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Electron transport and scattering mechanisms in ferromagnetic

monolayer Fe;GeTe,
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We study intrinsic charge-carrier scattering mechanisms and determine their contribution to the transport properties of the two-
dimensional ferromagnet FesGeTe,. We use state-of-the-art first-principles calculations combined with the model approaches to
elucidate the role of the electron-phonon and electron-magnon interactions in the electronic transport. Our findings show that the
charge carrier scattering in Fe;GeTe, is dominated by the electron-phonon interaction, while the role of magnetic excitations is
marginal. At the same time, the magnetic ordering is shown to effect essentially on the electron-phonon coupling and its

temperature dependence. This leads to a sublinear temperature dependence of the electrical resistivity near the Curie temperature,
which is in line with experimental observations. The room temperature resistivity is estimated to be ~ 35 uQ - cm which may be

considered as a lower intrinsic limit for monolayer FesGeTe,.
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INTRODUCTION

The interest to two-dimensional (2D) systems is driven by the
continuous progress in the development of novel technologies
involving miniaturization of electronic devices and low-energy
consumption. A special place in this search is devoted to 2D
magnetic materials, which became the subject of active studies
after the exfoliation of van der Waaals magnets such as Crls’,
Cr,Ge,Teg?, FesGeTe, (FGT)35, etc. Magnetic properties of these
systems demonstrate high tunability (e.g. by external electrical
field” and environmental screening®) promising for technological
application, as well as serve as an excellent platform for probing
the magnetic interactions in low dimensions.

Most of the known 2D magnets are insulating or semiconducting,
which limits our understanding of their transport properties and the
underlying physical mechanisms. In contrast, FGT has a number of
special characteristics since it combines a metallic behavior, needed
for the realization of controllable transport®'?, with the ferromagnetic
ground state and comparably high Curie temperature Tc=~
220 K31 surviving down to the monolayer limit>. One of the most
remarkable properties of FGT is the absence of inversion symmetry,
allowing for the formation of topologically nontrivial magnetic
textures'>'3, A hexagonal lattice of skyrmions is recently observed in
this system'#"'6, which might be important for spintronics applica-
tions. While a considerable attention is paid to skyrmions, the
electron transport and scattering mechanisms in FGT remain unclear
from the microscopic point of view.

In comparison to nonmagnetic 2D systems, the charge carrier
scattering in conductive magnets is not limited to the impurities or
phonons, but may include scattering by spin fluctuations'”'® (Fig. 1b),
providing essential contribution to the transport characteristics and/
or give rise to qualitatively new effects (e.g, Kondo effect)'®%,
Moreover, temperature dependence of the spin-polarized electronic
structure in magnetically ordered systems might play a role for the
conventional sources of scattering (e.g, phonons). The first-
principles theory of electron-phonon interactions is well estab-
lished?!, and has been routinely applied to study transport
properties of nonmagnetic 3D and 2D materials?*~2%, Strictly

speaking, a theoretical description of the electron-phonon scatter-
ing in 2D is more involved due to the presence of flexural phonon
modes?’, allowing for multiple phonon scattering?~2°, yet the
single-phonon formulation turns out to be sufficient even for a
quantitative description of the charge carrier transport in most of
the cases®C. Generalization of the first-principles scattering theory to
magnetic materials is not straightforward for at least two reasons: (i)
Unequal and temperature-dependent contribution of the majority
and minority electronic states; (i) The presence of additional
scattering channels such as collective spin excitations (magnons)
and spin inhomogeneities. Despite a notable progress in this
direction being made in recent years, the proposed theories for the
first-principles description of electron-magnon interactions 73! are
limited to zero temperature, i.e. not readily applicable to study
transport characteristics. Alternatively, there are well-established
theories based on the model description of magnetism32-34, which
are sufficient to capture the corresponding effects qualitatively and,
in many cases, quantitatively.

In this work, we perform a systematic study of the charge carrier
transport in ferromagnetic monolayer Fe;GeTe, using first-
principles calculations combined with magnetic models. We
analyze electron-phonon and electron-magnon scattering, and
estimate their contribution to the temperature-dependent scatter-
ing rate. The main contribution of the electron-magnon scattering
to the resistivity is observed around the Curie temperature,
resulting in a marginal resistivity enhancement. On the other
hand, interpolation of the electron-phonon scattering between
the ferromagnetic and paramagnetic phases leads to a pro-
nounced modification of the resistivity with sublinear temperature
dependence close the Curie temperature, which is in line with the
experimental observations*113536,

RESULTS
Electronic structure

Figure 2 shows the electronic structure and Fermi surfaces
calculated for monolayer FesGeTe,. We explicitly consider electronic
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Fig. 1 Schematic crystal structure and main electron scattering
mechanisms in monolayer Fe;GeTe,. a Crystal structure of
FesGeTe, with side (left) and top (right) views. Fe, and Fe; denote
two inequivalent iron atoms. b A sketch showing scattering of an
electron on phonons and magnons.

states in the ferromagnetic (FM) and nonmagnetic phases. The
bands in the vicinity of the Fermi energy are predominantly formed
by the Fe (3d) states hybridized with Te (5p). The spin-resolved
electronic structure in the FM phase displays multiple energy bands
crossing the Fermi energy, resulting in the formation of several
isolated pockets in the Fermi surface, being in agreement with the
experimental data®'®. Near the I point, one can observe a
hexagonal-like shaped pocket of the spin-down states, which is to
contribute to the nesting at wave vectors q = k — k' away from the
zone center. Around the K points, one can see circular pockets
allowing for transitions near the zone center i.e. at small . The spin-
up (majority) Fermi surface is more complicated and it has more
possibilities for transition at different q. In both cases, the
momentum transfer processes are expected to occur predomi-
nantly near the I point with discrete regions of g points around the
nesting wave vectors. The electronic structure from the nonmag-
netic calculations is considerably different. The Fermi surface is
composed of circular pockets around the T point, allowing the
transitions in a broad range of q vectors. We note that a moderate
variation of the Fermi level (i.e. the doping effect) can significantly
change the observed picture, which will influence the electron-
phonon interaction as we will show below. It is also worth noting
that the electronic states in monolayer Fe;GeTe, are not strongly
affected by the electron-phonon interactions. The spectral functions
shown in the top of Fig. 2 do not show any significant
renormalization in the vicinity of the Fermi energy in comparison
to other systems?“, At the same time, the inclusion of the electron-
phonon coupling induces a finite linewidth, leading to a finite
lifetime of charge carriers. The DOS calculated for the FM and
nonmagnetic states, as well as in the disordered local moment
approximation are presented in Supplementary Methods 2.

Phonon dispersion

The phonon dispersion and the corresponding spin-resolved
linewidths are shown in Fig. 3 for the ferromagnetic and
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Fig. 2 Spin-dependent electron spectral functions and Fermi
contour maps for the ferromagnetic and nonmagnetic phases of
monolayer  Fe;GeTe,. a Spectral functions Af(w,T)=
—1/mIm[Gy(w, T)] calculated in the presence of the electron-
phonon interactions for T=100 K for the states near the Fermi
level. Original DFT band structure is shown by the blue solid line.
Zero energy corresponds to the Fermi energy. b The corresponding
Fermi contour maps.
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Fig. 3 Phonon dispersion curves and momentum-resolved elec-
tron-phonon coupling calculated for the ferromagnetic and
nonmagnetic phases of monolayer Fe;GeTe,. a Phonon dispersion
curves shown with the spin-dependent linewidth that is propor-
tional to Im[Ng,] = nN‘F’)\ngfW. b Momentum-resolved electron-
phonon coupling constant Ag = >- g,

nonmagnetic calculations. The obtained dispersion of acoustic
phonons is typical for 2D systems, demonstrating two linearly-
dispersing branches and one flexural out-of-plane mode with a
quadratic dispersion around the T point>#?®. The optical phonon
modes appear at energies from ~ 8 meV to ~ 45 meV. Interestingly,
one can see a number of nearly flat branches, the most prominent
of which appear near 15, 21, and 32 meV. The phonon modes with
energies <15 meV correspond predominantly to the vibration of
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heavy Te atoms, hybridized with Fe and Ge vibration states. The two
highest energy modes represent a hybridized vibration of Fe and Ge
atoms, while the rest phonon modes predominantly correspond to
the Fe atoms vibration. Overall, the calculated phonon spectra are in
good agreement with previously reported data®’. The phonon
linewidths are somewhat different for the magnetic and non-
magnetic spectra. In particular, for the spin majority states in the
ferromagnetic phase, most of the line broadening takes place near
the I point around 15 meV, ie. within the range of thermal
excitations. In the nonmagnentic case, most of the line broadening
is observed above 25 meV, thus their excitation is less likely. All this
suggests that thermal transport in different magnetic states of FGT
must be different, which might be interesting for further studies.

Electron-phonon coupling and its interpolation

We now turn to the electron-phonon interaction in monolayer
FesGeTe,. As one can see from Fig. 3b, the q-resolved electron-
phonon interaction constant Aq is essentially different for spin-up
and spin-down channels, which is expected from the spin-
resolved linewidths shown above. For the spin-down states, the
dominant electron-phonon coupling originates from the interac-
tion with long-wavelength phonons, which results in a highly
localized maximum of Aq at the I point. In the spin-up case, the
contributions with q>0 play a moderate role, although the
maximum is still observed around the I' point. In the nonmagnetic
case Aq is distributed practically uniformly, which is in line with the
electronic structure and the Fermi contours discussed above.

The integrated electron-phonon coupling constant A° = qu/\gv
for spin up and spin down states are found to be 0.50 and 0.26,
respectively, i.e. AT/A'~2. In the nonmagnetic case, we find
A"°"™M9 ~ 0.45. The resulting constant A° < 1, which can be qualified
as a moderate electron-phonon interaction®, Given that the
electron-phonon interaction constant is different for different
magnetic states, it is important to take its temperature depen-
dence into account when calculating the transport properties.

In what follows, we mimic the paramagnetic state of the system
by a nonmagnetic solution obtained from the non-spin-polarized
DFT calculations. Strictly speaking, this assumption is quite strong as
it ignores the presence of residual disordered local magnetic
moments at T> T, which may affect the electronic structure and
related properties, especially in itinerant magnets. The most
appropriate approach to deal with the paramagnetic state in first-
principles calculations is to use the method of disordered local
moments (DLM)3**3, This method requires considering large
supercells in the DFT calculations, making DFPT calculations for
paramagnetic states prohibitively expensive. However, our DLM
calculations of the density of states (DOS) for monolayer FesGeTe,
(see Supplementary Methods 2) demonstrate that the DLM DOS near
the Fermi energy turns out to be comparable to the nonmagnetic
DOS. This behavior can be attributed to quenching of the local
magnetic moment on the Fe; atoms (see Fig. 1a) in most of the
disordered configurations such that (S2), =0 in the DLM state.
Unlike the ground-state FM configuration, the Fe-d states are not
expected to be split in the paramagnetic phase, providing a sizeable
contribution at the Fermi energy, as in the nonmagnetic solution.

Based on the argumentation given above, at temperatures
T>Tc, we assume that the results converge to the nonmagnetic
case. We can then approximate the temperature-dependent
electron-phonon coupling constant using the interpolation
formula:

2°(T) = Anonmg + [A° — Anonme

(S2)

G m
At T=0K, the average spin (S;) equals to the nominal spin S=1,
yielding A°(0) = A°. On the other hand, above Curie temperature,
we have A%(T > Tc) = Anonmg- The magnetization is determined self-
consistently as described in Methods. The resulting magnetization
curve is shown in Fig. 4, from which the Curie temperature
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Fig. 4 Spin-resolved electron-phonon coupling constant A° (blue)
and magnetization (S;) (red) calculated for monolayer Fe;GeTe; as a
function of temperature using the interpolation scheme discussed
in the main text.

Tc =317 K can be determined. The obtained value overestimates
the experimental temperature Tc~200K*>1'4% likely due to
overestimation of the exchange interactions. This could be
attributed to a limited applicability of the localized spin models,
which neglect coupling to the electronic subsystem. In addition,
renormalization of the electron spectrum due to correlation
effects’ may also contribute to the reduction of the exchange
interactions. Also, the discrepancy between the theoretical and
experimental Tc might be related, e.g., to contamination of the
experimental samples, as well as to the effect of substrate, which
is absent within our consideration. Nevertheless, the obtained
magnetization curve (S;) can be used to interpolate the results
between the magnetic and nonmagnetic solutions keeping in
mind that some ambiguity in the estimated T¢ exists. In Fig. 4, we
plot the result of the electron-phonon coupling constant
interpolation using Eq. (1). With the increase of temperature the
constants A° for both spin channels smoothly change their values,
converging into the nonmagnetic A,onmg = 0.45 result at Tc.

Temperature-dependent scattering rate

In Fig. 5a, we show averaged phonon-mediated scattering rate
(To") = i X0 (£nko) @s a function of temperature. Similarly
to the coupling constant, the scattering rate calculated for the
nonmagnetic phase has the value in between the spin-up and
spin-down cases. At T=300 K, we obtain (t;')=117 ps’,
(r") =62 ps~", and (1,0,;ng) =91 ps . In the relevant tempera-
ture range, all these three curves demonstrate a linear-in-
temperature behavior. Indeed, at sufficiently high temperatures
phonons can be considered classically with the occupation
numbers bq, =~ kgT/hwg,, ensuring a linear dependence of the
electron linewidth Im3J,(T) as well as the scattering rate®.
However, these results do not take temperature dependence of
the electronic structure into account, which is important for
magnetic systems. For this purpose, we use the following
interpolation between the magnetic and nonmagnetic scattering
rates

(3" (1) = (Taduma) + [(15") — (tromg)] 2. @

which allows us to make a connection between the scattering
rates above and below Tc. The interpolation changes the linear
dependence of (r7') at T> 100K, inducing a convergence of (t;")
and (") to the nonmagnetic solution (t,;..,) at T= Tc (Fig. 5a).
Remarkably, the averaged spin-up and spin-down scattering rates
are very close the nonmagnetic scattering rate over the whole
range of temperatures.

The magnon contribution to the scattering rate is shown in
Fig. 5b. The electron-magnon coupling constant is estimated to
be /- Ng~0.01, i.e. an order of magnitude smaller compared to
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Fig. 5 Temperature-dependent electron-phonon and electron-
magnon contributions to the scattering rate in monolayer
Fe;GeTe,. a Averaged phonon-mediated scattering rate calculated
for different spin channels in the ferromagnetic phase of monolayer
FesGeTe, (dashed lines), and for the nonmagnetic phase (green
line). Solid red and blue lines correspond to the interpolation
between the magnetic and nonmagnetic phases. b Averaged
magnon-mediated scattering rate calculated for different spin
channels.

the electron-phonon coupling. As a consequence, the calculated
(T mag is significantly smaller than (t~") ), (Fig. 5b). Overall, the
magnon-mediated scattering rate demonstrates an exponential
increase with temperature up to T, which can be explained by
the increase of the magnon population. Nevertheless, even close
to T¢, the contribution of magnons to the scattering rate is
marginal. At T> T¢ the long-range ferromagnetic order disap-
pears, ie. (S;) =0, and Eq. (9) is seemingly inapplicable.
However, the contribution of spin excitations does not disappear
in the paramagnetic phase due to the short-range spin
fluctuations*>. Indeed, at sufficiently large T, we have bg, = kgT/
hwqy With wg, ~ {S,) , leading to elimination of the magnetiza-
tion in Eq. (9), which ensures nonzero scattering rate by static
spin fluctuations. Nevertheless, as this contribution cannot be
significantly larger than the contribution from magnons in the
ferromagnetic phase, we ignore it from the explicit
consideration.

Spin-resolved transport

We now calculate electric resistivity p=1/0 as a function of
temperature by means of the semi-classical Boltzmann theory (Eq.
(4) in Methods). To this end, we use the Matthiessen’s rule?®,
(T")=(t;n) + (Tmag)- Fully spin-polarized (sp) resistivity
(ps = p7" +p] ") is represented in Fig. 6. Due to the magnon
contribution, p,(T) demonstrates a jump around T¢, which is
attributed to the behavior of (7..1,) shown in Fig. 5b.

The nonmagnetic resistivity phonmg demonstrates a less steep
behavior compared to the resistivity in the ferromagnetic phase.
This can be explained by the two factors: (i) temperature
dependence of the scattering rate (Fig. 5); and (ii) different carrier
velocities: ;| ~22x10° m-s™', while Vaonmg=1.3x10° m-s~".
The interpolation of V- N¢ between the magnetic and nonmag-
netic phases using the procedure described above, leads to the
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Fig. 6  Electrical resistivity shown as a function of temperature in
monolayer Fe;GeTe, calculated as: () pg)' = p; ' +p; ', i.e. from fully
spin-polarized calculations without interpolation (low-T limit); (ii)
Pronmg 1-€. NoNMagnetic calculations (T> Te); (iii) =" (T) = p7'(T) +
p; ' (T) (interpolated via Eq.(3)).

following conductivity:
eZ

00(T) = 5 (T(T)) (Ve - NE(T)), €)
which is shown as the green line in Fig. 6. One can see that at
T>100 K the linear resistivity behavior is modified, lowering the
resistivity. At T=Tc the resistivity drops abruptly to the
nonmagnetic value. Such a behavior is likely unphysical and
could be attributed to our approximation of the paramagnetic
phase by a nonmagnetic one. Moreover, the transition region is to
be smoothed by taking into account scattering by spin
inhomogeneities above the Curie temperature as well as by the
electron-impurity scattering. Nevertheless, our interpolated results
allow us to qualitatively explain the temperature dependence of
the resistivity near transition region observed in recent
experiments®?11:3536,

At T=300K, the interpolated resistivity p(T) is estimated to be
35 uQ-cm. The available experimental estimates for bulk
FGT*911:3535 yary from 150 to 200 uQ - cm, which is 4-5 times
higher than the calculated values. This disagreement can be
ascribed to the presence of other scattering channels in the
experimental samples (e.g., impurities), which also leads to
nonzero p at T~0 K, as well as to the dimensionality effects.
Our calculations provide the lowest boundary for the intrinsic
resistivity in monolayer Fe;GeTe,. At the same time, this value is
an order of magnitude larger than resistivities of noble metals
such as pcy,~ 1.5 uQ-cm and pa, ~2.0 uQ-cm*. The relatively
high resistivity of monolayer FGT might limit its prospects for
electronic applications.

DISCUSSION

In summary, we have systematically studied the charge-carrier
scattering mechanisms in ferromagnetic monolayer Fe;GeTe,. We
show that the phonon-mediated scattering of charge carriers
plays a dominant role. The effect of magnons is also present, but
can be considered as negligible in the relevant temperature
region. At the same time, the magnetism-induced splitting of the
energy bands modifies the electron-phonon coupling and induces
a nontrivial contribution to its temperature dependence. This
results in a sublinear temperature dependence of the electrical
resistivity near the ferromagnetic-paramagnetic phase transition,
observed experimentally. Also, we demonstrate that the charge
doping (see Supplementary Methods 3) does not lead to any
pronounced changes in the transport properties of FesGeTe,. Our
calculations provide a lower estimate for the room temperature
resistivity (35 pQ - cm) in monolayer FGT. The resulting value is an
order of magnitude larger compared to typical metals, limiting
potential applicability of monolayer FGT in electronics. For
multilayer FGT, drastic changes of transport properties are not
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expected due to comparably weak van der Waals interaction
between the layers. Nevertheless, additional interlayer scattering
may occur in multilayer samples, which would shorten the
scattering rate. Therefore, in the absence of disorder, transport
properties of monolayer FGT are expected to be superior to the
multilayer samples. On the other hand, experimental single-layer
samples are usually more contaminated compared to their
multilayer counterparts, which might have an opposite effect on
the layer-dependence of the transport properties.

The model approach presented in this paper to study transport
properties of magnetic conductors can be applied to other 2D
magnetic materials. Particularly, we expect a non-trivial role of the
electron-magnon interactions in systems with weak electron-
phonon coupling.

METHODS
Technical details

Electronic structure calculations and structural optimization were
performed within the plane-wave based qQuANTUM EsPResso (qE)*84°
package utilizing Perdew-Burke-Ernzerhof (PBE) exchange-
correlation functional®® and 2.0.1 version scalar-relativistic norm-
conserving pseudopotentials, generated using “atomic" code by A.
Dal Corso v.5.0.99 svn rev. 10869. In these calculations, we use 80
Ry as the plane-wave energy cutoff, a (16 x 16 x 1) k-mesh for the
Brillouin zone integration, and 1078 eV for the energy conver-
gence criteria. The experimental crystal structure of bulk Fe;GeTe,
was used?, where a vacuum space 20 A between monolayer
replicas in the vertical z direction was introduced to avoid spurious
interactions between the periodic supercell images. The effective
volume Q = d - S with layer thickness d = 8.165 A of 2D unit cell
area S = 13.95 A2 was used in the calculations. Positions of atoms
were allowed to relax until all the residual force components of
each atom were less than 107% eV - A~". In the calculations of the
transport properties we consider either the ferromagnetically
ordered or nonmagnetic (non-spin-polarized) ground state. From
the obtained electronic structure, maximally localized Wannier
functions®’ were constructed using the wanniEROO package®?
projecting onto the valence Fe(3d) and Te(5p) states, which were
used in the calculations presented below. Phonon spectra were
calculated using density functional perturbation theory (DFPT)>3
implemented in the Qe package. In these calculations, we use a
(4x4x1) q—mesh and a 107" eV as the self-consistency
threshold.

Electron transport
In the semi-classical Boltzmann theory, the in-plane (xx) compo-

nent of the conductivity tensor has the form?6>%
2 o
e of’ 2
O = ——~ —nkTokVXk] ) (4)
XX Q — aegk n nKo

with the momentum-dependent scattering rate t,,,, which can be
related to the imaginary part of the electron self-energy:
1t = M3 )
In the expression (4), v¥,, = 0€’, /o(hky) is the x (in-plane)
component of the group velocity for band n and wave-vector k,
and f7, is the Fermi occupation function for the electron states
with energy €%, %, = (exp[(e%, — &)/ksT] + 1), where & is
the Fermi energy. We note that the expression (4) is applicable at
not too low temperatures where vertex corrections, that is,
difference between transport and single-electron relaxation time
becomes important?746:54,

Phonon-mediated scattering was analyzed via calculating
electron-phonon interaction. For this purpose, we use epw>> code,
which takes the advantage of Wannier functions based
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interpolation scheme?'. Initial version of the code was modified
to treat the spin channels independently. The electron self-energy

of this interaction in the Migdal approximation has the following
form:

S, T) = 3 (g5, (K, Q)|

maqv
. . (6)
by +frkiq bay+1-fruiq
W—Epy g Thwe—in  w—gn, —hwg—in|’

where bg, = (exp[hwqy/ksT] —1)~" corresponds to the Bose
occupation function for phonons with wave vector q, mode index
v and frequency wgq,. The electron-phonon matrix elements
contain the information about the derivative of self-consisted
spin dependent electronic potential 94,/° in the basis of Bloch
functions ¢,

[ h
o _ o S10°, . 7
gmn,v(k7q) Zmquv<wmk+q|aqVV ‘wnk> 7

The electron-phonon coupling constant for each phonon mode
v with wave vector q is given by

1
o = 15— 195, (K, Q)[8(€7)8 (€1 q): ®)
NquV mnk

where N¢ is the electron density of states (DOS) for spin o at the
Fermi level.

Magnon-mediated scattering is estimated from the electron-
magnon interaction. The corresponding self-energy in case of a
ferromagnetic order can be calculated in the spirit of the s —d
model*?7* as:

T _ 92 bq"+f}7k
z”k(w’ T) =2l <Sz> %w—eikﬂﬂmt:vfi'l
R 9
S (0,T) = 2P(5;) Y T ®
nk\*h 1) ? e e g hwa—in”

Here, | is the electron-magnon interaction constant (s —d
exchange parameter) averaged over the Fermi surface

I= o> (e — € ) o (10)
ZSNkao 'mk mk aéfnk7

and (S;) and wgq, correspond to the temperature-dependent

magnetization and magnon frequencies, respectively. Ng is the

total electron density of states at the Fermi energy, Ne = N| + Np.

In both approximations [Eqgs. (6) and (9)], we consider the static

limit, i.e. w = 0 which is justifiable at not too low temperatures.

Temperature-dependent magnetization

In order to calculate (S,) and wq, we consider the following
quantum spin model with S=1:

H=> S8 —-A> S (1)

> i

The magnetic exchange interactions J; are calculated within the
local force theorem approach®®>7 (see Supplementary Methods 1).
We note that we are not aiming at a precise determination of the
Hamiltonian parameters within this study which would require a
complicated discussion on possible quantum corrections, etc. Our
main purpose is to qualitatively reproduce the temperature-
dependent magnetization as well as the magnon spectrum.

On-site anisotropy parameter A=0.35meV per Fe atom is
calculated as a total energy difference for magnetic moments
oriented along the in-plane and out-of-plane directions taking the
spin-orbit coupling effects into account.
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Equation (11) allows us to introduce the spin-wave Hamiltonian,
whose eigenvalues correspond to the magnon frequencies qussz

. Meijer, M. J. et al. Chiral spin spirals at the surface of the van der Waals ferro-

magnet Fe;GeTe,. Nano Lett. 20, 8563 (2020).

16. Park, T.-E. et al. Néel-type skyrmions and their current-induced motion in van der
~ SW Waals ferromagnet-based heterostructures. Phys. Rev. B 103, 104410 (2021).
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