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Low crystal symmetry of magnetic van der Waals materials naturally promotes spin-orbital complexity
unachievable in common magnetic materials used for spin-orbit torque switching. Here, using first-principles
methods, we demonstrate that an interplay of spin and orbital degrees of freedom has a profound impact on
spin-orbit torques in the prototypical van der Waals ferromagnet Fe;GeTe,. While we show that bulk Fe;GeTe,
hosts strong “hidden” current-induced torques harvested by each of its layers, we uncover that their origin
alternates between the conventional spin flux torque and the so-called orbital torque as the magnetization
direction is varied. A drastic difference in the behavior of the two types of torques results in a nontrivial evolution
of switching properties with doping. Our findings promote the design of nonequilibrium orbital properties as the
guiding mechanism for crafting the properties of spin-orbit torques in layered van der Waals materials.
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The discovery of two-dimensional (2D) van der Waals
(vdW) ferromagnets Cr,Ge,Teg [1] and Crls [2] has been
long awaited since the works on how spatial dimensionality
affects criticality [3,4]. Now, the potential applications of
these discoveries seem vast within the field of spintronics
[5]. A 2D layered material could enable the more efficient
design of novel spintronic devices than their metallic bilayer
counterparts with similar symmetries [6]. The recent discov-
ery of Fe;GeTe, (FGT) [7] stands as a significant milestone
since its Curie temperature could be raised to room tem-
perature with ionic liquid gating [8]. FGT has since been
researched extensively, showing exciting characteristics such
as nodal line semimetallicity [9], skyrmionic spin textures
[10,11], and controllable spin currents [12]. In particular,
experiments have demonstrated magnetization switching in
Pt/FGT heterostructures via current-induced spin-orbit torque
(SOT) [13,14].

We note that the magnetization switching demonstrated in
Refs. [13,14] utilized the spin-Hall effect in Pt, where the
physical principle is analogous to conventional SOT devices
with transition-metal bilayers. A unique role played by the
low crystal symmetry of FGT was pointed out by Johansen
et al. [15], which allows for the generation of a current-
induced torque without the need for a heavy metal interface.
Experiments have now established the existence of such an
unconventional torque [16,17]. However, these experiments
were performed on bulklike thick samples 220 nm of FGT.
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A key aspect of bulk FGT is the global inversion symmetry
that prevents a net torque response. However, two vdW layers
in the unit cell of bulk FGT, referred to as A and B layers,
are inversion partners with respect to each other (see Fig. 1).
Consequently, despite total torque vanishing, individual layers
host local “staggered” torques. We note that a similar situation
is encountered in other centrosymmetric systems, for which
the concept of the “hidden” Rashba effect has been developed
[18-20].

Although the symmetry dictates that current-induced
torque in bulk FGT is similar to multiple copies of the re-
sult for monolayer FGT [16], the microscopic mechanism
in bulk FGT is expected to be different from that of the
monolayer. For instance, while current-induced torque in
monolayer FGT will consist of both spin and orbital accu-
mulations, in bulk FGT, spin and orbital currents exchanged
between layers are also expected to contribute. In particu-
lar, recent theories predict that the orbital current can be
generated much more efficiently than the spin current, e.g.,
via the orbital Hall effect, not only in transition metals
[21-26] but also in 2D materials [27-29,29-31]. Moreover,
the orbital current can exert torque on magnetic moments
by transferring orbital angular momentum [32,33]. Known
as the orbital torque, it provides a promising alternative
route to control the magnetization through the orbital de-
gree of freedom, and is considered a fresh perspective [34].
So far, the orbital torque has been experimentally observed
mostly in transition-metal-based magnetic heterostructures
[35—43]. However, owing to a highly anisotropic crystal field
potential, strong spin-orbit coupling (SOC), and orbital com-
plexity of the electronic structure, bulk FGT is expected
to exhibit rich entangled dynamics between spin and or-
bital degrees of freedom. This motivates our search for the
role of orbital excitations and its interaction with magnetic
moments in bulk FGT, which will enhance the currently
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FIG. 1. A schematic illustration for current-induced torques in
Fe;GeTe, (FGT) with (a) an out-of-plane and (b) in-plane magneti-
zation. In both instances the current direction is along the x axis. The
crystal structure of Fe;GeTe,, consisting of two individual layers, A
and B, is displayed on the left. The direction of the magnetization at
angle 6 with the z axis is marked with M and Mj for each layer. The
current-induced torques on each layer are opposite, so that the overall
torque is vanishing. While for out-of-plane FGT, the magnetic torque
is mainly driven by the flow of the spin angular momentum between
layers [marked with arrows in (a)], the magnetic torque is dominated
by prominent orbital accumulation for in-plane FGT [marked with
arrows in (b)].

underdeveloped understanding of orbital physics in vdW
materials.

In this Letter, by employing first-principles methods, we
unveil the interplay of the spin and orbital angular momentum
in bulk FGT, which is “hidden” by the global inversion sym-
metry. When the magnetization is pointing out of the vdW
plane, we find spin flux exchanged between vdW layers is
the major contribution to the torque on the magnetization
[Fig. 1(a)]. In contrast, as the magnetization direction gets
closer to the vdW plane, current-induced orbital accumulation
becomes strongly pronounced, which leads to a large orbital
torque response [Fig. 1(b)]. This is an example of an intrin-
sic crossover between spin and orbital torques, making bulk
FGT an ideal candidate for studying nonequilibrium orbital
excitations.

To describe the current-induced exchange of spin and or-
bital angular momentum between A and B layers, which
results in torques on the magnetization, we adopt the spin
continuity equation [33]

dSa

i DPp+Tsoa—Twma, (D

where the subscript stands for the vdW layer A. Here, @, is
the spin flux from layer B into layer A, Tsoa ~ La X Sa
describes mutual precession between the spin (Sa) and orbital
(La) angular momenta at layer A via SOC, and Ty a ~
M, x Sa is the torque that the spin Sa exerts on A-layer
magnetization M, through the exchange interaction. We re-

mark that the spin flux and local torques on layers A and
B have the same magnitude but are opposite in sign by in-
version symmetry. Thus, we analyze the dynamics of the A
layer only and remove the subscript A in the following. In a
steady state, when dS, /dt = 0, current-induced torque on the
magnetization is given by two contributions: the spin flux @,
and the angular momentum transfer from orbital to spin T so.
The latter originates from the orbital accumulation, hence we
denote these as spin and orbital contributions to the magnetic
torque, respectively. The magnetic torque in 2D systems is
often described by nonequilibrium spin accumulation, but we
emphasize that its origin is the nonequilibrium orbital angular
momentum generation.

We assess the two contributions to the torque using a first-
principles description of the system’s electronic structure, and
Kubo formalism for electric field response E, providing the
details of our calculations in the Supplemental Material [44].
We use the code FLEUR [45], which implements the full-
potential linearized augmented plane-wave method [46], in
combination with Wannier interpolation [47,48] to efficiently
compute the antidamping part of the torkance tensor 7' defined
as 7 = T E. When represented in spherical coordinates we
are interested only in the polar & component of the torkance
tensor, where 6 is the angle that the magnetization makes with
the z axis (see Fig. 1). Correspondingly, we assume simplified
notations of Tl\?[, ®?, and T59O for the & component of the
torkance tensor, and its spin flux and orbital parts. When
studying the angular dependence of the torque, we consider
only the case when the magnetization is tilted away from the z
axis into the x axis while being kept in the xz plane. We apply
the external electric field along x.

We first compute the magnitude of the total torkance and
its decomposition in a single A layer of FGT as a function
of angle 6, shown in Fig. 2(a). As predicted by symmetry
[15], single-layer FGT hosts a nonvanishing SOT for 6 # 0.
Interestingly, we find a sign change at 0 ~ 60° with the largest
torkance when M is in plane [Fig. 2(a)]. Markedly, the single-
layer SOT is entirely orbital in origin as we find a complete
lack of flux torkance for all magnetization angles. For the A
layer in the bulk [Fig. 2(b)], the angular dependence has a
similar functional form to single-layer FGT, with an overall
suppression in magnitude. What stands in stark contrast to
single-layer FGT is that the spin contribution @ constitutes
a major component to the torque. This suggests that the bulk
spin contribution may originate from the adjacent single-layer
orbital contribution. However, as 6 gets closer to 90°, the
spin contribution @7 is strongly suppressed and the orbital
contribution 7, becomes dominant. This results in a peculiar
angular dependence of the magnetic torque, which is signifi-
cantly different from the prediction based on the leading-order
symmetry expansion [15,49]. We also remark that bulk FGT
is an example of a material exhibiting orbital-spin crossover
of the magnetic torque as a function of magnetization angle.
This can be attributed to the 2D nature of the crystal structure,
which results in a highly anisotropic electronic structure.

In order to understand the origins of spin and orbital con-
tributions to the magnetic torque, we calculate nonequilibrium
spin and orbital accumulation induced by an external electric
field, shown in Fig. 2(c) for the y component which is relevant
for Tl\?[. For small values of 6, both S, and L, are proportional
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FIG. 2. Angular dependence of current-induced torque and the
spin and orbital contributions in FGT. (a) The 6 component of the
antidamping current-induced torque on the magnetization (7, black
triangles), the spin contribution (P, red dashed square), and the
orbital contribution (7, blue dashed circle) for single-layer FGT as
a function of 6. (b) Same as in (a) for the torkance projected onto the
A layer in bulk FGT. (c) The y component of the current-induced
orbital (L,, blue dashed circle) and spin (S, red dashed square)
moment summed over Fe atoms in the A layer of bulk FGT as a
function of the angle 6.

to M,, which is consistent with a symmetry analysis in the
lowest order of M [15]. However, as 0 increases, higher-
order contributions become more pronounced. Interestingly,
S, and L, exhibit a qualitatively different angular dependence:
S, changes sign when 6 is between 30° and 45°, while L,
monotonically increases as 6 increases. Moreover, L, is an

order of magnitude larger than Sy over a wide range of 6. This
strongly supports the idea that orbital accumulation signifi-
cantly contributes to the magnetic torque, especially for large
values of 6. To understand why for smaller angles the orbital
accumulation does not translate into a large orbital torque,
we proceed to investigate the state-resolved properties to shed
light on the microscopics of the crossover behavior.

We analyze band-resolved contributions to 7y; for 6 = 30°
[Fig. 3(a)] and 90° [Fig. 3(b)]. These two angles are chosen
such that they exhibit the strongest ®° and Tg,, respectively.
As expected, the distributions of Tl\‘fl for & = 30° and 6 = 90°
are qualitatively different. In particular, we find that the torque
is spread over wider regions of phase space for & = 30°, while
for & = 90° the torque originates from isolated contributions,
especially for energies above the Fermi level. To characterize
the role of orbital accumulation we plot the state-resolved
Ly at 0 = 30° [Fig. 3(c)] and 6 = 90° [Fig. 3(d)]. By com-
paring Figs. 3(a) and 3(c), we immediately notice that the
isolated hotspotlike regions for 7% and L, at 6 = 30° are
either not in the same position or have a different sign, which
is especially visible around the Fermi energy. This is expected
from Fig. 2(b) because the magnetic torque is dominated by
the spin flux at & = 30°. On the other hand, at & = 90° the
correlation between Ty and L, is much more pronounced
[compare Figs. 3(b) and 3(d)].

To understand the suppression of orbital torque despite the
prominent current-induced orbital magnetization of states at
small angles, we compare the k-resolved contribution for L,
summed over all occupied states at & = 30° [Fig. 3(g)] and
0 =90° [Fig. 3(h)]. While the summation over k leads to
an overall orbital moment at 0 = 30°, the orbital moment at
6 = 90° is evidently greater, fitting with Fig. 2(c). Further-
more, there is asymmetry present at & = 30° that is not at
6 = 90°, implying a crossover of orbital characters that could
drive the orbital torque. The corresponding asymmetry of the
orbital distribution for & = 30° can be also directly seen in
the band structure plot for energies above the Fermi level
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FIG. 3. Properties of the current-induced torque and orbital angular momentum of the A layer of Fe;GeTe, for the magnetization angle of
6 = 30° [(a), (c), (e), (g)] and & = 90° [(b), (d), (), (h)]. In (a) and (b) the plotted band structure is superimposed with the colored circles whose
color and size represent the expectation value of the total torkance Tl\?[ﬂk. Similarly, in (c) and (d) it is the y component of the current-induced
orbital angular momentum L, which is represented with the circles. Additionally, the k-space distribution of L, for the two angles is shown
in (g) and (h). (e) and (f) display the total integrated (7', solid line), flux (7, red dashed line), and orbital (TS"O, blue dashed line) torkance as a
function of band filling for(e) & = 30° and (f) 8 = 90°, where E = O represents the true Fermi energy of FGT. The prominent current-induced
orbital angular momentum and orbital torque for the in-plane magnetization is evident.
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[Fig. 3(c)]. Conversely, the corresponding current induced
spin distribution, presented in Supplemental Material [44],
displays the opposite behavior. These findings help us un-
derstand the intricate energy-dependent interplay between the
spin and orbital components to the magnetic torque as a func-
tion of the tilting angle.

In previous works, the effect of strong correlations us-
ing dynamical mean-field theory have been investigated [9].
Within the energy range chosen in our investigation, the only
key difference between both methods is the position of the
Fermi level. Hence, we show the Fermi energy dependence
of Ty, @Y, and T, at & =30° and 90° in Figs. 3(e) and
3(f), respectively. At 6 = 30°, & is the main contribution
to TI& although TSHO is also nonvanishing [Fig. 3(e)]. On the
other hand, at 6 = 90°, TI\?I is mainly governed by ngo and
@Y is suppressed over a wide energy range [Fig. 3(f)]. In
Figs. 3(a)-3(d), we notice that the hotspots are mainly con-
centrated around the nodal lines near I" at +0.2 eV [9]. This
implies that the torkance can be efficiently tuned with band
filling. Indeed, we find a substantial increase of TI\?I as the
Fermi energy is raised by ~0.2 eV at both 8 = 30° and 90°.
Interestingly, at 8 = 30°, Tl\‘f[ changes sign from negative to
positive as the Fermi energy is increased by ~0.2 eV. On the
other hand, at & = 90°, the sign of Tl\?[ remains positive. This
suggests a possibility of tuning the sign and magnitude of the
torkance by doping. Such complex anisotropic torkances can
be harnessed to drive the nontrivial excitations of spin tex-
tures that FGT hosts [50]. According to our estimate, raising
the energy by 0.2 eV requires ~1.5 additional electrons per
layer. This may be achieved, e.g., by substitutional doping of
Fe by Co.

Let us comment lastly on the relevance of our predic-
tions for the spin-orbit torque measurements on realistic FGT
samples. While the single-layer SOT in bulk samples can
be promoted if global symmetry is broken, e.g., by surfaces
and interfaces [16,17], inversion symmetry present in ideal
bulk FGT ultimately suppresses the overall torque on the
magnetization. However, the reality is that there are a vari-
ety of “intrinsic” mechanisms which can drive the inversion
symmetry breaking in this bulk system [17,51,52]. One of
these effects is that of magnetostriction [51]. Here, due to the
coupling of the lattice to the magnetic moment, the rotation of
the moment can initiate a crystal structure change, breaking
the inversion symmetry of the perfect crystal. Similarly, the
effects of the electric field on the system could give rise to
high-frequency magnon modes capable of canting the spins
and driving a torque even in the pristine limit. It is also plau-
sible to assume that due to the 2D vdW nature of the material
it is possible for the layers to slip over one another. In some
instances, if multiple pairs of layers have displaced in different

ways, the inversion symmetry could be broken in this fashion.
Moreover, recent experimental work reports a discrepancy in
the occupancy of the central Fe atom in the A layer versus
the B layer [52]. This implies that the unit cell is no longer
inversion symmetric providing an avenue for bulk torque gen-
eration. Our results can be in principle readily applied to
this situation: Due to the interlayer occupancy difference be-
ing small, from the theoretical perspective the corresponding
torque should be simply given by the difference in the torques
of layers A and B from Figs. 3(e) and 3(f) for corresponding
occupancies, and the corresponding effective spin-orbit field
can be found in a similar fashion [15].

Finally, the determination of the components of the spin
and orbital torque remains a significant challenge. For ex-
ample, standard techniques for measuring the current-induced
torques only measure the total torkance, but this can be over-
come by attempting to find an “even”-“odd” effect such as in
MoS; [30] by consecutively removing vdW layers. To probe
the orbital accumulation, a key signature of orbital-driven
torkances, one can use optical probes such as magneto-optical
Kerr effect [53] or x-ray magnetic circular dichroism [54].

To summarize, in our Letter, we uncovered that in magnetic
vdW materials the microscopics of spin-orbit torques can be
extremely rich owing to the pronounced 2D nature of con-
stituting layers and their orbital complexity. As we show for
FGT, this ultimately results in profoundly anisotropic torque
properties, which may be mediated by an exotic orbital-
spin crossover. Given the fundamentally different properties
of spin and orbital angular momentum out of equilibrium,
this suggests exciting possibilities in exploring spin-orbital
dynamics of 2D magnets and corresponding transport man-
ifestations. We further argue that the detailed knowledge of
“hidden” spin-orbit torques in bulk vdW materials can provide
a key to designing their current response via educated sym-
metry breaking, which may prove pivotal for the integration
of 2D magnets into the spintronic device setting.
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