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Controllable spin current in van der Waals ferromagnet Fe;GeTe,
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The control of spin current is pivotal for spintronic applications, especially for spin-orbit torque devices. The
spin Hall effect is a prevalent method to generate spin current. However, it is difficult to manipulate its spin
polarization in a nonmagnet. Recently, the discovery of spin current in ferromagnets offers an opportunity to
realize the manipulation. In the present Letter, the spin current in the van der Waals ferromagnet Fe;GeTe,
(FGT) with varying magnetization is theoretically investigated. It has been observed that the spin current in FGT
presents a nonlinear behavior with respect to magnetization. In-plane and out-of-plane spin polarizations emerge
simultaneously, and the bilayer FGT can even exhibit arbitrary polarization owing to the reduced symmetry.
More intriguingly, the correlation between the anomalous Hall effect and spin anomalous Hall effect has been
interpreted from the aspect of Berry curvature and spin. This work illustrates that the interplay of magnetism
and symmetry can effectively control the magnitude and polarization of the spin current, providing a practical

method to realize exotic spin-orbit torques.
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Introduction. Spin-orbit-coupling (SOC) effects are the
frontier of spintronics and attract widespread interest. Ver-
satile SOC effects stimulate fascinating phenomena, and
improve the performances of magnetic random access mem-
ory (MRAM) [1,2]. For instance, perpendicular magnetic
anisotropy (PMA) greatly increases the storage density of
MRAM [3], and spin-orbit torque (SOT) can realize ultrafast
switching as well as low-power writing operation [4]. The last
decade has witnessed the endeavor of researchers to realize
SOT switching [5]. A conventional SOT device consists of a
ferromagnet/heavy metal bilayer structure, and the spin cur-
rent in the heavy metal is employed to induce SOT and switch
the magnetization of the ferromagnet [6,7]. Spin current can
be generated by the spin Hall effect (SHE) [8]. However, due
to the constraint on SHE imposed by crystal symmetry, the
torque of perpendicular-flowing spin current is forced to be in
plane [6]. Thus, the switching of perpendicular magnetization
requires an external magnetic field, which hinders the device
minimization. To solve this difficulty, various methods have
been proposed, such as the assistance of spin-transfer torque
[9], an asymmetric structural design [10], as well as using
low-symmetry crystals as the torque sources [11-13]. More
intriguingly, recent efforts have been expanded to explore
the spin current in ferromagnets [14—17]. Superior to heavy
metals, the magnetization in ferromagnets can break the con-
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straint of symmetry, thus enabling diverse polarizations of
spin current.

The spin current in ferromagnets can be attributed to the
anomalous Hall effect (AHE) [18]. When the anomalous Hall
current, i.e., spin-polarized current, occurs in a ferromagnet, it
is naturally accompanied by a spin current. This phenomenon
is called the spin anomalous Hall effect (SAHE), where the
spin polarization is collinear with magnetization [15]. Several
experimental and theoretical works have reported the spin
current in ferromagnets. Generally, experimental works claim
that the spin currents in ferromagnets completely originate
from SAHE [15,19,20]. However, contradictory results ap-
peared regarding whether the spin current is dependent on the
magnetization of the ferromagnet [15-17,19-22]. Meanwhile,
theoretical works also present different interpretations. It has
been stated that the spin component transverse to the mag-
netization rapidly precesses and dephases in a ferromagnet,
suggesting that the spin current only has spin along the mag-
netization, and its origin is SAHE exclusively [14]. However,
recent first-principles simulations demonstrate that the spin
current in 3d ferromagnets is composed of two contributions,
SAHE and SHE. The former is dependent on the magnetiza-
tion while the latter is not. Moreover, the spin current with a
spin component transverse to the magnetization is protected
from dephasing [23,24]. Recently, a magnetization-dependent
SHE was also reported in 3d ferromagnets [25]. In fact, the
debate is focusing on the different definitions of SAHE and
SHE. Indeed, although previous theoretical works have al-
ready provided intuitive understandings of the spin current
in ferromagnets, explicit interpretations of SAHE based on
the linear response theory are still missing. Besides, even
if current studies are limited to conventional 3d ferromag-
nets, the development of van der Waals (vdW) materials
provides two-dimensional (2D) ferromagnets [26,27] as ideal
platforms to investigate the spin current. The representative
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FIG. 1. (a) Atomic model of monolayer FGT with a mirror sym-
metry (the red dashed line). (b) Atomic model of bilayer FGT with
an inversion center (the red point). (c) Top view of bilayer FGT
including mirror symmetries. Fe, Ge, and Te are represented by
blue, green, and orange balls, respectively. (d) Illustration of the
magnetization evolution in different planes.

material is metallic Fe;GeTe, (FGT), which can exhibit gate-
tunable room-temperature ferromagnetism [28,29]. Different
from other cubic ferromagnets, FGT is a uniaxial crystal with
low symmetry. More interestingly, changing the thickness can
modify the structural phase of few-layer FGT, giving a broad
space to investigate diverse spin current tensors.

In this Letter, the spin current in Fe;GeTe, ferromagnets
has been systematically investigated using ab initio calcula-
tions. Monolayer and bilayer FGT can exhibit nonlinear spin
current with respect to magnetization, making its magnitude
controllable. More intriguingly, both the magnetization and
the low-symmetry structure of FGT can break the constraint
on spin current tensors, enabling the simultaneous occurrence
of in-plane and out-of-plane spin polarizations. Using the
Kubo formula, the origin of the spin current is classified
according to the spin, and the correlation between AHE and
SAHE is clarified. This Letter demonstrates that the interplay
of magnetism and symmetry can create an unconventional
spin current, and interprets the origin of spin current in a
ferromagnet.

Models and methods. The linear response tensor of an elec-
tric field is restricted by the symmetry of the crystal [30-33].
Consequently, crystals in different phases would exhibit vari-
ous Hall currents [34]. FGT is a uniaxial crystal in a hexagonal
structure. Even if both exhibit three mirrors orthogonal to the
xy plane as shown in Fig. 1(c), the monolayer FGT crystallizes
in the P6m2 phase with a mirror M normal to the z direction
[see Fig. 1(a)], while the bilayer FGT is in the P3m] phase
with the spatial inversion P [see Fig. 1(b)]. The structural
discrepancy creates an opportunity to explore various Hall
currents in these two types of FGT. The intrinsic anomalous
Hall conductivity (AHC) and spin Hall conductivity (SHC)
have been investigated using ab initio calculations, as imple-
mented in QUANTUM ESPRESSO [35] and WANNIER9O [36] (see
details in the Supplemental Material [37]).

Definitions of Hall conductivities. The present work fo-
cuses on the response current along x axis when the electric

field is applied along y axis. The spin polarization y is pro-
jected onto the x, y, or z axis.

In the 2D system, the anomalous Hall conductivity can be
evaluated by the Kubo formula as [38,39]

__eZ/ deQk 1
OAH = % BZW (k). (D

where BZ denotes the first Brillouin zone, 2(k) is the Berry
curvature (BC), as
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where f, is the Fermi-Dirac distribution function, €; (i =
m, n) is the eigenvalue, and 9, (¢ = x, y) denotes the velocity
operator.

In analogy with that of a nonmagnet [40,41], the spin Hall
conductivity of the 2D ferromagnet is given as
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where 2, (k) is the spin Berry curvature (SBC), as
Q) =" fu Q. (), )
n
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where 6, is the spin operator, and 1{6,, d;} = 2(6,0: +

0,6, ).

Syince both AHC and SHC occur in a ferromagnet, the cor-
relation between them is worth investigating. First, we define
a spin matrix S whose dimension is the number of eigenstates,
and the element at the mth row and nth column is (mk|&,, |nk).
It can be seen that the nth diagonal element of S is the spin of
the nth eigenstate, called the intraband spin. Then, through
inserting a projection operator Y, |tk)(tk| = 1 into Eq. (6)
and considering t = n, m, respectively, the diagonal elements
of S, i.e., (nk|6, |nk) and (mk|&, |mk), can be extracted. Since
both (nk|6, |nk) and (mk|6, |mk) are real, this diagonal part
can be denoted by €, , (k) as

Q. (k) = i Z[(nk|6y|nk) + (mk|6, |mk)]
m##n
— Im[(nk|0,|mk){(mk|dy|nk)]
X .
(enk - 6mk)2
As a result of the intraband spin, Eq. (7) is called the band-
resolved intraband spin Berry curvature (intra-SBC). With

this quantity and its summation over the occupied bands, the
intraband spin Hall conductivity (intra-SHC) is defined as

(N
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The correlation between AHC and intra-SHC is discussed
as follows. It has been reported that AHC is dominated by
Q(k) spikes at limited k points, where the spin-orbit-split
bands cross the Fermi energy Er [38,39]. These spikes are
caused by the small energy gaps between the nth and the
mth bands (one occupied and one unoccupied), which lead to
small energy denominators [(€,x — €ne)?]. Similar to AHC,
the dominant contribution to intra-SHC also comes from
spikes in BZ. Moreover, at these k points, bands have anal-
ogous spin [37], indicating that around these €2, (k) spikes,
(nk|6, |nk) ~ (mk|6, |mk), making Eq. (7) approximated as

—2 Im[(nk|0y|mk) (mk|dy|nk)]

(enk — €mk )2

Q. (k) ~ (nk|6, k)R>
m#n

= (nk|6, |nk) S, (k). (10)

Equation (10) illustrates that the spin of eigenstate is the
bridge to connect BC and intra-SBC. On the other hand, only
considering the direction, th = ﬁ is used to denote the unit
vector of magnetization. This unit vector is projected onto

three axes as i = [m,, my, m.], and

d*k A
S /I;z 2m)? ;fnk(l’lklaymk), (11)

Considering Eqgs. (3), (10), and (11), AHC and intra-SHC can
be related by the following formula,

oS A noaui, (12)

where o§i{* = [og, o™, odii], and the coefficient 1 de-
notes the conversion efficiency from AHC to intra-SHC. Note
that trisnﬁr"‘, n, and oay are not constants but varying with
respect to m. For brevity, m is omitted in the notations of
these quantities. The approximation is due to (nk|&, |nk) not
being a good quantum number, and it will be shown that this
approximation is negligible in the case of Eq. (12). More
significantly, oitf® can be regarded as the intrinsic SAHE,
since it denotes the spin current converted from AHE, and
its spin orientation is along the magnetization. In a nutshell,
the explicit interpretations of SAHE are presented using the
Kubo formula [Eqgs. (7)-(9)], making AHE and SAHE cor-
related through the magnetization within the approximation
(nk|6, |nk) ~ (mk|6, |mk).

In the above section, the diagonal elements of the spin
matrix have been considered in order to define intra-SHC.
Meanwhile, the off-diagonal part also contributes to the
spin current. Through inserting >, |tk)(tk| = 1 into Eq. (6)
and considering ¢ # n, m, respectively, the off-diagonal part,
called interband spin Berry curvature (inter-SBC), is defined
as
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FIG. 2. AHC and SHC of (a) monolayer and (b) bilayer FGT
with magnetization rotating inside xy, xz, and yz planes. oay of
Xy magnetization is magnified ten times in (b). Markers denote the
ab initio data, while lines depict the fitting curves. SHC has been
multiplied by a factor of —2e/#, thus the units of both ooy and ogy ,,
are e?/h.

With this quantity and its summation, the interband spin
Hall conductivity (inter-SHC) is defined as

Q)’(k) = ankfzn,y(k), (14)
inter __ 62 de ~
OSHy = T /1;2 mﬁy(k). (15)

For the sake of intelligibility, all of the terminologies and
notations used above are summarized in the Supplemental
Material [37].

AHC and SHC. The ab initio calculations have been per-
formed to obtain AHC and SHC with rotating magnetization
as depicted in Fig. 1(d), and the results at Er are summarized
in Fig. 2. Although it is conventional to set m along the z
axis to maximize AHC, indeed, AHC is dependent on rm
[42]. Breaking the time-reversal symmetry (7) [43], AHC
shall be expressed by the odd-order terms with respect to
magnetization. On the contrary, SHC is invariant under 7~
[43] and described by even-order terms. The fitting curves of
the ab initio data are obtained using SCIPY package [44], and
the complete expressions can be found in the Supplemental
Material [37].

Figure 2(a) presents the AHC and SHC of monolayer
FGT. It can be observed that oag = 0 when the magne-
tization is in the xy plane. In contrast, both the xz- and
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yz-magnetization cases allow the occurrence of AHC. When
1h is along —z, the magnitude of AHC reaches the maximum,
0.134 €2 /1, larger than other vdW ferromagnets [45]. Accord-
ing to the directions of spin polarization, osy is decomposed
into osH.x, OsH,y, OsH,;. Compared with the nonmagnetic tran-
sition metal dichalcogenides [46], the monolayer FGT can
exhibit much larger SHC. In addition, the SHC in FGT is
nonlinear and periodic with respect to m, indicating the mag-
nitude of spin current can be controlled by magnetization.
More intriguingly, various spin current emerges in FGT, mak-
ing this system more practical for applications. For instance,
when the magnetization is in the xz plane, osy, and osy ;
appear simultaneously, making the spin current induce both
in-plane and out-of-plane torques.

Different from the monolayer, the bilayer FGT, with P
symmetry, can exhibit nonzero oy with a period of 27 /3
in the case of xy magnetization [see Fig. 2(b)]. This can
be explained by Neumann’s principle, which states that the
symmetries of physical property must include all the sym-
metries of crystal [30,31,47]. Since the magnetization is a
pseudovector, when 1 is orthogonal to any mirror shown
in Fig. 1(c), M would be preserved, thus prohibiting the
occurrence of AHC. Consequently, ooy = 0 occurs periodi-
cally. When 1 points to other orientations, mirrors would be
broken and not restrict AHC. In addition, compared with the
monolayer, a larger AHC of 0.248 ¢/ is found in the bilayer
FGT. It is worth noting that more diverse SHCs are found
in the bilayer FGT. In the xz-magnetization scenario, osgy,
OsH,y» and oy, ; can all occur simultaneously. The existence of
osH,y in bilayer FGT is distinct from that in monolayer FGT.
The reason is attributed to the difference in symmetry, i.e.,
the xz-magnetization monolayer preserves the 7C (C denotes
the rotational symmetry) while the bilayer does not, thus the
latter can stimulate peculiar SHC tensor. The present findings
evidently demonstrate that the interplay between magnetism
and symmetry is effective to manipulate the magnitude and
polarization of spin current.

Conversion from AHC to SAHC. It has been discussed that
SHC can be decomposed into intra-SHC and inter-SHC, and
the intra-SHC (i.e., SAHC) depends on AHC. The conversion
from AHC to intra-SHC is essential to comprehend intra-
SHC. Through ab initio calculations, the AHC and intra-SHC
with xz magnetization have been investigated [see markers
in Figs. 3(a) and 3(c)]—note the intra-SHC was calculated
using the intra-SBC [Eqgs. (7)-(9)]. Using Eq. (12), the con-
version efficiency n from AHC to intra-SHC can be derived
by ag‘;}“}‘, /(m,oan), and 7 is displayed by markers in Fig. 3(b).
Using the fitting functions of AHC and n, the evolution of
intra-SHC with respect to  can be obtained and plotted
using Eq. (12). Figure 3(c) illustrates that in both mono-
layer and bilayer FGT, the curves plotted by Eq. (12) (see
the bold lines) can perfectly characterize the ab initio data
of intra-SHC for any tensor element and any magnetization
direction, demonstrating that the set of conversion efficiency
is universal. Moreover, the case of yz magnetization draws
the same conclusion with the same n parameters [37]. Thus,
the correlation between AHC and intra-SHC, i.e., Eq. (12), is
verified. Indeed, the anomalous Hall current is always accom-
panied by spin anomalous Hall current, with a spin orientation
collinear with m [14]. Consequently, intra-SHC is expected
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FIG. 3. (a) AHC, (b) conversion efficiency, (c) intra-SHC, and
(d) inter-SHC of monolayer and bilayer FGT, respectively, with the
xz magnetization. The colorful markers in (a), (c), and (d) denote the
ab initio data, while the gray markers in (b) are derived data. (a),
(b), and (d) depict the fitting curves (slim lines), while (c) depicts the

intra inter

curves of Eq. (12) (bold lines). The units of oay, Oy > and Ogiyy are
e’ /h.

to be dependent on AHC. The multiplier th = [m,, m,, m_]
can be regarded as the projection onto x, y, and z direction,
producing three spin current components odif"s, ogii™, o,
respectively.

Different from the intra-SHC, there is no universal con-
version efficiency from AHC to inter-SHC, which is shown
in Fig. 3(d). It is worth mentioning that even if the spin
orientation is in the xz plane, inter-SHC can still con-
tribute to the y polarization (nonzero oérl‘{t‘f;) in bilayer FGT,
i.e., the y-polarization SHC is exclusively contributed by
inter-SHC.

Berry curvatures. The band structures of bilayer FGT have
been investigated to present the microscopic mechanism of
the Hall conductivities. The Te-p and Fe-d orbitals make the
dominant contributions to the bands around Er [37]. The pro-
jected bands along M-K are selected to clarify the correlations
of various Berry curvatures. Figure 4(a) shows that at Er, the
spin orientations are well (anti)aligned with the magnetiza-
tion. Figures 4(b)—4(e) present the ab initio results of various
Berry curvatures. It can be seen that the main contributions to
Berry curvatures come from the band pairs with small energy
gaps. As expected, large spikes of Q. (k) only occur at limited
k points such as the P point, where the bands have analogous
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FIG. 4. (a) Spin projected bands of bilayer FGT with z magnetization, where the dark (bright) color denotes spin along —z (+z). (b) BC,
(c) SBC, (d) intra-SBC, and (e) inter-SBC. The upper panels show the bands projected by different Berry curvatures, and the lower panels
depict the summation results. All the Berry curvatures are in log scale [Eq. (S9)], where the blue (red) color denotes the negative (positive)

curvature value. Er is set to zero.

spin. This phenomenon can be interpreted by Eq. (7), which
shows that (k) is proportional to the summation of spin ex-
pectation values. On the contrary, €2 (k) is mainly contributed
by the bands with misaligned spin away from Ef.

The conversion from AHC to intra-SHC has been stud-
ied from the conductivity aspect in Fig. 3. To reveal the
microscopic mechanisms, the conversion from BC to intra-
SBC would be discussed at two levels: (i) the band-resolved
conversion efficiency n,(k) = Q,.(k)/Qu.(k), and (ii) the
summation result (k) = Q.(k)/Q (k). Figures 4(a), 4(b) and
4(d) demonstrate that 5,(k) is determined by the spin of
eigenstate, making n,(k) = (nk|6,|nk) = 1 when the spin
is collinear with the magnetization. For instance, two bands
around Er (one occupied and one unoccupied) at the P point
have spin along —z, i.e., 17,(k) = —1, leading to the opposite
signs of ,(k) and 2, (k) on these two bands, as shown in
the upper panels of Figs. 4(b) and 4(d). On the other hand,
although Q(k) [Q. (k)] is a property of the occupied manifold,
it is mostly determined by the band structure near the Fermi
surface, since the contributions of the bands far away from
Er are canceled by each other [48,49]. Consequently, n(k), to
some extent, is determined by the spin of the occupied state
around Ey. For instance, at the P point, the last occupied band
exhibits spin along —z, resulting in (k) = —1 as shown in the
lower panels of Figs. 4(b) and 4(d). Note that the conductiv-
ities oay and oé‘;{“‘zl are, respectively, the integral of (k) and
Q. (k) with respect to k. However, it should be emphasized
that 7 is not the integral of (k) with respect to k, since neither
Q(k), Q.(k), nor (k) is a constant in the Brillouin zone of
FGT. In fact, there is no simple relation between the global
conversion efficiency n and the microscopic 71, (k) in the FGT
system. Thus, the global 7 shall be obtained using the global
conductivities AHC and intra-SHC, and the value of 7 is not
restricted in the range of [—1, 1].

Effective model. An effective k - p model is constructed
to reveal more physical principles. Under the basis of
[c1,k15 C2.k15 CLAY > cz,ki]T where 1 and 2 denote the orbital
index, the 4 x 4 Hamiltonian can be expressed as

H = (mk* + &), + ako, ® 1, + Bkyoy ® T, + Mo, ® 10,
(16)

where o; and 7; are Pauli matrices for the spin and orbital de-
grees of freedom, respectively. m denotes the effective mass,
and 6 is the strength of band inversion. The o and g terms
respectively denote the SOC and the orbital hybridization. The
last term indicates a magnetic field along the z direction. This
model qualitatively characterizes the ab initio bands around
the P point and Er shown in Fig. 4, as well as the properties
of spin and Berry curvatures. Moreover, it reveals that both
Q, and Q, are proportional to the strength of the orbital
hybridization while inversely proportional to SOC and band
inversion [37].

Summary. The origin and control of spin current in both
monolayer and bilayer Fe;GeTe, have been systematically
investigated. It exhibits nonlinear behavior with respect to
magnetization, as well as the simultaneous occurrence of
in-plane and out-of-plane spin polarizations. Superior to the
monolayer case, bilayer Fe;GeTe, can present unusual ar-
bitrary spin current element due to the reduced symmetry.
Using the concepts of Berry curvature and intraband spin
Berry curvature, the correlation between anomalous Hall ef-
fect and spin anomalous Hall effect has been clarified, as
well as the corresponding conversion efficiency. An effective
k - p model illustrates that the orbital hybridization is essen-
tial for Berry curvatures. The present research demonstrates
that the interplay between magnetism and symmetry can
control both the magnitude and polarization of spin current,
further stimulating exotic spin-orbit torques for spintronic
devices.
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