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Abstract

Germanium Telluride (GeTe), identified as a ferroelectric Rashba semiconductor,

is a promising candidate for future electronic devices in computing and memory ap-

plications. However, its ferroelectric switching on a microscopic scale remains to be

understood. Here, we propose that the migration of a domain wall can be the mecha-

nism that mediates the ferroelectric switching. By employing ab initio methods, such a

mechanism is characterized by an energy barrier of 66.8 meV/nm2, in a suitable range

for retention and switchability. In accompanying the domain wall migration, the net

Rashba effect is tunable, as it is a result of competition between layers with opposite

electric polarization. These results shed light on the ferroelectric switching mechanism

in GeTe, paving stones for the design of potential GeTe-based devices.
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1 Introduction

The recent discovery of the ferroelectric Rashba semiconductor,1 represented by a prototyp-

ical material GeTe,2 opens a novel path in the design of computing and memory devices.3–6

The ferroelectricity in GeTe, tunable by an external electric field, demonstrated non-volatility

and remarkable retention at room temperature.4 More importantly, with the strong coupling

to the Rashba effect, ferroelectricity effectively steers and manipulates spin transport, thanks

to innated spin-momentum locking in the Rashba effect. Benefiting from such a mechanism,

spin-charge interconversion, which connects conventional electronic devices and up-to-date

spintronic devices, is demonstrated in GeTe at room temperature.3,6

Ferroelectric switching is a rearrangement of atoms, which turns over the electric dipole.

The energy barrier during the switching determines the data retention and writing speed,

which are crucial for memory applications. However, the energy barrier in GeTe ferroelec-

tric switching is not well investigated, and the switching mechanism in the microscopy scale

remains to be explored. The ferroelectric switching in bulk α-GeTe (rhombohedral phase)

might be due to the motion of the atomic plane (Ge and Te), which is controlled by an

external electric field.7 In GeTe thin film, the atoms on the top and bottom surface are re-

sponsible for contact with other materials, such as electrodes, and are unlikely to participate

in ferroelectric switching.8 Phase-charge in GeTe film between rhombohedral and monoclinic

is proposed.9 The other possible mechanism could be from the domain walls.10,11

In the following, we propose a GeTe thin film model that demonstrates the ferroelectric

switching facilitated by the domain wall migration, which is controllable by an external

electric field. The energy barrier of the switching mechanism is extracted using the ab initio

method and compared with the ferroelectric switching in bulk α-GeTe and GeTe monolayer.
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Furthermore, we investigated the Rashba effect during the domain wall migration to verify

its tunability.

2 Method

Density functional theory (DFT) calculations are performed using the Vienna Ab initio Simu-

lation Package (VASP)12–15 with Perdew–Burke-Ernzerhof (PBE) functional16 and Grimme’s

D3 dispersion correction.17 The Brillouin zone of GeTe thin film is sampled by the 7× 7× 1

Gamma-centered k-mesh. A 1.5 nm thick Vacuum was inserted in film calculations. A plane-

wave basis set is used with a cut-off energy of 400 eV. The convergence for electronic density

is set to 10−8 eV. Spin-orbit coupling is taken into account in the band structure calculation.

The atomic structure is relaxed with the threshold energy of 10−5 eV. The migration of the

domain wall is computed using the climbing-image nudged elastic band (NEB) method18,19

implemented in Transition State Tools for VASP.

3 Results and Discussion

The Te-terminated surface is 60 meV/Å2 more stable than the Ge-terminated one in the α-

GeTe thin film,20 which might be the reason for p-type doping observed in experiments.6,21,22

Therefore, the initial structure of the GeTe thin film is constructed from the α-GeTe crystal

structure with the z axis along the [0001] direction terminated with Te atom for both top

and bottom surfaces. The Te-riched GeTe thin film is about 4 nm thick and contains 12 Te

and 11 Ge atoms in the unit cell with an in-plane lattice parameter 4.24 Åand an angle of 60

degrees (unit cell area of 8.98 Å2). By relaxing the initial structure, a domain wall is noticed

in the thin film, as shown by Str. 3 in Fig. 1(a), which is similar to the structure presented

in Ref.20 The domain wall has a cubic structure with an identical Ge-Te bond length on the

top and bottom sides, separating the film into top and bottom layers with electric dipoles

pointing up and downward, respectively. By adjusting the inter-layer distance between Ge
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Figure 1: Ferroelectric switching by the migration of domain-wall demonstrated in a 4 nm
thick Te-riched GeTe film (Ge11Te12). (a) Atomistic structure with domain wall (shaded with
light blue) in various positions of the thin film. Electric polarization is the opposite for layers
above and below the domain wall. These structures are labeled from 3 to 7, which indicates
the number of monolayers below the domain wall. (b) The energy along the domain-wall
migration path from Str. 3 to Str. 7. Three local minima are at Strs. 4, 5 and 6. The global
energy barrier is about 6 meV per unit cell, around 66.8 meV/nm2. (c) The electric dipole
along the domain-wall migration. Structure 5, with the domain wall at the film’s center,
has zero electric dipole. (d) Energy measured with respect to Str. 3 along the domain wall
migration path under electric fields.

and Te atomic planes in the initial structure and relaxing it, domain walls at various positions

in the film are obtained (Fig. 1(a)). Among these structural relaxations, even though trying

to insert the domain wall above the first GeTe monolayer, we noticed that the domain wall

tends to keep a distance from the surface, i.e., three GeTe monolayers. Additionally, the

domain wall could be triple or quintuple atomic layers using a maximum length of 3 Å for

Ge-Te bonds.

Figure 1(b) shows the relative energy along the domain wall migration path obtained

by the NEB method using the structures relaxed in the previous step as initial and final

configurations and seven images between them. The energy of the previously relaxed struc-

4



tures (indicated by red markers) are local minimums in the migration path. However, we

noticed that Str. 4 and Str. 6 are not symmetric. This can be the result of several local

minima. Structure 6, with a domain wall of quintuple atomic layer, has slightly lower energy

than Str. 4. The global migration path from Str. 3 to Str. 7 consists of four successive local

migrations. Each local migration corresponds to the domain wall moving over one GeTe

monolayer. The energy barrier is about 4 meV per unit cell (UC) for the first two local

migrations (Str. 3 to Str. 4, and Str. 4 to Str. 5). The energy barrier decreases to about 2

meV/UC for the last two local migrations (Str. 3 to Str. 4, and Str. 4 to Str. 5) because the

initial local configuration has energy about 2 meV/UC higher than the final local configu-

ration. The global energy barrier is 6 meV/UC (or 66.8 meV/nm2) from Str. 3 to Str. 7 in

this 4 nm thick GeTe film. Such an energy barrier is significantly lower than ferroelectric

switching in bulk and monolayer GeTe, which is discussed later in detail.

During the domain wall migration from Str. 3 to Str. 7, the bottom layer expands while

the top one shrinks. Such a fact is manifested by the electric dipole D (along z direction)

shown by Fig. 1(c), which decreases along the migration path. At Str. 5, the electric dipole

crosses zero due to the cancelation of the dipole from the top and bottom layers, as they are

the same size. Under a vertical electric field F⊥, the additional energy along the migration

path is estimated as ∆E = D · F⊥ under linear response, which is confirmed by the DFT

simulations under electric field. The energy along the migration path is therefore tilted, as

shown in Fig. 1(d), implying that ferroelectric switching in GeTe thin film is controllable by

an external electric field. In experiments, the domain wall-mediated ferroelectric switching

may end with an intermediate state with local minima and incomplete switching. The

experimental technique, such as transmission electron spectroscopy, can identify the domain

wall directly.23

For comparison, we evaluate the energy barrier of ferroelectric switching in bulk α-GeTe

and GeTe monolayer. In the relaxed structure of bulk α-GeTe, the Te atom is located slightly

off the center of the UC. Such asymmetry gives rise to the electric dipole. The ferroelectric
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Figure 2: The energy along the reaction coordinates during the ferroelectric switching in (a)
bulk α-GeTe and (b) GeTe monolayer. Inserts in (a) shows the unit cell at the initial and
final states. Inserts in (b) are the unit cells of the GeTe monolayer, corresponding to the red
markers.
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switching is the motion of the Te atom to the other equilibrium position, giving the opposite

dipole, as shown by the insert of Fig. 2(a). Such movement encounters an energy barrier of

80 meV/UC (Fig. 2(a)), i.e., 1.4 eV/nm3, which is about 5.6 eV/nm2 if we consider a 4 nm

thick GeTe film. In the GeTe monolayer, the ferroelectric switching requires the interchange

of the Ge and Te atomic planes, resulting in an inevitable cross-over of the two atomic planes,

which gives the energy barrier of 2 eV/UC, i.e. 22.26 eV/nm2. With such a high energy

barrier, the GeTe monolayer is hardly switchable. In contrast, the proposed ferroelectric

switching by domain wall migration with barrier 66.8 meV/nm2 is much lower than the bulk

α-GeTe and GeTe monolayers. With a surface area of 4 nm2, the barrier energy is one order

of magnitude larger than thermal energy at room temperature, guaranteeing the retention

of the ferroelectric state. In addition, the ferroelectric switching remains controllable by an

external field, as it does not depend on the surface area.

From experiments up to now, the ferroelectric switching in GeTe thin film is likely to occur

in two steps. First, ferroelectric switching occurs in the vertical direction between the top and

bottom electrodes, forming a column-like domain. This could be due to the inhomogeneous

electric field in the sample; some parts are easier to switch than others. The switched

column-like domain contacts laterally with the remaining unswitched material. In the second

step, the domain wall propagates laterally. The proposed domain wall migration-mediated

ferroelectric switching is focused on the first step. However, more experimental evidence is

required to verify the proposed mechanism by checking 1) if incomplete ferroelectric switching

is allowed by using a slow pulse? 2) does Ge-Te to substrate chemical bonding participate

in ferroelectric switching? 3) the ferroelectric switching barrier experimentally.

The electronic band structure is investigated to reveal the Rashba effect during the do-

main wall migration. Taking Str. 3 as an example, the spin-momentum locking in the

Rashba effect is demonstrated by the electronic structure plot with spin quantization axis

along x (Sx), and along y (Sy). The spin component is perpendicular to the momentum, i.e.

k along y (Γ to M ′) for Sx (Fig. 3(b)), and k along x for Sy (Fig. 3(c)).

7



Figure 3: Electronic structure and Rashba coefficient in Te-riched GeTe thin films. (a)
Brillouin Zone, the -K’ to K’ is along the x-axis, while -M’ to M’ is along the y-axis. Electronic
structure with spin quantization axis (b) along the x-axis and (c) along the y-axis. (b)
and (c) shows the spin is perpendicular to the momentum, i.e., spin-momentum locking.
(d) Zoomed electronic structure around Γ and Fermi-level. Color markers indicated the
expected position in the z-axis with the reference position at the domain wall center. (e)
Rashba coefficients for top and bottom layers extracted from electronic structure and (f)
The net Rashba coefficients (the difference between top and bottom layers) versus structures
along the domain wall migration.
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In stoichiometry preserved GeTe thin film, namely the absence of the domain wall, the top

of the valence band demonstrates only a single Rashba M-shape band.4 However, two quasi-

degenerate Rashba bands are identified at the valence band top in our model. To understand

the nature of these two bands, we determine the expected position of wavefunctions in the z

direction, i.e., ⟨ψ|z|ψ⟩. As shown by Fig. 3(d), these two bands originated from the top and

bottom layers, respectively. From the band structure, the Rashba coefficient is evaluated:24

|α| =
2∆E

∆k
, (1)

where ∆k and ∆E are the momentum and the energy measured from the top of a band to

Γ, as denoted in Fig. 3(d). The top layer in Str. 3 has a more significant Rashba effect than

the bottom layer as it is thicker. They become equal when the domain wall migrates to the

center of the film (Str. 5), as shown in Fig. 3(e). The absolute value of Rashba coefficients

is comparable to the previously reported values from theory and experiments.21,22,24,25 How-

ever, because of the reserved chirality (shown in Fig. 3(b) and (c)), the Rashba coefficient

has an opposite sign for the top and bottom layers. Therefore, a cancelation of the spin

current takes place, leading to a net Rashba effect, with the coefficient as the difference

between the top and bottom layers (Fig. 3(f)). Even though the net Rashba effect is small,

the band structure is preserved to a Rashba M-shape. This may lead to difficulty in ex-

tracting Rashba coefficients experimentally. For angle-resolved photoemission spectroscopy

(ARPES), it requires resolving the quasi-degenerate bands, and the bottom layer is not easy

to reach. Meanwhile, transport measurement accesses only the net Rashba effect.

4 Conclusion

The domain wall migration by pushing the boundary toward the top or bottom surface is a

plausible ferroelectric switching mechanism in GeTe thin film, as it is favorable energetically

and controllable by an external electric field. Two quasi-degenerated Rashba bands are
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identified at the top of the valence band. The two bands belong to the two parts of the GeTe

layer (top and bottom), separated by the domain wall. These two parts have an opposite

electric dipole and opposite Rashba effect. The strength of the Rashba effect increases in a

given domain when the domain expands (upon the domain wall motion). Therefore, the net

Rashba effect is tunable by controlling the ferroelectricity.
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Novati, A.; Cantoni, M.; Petti, D.; Albisetti, E.; Costa, M.; Calarco, R.; Buon-

giorno Nardelli, M.; Bibes, M.; Picozzi, S.; Attané, J.-P.; Vila, L.; Bertacco, R.;
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