 ∼120c ∼0.5c [53]

aObtained as � = 2KS with K = 0.6(1) meV and a reduced spin S =
0.8(1) as reported in Ref. [54].
bNote the critical discussion of this value and of the underlying data
analysis in Ref. [53].
cWhile in Ref. [53] no spin gap was observed in the low-energy ex-
citation spectra, extrapolating the Q2-dependence of the spin waves
along various directions suggests finite gap values of approximately
0.1 to 0.8 meV (24 to 192 GHz), respectively (cf. the Supplement
Material of Ref. [53]).

IV. SUMMARY

We investigated the low-energy q = 0 magnon excita-
tions of Fe3GeTe2 in external magnetic fields up to 16 T
applied along the c axis and within the ab plane. At 2 K,
the field dependence of the three observed magnon branches
is well captured by a semiclassical domain-based model,
highlighting the role of magnetic domains in the FMR re-
sponse of Fe3GeTe2. Fitting the domain-based model to the
experimental data at 2 K yields the microscopic parame-
ters of the system: the anisotropy gap � = 170(4) GHz at
B = 0 T, anisotropy field BA = 5.85(8) T and an isotropic
effective g-factor gab = gc = 2.07(4), yielding an uniaxial
anisotropy constant of K = 10.50(23) × 106 erg/cm3. At TC,
the anisotropy gap remains finite with a value of � ≈ 65 GHz,
corresponding to about 38 % of its low-temperature value.
The gap closes only above T� ≈ 270 K, i.e., T�/TC � 1.25.
Notably, the persistence of a finite anisotropy gap above TC

is accompanied by anisotropic shifts in the resonance fields,
revealing the presence of anisotropic local magnetic fields
above TC. This implies anisotropic short-range magnetic order
evidenced by the finite anisotropy gap and the presence of
anisotropic shifts in the resonance fields. Our results show
that long-range magnetic order in Fe3GeTe2 is driven by the
magnetocrystalline anisotropy.
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