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The inherent interlayer freedom in van der Waals stacked materials provides an
excellent opportunity to investigate ferroelectric-like behavior through interlayer
translation. Based on first-principles calculations, we find that the interlayer sliding in
FesGeTe, (FGT) bilayer enables the coexistence of polarization, metallicity, and
ferromagnetism. We find that the polarization is induced by the uncompensated vertical
interlayer charge transfer, and can be switched by an in-plane interlayer sliding. A
moderate biaxial strain can reverse the polarization direction of the sliding FGT bilayer.
The vertical polarization disentangles with the in-plane conductivity as was previously
seen in the sliding ferroelectric WTe: bilayer. Our work proposes an extremely rare
magnetic ferroelectric metal phase that is useful for magnetoelectric and spintronic

applications.
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1. Introduction

The term ‘ferroelectric metal” was introduced by Anderson and Blount in 1965.!" This
pioneering theoretical work first predicted a “ferroelectric” like transition in a metal,
which contradicts the traditional belief that the itinerant carriers of a metal would

screen the local electric dipole moments between ions, and disfavor polar structure
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distortion.!?! Thus, quite a few polar metals have been reported to date. An addition of
magnetism produces a “magnetic polar metal”, which is an even rare system. This is
because the polarization normally originates from the acentric materials with bandgap,
while transition-metal d orbitals in ferromagnets support centrosymmetric structure. *-
81 Thus, designing or exploring magnetic polar metal phases is challenging. However,
a material that integrates magnetic, metallic, and polar behaviors has broad prospects
[10]

for applications, such as in information storage,””! unconventional superconductivity,

highly anisotropic thermopower,!! manipulation of magnetic skyrmionics,!'? etc.

It has been evidenced in experiments that metal could afford switchable electric
polarization in LiOsOs3!"'¥ and WTe».["*!'In addition, magnetic polar metal phases can
be designed by heterostructure!!®! or doping.!'”!8! To seek an ideal magnetic polar metal
system with a tunable polarization, we focus on two aspects: (1) a feasible method, and
(2) a suitable material. In two-dimensional (2D) van der Waals (vdW) materials,
stacking order has been established as often decision for the emergent fundamental
properties. The weak interlayer interactions make rotation and translations between
layers easy to manipulate, 2% and thereby alter the operation of the corresponding
physical properties, i.e., the out-of-plane ferroelectricity, ?!*?! the ground state
magnetism,®®! valley polarization,>* bulk photovoltaic effect,’*! etc. Recently, the
research on interlayer-sliding ferroelectricity, enabling the design of ferroelectric
materials out of non-ferroelectric parent compounds, has received great attention
because of its accessibility and the possibility to expand to various systems. Achieving
out-of-plane polarization reversal through interlayer sliding is also achievable.
Experiments have observed such mechanisms in vdW bilayers, multilayers, and even
bulk materials. (2?8 Therefore, using interlayer-sliding ferroelectricity to achieve out-

of-plane polarization is an ideal method.

Several 2D magnetic materials with long range ferromagnetic (FM) order have
been fabricated recently, such as Crl3,1*”! VSe»,*% CrSBr,*! and Fe;GeTe, (FGT).?
Among them, FGT was the topic of a great number of studies owing to the rare metallic
itinerant ferromagnetism **1 down to the monolayer thickness. It exhibits a layered
hexagonal centrosymmetric crystal structure with a space group P63/mmc.3*3! We
have recently shown that strain can induce a magnetic polar metal phase in the FGT

monolayer. ¢!



In this paper, based on first-principal theory calculations, we investigate the possibility
of retaining the magnetic polar metal phase in a bilayer FGT, while producing
ferroelectricity by sliding one layer with respect to the other. We demonstrate that the
vdW stacking modifies both the crystal symmetry and the electronic structure of the
FGT bilayer. The most energetically stable sliding operations for FGT bilayer are
demonstrated as state-1 (1/3, -1/3) and state-2 (-1/3, 1/3) (direct coordinates relative to
lattice). Under these two operations of the relative interlayer sliding translation, the
polarization direction of bilayer FGT can be switched due to the interlayer vertical
charge transfer. Meanwhile, the interlayer sliding operations (1/3, -1/3) and (-1/3, 1/3)
will not affect the ferromagnetic ground state of the FGT system. When electrons are
vertically confined, the in-plane conductive electrons are not screened, thus the system
still exhibits metallicity. Within a moderate range, an additional compressive strain can
change the direction of the emergent polarization, and the magnitude of polarization
increases with strain. Overall, we convincingly demonstrate that the interlayer sliding
indeed allows for the coexistence of polarization, ferromagnetism, and metallicity in a
FGT bilayer.

2. Methods

The density function theory (DFT) calculations are performed using the Vienna ab
initio simulation package (VASP).’72% The projector-augmented wave (PAW)
pseudopotential method!®”! and the generalized gradient approximation (GGA) in the
Perdew—Burke-Ernzerhof (PBE)“Y! form are applied. The DFT-D3 method of
Grimme!*!! is taken into account to describe the vdW interaction.*”! The plane-wave
energy cut-off is set to be 500 eV. The structures are relaxed until the energy and the
force on each atom are less than 107 eV and 0.001 eV/A, respectively. The Brillouin
zone is sampled with a I'-centered with 8 x 8 x 1 k-mesh for the FGT bilayer. To avoid
interlayer interactions between periodic images of the system, the vacuum layer of at
least 30 A is used. The out-of-plane electric polarization of the FGT interlayer sliding
is obtained by the classical electrodynamic method. It can be obtained by integrating
pxz over the whole supercell, where p is the local charge density and z is the coordinate

along the out-of-plane ¢ axis.!***# The climbing image nudged elastic band method is

employed to estimate the ferroelectric switching energy barrier.'*’! In this study, dipole



corrections were applied in the calculation of polarization to ensure the accuracy of the

results.

3. Results and Discussion

FGT monolayer has been successfully synthesized in experiments.[***"! In the
FGT monolayer, the Fe atoms are located at two inequivalent Wyckoff sites. The FGT
monolayer consists of five atomic layers shown in Figure 1(a), in which the top and
bottom sublayers are comprised of Te atoms (Ter and Ter at the equivalent site), while
the second and fourth sublayers consist of Fe atoms (Fer and Fer at the equivalent site).
The middle sublayer comprises Fen and Ge atoms.*! FGT compound is a layered
structure with AB stacking where the two adjacent layers rotate 180 relative to each
other. It has inversion symmetry and spontaneously forbids electric dipole moment. If
two layers of FGT are parallel stacked, forming AA stacking order, it has vertical
symmetry (Mirror z, M;). However, the state by directly putting two layers together via
M; is unstable, and we denote it as an intermediate (IM) state as shown in Figure 1(a).
Two layers would shift relative to each other and polar behavior forms./*> We consider
several possible interlayer sliding patterns, which are shown in Table 1, the interlayer

translation operations being (x£1/3, 0), (0, £1/3), (£1/3, £1/3), and (+1/3, +1/3).

Table 1 presents the energy distribution of interlayer sliding along different
directions. Through comparing those values, we find that the sliding operations with
(1/3, -1/3) and (-1/3, 1/3) are the most energetically stable and are dubbed state-1 and
state-2 respectively as shown in Figures 1(b) and 1(c), which is our research focus in
the following text. The absolute polarization values for state-1 and state-2 are equal but
with opposite directions, £8.3X 10 eAfunit cell, respectively, which we denote Py
and P respectively. This polarization reversal behavior caused by interlayer sliding can
be observed in Figure 1(d). The polarization directions are reversed when the relative
sliding between two layers is in opposite directions. The polarization values
corresponding to interlayer sliding along the directions of (£1/3, 0) , (0, £1/3) and
(*1/3,£1/3) is £3.8X 10 eA/unit cell , £9.7X 10 eA/unit cell and +3.8 X 107

eA/unit cell, respectively. The state-1 and state-2 have the maximum polarization value



and the lowest energy, can be verified in our energy potential diagram shown in Figure

S3.

Table 1. Relative energy for bilayer FGT under different sliding operations, with
respect to the sliding operations of (1/3, -1/3) and (-1/3, 1/3).

(1/3,1/3)  (-1/3,1/3)  (1/3,0)  (-1/3,0)  (0,1/3) (0,1/3) (1/3,1/3) (-1/3.-1/3)

Energy 0 0 21.4 19.6 20.2 19.8 19.6 19.0
(meV)

In this work, we focus on the most stable case with controllable polarization value,
under interlayer sliding operations (1/3, -1/3) and (-1/3, 1/3). The IM state is nonpolar
where the two layers are stacked in parallel. For state-1 as shown in Figure 1(b), the top
layer laterally shifts (1/3, -1/3) in fractional coordinates with respect to the bottom layer.
This results in a positive dipole moment along the z direction, denoted as P1. In contrast,
the top layer of state-2 shifts along (1/3, -1/3) relative to the bottom layer, leading to
P, (as shown in Figure 1(c)). The Ge (Fen) atoms in the top layer sit above the Fer (Ge)
atoms in the bottom layer of state-1 (state-2). Based on the nudge-elastic-band
calculation, the switching pathway shown in Figure 1(e) gives an estimation of the
energy barrier of 13 meV/unit cell between the P; and P, state. Compared with the
experimentally accessible systems, this is lower than In,Ses (~ 60 meV/unit cell)**! and
higher than that of WTe, (~0.6 meV/unit cell),!!¥ and verified the possibility of
polarization flipping under ambient conditions. The low energy barrier arises from the
fact that interlayer sliding to achieve polarization switching only needs to overcome
weak interlayer vdW interactions, without involving the deformation of tightly bonded

atoms as in the transformation of a bulk ferroelectric.*’!
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Figure 1. (a-c) Atomic structures of the bilayer FGT for (a) IM, (b) state-1, and (c)
state-2. State-1 and state-2 can be obtained by interlayer sliding from IM under sliding
operations (1/3, -1/3) (Py) and (-1/3, 1/3) (P;). The orange arrows indicate the
polarization direction. The direction of spin is indicated by the red arrows on Fe atoms.
(d) Contour plot of vertical polarization versus the sliding direction and distance of the
FGT bilayer. A black dotted line indicates the polarization-switching pathway. (e) The
energy barrier of the ferroelectric switching pathway from state-1 to state-2.

To explore the origin of vertical polarization, we calculate the charge differences
between the top and bottom layers in state-1. As shown in Figure S1, we calculate the
electron accumulation and dissipation between two individual monolayers of FGT. The
reason for the out-of-plane polarization can be revealed by the charge transfer. We use
the Bader charge analysis ! to check the charge gain and loss of the individual layers
within bilayer FGT. It is found that the charge gains and losses for the top and bottom
layers are 0.03e in state-1. Thus, the two layers are nonequivalent. The charge gains
and losses are opposite for state-2. Thus, the polarization can be flipped through the
interlayer translation. Here, like the previous works on hBN or MoS,,°" the out-of-
plane polarization flips with in-plane ion displacements, thus the vertical polarization

and interlayer shifting are coupled.

Having confirmed the sliding ferroelectricity in the FGT bilayer, we next
investigate the magnetic ground state. We compare the relative values of energy
differences between the interlayer FM and antiferromagnetic (AFM) spin

configurations as shown in Table S1. (we use U* to consider on-site Coulomb



interaction of the Fe 3d orbitals the U* values were computed using a linear response
method)?®? The intralayer coupling in FGT is FM.* Therefore, for FGT bilayers, we
consider the interplay of the intralayer FM and interlayer FM and AFM coupling.
Figure 1(b) shows the considered FM configuration, and Figure S2 shows the AFM
counterpart. Table S1 shows the magnetic ground state for each interlayer sliding
configuration. As one sees, FM is more energetically favorable compared to AFM for
state-1 and state-2, which is we mainly focused on. Compared with bulk FGT, the
bilayer is equivalent to the reduction in the number of layers, leading to a reduced Pauli
potential for bilayers with respect to thicker layers, increasing the tendency toward FM-
type interlayer exchange coupling. The same mechanism explains the reason why the
stacking structure of the double layer shows a FM state in this work. Thus, we conduce

that the magnetic ground state is unaffected by the sliding operations.

Having confirmed the magnetic ground state of a bilayer FGT, we now focus on
its electronic structure. *>* Figures 2(a) and 2(b) depict the band structures of the
monolayer and P1/P| of the bilayer FGT system, respectively. As is known, the FGT
monolayer exhibits metal ferromagnetism,'®> which can be seen in Figure 2(a).
Through comparison between Figures 2(a) and 2(b), we find that the band structures
for state-1 and state-2 are different from that of the monolayer. At the same time, from
Figure 2(b), we can observe a noticeable difference in the band structures of states-1
and state-2 compared with monolayer FGT. This is because the interlayer sliding breaks

the M, symmetry, and generated out-of-plane dipole moment makes the top and bottom

[56]

layers inequivalent.
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Figure 2. Spin-polarized band structure for (a) FGT monolayer and (b) state-1/state-2
bilayer FGT.



Our work so far has shown that the electric polarization and FM ground state of
the bilayer FGT coexist under interlayer sliding. Next, we move on to the discussion of
the metallicity. The band structures around the Fermi level are predominantly governed
by the Fe 3d orbitals."*? Figure 3(a) shows the density of states of the interlayer sliding
FGT, confirming that the electronic behavior in the FGT bilayer still arises primarily
from the Fe d orbitals, maintaining its metallic ground state. Additionally, Figures 3(b)
and 3(c) depict the Fe d orbitals projected spin-polarized bands in the sliding FGT.
These images reveal that the conducting electrons near the Fermi surface predominantly
originate from the Fe d orbitals. Here, it resembles the experimentally witnessed
behavior of a WTe, bilayer,°”! where the electrons are vertically confined. The

electrons in the plane will not be screened, so the plane still exhibits metallic properties.
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Figure 3. (a) The Fe-d orbital projected density of states of state-1 bilayer FGT. Panels (b) and (c)
correspond to spin-up and spin-down Fe-d orbital-resolved band structure of state-1 and state-2 FGT.
The Fermi level is shifted to 0.

Above we successfully demonstrated the switchable polarization in sliding
ferroelectricity in FM bilayer FGT. Recently, by applying biaxial strain, significant
polarization changes in MnSe bilayers were observed,"”® and the same phenomenon
can be observed in FGT monolayers.!*®! Therefore, to further modulate the polarization,
we discuss the influence of external strain on FGT bilayers. Figures 4(a) and 4(b)
demonstrate the variation of polarization values of state-1 and state-2 with biaxial
compressive strain €. We can see that strain can change the direction of polarization in
our systems, and the polarization value gradually increases with strain. When € = -1%,
2%, -3%, and -4%, the corresponding polarization values of state-1 are -1.3x10™
eA/unit cell, -1.8x10* eA/unit cell, -3.6x10™* eA/unit cell and -3.1x10° eA/unit cell,
respectively. Likewise, the absolute value of the polarization of state-2 also enhances
with strain. To find the mechanism of the strain altering the polarization direction, we

further scrutinize the crystalline configuration of the state-1. When external strain is



applied, the structure of state-1 (state-2) is affected. Specifically, in the absence of strain,
Fenr and Ge atoms are located at the mirror plane along the z direction of each layer in
the bilayer FGT. However, upon the application of strain, the Ferand Ge atoms deviate
from the center and move in opposite directions perpendicular to the plane, upwards
and downwards respectively, breaking the vertical symmetry in each layer of the bilayer
FGT. As a result, the polarization contribution from both the ionic and electronic parts
count, but they have opposite polarization directions. When the polarization
contribution from the ionic parts for state-1 (state-2) is more pronounced compared with

the electronic part, the polarization direction is reversed.
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Figure 4. The variation of polarization in (a) state-1 and (b) state-2 bilayer FGT,
respectively, as a function of the biaxial in-plane strain.

4. Conclusions

In summary, we demonstrate the coexistence of switchable polarization,
ferromagnetism, and metallicity in sliding bilayer FGT. We find that the polarization
of the FGT bilayer stems from the uncompensated interlayer vertical charge transfer.
In this system the electrons are conducted in-plane and decoupled from the vertical
polarization, making bilayer FGT an ideal ferroelectric metal. Further, the interlayer
sliding does not alter the metal ferromagnetic ground state, resulting in a rare magnetic
ferroelectric metal phase. Furthermore, we reveal that an external strain can change the
polarization direction. Our work thus expands the theoretical foundation for creating
magnetic metal phases with polar behavior and expands the family of 2D magnetic
polar metal materials, which will stimulate further experimental works and practical

applications.
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