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Two-dimensional ferromagnetic materials have recently been attracted much attention mainly due to their
promising applications toward multifunctional devices, e.g., microelectronics, spintronics, and thermoelectric
devices. Utilizing the first-principles calculations together with the group theory analysis, we systematically
investigate the magnetocrystalline anisotropy energy, magneto-optical effect, and anomalous transport properties
(including anomalous Hall, Nernst, and thermal Hall effects) of monolayer and bilayer Fe,GeTe, (n = 3, 4, 5).
The monolayer Fe,GeTe, (n = 3, 4, 5) exhibits the out-of-plane, in-plane, and in-plane ferromagnetic orders
with considerable magnetocrystalline anisotropy energies of —3.17, 4.42, and 0.58 meV /f.u., respectively. Fer-
romagnetic order is predicted in bilayer Fe,GeTe, while antiferromagnetic order is preferred in bilayer Fe;GeTe,
and Fes;GeTe,. The group theory analysis reveals that in addition to monolayer ferromagnetic Fe,GeTe, (n = 3,
4, 5), the magneto-optical and anomalous transport phenomena surprisingly exist in bilayer antiferromagnetic
FesGeTe,, which rare in realistic collinear antiferromagnets. If spin magnetic moments of monolayer and bilayer
Fe,GeTe, are reoriented from the in-plane to out-of-plane direction, then the magneto-optical and anomalous
transport properties are enhanced significantly, presenting strong magnetic anisotropy. We also demonstrate that
the anomalous Hall effect decreases with the temperature increases. The gigantic anomalous Nernst and thermal
Hall effects are found in monolayer and bilayer ferromagnetic Fe,GeTe,, and the largest anomalous Nernst and
thermal Hall conductivities, respectively, of —3.31 A/Km and 0.22 W/Km at 130 K are observed in bilayer
ferromagnetic Fes;GeTe,. In particular, bilayer antiferromagnetic FesGeTe, exhibits large zero-temperature
anomalous Hall conductivity of 2.63 ¢*/h as well as anomalous Nernst and thermal Hall conductivities of
2.76 A/Km and 0.10 W/Km at 130 K, respectively. Our results suggest that two-dimensional van der Waals
magnets Fe,GeTe, (n = 3, 4, 5) have great potential applications in magneto-optical devices, spintronics, and

spin caloritronics.

DOI: 10.1103/PhysRevB.104.104427

I. INTRODUCTION

According to the Mermin-Wagner theorem, ferromag-
netism is hardly survived in the two-dimensional (2D) system
due to the enhanced thermal fluctuations [1]. Recently, ex-
foliating 2D magnetic materials from van der Waals (vdW)
layered magnets has been confirmed to be an efficient
method. For example, in 2017 the 2D materials Crls [2],
and Cr,Ge,Teg [3] were first experimentally reported to have
the long-range magnetic order at low temperature. The exis-
tence of atomically thin magnetic materials reveals that the
magnetic anisotropy could counter thermal fluctuations and
thus stabilize the long-range magnetic order. Therefore, the
2D magnetic materials have attracted huge interest and are
expected to be used in various multifunctional devices, such
as microelectronics, spintronics, and thermoelectric devices.
However, due to the low Curie temperature (7¢) of Crls
(~45 K) [2] and Cr,Ge,Teg (~65 K) [3], it poses a big chal-
lenge for using 2D vdW magnetic materials in any realistic
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applications. In 2016, through the density-functional theory
calculations, the monolayer (ML) Fe;GeTe, (F3GT) was
predicted to be a stable 2D magnetic system with large mag-
netocrystalline anisotropy energy (MAE) [4], which provides
a theory basis for experimental exfoliation. Subsequently, the
2D vdW layered material, F3GT, was successfully exfoliated
from the bulk materials and the 7¢ of exfoliated ML is 130 K
[5]. Additionally, the T of trilayer F3GT can be improved to
room temperature by ionic-liquid gating technology [6]. As
the first 2D ferromagnetic metal, F3GT has been extensively
studied, especially the electronic-, optical-, transport-, and
spin-related properties [4,7—-14].

The exploration of 2D vdW magnetic materials with
higher 7¢ has never stopped. Following F3GT, ferromag-
netic Fes_,GeTe, (sometimes referred to as FesGeTe,, FSGT)
and Fe,GeTe, (FAGT) have also been synthesized [15-17].
By reflective magnetic circular dichroism and Hall effect
measurements, FSGT exhibits intrinsic ferromagnetic order
at room temperature in bulk material (7¢ = 310 K) and
nanoflakes (T = 270-300 K), respectively [16]. Similarly,
FAGT also shows high T¢ (270 K) in the thin flakes [17].

©2021 American Physical Society
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Compared with F3GT, FAGT and F5GT have higher T¢,
and therefore they may be more suitable for realistic device
applications. However, with the increase of iron occupancy,
the magnetic properties of FAGT and F5GT turn to be more
complex. For example, in nanoflakes FAGT (thicker than
seven-layer), the spin changes from the out-of-plane to in-
plane direction around 110 K, while the spin-reorientation
temperature is significantly enhanced up to 200 K if the
thickness of nanoflakes reduces down to seven-layer [17]. The
out-of-plane magnetization also emerges in the nanoflakes
F5GT and magnetic anisotropy is enhanced with decreas-
ing thickness down to five unit cell layers [18]. Besides the
temperature- and thickness-dependent magnetic anisotropy,
other fundamental physical manifestations, such as magneto-
optical response as well as anomalous electronic, thermal, and
thermoelectric transports, are still unclear in the atomically
thin limit of Fe,GeTe, (n =3, 4, 5), especially for FAGT
and F5GT. It essentially hinders the practical applications of
Fe,GeTe,, and therefore it is time to uncover these physical
properties of Fe,GeTe;.

In this paper, utilizing first-principles calculations, we first
determine the magnetic ground states of ML and bilayer (BL)
Fe,GeTe, (n = 3, 4, 5). The calculated MAE indicates that
ML F3GT exhibits strong out-of-plane ferromagnetic order,
while ML FAGT and F5GT show in-plane ferromagnetic or-
der. The out-of-plane magnetization of Fe,GeTe, (n = 3,4, 5)
increases with increasing the number of layers. For BL struc-
tures, F3GT and F5GT exhibit interlayer antiferromagnetic
coupling, while FAGT shows strong interlayer ferromagnetic
coupling. Subsequently, we use magnetic group theory to
analyze the shape of optical conductivity tensor and hence
reveal the symmetry requirements for magneto-optical effect
(MOE) and anomalous magnetotransport phenomena, includ-
ing anomalous Hall effect (AHE), anomalous Nernst effect
(ANE), and anomalous thermal Hall effect (ATHE). These
effects are symmetrically allowed in ML ferromagnetic F3GT
with out-of-plane magnetization and in ML ferromagnetic
Fe,GeTe; (n = 4, 5) and BL ferromagnetic Fe,GeTe, (n = 3,
4, 5) with both in-plane and out-of-plane magnetization. More
intriguing, we find that BL antiferromagnetic FSGT satisfies
the symmetry requirements and MOE, AHE, ANE, and ATHE
can appear, whereas these effects are prohibited in BL antifer-
romagnetic F3GT and FAGT. For the magnetic structures that
satisfy the symmetry requirements, we calculate the magneto-
optical Kerr and Faraday spectra, zero- and finite-temperature
anomalous Hall conductivity (AHC), anomalous Nernst con-
ductivity (ANC), and anomalous thermal Hall conductivity
(ATHC). The dependence of MOE, AHE, ANE, and ATHE
on magnetization direction and thin-film thickness are clearly
observed in Fe,GeTe,. The calculated magneto-optical and
anomalous transport properties are impressively large, which
are comparable to or even larger than that of many famous
ferromagnets and antiferromagnets. Our results suggest that
2D vdW magnets Fe,GeTe, have potential applications in
magneto-optical devices, spintronics, and spin caloritronics.

II. THEORY AND COMPUTATIONAL DETAILS

The MOE is one of the fundamental physical effects in
condensed-matter physics, which can be described as that

when a linearly polarized light hits on the surface of a
magnetic material, the polarization planes of reflected and
transmitted lights shall rotate, called magneto-optical Kerr
[19] and Faraday [20] effects, respectively. Nowadays, the
MOE has become to be a powerful and nondestructive probe
of magnetism in 2D materials [2,3]. To quantitatively charac-
terize the magneto-optical performance of a given magnetic
material, the Kerr (fx) and Faraday (6r) rotation angles, the
deflection of the polarization planes with respect to the in-
cident light, are used. Moreover, the 6y (rotation angle)
and ek (r) (ellipticity) are usually combined into the so-called
complex Kerr (Faraday) angle, written as [21-23]

2wd oy,
bk = Ok +iex = i— —2, ey
c o
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where ¢, w, and d are the speed of light in vacuum, frequency
of incident light, and thin-film thickness, respectively. oy, is
the off-diagonal element of the optical conductivity tensor
for a magnetic thin film and o7, is the diagonal element of
the optical conductivity tensor for a nonmagnetic substrate
(e.g., Si0y). SiO, is a large band-gap insulator and o}, =
i(1— nz)a)/4n with the refractive index of n = 1.546. ni
are the eigenvalues of the dielectric tensor for a magnetic
thin film. From the expressions of complex Kerr and Faraday
angles [Egs. (1)—(3)], one can see that the crucial quantity is
the optical conductivity, which can be calculated by Kubo-
Greenwood formula [24,25],

Oup = Uoz,s (w) + iajﬂ(a))
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where the subscripts «, 8 € {x, y}. The superscripts 1 and 2
represent the real and imaginary parts of o,,, €2 is the volume
of unit cell, and N, is the total number of k points for sampling
the Brillouin zone (here a k mesh of 300 x 300 x 1 is used),
Yk and g,k are the Wannier function and interpolated energy
at the band index n and momentum k, respectively, 9, , are the
velocity operators along the x or y direction, /iw is the pho-
ton energy, 7 is an adjustable parameter for energy smearing
(here n = 0.15 eV), and fk is the Fermi-Dirac distribution
function.

In condensed-matter physics, the AHE is another important
physical phenomenon, which is characterized by a transverse
voltage drop generated by a longitudinal charge current in the
absence of an external magnetic field [26]. Physically speak-
ing, the dc limit of the real part of the off-diagonal element of
optical conductivity, axlv(w — 0), is nothing but the intrinsic
AHC. Therefore, the AHE and MOE are closely related to
each other and have similar physical origins. Based on the
linear response theory, the intrinsic AHC at zero temperature
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(0,579 can be calculated [27],

2
= € n
oy == D I (), 5)
n,k
where Qf;y(k) is the band- and momentum-resolved Berry

curvature, given by
(k) = — Z 2Im[<1ﬁnklvxl(%/k)(wklvyl(%k)].

(Enk — &nk )2

(6)
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Due to the band crossings, the Berry curvature can be sensitive
to the £ mesh. After carefully examined the convergence of
intrinsic AHC, a k mesh of 350 x 350 x 1 is ensured to obtain
reliable results (see Fig. S1 in the Supplemental Material
[28]).

The transverse charge current can be induced by a longi-
tudinal temperature gradient field (instead of a longitudinal
electric field), which is referred as the ANE [29]. In gen-
eral, the transverse thermal current concomitantly arise under
the longitudinal temperature gradient field, called ATHE or
anomalous Righi-Leduc effect [30]. The ANE and ATHE are
usually regarded as the thermoelectric counterpart and the
thermal analog of the AHE, respectively. The AHE, ANE,
and ATHE can be physically related to each other via the
anomalous transport coefficients in the generalized Landauer-
Biittiker formalism [31-33],

R = [ dete -y (~ 2L )or=¢e) (7
w =) e(e—p ~ s oy (8),
where ¢, u, and f are energy, chemical potential, and
Fermi-Dirac distribution function, respectively. Then the
temperature-dependent AHC (a;_‘y), ANC (ocfy), and ATHC

(1) read

o =RY, ®)

afy, = —R\)/eT, 9)

Xy

Kp = Rjj) /eT. (10)

The first-principles calculations were performed using
the projector augmented wave method [34], implemented
in the Vienna ab initio simulation package (VASP) [35,36].
The generalized gradient approximation with the Perdew-
Burke-Ernzerhof parametrization [37] was utilized to treat the
exchange-correlation functional. The plane-wave cutoff en-
ergy was set to be 400 eV. For the Brillouin zone integration,
we used an 18 x 18 x 1 k mesh. The convergence of total
energy with respect to the cutoff energy and k mesh has been
well examined, and the results of MAE are reliable (see Tables
S1 and S2 in the Supplemental Material [28]). The vacuum
layer with the thickness of at least 25 A for all structures
was used to avoid interactions between adjacent layers and the
DFT-D3 method [38,39] was adopted to treat the vdW correc-
tion of BL systems. The spin-orbit coupling was included in
the calculations of MAE, band structures, MOE, AHE, ANE,
and ATHE. The maximally localized Wannier function s were
obtained by WANNIER90 package [24], where the p orbitals
of Ge and Te atoms as well as the d orbitals of Fe atoms were
projected onto the Wannier functions. The band structures
obtained from Wannier interpolation are identical to the DFT

TABLE 1. The calculated lattice constants (a), MAE (AEyag),
and magnetic ground states (MGS) of monolayer and bilayer
Fe,GeTe, (n=3, 4, 5). Here AEyap = E(@ =0°,¢0 =0°) —
E(@ =90°, ¢ =0°) and positive (negative) value indicates a fa-
vored in-plane (out-of-plane) magnetization. The energy difference
between ferromagnetic and antiferromagnetic bilayer Fe,GeTe,,
AEpyv arm, 18 given in parentheses, where a positive (negative) value
indicates that the AFM (FM) structure is energetically stable. The
units of AEyag and AEpyv.apv are meV /f.u. and the unit of a is A.

a AEyvaE MGS (AEpm.apm)
F3GT ML 4.02 —-3.17 FM
BL 4.01 —-3.23 AFM (2.89)
Bulk 4.04 —-3.25
F4GT ML 3.92 4.42 FM
BL 3.93 1.98 FM (—13.48)
Bulk 3.97 —1.33
F5GT ML 3.96 0.58 FM
BL 3.97 0.32 AFM (0.83)
Bulk 4.00 —0.55

ones around the Fermi level, as shown in supplementary Figs.
S2-S4 [28]. To obtain the magnetic point and space groups of
various magnetic structures, the ISOTROPY software [40] is
used, in which the lattice constants, atomic positions, and the
direction and size of spin magnetic moment on each atom are
necessary input parameters.

III. RESULTS AND DISCUSSION

In this section, we shall present our results as follows. First,
the crystal structures of ML and BL Fe,GeTe, (n = 3, 4, 5)
are discussed and the magnetic ground states are confirmed
by the calculations of MAE. Then, utilizing magnetic group
theory, the shape (nonzero off-diagonal elements) of optical
conductivity tensor is determined and hence the symmetry
requirements for the MOE and anomalous transport prop-
erties (AHE, ANE, and ATHE) are obtained. Subsequently,
the symmetrically-allowed MOE, AHE, ANE, and ATHE for
ML and BL ferromagnetic Fe,GeTe, are calculated by use of
the first-principles methods. Finally, the BL antiferromagnetic
FesGeTe, that surprisingly generates the MOE, AHE, ANE,
and ATHE is detailedly discussed as a special case.

A. Crystal, magnetic, and electronic structures

The top and side views of the vdW layered magnets
Fe,GeTe; (n = 3, 4, 5) with hexagonal structure exfoliating
from bulk crystals [5,6,16,17] are shown in Fig. 1. The opti-
mized lattice constants and atomic positions of ML and BL
F3GT, FAGT, and F5GT are listed in Table I and supple-
mental Tables S3-S8 [28]. Each F3GT (F4GT, F5GT) ML
is consisted of three (four, five) Fe atoms, one Ge atom, and
two Te atoms. From Figs. 1(a) and 1(c), one can see that
for ML F3GT and F4GT, every three identical atoms form
a triangle and other atoms are located in the center of the tri-
angle. However, for ML F5GT, six Fe atoms form a hexagon.
The calculated effective thickness of ML F3GT, F4GT, and
F5GT are 8.13 A, 9.42 A, and 9.83 A, respectively, which are
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Fe,GeTe,

o,,

FIG. 1. [(a), (c), and (e)] Top views of monolayer Fe,GeTe, (n =

- —m = -

—_—— = = -

3,4, 5). The silver, green, and orange spheres represent Fe, Ge, and Te

atoms, respectively. The pink dashed lines draw up the 2D primitive cell. [(b), (d), and (f)] Side views of bilayer Fe,GeTe, (n = 3, 4, 5). The
interlayer vdW gaps of Fe;GeTe,, Fe,GeTe,, and FesGeTe, are 2.96 A,3.03A,and 3.14 A, respectively.

consistent with the experimental data [5,6,16,17]. To investi-
gate bilayer structures, the stacking order should be primarily
determined. As shown in supplemental Fig. S5 and Table S9
[28], we constructed different stacking orders of BL Fe,GeTe,
and calculated the total energies of ferromagnetic and anti-
ferromagnetic structures. Our results show that the stacking
orders taken from experimental bulk crystal structures, as
shown in Figs. 1(b), 1(d), and 1(f), have the lowest energies.
The relaxed interlayer vdW gaps of BL F3GT, FAGT, and
F5GT are 2.96 A, 3.03 f\, and 3.14 10\, respectively. The vdW
gap of F3GT is consistent with the experimental data (2.95
A) [6]. The large vdW gaps of FAGT and F5GT indicate their
weak interlayer coupling, and it is likely to obtain atomically
thin structures (ML or BL) by mechanically exfoliating from
bulk crystals, similarly to F3GT [5,6].

As one knows, the magnetic anisotropy, which is a
preferred direction for spin aligning, is beneficial to sta-
bilize the long-range magnetic order in 2D systems. The
magnetic anisotropy has various sources, such as shape
anisotropy, stress anisotropy, and the foremost magnetocrys-
talline anisotropy [3]. The MAE is usually defined as the
difference of total energy between two different spin direc-
tions, e.g., AEmag(9,¢9)=E(@0,¢9)—E(O =90°, ¢ =0°),
here E (6, ¢) is the total energy when the spin points to the
direction labeled by the polar (/) and azimuthal (¢) angles.
Positive AEyag indicates an favored in-plane magnetization

along the x axis (6 = 90°, ¢ = 0°), and negative AEpag in-
dicates the out-of-plane magnetization. The MAE of ML and
BL F3GT, F4GT, and F5GT are shown in Fig. 2 and Table 1.
Figure 2 illustrates that ML F3GT is an Ising ferromagnet
since there exists an easy axis along the z direction, while ML
FAGT and F5GT belong to the category of XY ferromagnets
due to the magnetic isotropy on the xy plane (i.e., the easy
plane) [41]. Moreover, in the zx plane the angular depen-
dence of MAE can be fitted well by the equation MAE(9)
= K, cos’0 + K, cos* 6, where K| and K, are the magne-
tocrystalline ansiotropy coefficients. The fitted coefficients
(in unit of meV) for ML F3GT, F4GT, and F5GT are K; =
—2.59 and K, = —0.58, K; =4.48 and K, = —0.06, and
K, = —0.67 and K, = —0.09, respectively. The maximum
values of MAE in ML F3GT, F4GT, and FSGT between the
out-of-plane (z axis) and in-plane (x axis) magnetization reach
—3.17,4.42, and 0.58 meV /f.u., respectively, which are larger
than that of famous 2D ferromagnets Crl; (0.5 meV/f.u.
[42], 0.305 meV/fu. [43]) and Cr,Ge,Teg (0.4 meV/fu.)
[44], suggesting that ML F3GT and FAGT have apprecia-
ble applications in magnetic data storage. Additionally, our
calculated MAE value of ML F3GT is close to the experi-
mental measurement (2.0 meV /f.u) [6] and is consistent with
the previously theoretical calculation (3.0 meV/fu.) [11].
In contrast to the out-of-plane magnetization of ML F3GT,
ML FAGT and F5GT exhibit the in-plane magnetization, as
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6or ¢ (degree)
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FIG. 2. The calculated magnetocrystalline anisotropy energy of monolayer Fe,GeTe, (n = 3, 4, 5). Top patterns are the three-dimensional
mapping of MAE, whereas bottom patterns are the extracted data from the equator and longitude lines (black dashed lines) of the MAE map.
Apparently, F3GT favors out-of-plane magnetization, while FAGT and FAGT present in-plane magnetization.

shown in Figs. 2(a)-2(c). However, in recent experimental
reports the nanometer-thick FAGT and F5GT samples show
the out-of-plane magnetic anisotropy [16—18]. The difference
between computational and experimental results can be ex-
plained by the thickness of FAGT and F5GT thin films. In
our calculations, F3GT, FAGT, and FSGT are ML structures,
whereas the experimental samples are multilayer structures
(the thinnest sample is seven-layer for FAGT [17] and five-
layer for FSGT [18]). Additionally, the composition ratio of
Fe, Ge, and Te atoms in experimental samples is not strictly
4:1:2[17] or 5:1:2 [16,18], which may also affect the magnetic
ground states. From Table I, one can observe that the MAE
of F3GT decreases with increasing number of layers, which
is in good agreement with other theoretical work [11]. This
trend also appears in FAGT and F5GT, suggesting that out-
of-plane magnetic anisotropy enhances when the number of
layers increases. Therefore, a reasonable guess is that with
an increasing number of layers, multilayer FAGT and F5GT
eventually exhibit out-of-plane magnetization. To verify, we
further calculate the MAE of bulk FAGT and F5GT, listed in
Table I, from which one can indeed find that the bulk F4AGT
and F5GT prefer out-of-plane magnetization.

The crystal structures of BL Fe,GeTe, are plotted in the
bottom row of Fig. 1. We further consider two magnetic
structures of BL Fe,GeTe, which have ferromagnetic or

antiferromagnetic interlayer coupling. The calculated energy
difference and magnetic ground states are summarized in
Table I, from which one can see that BL FAGT prefers fer-
romagnetism, while BL F3GT and F5GT are favorable to
antiferromagnetism. However, BL antiferromagnetic F3GT is
extremely fragile to dopants or defects [45], and the ferro-
magnetic phase of BL F3GT was observed in experiments
[5,6]. The BL ferromagnetic FAGT has been confirmed and
the intralayer ferromagnetic coupling of F4GT is stronger
than F3GT due to the two Fe-Fe dumbbells [17]. Because of
tunable Fe contents and Fe vacancies, FSGT exhibits more
complex magnetic behaviors than F3GT [46]. Additionally,
the crystal quality of FSGT strongly depends on how the
samples are cooled down [18]. From Table I, one can see that
the perfect BL FSGT shows the interlayer antiferromagnetic
coupling. Compared with ferromagnets, antiferromagnets are
more advantageous for spintronics and spin caloritronics be-
cause of robustness against magnetic perturbation, negligible
stray field, and ultrafast spin dynamics [47]. Therefore, BL an-
tiferromagnetic FSGT may be more applicable to spintronics
and spin caloritronics.

‘We then discuss the electronic structures of Fe,GeTe, (n =
3,4, 5) by taking the ML ferromagnetic states with the out-of-
plane magnetization as examples, as plotted in Fig. 3. Around
the Fermi level, the d, p, and p orbitals of the Fe, Ge, and
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FIG. 3. Orbital-projected band structures of monolayer ferromagnetic Fe,GeTe, (n = 3, 4, 5) with out-of-plane magnetization. Blue,
orange, and green represent the d, p, and p orbitals of the Fe, Ge, and Te atoms, respectively.

Te atoms, respectively, are dominant components. Moreover,
the p orbitals of the Ge and Te atoms have nearly equal con-
tributions. One can see that ML ferromagnetic Fe,GeTe, are
metals with a complex multiband character at the Fermi level.
ML ferromagnetic Fe,GeTe, with the in-plane magnetization
as well as BL ferromagnetic and antiferromagnetic Fe, GeTe,
with both out-of-plane and in-plane magnetization are also
multiband metals; see supplemental Figs. S2—-S4 [28].

B. Magnetic group theory

Before practically calculating the MOE, AHE, ANE, and
ATHE, a preceding step is to find their symmetry require-
ments. According to Egs. (7)-(10), the finite-temperature
AHC, ANC, and ATHC can be obtained from the zero-
temperature AHC. Additionally, the dc limit of the real part
of the off-diagonal element of optical conductivity is just
the zero-temperature AHC [Eqgs. (4) and (5)]. Therefore, the
AHE, ANE, and ATHE as well as MOE should share the
same symmetry requirements. And we only need to study
the shape (nonzero off-diagonal elements) of optical conduc-
tivity tensor (o). Magnetic group theory is a powerful tool to
identify nonvanishing elements of o. Because of the transla-

tional invariance of o, it is sufficient to restrict our analysis
to a magnetic point group. Here the magnetic point groups
of various magnetic structures are calculated by ISOTROPY
software [40] and the results are summarized in Table II and
supplemental Table S10 [28]. Additionally, the off-diagonal
elements of o can be regarded as a pseudovector, like spin,
and therefore its vector-form notation, o = [0*, 07, 0°%] =
[0yz, 02x, Oxy], is used for convenience. It should be mentioned
that in 2D systems o* and o” are always equal to zero, and
only o* (= oy,) is potentially nonzero.

The magnetic point groups of ML Fe,GeTe, (n =3, 4,
5) as a function of polar () and azimuthal (¢) angles when
the spin rotates within the xz and xy planes are summarized
in supplemental Table S10 [28]. In the main text, we only
discuss three special directions, namely when the spin points
to the x axis (8 =90°, ¢ =0°), y axis (8 = 90°, ¢ = 90°),
and z axis (8 = 0°, ¢ = 0°), as listed in Table II. Let us start
by analyzing the magnetic point groups of ML F3GT. The
magnetic point groups of ML F3GT are m'm2’, m'm'2, and
6m'2’ when the spin points to x, y, and z axes, respectively.
First, group m'm2’ has one mirror plane M,, which is per-
pendicular to the spin orientation (x axis) and is parallel to
the z axis. Such a mirror operation reverses the sign of o,
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TABLE II. Magnetic point groups of monolayer and bilayer Fe,GeTe, (n = 3, 4, 5) when the spin points to the x, y, and z axes. We consider
monolayer structures with only ferromagnetic order but bilayer structures with both ferromagnetic and antiferromagnetic orders. Y (yes) and

N (no) indicate that there exists nonzero o* or not.

ML (FM) BL (FM) BL (AFM)

X y z X y z X y z
F3GT mm2 (N)  m'm2(®N)  m'2(Y) 2/m®N)  2/m' (YY) 3lm'(Y) 2/m®N) 2/mN)  3lm N)
FAGT 2/m (N) 2 /m’ (Y) 3t (Y)  2/m(N)  2/m (Y) 3w (Y)  2/m®N)  2/m'(N)  31m' (N)
F5GT m (N) m (Y) 3’1 (Y) m (N) m (YY)  3m'l(Y) m (N) m (Y) 3m'1 (Y)

thus suggesting o* = 0. Group m'm’2 contains one combined
symmetry 7 M, where T is the time-reversal symmetry and
M is parallel to the spin orientation (y axis) and is per-
pendicular to z axis. Note that 7 M, operation reverses the
sign of o° and hence 0% = 0. When the spin is along the z
axis, ML F3GT belongs to magnetic point group of 6m’2’.
This group has a mirror plane M, which is perpendicular
to the spin orientation (z axis) and does not change the sign
of o%. On the other hand, this group contains three combined
symmetries (7. M), one of which is 7 M,. The other two
mirror planes can be obtained by the C3 symmetry. Both the
T and M operations reverse the sign of o'¢, indicating that '
is even under the 7. M symmetry. Overall, 0¢ can exist in the
magnetic point group of 6m'2’, that is, o = [0, 0, o%].

The magnetic point groups of ML F4GT are 2/m, 2'/n’,
and 31m’ when the spin points to the x, y, and z axes, respec-
tively. The group 2/m has a mirror plane M, indicating o° =
0. For group 2'/m’, there is a combined symmetry 7 M. Both
the 7 and M, operations reverse the sign of ¢¢, indicating
that o¢ is even under 7 M, symmetry, and hence o° # 0. The
group 31m’ contains three combined symmetries 7 M, which
are the same as group 6m'2’. The combined symmetries do
not change the sign of 0%, giving rise to the nonzero o°. Next,
we analyze the magnetic point groups of ML FSGT, which are
m, m’, and 3m’1 when the spin is along the x, y, and z axes,
respectively. There is a mirror plane M, in group m, reversing
the sign of 0%, and thus 0% should be zero. Group m’ includes a
combined symmetry 7 M,, which keeps o% # 0. Group 3m'1
has three combined symmetries 7 M, like groups 6m'2’ and
31m’, giving rise to the nonzero o=,

Finally, we discuss the magnetic point groups of BL fer-
romagnetic and antiferromagnetic Fe,GeTe, (n = 3, 4, 5). It
should be noted that BL F3GT and FAGT share the same
magnetic point groups, as listed in Table II. The magnetic
point groups of BL ferromagnetic F3GT and FAGT are 2/m,
2'/m’, and 31m’ when the spin points to the x, y, and z axes,
respectively. As previously mentioned, we conclude that the
nonzero o can exist when the spin points to the y and z axes,
while o* = 0 if the spin is along the x axis. The magnetic point
groups of BL antiferromagnetic F3GT and F4GT are 2'/m,
2/m’, and 3'1m/, all of which have a combined symmetry
TP (P is the spatial inversion symmetry), which does not
allow o®. Additionally, ML and BL F5GT share the same
magnetic point groups when the spin is along the x, y, and
z axes. Therefore, from our group theory analysis, o exists
well in antiferromagnetic BL, just like ferromagnetic ML and
BL. Recently, there has been a consensus that ¢ can exist in
some noncollinear antiferromagnets even though the net mag-
netization is zero, presenting attractive MOE and anomalous

transport phenomena [48—63]. However, it is relatively rare
in collinear antiferromagnets [64,65]. Therefore, BL antifer-
romagnetic FSGT may be of great interest to experimental
attention.

In general, o' is nonzero in ML ferromagnetic F3GT when
the spin is along the z axis and is also nonzero in ML ferro-
magnetic FAGT and F5SGT; BL ferromagnetic F3GT, FAGT,
and F5GT; as well as BL antiferromagnetic FSGT when the
spin points to the y and z axes, which are all summarized
in Table II. In the following, we restrict our discussion on
the MOE, AHE, ANE, and ATHE of the above-mentioned
magnetic structures.

C. Magneto-optical effects

The band structures of ML and BL Fe,GeTe, (n = 3, 4,
5) are plotted in supplemental Figs. S2-S4 [28], from which
the multiband metals can be easily confirmed. According to
Egs. (1)—(3), the magneto-optical Kerr and Faraday angles are
closely related to the optical conductivity, which are shown
in supplemental Figs. S6-S9 [28]. The diagonal elements
of optical conductivity are nearly isotropy regardless of the
spin’s direction, while the off-diagonal elements of optical
conductivity exhibit strong anisotropy between the in-plane
and out-of-plane magnetization. Consequently, the magneto-
optical Kerr and Faraday angles also show strong anisotropy,
as shown in supplemental Figs. S10 and S11 [28]. Although
the MAE results show that ML and BL FAGT and F5GT
prefer in-plane magnetization, the magnetized direction of 2D
materials can be feasibly modulated by applying an external
magnetic field [4]. In the main text, we take the out-of-plane
magnetization as an example to discuss the MOE as well as
AHE, ANE, and ATHE.

Figure 4 displays the magneto-optical Kerr and Faraday an-
gles of ML and BL ferromagnetic Fe,GeTe, with out-of-plane
magnetization (i.e., z axis) as a function of photon energy.
In the energy range of 0—4 eV, the Kerr (fx) and Faraday
(6r) angles oscillate frequently. For ML F3GT, FAGT, and
F5GT, the prominent peaks of Kerr angle locate at {0.39, 2.25,
2.80} eV, {0.69, 1.90, 2.42, 2.88} eV, and {0.45, 1.96} eV,
respectively. For BL structures, the locations of prominent
peaks appear close to that of ML structures. Remarkably,
the amplitudes of the 0x of BL structures are larger than
that of ML structures. The maximum values of 0x for ML
(BL) F3GT, FAGT, and F5GT are 1.19° (2.07°), 1.14° (1.90°),
and 0.74° (1.44°), respectively. Our calculated Kerr angles
of ML and BL F3GT are in agreement with the previously
theoretical report (1.65° and 2.76° for ML and BL, respec-
tively) [11]. The calculated largest values of 6p for ML
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FIG. 4. The calculated magneto-optical Kerr [(a)—(c)] and Faraday [(d)—(f)] rotation angles for monolayer (olive lines) and bilayer (pink
lines) ferromagnetic Fe,GeTe, (n = 3, 4, 5) with the out-of-plane magnetization (along the z axis).

(BL) F3GT, F4GT, and FSGT are 222.66°/um (147.73° /um),
109.12°/um (82.95°/pum), and 50.28°/um (54.07°/pm),
respectively.

The 6k of ML and BL ferromagnetic Fe,GeTe, are larger
than that of the most traditional ferromagnets. For example,
the 0k of bee Fe, hep Co, and fee Ni are only —0.5°, —0.42°,
and —0.25° [22,66,67], respectively. Moreover, the 6x of ML
and BL ferromagnetic Fe,GeTe, is larger than or comparable
to that of many famous 2D magnetic materials, such as Crlj
[0.29° (ML), 2.86° (trilayer)] [2], CryGe, Tee [0.9° (ML), 1.5°
(BL), 2.2° (trilayer)] [44], CrTe, [0.24° (ML), —1.76° (tri-
layer)] [68], blue phosphorene [0.12° (ML), 0.03° (BL)] [69],
gray arsenene [0.81° (ML), 0.14° (BL)] [69], and InS [0.34°
(ML)] [70]. Additionally, the 6z of ML and BL ferromagnetic
Fe,GeTe; is larger than or comparable to that of MnBi thin
films (80°/um) [23,71], Cr,Ge,Teg [~120°/um (ML)] [44],
Crl; [108°/um (TL)] [42], and CrTe, [—173°/um (ML)]
[68]. The large magneto-optical Kerr and Faraday effects
suggest that ML and BL ferromagnetic Fe,GeTe, may have
potential applications in various magneto-optical devices.

D. Anomalous Hall, anomalous Nernst,
and anomalous thermal Hall effects

Now let us focus on the anomalous transport proper-
ties of ML and BL ferromagnetic Fe,GeTe, (n = 3, 4, 5).

The zero-temperature AHC calculated via Eq. (5) are plot-
ted in Figs. 5(a)-5(c) and supplemental Figs. S12(a)-S12(c)
and S13(a)-S13(c) [28]. Similarly to the MOE, the zero-
temperature AHC also exhibits large magnetic anisotropy,
i.e., the results of out-of-plane magnetization are much larger
than that of in-plane magnetization. Hence, we only dis-
cuss the case of out-of-plane magnetization in the main text.
The calculated zero-temperature AHC for ML F3GT, FAGT,
and F5GT are 0.73 e€?/h, 1.70 €?/h, and 0.46 ¢*/h at the
Fermi energy (Er), respectively. With the increasing num-
ber of layers, AHC can be greatly enhanced. For example,
the zero-temperature AHC for BL F3GT, F4GT, and F5SGT
increase up to 1.57 e€?/h, 2.54 €?/h, and 1.50 €*/h at the
Ep, respectively. Our calculated zero-temperature AHC of
ML and BL F3GT agree well with the previously theoretical
report [0.37 e?/h (ML), 1.50 ¢?/h (BL)] [10]. By appropriate
doping electrons or holes, not only the Curie temperature can
be increased but also the magnetotransport properties can be
modulated. Intuitively speaking, doping electrons or holes can
shift the position of the Fermi energy. From Figs. 5(a)-5(c),
one can find that by doping electrons or holes, the AHC of
ML F3GT and FAGT do not improve too much, while the
AHC of ML F5GT as well as of BL F3GT, F4GT, and F5GT
enhance significantly. For example, the AHC of BL F3GT,
F4GT, and F5GT increase up to —2.16, 4.48, and 3.46 e2/h
when the Fermi energy shifts to 0.09, —0.07, and —0.04 eV,
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FIG. 5. The calculated anomalous Hall conductivities at 0 K [(a), (b), and (c)] and 130 K [(d), (e), and (f)], anomalous Nernst conductivity at
130 K [(g), (h), and (i)], and anomalous thermal Hall conductivity at 130 K [(j), (k), and (1)] for monolayer and bilayer ferromagnetic Fe, GeTe,
(n = 3, 4, 5) with the out-of-plane magnetization (along the z axis) as a function of the Fermi energy. The black squares in (a) indicate the
positions where the Berry curvatures shown in Fig. 6 are calculated. The black circles in (a) and (g) indicate the large slopes of anomalous
Hall conductivity and the sharp peaks of anomalous Nernst conductivity, respectively.

respectively. Among Fe,GeTe, (n = 3,4, 5), BL FAGT shows
the largest AHC of 4.48 ¢?/h (~920 S/cm), which is larger
than bulk F3GT (140-540 S/cm) [72], thin films F3GT (360-
400 S/cm) [12], and thin films F4GT (~180 S/cm) [17], and
is even compared with bec Fe (751 S/cm [27], 1032 S/cm
[73D).

Taking F3GT as an example, we interpret the variation
of the AHC for ML and BL structures as well as for the
doping effect in BL structures. Figure 6 plots the momentum-
resolved Berry curvature of ML and BL F3GT. At the true
Fermi energy (Er), the negative spots of Berry curvature are
obviously larger than the positive ones [Fig. 6(a)], resulting
in the positive value of AHC [refer to Egs. (5) and (6) and see
Fig. 5(a)]. Additionally, the darker red and blue colors indicate

that the difference between positive and negative spots of
Berry curvature becomes larger [Fig. 6(b)], giving rise to the
larger AHC in BL F3GT than that in ML F3GT [see Fig. 5(a)].
In Fig. 6(c), when the Fermi energy is shifted to Er + 0.09 eV
for BL F3GT, the positive spots of Berry curvature turn to
dominate in the first Brillouin zone and thus lead to a large
peak of negative AHC [see Fig. 5(a)].

According to Egs. (7)-(10), the temperature-dependent
AHC, ANC, and ATHC can be computed from zero-
temperature AHC. The metallicity and high 7 of 2D
Fe,GeTe, (n = 3, 4, 5) have been experimentally confirmed
[5,6,16,17], such as the T¢ of ~200 K in four-layer F3GT,
of 270 K in thin films F4GT, and of 280 K in thin flims
F5GT. Additionally, the ML F3GT has been prepared by
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FIG. 6. The calculated momentum-resolved Berry curvature (in arbitrary units) of monolayer (a) and bilayer [(b) and (c)] Fe;GeTe, on the
ky-k, plane. The Berry curvatures in (a) and (b) are calculated at the true Fermi energy (Er), while in (c) is calculated at Er + 0.09 eV. The

black dashed lines draw up the first Brillouin zone.

mechanically exfoliating from bulk materials and the 7¢ is
reported to be 130 K [5]. In our calculations, the temperature-
dependent AHC, ANC, and ATHC are uniformly calculated
at 130 K, as plotted in the second, third, and fourth rows of
Fig. 5, respectively. A trend is that the AHC decreases with
increasing of the temperature, especially for BL Fe,GeTe,
(compare the first and second rows of Fig. 5). At the tem-
perature of 130 K, the largest AHC of BL F3GT, FAGT, and
F5GT reach 1.08, 3.94, and 2.51 ez/h at the Fermi energies
of 0.0, —0.08, and —0.03 eV, respectively. Although the AHC
at 130 K is smaller than the zero-temperature AHC, the evo-
lution of AHC as a function of the Fermi energy is similar to
the case of zero-temperature, and for instance, the AHC peaks
roughly at the same energy.

The ANE is usually regarded as the thermoelectric counter-
part of the AHE, which is a celebrated effect from the realm
of spin caloritronics [74,75]. Equation (9) can be derived to
the Mott relation at low temperature, which relates the ANC
to the energy derivative of AHC [76],

2
2 kT oA (1) (11)

xy
For example, there appears t3wo large peaks of ANC near the
Ep [see black arrows in Fig. 5(g)], where the slopes of AHC
are rather step [see black arrows in Fig. 5(a)]. The ANC of
ML and BL F3GT are almost zero at the Er. However, the
ANC of ML F3GT reaches up to 1.85 A/Km at 0.12 eV by
electron doping. Moreover, the ANC of BL F3GT reaches up
to 2.14 A/Km and —2.52 A/Km at 0.07 eV and 0.13 eV by
electron doping and reaches up to —1.40 A/Km at —0.03 eV
by hole doping, respectively. The calculated ANC of BL
F3GT is higher than thin films F3GT (~0.3 A/Km) [12]. The
ANC of ML and BL FAGT are also almost zero at the Er, sim-
ilarly to F3GT. After doping appropriate electrons or holes,
the pronounced peaks of ANC arise. For example, the ANC
of ML FAGT can be —1.85 A/Km at —0.02 eV, and the ANC
of BL F4GT appears to be —3.31 A/mK at —0.13 eV, see
Fig. 5(h). Figure 5(i) plots the ANC curves as a function of the
Fermi energy for ML and BL F5GT. The ANC of ML F5GT
is almost zero at the Er but can exceed +2.0 A/Km in the
energy range from —0.15 to —0.2 eV. In contrast to ML F5GT,
BL F5GT has a large ANC of 1.68 A/Km at the Er. Thus, to
improve the thermoelectric performance of Fe,GeTe,, dop-
ing appropriate electrons or holes is an effective way. The

o

calculated ANC of ML and BL Fe,GeTe, are larger than
that of many popular magnetic materials, e.g., Heusler com-
pounds (~1-8 A/Km) [77], Co3Sn,S, (~2 A/Km) [78], and
Ti,MnAl (~1.31 A/Km) [79], suggesting that ML and BL
Fe,GeTe, may have potential applications in thermoelectric
devices.

Furthermore, we present the ATHE (or called anomalous
Righi-Leduc effect) [30], that is, a transverse thermal current
induced by a longitudinal temperature gradient field, which
is normally thought to be the thermal analog of the AHE.
The ATHC of ML and BL ferromagnetic Fe,GeTe, (n = 3,
4, 5) are plotted in last row of Fig. 5. At the EF, the calcu-
lated ATHC of ML (BL) F3GT, FAGT, and F5GT are 0.11
(0.04) W/Km, 0.12 (0.18) W/Km, and 0.07 (0.11) W/Km,
respectively. These values of ATHC can be further enhanced
by doping electrons or holes. For example, the largest ATHC
in ML (BL) F3GT, F4GT, and F5GT can reach up to 0.16
(0.05) W/Km, 0.14 (0.22) W/Km, and 0.19 (0.16) W/Km,
respectively. The calculated ATHC of ML and BL ferromag-
netic Fe,GeTe, is larger than that of Fe;Sn, (~0.09 W/Km
at 300 K) [80] and is slightly smaller than that of Co,MnGa
(~0.6 W/Km at room temperature) [81], suggesting that 2D
Fe,GeTe, are excellent material platform to study the anoma-
lous thermal transports.

E. Antiferromagnetism of bilayer Fes;GeTe,

The understanding of MOE and AHE is gradually develop-
ing. In the early stage, the MOE and AHE are usually assumed
to be linearly proportional to net magnetization, and hence
most of the host materials are ferromagnetic or ferrimagnetic
that have finite net magnetization. In contrast, the antiferro-
magnets with zero net magnetization are expected to have
neither MOE nor AHE. Until 2014, Chen et al. [82] predicted
that MnsIr with noncollinear antiferromagnetic order has
large AHE. Subsequent studies have identified that the MOE
and AHE can occur in similar noncollinear antiferromagnets
[48-63]. Despite the comprehensive understanding of MOE
and AHE in the above noncollinear magnetic systems, it has
not been understood well in more popular collinear antiferro-
magnets. A common thought is that the MOE and AHE are
not easily activated in collinear antiferromagnets. The reason
is that (1) although the time-reversal symmetry 7 is broken,
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FIG. 7. The calculated magneto-optical Kerr (a) and Faraday
(b) rotation angles for BL antiferromagnetic FSGT with out-of-plane
(along the z axis) and in-plane (along the y axis) magnetization. The
data of 0 and Oy for the in-plane magnetization are multiplied by a
factor of 20.

the symmetries combined 7 and some spatial symmetries S
(translation or inversion) exist more generally in collinear an-
tiferromagnets rather than noncollinear antiferromagnets, and
(2) such combined symmetries 7S force the MOE and AHE
to be zero. Sivadas et al. [83] theoretically predicted that the
magneto-optical Kerr effect can occur in collinear antiferro-
magnetic MnPSe; [83], but an external electric field is needed
to break all combined symmetries. On the experimental as-
pect, the magneto-optical Kerr effect was observed in bilayer
collinear antiferromagnetic Crl; using an external electric
field [84,85]. Very recently, the AHE and MOE are predicted
in two collinear antiferromagnets RuO, and CoNb3S¢ with the
special crystal chirality [64,65], which are naturally absent of
any combined symmetries 7'S.

In this subsection, we shall show that the MOE, AHE,
ANE, and ATHE surprisingly exist in BL FSGT with collinear
antiferromagnetic order, which is needless of any external
conditions, such as an electric field. This is rare in realis-
tic collinear antiferromagnets, especially for 2D materials.
The MAE and magnetic group theory of BL F5G have been
discussed in the preceding subsections. The nonzero Berry
curvature are expected in BL antiferromagnetic FSGT (both
out-of-plane and in-plane magnetization) because of the sym-
metry requirements, and the anomalous transport properties
that originate from nonzero Berry curvature are also symmet-
rically allowed. The band structure plotted in supplemental
Figs. S4(e) and S4(f) [28] clearly show the metallic character
of BL antiferromagnetic F5GT.

Figure 7 plots the magneto-optical Kerr (6x) and Faraday
(6r) rotation angles of BL antiferromagnetic FSGT with the
out-of-plane (along the z axis) and in-plane (along the y axis)

magnetization. It can be found that BL antiferromagnetic
F5GT also exhibits strong magneto-optical anisotropy as the
results of out-of-plane magnetization are much larger than
that of in-plane magnetization, similarly to BL ferromagnetic
F5GT. The largest 6x and 6 are —0.23° and 15.94° /um at
0.87 and 2.23 eV, respectively. The 6x of BL antiferromag-
netic F5GT is comparable to that of some famous noncollinear
and collinear antiferromagnets, such as Mn3X (X = Rh, Ir, Pt)
(~0.2°-0.6°) [48], Mn3X'N (X' = Ga, Zn, Ag, or Ni) (~0.3—
0.4°) [60], RuO;, (~0.62°) [64], and CoNbsSe (~0.2°) [64],
and is larger than that of noncollinear antiferromagnets MnsY
(Y = Ge, Sn) (~0.008-0.02°) [61,86]. The strong MOE in BL
antiferromagnetic FSGT suggests a new material platform for
antiferromagnetic magneto-optical devices.

Finally, let us turn our attention to the transverse elec-
tronic, thermoelectric, and thermal transport properties of
BL antiferromagnetic FSGT, as shown in Fig. 8. Like the
magneto-optical Kerr and Faraday spectra, the AHC, ANC,
and ATHC in the out-of-plane magnetization are much
stronger than those in the in-plane magnetization. For the out-
of-plane magnetization, the zero-temperature AHC is —0.28
e’/h at the Er and can be significantly enhanced by elec-
tron doping, such as 2.63 ¢?/h at Er 4+ 0.10 eV [Fig. 8(a)].
When the temperature increases, the AHC tends to be weaker
[Fig. 8(b)]. For example, the AHC calculated at 130 K is
—0.35 €?/h at the Er and the largest value is 2.19 ¢*/h
at Ep +0.10 eV. The largest zero-temperature AHC (2.63
e*/h ~ 518 S/cm) is larger than that of some famous non-
collinear antiferromagnets, e.g., Mn3Y (Y = Ge, Ga, Sn)
(100-300 S/cm) [50], and Mn3X'N (X’ = Ga, Zn, Ag, or Ni)
(~—359-344 S /cm) [60].

Figures 8(c) and 8(d) depict the ANC and ATHC calculated
at 130 K as a function of energy, respectively. The ANC
and ATHC are —1.05 A/Km and —0.004 W/Km at the EF,
respectively. Through doping electrons, the ANC can reach
up to —2.14 A/Km and 2.76 A/Km at 0.06 and 0.15 eV,
respectively, which are larger than those of Mn3X (X = Sn,
Ge) (~—0.89-—0.54 A/Km) [50] and bcc Fe (1.8 A/Km)
[52]. The ATHC reaches up to about 0.10 W/Km at 0.10 eV,
which is comparable to that of BL ferromagnetic FSGT and is
slightly larger than some famous noncollinear antiferromag-
nets, such as Mn3Sn (0.04 W/Km) [52] and Mn3Ge (0.015
W/Km) [57]. Since the Néel temperature of BL antiferro-
magnetic FSGT is unknown yet, we calculate the ANC and
ATHC at the Er as a function of temperature, as shown in
Figs. 8(e) and 8(f). The dependence of the ANC and ATHC
on temperature in the range of 10-300 K is not much ob-
vious for the in-plane magnetization. On the other hand, for
the out-of-plane magnetization, the temperature has a great
influence on the ANC and ATHC. For example, the ANC and
ATHC increase from almost zero at 10 K to —1.28 A/Km and
0.10 W/Km at 300 K, respectively. Our results suggest that
BL antiferromagnetic FSGT is an ideal material platform for
the applications of antiferromagnetic spin caloritronics and
thermal devices instead of usual ferromagnets.

IV. SUMMARY

In conclusion, utilizing the first-principles calculations
together with group theory analysis, we systematically

104427-11



YANG, ZHOU, FENG, AND YAO

PHYSICAL REVIEW B 104, 104427 (2021)

(a)

0 100 200 300

T (K)

0 100 200 300
T (K)

FIG. 8. The calculated anomalous Hall conductivities at 0 K (a) and 130 K (b), anomalous Nernst conductivity at 130 K (c¢), and anomalous
thermal Hall conductivity at 130 K (d) for BL antiferromagnetic FSGT with the out-of-plane (along the z axis) and in-plane (along the y axis)
magnetization as a function of the Fermi energy. Panels (e) and (f) are the anomalous Nernst and thermal Hall conductivities as a function of

temperature calculated at the true Fermi energy.

investigated the MAE, MOE, AHE, ANE, and ATHE in ML
and BL Fe,,GeTe, (n = 3, 4, 5). The calculated MAE indicates
that ML and BL F3GT prefer to the out-of-plane magneti-
zation, while the ML and BL F4GT and F5GT are in favor
of the in-plane magnetization. Moreover, the MAE shows
the magnetic isotropy in the xy plane and as the number
of layers increases the out-of-plane magnetization enhances.
Additionally, we also confirmed the magnetic ground states
of BL Fe,GeTe,. Although BL FA4GT is energetically sta-
ble in its ferromagnetic state, both BL F3GT and BL F5GT
have lower energies in the antiferromagnetic states. We have
determined the symmetry requirements of the MOE, AHE,
ANE, and ATHE via magnetic group theory analysis. In short,
these closely related physical phenomena can arise in ML and
BL ferromagnetic F3GT, FAGT, and FSGT with the z-axis
magnetization, in BL ferromagnetic F3GT with the y-axis
magnetization, in ML and BL ferromagnetic FAGT and FSGT
with the y-axis magnetization, and more intriguingly in BL
antiferromagnetic FSGT with the y- or z-axis magnetization.
The results of group theory analysis are fully consistent with
our first-principles calculations.

The MOE, AHE, ANE, and ATHE show the strong
anisotropy between the in-plane and out-of-plane

magnetization. The largest magneto-optical Kerr and
Faraday rotation angles are found in the ferromagnetic
states with the out-of-plane magnetization. The Kerr
angles of 1.19° (2.07°), 1.14° (1.90°), and 0.74° (1.44°) are
calculated in ML (BL) F3GT, F4GT, and F5GT, respectively,
and the Faraday angles of 222.66°/um (147.73°/um),
109.12°/um (82.95°/pum), and 50.28°/um (54.07°/um)
are calculated in ML (BL) F3GT, F4GT, and F5GT,
respectively. Furthermore, the calculated zero-temperature
AHC at the Ep are 0.73 (1.57) €*/h, 1.70 (2.54) €*/h,
and 0.46 (1.50) ez/h in ML (BL) ferromagnetic F3GT,
FAGT, and F5GT with out-of-plane magnetization. By
doping electrons or holes, the zero-temperature AHC of BL
ferromagnetic F3GT, FAGT, and FSGT can be significantly
enhanced to —2.16, 4.48, and 3.46 e>/h, respectively.
According to the generalized Landauer-Biittiker formalism,
the temperature-dependent AHC, ANC, and ATHC can be
obtained from zero-temperature AHC. The overall trend of
finite-dependent AHC as a function of the Fermi energy
is very similar to that of zero-temperature AHC, but the
magnitude of AHC reduces markedly with the increasing
of temperature. At the temperature of 130 K, the largest
ANC can reach up to 1.85 (—2.52) A/Km, —1.85 (—3.31)
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A/Km, and 2.37 (1.68) A/Km in ML (BL) F3GT, F4GT, and
F5GT by appropriate electron or hole doping, respectively.
The largest ATHC in ML (BL) F3GT, F4GT, and F5GT are
calculated to be 0.16 (0.05) W/Km, 0.14 (0.22) W/Km, and
0.19 (0.16) W/Km at 130 K, respectively. The noteworthy
MOE, AHE, ANE and ATHE discovered in ML and BL
ferromagnetic Fe,GeTe, (n =3, 4, 5) are comparable to
or even larger than that of many familiar ferromagnets,
suggesting that 2D Fe,GeTe, have potential applications in
magneto-optical devices, spintronics, spin caloritronics, and
SO on.

Another interesting finding in our work is that the MOE,
AHE, ANE, and ATHE surprisingly appear in BL collinear
antiferromagnetic FSGT, which is much rare in 2D magnets.
The first-principles results show that the MOE, AHE, ANE
and ATHE in BL collinear antiferromagnetic FSGT are con-
siderably large. For the out-of-plane magnetization, the largest
Kerr angle, Faraday angle, zero-temperature AHC, ANC, and
ATHC are —0.23°, 15.94°/um, —0.28 €>/h, —1.05 A/Km
(130 K), and —0.004 W /Km (130 K), respectively. By doping

electrons or holes, the AHC, ANC, and ATHC can increase
up t0 2.63 €?/h, 2.76 A/Km (130 K), and 0.1 W/Km (130 K),
respectively. On the other hand, by increasing the temperature
to 300 K, the ANC and ATHC can reach up to —1.28 A/Km
and 0.10 W/Km at the Er. These results are comparable to
or even larger than that of some famous noncollinear and
collinear antiferromagnets, indicating that the BL collinear
antiferromagnetic FSGT is a good material for multifunctional
device applications based on antiferromagnetism instead of
usual ferromagnetism.
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