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Physical properties and product of groups

When considering the physical properties of a system, we often encounter effects that combine 
functions that belong to different representations. An instructive example is given by the electronic 

transitions enabled by an electromagnetic field

The Hamiltonian reads
Scalar, belongs to E (highest symmetry)

Polar vector, reduces the symmetry

We look for the states that are 
allowed by this stimulus
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Product of groups

All irreducible representations of the direct product group can be generated from
the irreducible representations of the original groups before they are joined.
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Product of groups



In general, if we take the direct product between two irreducible representations of a group,
then the resulting direct product representation will be reducible. If it is reducible, the
character for the direct product can then be written as a linear combination of the characters
for irreducible representations of the group
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Product of groups
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transforms as and assume we intend to excite

Perturbation

Initial state
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Get back to our Hamiltonian for D3
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Now, let’s practice!
Linear conductivity tensor Nonlinear conductivity tensor

Dzyaloshinskii-Moriya interaction Spin-orbit torque

The current vector is a polar vector

polar vector axial vector

Same idea…but the possibility 
for nonlinear Hall effect in 
nonmagnetic materials!
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FIG. 4. (Color online) Contribution of the di↵erent elements
to the antisymmetric part of the spin spiral dispersion for (a)
Néel out-of-plane, (b) Bloch out-of-plane and (c) Néel in-plane
configurations. (d) Kohn-Sham orbitals at �-point showing
the strong Te 5pz-Fe2 3dz2 hybridization responsible for the
large perpendicular orbital moment on Fe2.

ral, the magnetic exchange parameter is A=47 meV/Fe.
The corresponding spin spiral dispersion along the path
� �M is represented on Fig. 3, with (red) and without
(black) spin-orbit coupling. One clearly sees that turn-
ing on spin-orbit coupling distorts the spin spiral disper-
sion in an antisymmetric manner. In contrast, neither
Néel nor Bloch out-of-plane spin spirals display any an-
tisymmetric contribution upon turning on the spin-orbit
coupling (not shown), indicating that the Dzyaloshinskii-
Moriya vector does not possess in-plane components.

In order to given a complete picture of the microscopic
origin of the perpendicular Dzyaloshinskii-Moriya inter-
action, we analyzed the contribution of the various el-
ements (Fe1,3, Fe2, Te and Ge) on the antisymmetric
spin spiral dispersion for the three configurations. The
results are displayed on Fig. 4. In the case of Néel out-
of-plane spin spiral [Fig. 4(a)], the main contributions
come from top and bottom Fe1,3 as well as from the top
and bottom Te elements. Interestingly, these contribu-
tions are sizable in magnitude but cancel each other by
symmetry. In the case of Bloch out-of-plane spin spiral
[Fig. 4(b)], we obtain the same cancellation by sym-
metry but the magnitude of the individual contributions
remain extremely small (a few µeV/Fe). Such a small
magnitude is below the accuracy of our calculations and
is therefore insignificant. Finally, for the Néel in-plane
spin spiral [Fig. 4(b)], the antisymmetric dispersion is
dominated by the hybridization between the 5pz orbitals
of Te and the 3dz2 orbitals of the central Fe2 element [see
Fig. 4(b)]. This hybridization induces a large orbital mo-
mentum on Fe2 (0.19µB), as displayed in Table I, that
is responsible for the observed Dzyaloshinskii-Moriya in-

teraction. In contrast, the Fe1,3 elements have a much
smaller contribution. In fact, although they also expe-
rience a perpendicular Dzyaloshinskii-Moriya vector [see
Fig. 2(b)], they chemical environment does not promote
a large orbital moment (0.083µB) and therefore yields a
small Dzyaloshinskii-Moriya interaction.
We complete this analysis by discussing the potential

influence of the perpendicular Dzyaloshinskii-Moriya in-
teraction of the stabilization of magnetic textures. It is
clear that the large perpendicular magnetic anisotropy
of Fe3GeTe2 (K=1.3 meV/Fe) hinders the stabilization
of Néel in-plane spin spirals. Nevertheless, for the sake
of the discussion let us disregard the role of the mag-
netic anisotropy and only focus on the influence of the
Dzyaloshinskii-Moriya interaction itself. What is partic-
ularly remarkable is that the antisymmetric dispersion
is quite di↵erent from the dispersion obtained at, e.g.,
transition metal interfaces32,36,37. In the latter, the an-
tisymmetric contribution of the dispersion has a large
slope around q = 0, from which the long-wavelength
Dzyaloshinskii-Moriya coe�cient is usually extracted. In
Fig. 3, the slope close to q = 0 vanishes and the antisym-
metric dispersion only takes o↵ aways from the origin.
This feature means that the Dzyaloshinskii-Moriya in-
teraction has no impact in the long wavelength limit and
is unlikely to stabilize large (>10 nm) chiral textures.
Nonetheless, it does tend to stabilize short-wavelength
spin spirals. Indeed, the dispersion is peaked around
q ⇡ 2⇡p

3a
. Considering that this dispersion is computed

along the � � M path, it means that Dzyaloshinskii-
Moriya interaction tends to stabilize planar homochiral
spin spirals propagating along a low symmetry direction
of the Fe3GeTe2 crystal. Figure 5 shows such a planar
spin spiral extended along the (100) direction of the crys-
tal (dashed lines). The (100) direction is indeed charac-
terized by broken mirror symmetry and therefore favors
perpendicular Dzyaloshinskii-Moriya interaction, consis-
tently with the analysis provided above.

FIG. 5. (Color online) Example of a planar homochiral spin
spiral propagating along the low symmetry (100) direction.
This six-fold degenerate direction, identified by the dashed
line, is characterized by mirror symmetry breaking, enabling
perpendicular Dzyaloshinskii-Moriya interaction.

Conclusion - Using both symmetry arguments and
first principle calculations, we have shown that the

The magnetic energy is a scalar, even in magnetization

polar vector

The spin-orbit field is an axial vector



Linear + Cubic Rashba

See, e.g., Fu PRL 103, 266801 (2009)
Garcia-Ovalle et al., arXiv:2301.01133 (2022)

A C3v minimal model: Rashba + warping
4

FIG. 2. (Color online)(a) The unit cell of the minimal model
for the C3v crystal. The grey atoms represent the hexagonal
lattice sites and the red atoms break the plane inversion sym-
metry while conserving the three-fold rotation along z and
the mirror symmetry normal to y. (b) Band structure of the
tight-binding model described in the text with tR = 0.1t and
� = 0.5t, for the cases tR3 = 0 (black lines), and tR3 = 0.1t
(red lines). The magnetization direction is set to ✓ = ⇡

2
and

� = 0. The horizontal dashed lines correspond to µ = �5t,
µ = t and µ = 2t, respectively. (c-e) Fermi surfaces with
(tR3 = 0.1t - red lines) and without (tR3 = 0 - black lines)
cubic spin-orbit coupling for (c) µ = �5t, (d) µ = t and (e)
µ = 2t.

of parameters with (red lines) and without (black lines)
cubic spin-orbit coupling. One directly sees that the cu-
bic spin-orbit coupling only modifies the band structure
close to the top of the band. The Fermi surface at three
characteristic fillings are sketched on Figs. 2(c-e), with
(red lines) and without (black lines) cubic spin-orbit cou-
pling. At low band filling [Fig. 2(c)], where the disper-
sion is mostly quadratic, the Fermi surface is spherical
and the cubic spin-orbit coupling has almost no impact.
We therefore expect that the torque reduces to its most
conventional form, field-like and damping-like. Upon in-
creasing the band filling [Fig. 2(d,e)], the Fermi sur-
face starts displaying hexagonal warping and the cubic
spin-orbit coupling modifies the energy contours. In this
context, at high band filling the warping is strong with
Fermi pockets appearing away from �-point. Turning on
the cubic spin-orbit coupling modifies the Fermi surface,
resulting in a strong trigonal warping. It is clear that the
unconventional torques identified in the previous section
are expected to emerge in this regime.

The impact of Fermi surface warping on the spin-
orbit torque has been addressed theoretically in the con-
text of the topological insulator surfaces. Kurebayashi
and Nagaosa [57], Imai et al. [58] investigated the in-
fluence of warping on the spin-transfer torque and spin-
orbit torque, respectively, in magnetic domain walls and
skyrmions to the first order of the magnetization gra-

dient. The spin-orbit torque discussed presently is not
addressed in these works. Zhou et al. [59] investigated
the appearance of a damping-like torque that is nonlin-
ear in electric field and directly induced by the warping.
Li et al. [60] investigated the impact of the hexagonal
warping on the spin-orbit torque, linear in electric field,
and observed that the torque does not vanish when the
magnetization lies in the plane. This is consistent with
the analysis performed in the previous section, although
a direct connection with the general form provided in
Eqs. (1)-(2) remains di�cult.
Let us now compute the e↵ective spin-orbit field driven

by the current, h = (�/VMs) h�i, where Ms is the satu-
ration magnetization of the ferromagnet, V is the volume
of the unit cell and h...i denotes nonequilibrium quantum
statistical averaging. h�i is computed within the linear
response formalism considering the symmetrized decom-
position of Kubo-Bastin formula proposed in Ref. [61],
which takes the form

h�̂iiInt = �
e~
4⇡

Z
f(✏)d✏Re

⇥
Tr

�
v̂(GR�A)�̂i(@✏G

R+A)
 ⇤

,

(8)

h�̂iiExt
= �

e~
8⇡

Z
@✏f(✏)d✏Re

⇥
Tr

�
v̂(GR�A)�̂i(G

R�A)
 ⇤

.

(9)

Here v̂ = @kH is the velocity operator in the direction
of the applied electric field, f(✏) is the equilibrium Fermi
distribution function, GR(A) is the retarded (advanced)
Green function and GR±A = GR

± GA. Notice that
Eq. (8) gives the intrinsic contribution whereas Eq. (9)
gives the extrinsic one. Based on time-reversal symmetry,
the spin-orbit field components that are odd in magne-
tization are of intrinsic origin, such as the dampinglike
torque hDL, the ”3m” torque h3m and the chiral torque
h�, whereas the terms that are even in magnetization are
extrinsic, such as the field-like torque hFL and the planar
Hall torque hPH.
To assess the relative magnitude of the di↵erent torque

components and identify their physical origin, we com-
pute the angular dependence of the fields when the mag-
netization rotates in the (x, y) plane, while the electric
field is applied along x. Our results are reported in Fig. 3
for both intrinsic (a,b) and extrinsic (c,d) contributions
in the cases of low (left panels) and high(right panels)
band fillings. We analyze these results based on the an-
gular dependence of the spin-orbit fields given by Eqs.
(1)-(2), when there is linear and cubic spin-orbit cou-
pling. In this scenario, we deduce that

h =

0

@
h3m cos�� hPH sin 2�+ hDL�DL cos 3�

�h3m sin�+ hPH cos 2�� hFL(1 + �FL sin 3�)
hz
DL

cos�+ hz
PH

sin 2�

1

A

(10)

From Fig. 3(a) it is clear that for hx and hy a 3-fold de-
pendence related to �DL and �FL dominates at low band
filling, while for hz the term hz

DL
is predominant in this
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and
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Character table of C3v

Looking for the microscopic origin of the 3m torque 

Combine the invariants into new terms fulfilling A1+E (polar vector)
Current vector first order in E and second order in m

AMR+PHE In-plane Hall effect Chiral Hall effect
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Character table of C3v

Magnetic energy at the second order in m and up the third order in spatial gradient

Combine the invariants into new terms fulfilling A1 (scalar)
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Looking for the microscopic origin of the 3m torque 



Character table of C3v

Spin-orbit torques

Field-like torque

Damping-like torque

3m torque

Planar Hall torque

Chiral torque

Looking for the microscopic origin of the 3m torque 
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Combine the invariants into new terms fulfilling A2+E (axial vector)



TDL~ m x ((z x E) x m)m

E

[-1-12] [1-10]

[111]

mE

T3m~ - m x x

j=0

m

E

T3m~ 0!

j=30o

m

E

T3m~ m x x

j=60o

Negative polarity 

No switching
Positive polarity

Field-free switching with 3-fold symmetry

Liu et al. Nature Nanotechnology 16, 277 (2021)

Spin-orbitronics in C3v crystals

Diego Garcia, Armando Pezo, and Aurélien Manchon⇤

Aix-Marseille Univ, CNRS, CINaM, Marseille, France

I. INTRODUCTION

Spin-orbitronics refers to the study of spin transport
and magnetism in materials possessing sizable spin-orbit
coupling. It encompasses key physical mechanisms such
as anomalous spin and charge Hall transport, spin-orbit
torque, and Dzyaloshinskii-Moriya interaction in bulk
materials and heterostructures. An important range of
studies focus on the nature of these e↵ects at the inter-
face between magnetic materials and heavy metals. An
important question that is currently attracting increas-
ing attention is the nature of these e↵ects in low symme-
try materials. Indeed, although the microscopic physics
underlying AHE, SOT and DMI is still a matter of in-
vestigation, in polycrystalline materials where inversion
symmetry is broken at the interface, their general form
to the lowest order in magnetization is rather well cor-
roborated by experiments. Namely

j = �0E+ �Hm⇥E, (1)

⌧ = ⌧km⇥ [(z⇥E)⇥m], (2)

⌧ = ⌧?m⇥ (z⇥E) + ⌧km⇥ [(z⇥E)⇥m], (3)

EDM = Dm · [z⇥r)⇥m]. (4)

The first term is the anomalous Hall e↵ect, the second
term is the spin-orbit torque with two components re-
ferred to as the field-like and the damping-like torques,
and the last term is the Dzyaloshinskii-Moriya interac-
tion written in the long-range micromagnetic, continuous
field approximation. Higher order angular dependences
exist and, from a microscopic standpoint, are a signature
of strong interfacial spin-orbit coupling.

- It is well known that in bulk GaMnAs and MnNiSb,
the symmetry is not Rashba but rather Dresselhaus. In
addition, lowering symmetries modify the form of SOT
(WTe2, L11, FGT, other hexagonal 2D materials), as
well as that of DMI (FGT+arxiv and prbs). These new
forms of torques and DMI are expected to substantially
modify SOT switching, dynamics as well as magnonic

transport.
- SOT and DMI are in fact companion e↵ects at these

interfaces. A crucial point is that SOT switching requires
an in-plane field, so that several strategies have been es-
tablished to build intrinsic fields in order to achieve field-
free switching.
In this work, we investigate the transport properties in

a 2D gas with hexagonal symmetries in order to under-
stand the onset of deviations from the conventional sym-
metry. We choose to focus on two representative points
groups, C3v and C3h, which correspond to Janus mono-
layers, and FGT, respectively.

II. SYMMETRY ANALYSIS

- Figure of the 2 setups - Character tables C3v - de-
duced conductivity tensor - deduced torque - deduced
DMI

III. MICROSCOPIC ORIGIN OF

UNCONVENTIONAL SYMMETRIES

- model Hamiltonian

H0 = �2t(cosk · a+ cosk · b+ cosk · c), (5)

HR = 2tE(a sink · a+ b sink · b+ c sink · c)(� · z),(6)
HR3 = 2tR3(sink · a� sink · b+ sink · c)�z. (7)

H0 is the diagonal nearest-neighbor Hamiltonian with-
out spin-orbit coupling. HR is the Rashba Hamiltonian
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Spin-orbitronics in C3v crystals
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I. INTRODUCTION

Spin-orbitronics refers to the study of spin transport
and magnetism in materials possessing sizable spin-orbit
coupling. It encompasses key physical mechanisms such
as anomalous spin and charge Hall transport, spin-orbit
torque, and Dzyaloshinskii-Moriya interaction in bulk
materials and heterostructures. An important range of
studies focus on the nature of these e↵ects at the inter-
face between magnetic materials and heavy metals. An
important question that is currently attracting increas-
ing attention is the nature of these e↵ects in low symme-
try materials. Indeed, although the microscopic physics
underlying AHE, SOT and DMI is still a matter of in-
vestigation, in polycrystalline materials where inversion
symmetry is broken at the interface, their general form
to the lowest order in magnetization is rather well cor-
roborated by experiments. Namely

j = �0E+ �Hm⇥E, (1)

⌧ = ⌧km⇥ [(z⇥E)⇥m], (2)

⌧ = ⌧?m⇥ (z⇥E) + ⌧km⇥ [(z⇥E)⇥m], (3)

EDM = Dm · [z⇥r)⇥m]. (4)

The first term is the anomalous Hall e↵ect, the second
term is the spin-orbit torque with two components re-
ferred to as the field-like and the damping-like torques,
and the last term is the Dzyaloshinskii-Moriya interac-
tion written in the long-range micromagnetic, continuous
field approximation. Higher order angular dependences
exist and, from a microscopic standpoint, are a signature
of strong interfacial spin-orbit coupling.

- It is well known that in bulk GaMnAs and MnNiSb,
the symmetry is not Rashba but rather Dresselhaus. In
addition, lowering symmetries modify the form of SOT
(WTe2, L11, FGT, other hexagonal 2D materials), as
well as that of DMI (FGT+arxiv and prbs). These new
forms of torques and DMI are expected to substantially
modify SOT switching, dynamics as well as magnonic

transport.
- SOT and DMI are in fact companion e↵ects at these

interfaces. A crucial point is that SOT switching requires
an in-plane field, so that several strategies have been es-
tablished to build intrinsic fields in order to achieve field-
free switching.
In this work, we investigate the transport properties in

a 2D gas with hexagonal symmetries in order to under-
stand the onset of deviations from the conventional sym-
metry. We choose to focus on two representative points
groups, C3v and C3h, which correspond to Janus mono-
layers, and FGT, respectively.

II. SYMMETRY ANALYSIS

- Figure of the 2 setups - Character tables C3v - de-
duced conductivity tensor - deduced torque - deduced
DMI

III. MICROSCOPIC ORIGIN OF

UNCONVENTIONAL SYMMETRIES

- model Hamiltonian

H0 = �2t(cosk · a+ cosk · b+ cosk · c), (5)

HR = 2tE(a sink · a+ b sink · b+ c sink · c)(� · z),(6)
HR3 = 2tR3(sink · a� sink · b+ sink · c)�z. (7)

H0 is the diagonal nearest-neighbor Hamiltonian with-
out spin-orbit coupling. HR is the Rashba Hamiltonian
coming from inversion symmetry breaking normal to the
(a, b) plane and HR3 is the cubic correction that is as-
sociated with mirror symmetry normal to y axis.

Figure of Fermi surface with spin-momentum locking
band structure with / without r3

- low energy with / without r3 —— - high energy with
/ without r3
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FIG. 5. (Color online) Spin texture in momentum space close
to Fermi level a selected band of CuPt(111)/Co slab com-
puted from first principles. A strong hexagonal symmetry is
obtained suggesting the presence of a large cubic spin-orbit
coupling interaction.

plane. The angular dependence is well reproduced by
Eq. (10). The intrinsic spin-orbit torque is composed of
the damping-like torque (hz) and the ”3m” torque (hx,y),
with h3m/hz

DL
⇡ 0.5, indicating that the ”3m” torque is

about the same order of magnitude as the damping-like
torque. The extrinsic torque is one order of magnitude
larger and is composed of the field-like torque and the
planar Hall torque. The di↵erences between our numer-
ical predictions and our symmetry analysis in Eq. (10)
can be explained by the neglect of higher-order terms
in the character table expansion and the large values of
cubic spin-orbit coupling. Nevertheless, we can extract
hPH/hFL ⇡ 1, meaning that the planar Hall torque is
as large as the fieldlike torque and shall therefore impact
the magnetization switching and dynamics. We leave this
question to further studies. We emphasize that the rela-
tive magnitude of the intrinsic to extrinsic torques is not
meaningful since the extrinsic torque is inversely propor-
tional to the disorder broadening �, which is taken as
(small) free parameter in our model.

C. Discussion and conclusion

The presence of these unconventional torques is par-
ticularly interesting for applications as they not only
enable field-free switching but also impact the current-
driven auto-oscillations. Our minimal model suggests
that C3v crystals could host such torques. Nonethe-
less, we emphasize that this is not a su�cient condition.
As a matter of fact, in a previous study, we computed
the spin-orbit torque in vanadium-based Janus transition
metal dichalcogenides VSeTe and found no such torque,
in spite of the similar crystal symmetries [52]. We at-
tributed this absence to the fact that in this material,
the electronic transport here is mostly driven by states
at �-point and therefore the crystal symmetries are not

imprinted on the Bloch states. In contrast, in the L11
CuPt the Fermi surface shows a very strong warping, in-
dicating that the Bloch states have a strong symmetry
character and enabling the onset of the ”3m” torque as
well as other unconventional torques. Since the indica-
tor to the presence of this torque is the trigonal warping
of the Fermi surface, many other materials could display
such e↵ects: For example, Bi-based topological insula-
tors (Bi,Sb)2/(Se,Te)3 [62–64], and Bi4Te3 [65], but also
possibly in the recently grown LaAlO3/EuTiO3/SrTiO3

all-oxide heterostructure [66].

FIG. 6. (Color online) Angular dependence of the intrinsic
(top) and extrinsic (bottom) spin-orbit field components when
the magnetization is rotated in the (x, y) plane. The black,
blue and red curves represent the x, y and z components the
e↵ective fields, respectively

.

We conclude this work by emphasizing that other un-
conventional torques are yet to be found in low-symmetry
crystals that could lead to original current-driven dynam-
ics, as already reported in WTe2/Py [29, 31, 32] and
Fe3GeTe2 [49, 50]. In this context, one needs to keep
in mind that the general form of the spin-orbit field used
in this work is obtained via a low-order expansion of the
character table that is formally valid only when the spin-
orbit coupling is smaller than the exchange. In materials
where the spin-orbit coupling and the exchange are of the
same order of magnitude, much more complex torques are
expected.

Ovalle et al., PRB 107, 194422 (2023)
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Elusive Dzyaloshinskii-Moriya interaction in Fe3GeTe2 monolayer

Slimane Laref1,⇤ Kyoung-Whan Kim2, and Aurélien Manchon1,3†
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Using symmetry analysis and density functional theory calculations, we uncover the nature of
Dzyaloshinskii-Moriya interaction in Fe3GeTe2 monolayer. We show that while such an interac-
tion might result in small distortion of the magnetic texture on the short range, on the longrange
Dzyaloshinskii-Moriya interaction favors in-plane Néel spin-spirals along equivalent directions of the
crystal structure. Whereas our results show that the observed Néel skyrmions cannot be explained
by the Dzyaloshinskii-Moriya interaction at the monolayer level, they suggest that canted magnetic
texture shall arise at the boundary of Fe3GeTe2 nanoflakes or nanoribbons and, most interestingly,
that homochiral planar magnetic textures could be stabilized.

Introduction - Magnetism in low dimensions has re-
ceived renewed interest in the past few years with the
experimental observation of remnant magnetization in
two-dimensional van der Waals materials such as CrI31,
VTe23, CrTe24, and Fe3GeTe25. The emergence of ro-
bust magnetic order at room temperature is appealing for
spintronics applications, and among the ever-increasing
family of candidate materials Fe3GeTe2 stands out as
a solid paradigm5,7,8. As a matter of fact, this mate-
rial hosts interesting promises: spin-orbit torque9,10 and
anomalous Nernst e↵ect11,12 have been observed in bi-
layer heterostructures, and magnetoresistance has been
reported in spin-valves13,14.

Besides these experimental achievements, the recent
reports of magnetic skyrmions and other chiral textures
in thick Fe3GeTe2 layers15–17 are intriguing. As a matter
of fact, stable and metastable chiral magnetic textures
require the existence of an antisymmetric exchange in-
teraction, called Dzyaloshinskii-Moriya interaction18,19.
This interaction only exists in materials lacking inversion
symmetry and the specific structure of this interaction
determines the nature of the chiral magnetic structures it
can stabilize20. For instance, in magnetic multilayers the
interfacial symmetry breaking promotes the onset of an
interfacial Dzyaloshinskii-Moriya interaction of the form
EDM = Dm · [(z ⇥r) ⇥m] that favors Néel skyrmions
(e.g., see Ref. 21). Therefore, the observation of Néel-
type skyrmions in thick Fe3GeTe2 layer15–17 is unex-
pected as the point group of Fe3GeTe2 monolayer pre-
vents the onset of ”interfacial” Dzyaloshinskii-Moriya in-
teraction. However, the point group of Fe3GeTe2 mono-
layer does not entirely forbid the emergence of chiral ef-
fects. As pointed recently by Johansen et al.22, point
group symmetry analysis shows that Fe3GeTe2 mono-
layer exhibits a damping-like spin-orbit torque, while the
field-like torque is zero. Since Dzyaloshinskii-Moriya in-
teraction and damping-like torque are related to each
other23, one can expect a non-vanishing Dzyaloshinskii-
Moriya interaction but of completely di↵erent nature
compared to the interfacial one.

In this work, using symmetry analysis and density
functional theory (DFT) calculations, we investigate the

FIG. 1. (Color online) (a) Top and (b) side view of Fe3GeTe2
monolayer. (x, y, z) are the cartesian coordinates and (a,b)
are the equivalent crystallographic directions.

nature of Dzyaloshinskii-Moriya interaction in Fe3GeTe2
monolayer. We show that while such an interaction might
result in small distortion of the magnetic texture on the
short range, on the long-wavelength limit Dzyaloshinskii-
Moriya interaction favors in-plane Néel spin-spirals along
equivalent directions of the crystal structure. Whereas
these results show that the observed Néel skyrmions can-
not be explained by the Dzyaloshinskii-Moriya interac-
tion at the monolayer level, they suggest that canted
magnetic texture shall arise at the boundary of Fe3GeTe2
nanoflakes or nanoribbons and that homochiral planar
magnetic textures can be stabilized.

Long-wavelength behavior - Let us first consider the
crystal structure of Fe3GeTe2 monolayer, depicted on
Fig. 1. The crystal adopts the point group 6̄m1 and
can be seen as a stack of three Fe hexagonal lattices in
A-B-A configuration. In the following the central Fe ele-
ment is denoted Fe2 and the Fe elements on the top and

S. Laref et al., Physical Review B 102, 060402(R) (2020)

What about Dzyaloshinskii-Moriya interaction?

Analysis of the D3h character table

No Lifshitz invariant: no topological textures
Nothing interesting (?) at long range
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FIG. 4. (Color online) Contribution of the di↵erent elements
to the antisymmetric part of the spin spiral dispersion for (a)
Néel out-of-plane, (b) Bloch out-of-plane and (c) Néel in-plane
configurations. (d) Kohn-Sham orbitals at �-point showing
the strong Te 5pz-Fe2 3dz2 hybridization responsible for the
large perpendicular orbital moment on Fe2.

ral, the magnetic exchange parameter is A=47 meV/Fe.
The corresponding spin spiral dispersion along the path
� �M is represented on Fig. 3, with (red) and without
(black) spin-orbit coupling. One clearly sees that turn-
ing on spin-orbit coupling distorts the spin spiral disper-
sion in an antisymmetric manner. In contrast, neither
Néel nor Bloch out-of-plane spin spirals display any an-
tisymmetric contribution upon turning on the spin-orbit
coupling (not shown), indicating that the Dzyaloshinskii-
Moriya vector does not possess in-plane components.

In order to given a complete picture of the microscopic
origin of the perpendicular Dzyaloshinskii-Moriya inter-
action, we analyzed the contribution of the various el-
ements (Fe1,3, Fe2, Te and Ge) on the antisymmetric
spin spiral dispersion for the three configurations. The
results are displayed on Fig. 4. In the case of Néel out-
of-plane spin spiral [Fig. 4(a)], the main contributions
come from top and bottom Fe1,3 as well as from the top
and bottom Te elements. Interestingly, these contribu-
tions are sizable in magnitude but cancel each other by
symmetry. In the case of Bloch out-of-plane spin spiral
[Fig. 4(b)], we obtain the same cancellation by sym-
metry but the magnitude of the individual contributions
remain extremely small (a few µeV/Fe). Such a small
magnitude is below the accuracy of our calculations and
is therefore insignificant. Finally, for the Néel in-plane
spin spiral [Fig. 4(b)], the antisymmetric dispersion is
dominated by the hybridization between the 5pz orbitals
of Te and the 3dz2 orbitals of the central Fe2 element [see
Fig. 4(b)]. This hybridization induces a large orbital mo-
mentum on Fe2 (0.19µB), as displayed in Table I, that
is responsible for the observed Dzyaloshinskii-Moriya in-

teraction. In contrast, the Fe1,3 elements have a much
smaller contribution. In fact, although they also expe-
rience a perpendicular Dzyaloshinskii-Moriya vector [see
Fig. 2(b)], they chemical environment does not promote
a large orbital moment (0.083µB) and therefore yields a
small Dzyaloshinskii-Moriya interaction.
We complete this analysis by discussing the potential

influence of the perpendicular Dzyaloshinskii-Moriya in-
teraction of the stabilization of magnetic textures. It is
clear that the large perpendicular magnetic anisotropy
of Fe3GeTe2 (K=1.3 meV/Fe) hinders the stabilization
of Néel in-plane spin spirals. Nevertheless, for the sake
of the discussion let us disregard the role of the mag-
netic anisotropy and only focus on the influence of the
Dzyaloshinskii-Moriya interaction itself. What is partic-
ularly remarkable is that the antisymmetric dispersion
is quite di↵erent from the dispersion obtained at, e.g.,
transition metal interfaces32,36,37. In the latter, the an-
tisymmetric contribution of the dispersion has a large
slope around q = 0, from which the long-wavelength
Dzyaloshinskii-Moriya coe�cient is usually extracted. In
Fig. 3, the slope close to q = 0 vanishes and the antisym-
metric dispersion only takes o↵ aways from the origin.
This feature means that the Dzyaloshinskii-Moriya in-
teraction has no impact in the long wavelength limit and
is unlikely to stabilize large (>10 nm) chiral textures.
Nonetheless, it does tend to stabilize short-wavelength
spin spirals. Indeed, the dispersion is peaked around
q ⇡ 2⇡p

3a
. Considering that this dispersion is computed

along the � � M path, it means that Dzyaloshinskii-
Moriya interaction tends to stabilize planar homochiral
spin spirals propagating along a low symmetry direction
of the Fe3GeTe2 crystal. Figure 5 shows such a planar
spin spiral extended along the (100) direction of the crys-
tal (dashed lines). The (100) direction is indeed charac-
terized by broken mirror symmetry and therefore favors
perpendicular Dzyaloshinskii-Moriya interaction, consis-
tently with the analysis provided above.

FIG. 5. (Color online) Example of a planar homochiral spin
spiral propagating along the low symmetry (100) direction.
This six-fold degenerate direction, identified by the dashed
line, is characterized by mirror symmetry breaking, enabling
perpendicular Dzyaloshinskii-Moriya interaction.

Conclusion - Using both symmetry arguments and
first principle calculations, we have shown that the
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