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Chemical control of the Rashba spin splitting size of α-GeTe(111) surface states by adjusting
the potential at the topmost atomic layer
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As control of the Rashba spin splitting size is highly desirable for spintronic devices, intensive studies have 
been performed to vary the splitting size by, for example, applying an electric field or designing novel het-
erostructures. However, direct observation of Rashba spin splitting size change via spectroscopic measurements 
has not been done so far. Here, we report results of angle-resolved photoemission studies on ferroelectric 
α-GeTe(111). We observe that the Rashba splitting size of α-GeTe(111) surface states is reduced upon dosing 
with potassium (K) which has a very low electron affinity. Based on density functional theory calculations, we 
find that the electric potential energy at the topmost atomic layer and the surface potential energy barrier is 
reduced upon K dosing. This change in the surface potential induces both delocalization of the surface states 
and reduction of the splitting size. We expect to increase the splitting size by dosing other elements or molecules 
with high electron affinity.

I. INTRODUCTION

In solid-state physics, spin-orbit coupling (SOC) caused
by relativistic effect accompanies many exotic phenomena.
The Rashba effect is one such phenomenon, which has been
extensively studied both due to its importance in fundamental
science [1–5] and because of its potential for new applica-
tion platforms in spintronics [6,7]. The Rashba effect has
been observed experimentally in various systems, e.g., the
surface of solids [8–12], heterostructure interfaces [13], and
bulk states of BiTeX (X = I, Br, or Cl) [14–16]. Although
these systems show notably large spin splitting, the absence
of controllability of the magnitude and chirality of the spin is
still a challenge.

Recently, the ferroelectric Rashba semiconductor (FERSC)
represented by germanium telluride (GeTe) has attracted at-
tention as an electrically controllable Rashba system [17].

*These authors contributed equally to this work.
†cheolhwan@snu.ac.kr
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α-GeTe, one of the simplest ferroelectric (FE) semiconductor
systems with only two atoms per primitive cell, has bulk
Rashba states that are coupled to its FE polarization state. The
bulk Rashba states in this material arise from inversion sym-
metry breaking (ISB) due to intrinsic FE polarization along
the (111) direction [17–19]. After the band structure and the
possibility of spin control were theoretically predicted [17],
the band dispersion, and the controllability of the spin angular
momentum (SAM) in the Rashba splitting band in bulk states
were studied by angle-resolved photoemission spectroscopy
(ARPES) in epitaxially grown GeTe film [20–23]. The (111)
surface of GeTe also exhibits Rashba surface states with a
sizable spin splitting [20,22,24]. Despite the aforementioned
previous theoretical and experimental investigations on GeTe,
the microscopic origin and potential controllability of surface
Rashba states are yet to be understood comprehensively.

Control of Rashba states such as the control of splitting size
and the Rashba coefficient is possible by applying a gate volt-
age or fabricating a heterostructure [25–27]. The experimental
evidence for these methods has mostly been gained from mea-
surements of electronic transport properties [13,28,29]. Direct
experimental evidence from spectroscopic methods such as
ARPES is desirable. Applying a gate voltage is, however, not
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compatible with ARPES measurements, and observation of
interface states is challenging using ARPES. We can mimic
applying a gate voltage for ARPES measurements by dosing
alkali metal atoms on the surface of the crystal. Because
of the low electronegativity of alkali metal atoms, they act
as an electron donor when they are absorbed on a crystal.
Alkali metal ions with positive charge remain on the crystal
surface and affect the electric potential near the surface. As
a consequence, the alkali metal provides an effective electric
field from the vacuum to the crystal direction [30–32].

In this work, we used high-quality single GeTe crystals to
obtain clear band structures and to control the surface Rashba
state. We obtained the surface Rashba band for a wide range
of kz dimensions through experimental ARPES measurements
with linearly polarized light. The dispersion of the Rashba
band was well matched with previous reports, which used the
epitaxially grown GeTe films [20,22] and single-crystalline
sample [33]. We used in situ potassium dosing (K dosing) to
systematically control the binding energy and splitting energy
of the surface Rashba state and observed a decrease in the
Rashba splitting after K dosing. To understand the mechanism
behind the experimental results, we performed theoretical cal-
culations based on density functional theory (DFT). The DFT
calculations suggested that the delocalization of the surface
Rashba state from the crystal surface plays a centrol role in
inducing the decrease in the Rashba splitting. We also study
the effect of K dosing on the surface SAM and orbital angular
momentum (OAM) using DFT calculations.

II. METHODS

All sample preparation processes were conducted in an
argon atmosphere (99.99% purity). Pure α-GeTe crystals were
synthesized by heating a mixture of elemental Ge and Te
(99.999% purity, LTS Research Laboratory, USA) in a 1:1
molar ratio under vacuum (∼104 Torr) in fused-silica tubes
at 900 ◦C for 24 h. The total weight of reactants was 5 g.

The powder x-ray diffraction pattern of the ground product
matches with the theoretical calculation of rhombohedral α-
GeTe phase [Inorganic Crystal Structure Database (ICSD)
#159907] [34] without any secondary phase within the de-
tection limit of laboratory XRD. Crystals with a typical
dimension larger than ∼300 μm size and well-defined faces
were manually chosen for the ARPES measurements.

The ARPES experiments were performed at the ARPES
end station of beam line 4.0.3 Merlin, Advanced Light Source
(ALS), using p-polarized photons in the energy range 50–
120 eV, and a Scienta R8000 hemisphere analyzer. The angle
between the direction of incident photon and the optical axis
of the analyzer was 65◦. The sample K̄-Γ̄ -K̄ direction was
aligned with the analyzer slit direction. The total energy reso-
lution was set to 18 meV at 90 eV, and the angular resolution
was 0.1◦, which corresponds to a momentum resolution of
0.004 Å−1. We cleaved the GeTe sample in situ to obtain clean
surfaces. Experiments were performed at 80 K under a base
pressure of less than 6.5 × 10−11 Torr. The in situ K-dosing
position was the same as the measurement position. During
the K dosing, pressure did not exceed 1.5 × 10−10 Torr to
protect the sample surface.

We used the QUANTUM ESPRESSO package to perform
plane-wave pseudopotential DFT calculations [35]. We used
a kinetic energy cutoff of 80 Ry, fully relativistic ONCV
pseudopotentials [36] taken from the PseudoDojo library
(v0.4) [37], and the PBE functional [38]. The bulk lattice
structure was optimized until the internal stress and forces
were below 0.01 kbar and 10−6 Ry/bohrs, respectively. The
optimized hexagonal lattice parameters were a = 4.233 Å and
c = 10.921 Å, which are slightly overestimated compared to
experimental values of a = 4.158 Å and c = 10.669 Å [22].
The Rashba splittings calculated using the relaxed structure
and the experimental structure showed a relative difference of
at most 10%. For the bulk and slab calculations, 12 × 12 × 12
and 11 × 11 × 1 unshifted k-point grids were used, respec-
tively. For the slab calculation, a 0.015-Ry cold smearing
[39] was used to deal with the metallic surface states. In the
postprocessing step, we used the projwfc.x program of the
QUANTUM ESPRESSO package [35] to project the Kohn-Sham
wave functions to the atomic orbitals.

A slab model of GeTe with 31 atomic layers and a 27-Å-
thick vacuum was used to compute the surface state electronic
structures. We constructed a slab with a Te-terminated surface
which terminates after a shorter Te-Ge bond (note that because
GeTe is a ferroelectric material there are shorter and longer
bonds). We optimized the z coordinates of the topmost six
atoms until the forces along the z direction were below 10−6

Ry/bohrs while fixing all of the other atoms. The dipole cor-
rection was always applied to cancel the unphysical electric
field arising from the periodic repetition of slabs with nonzero
dipole moments [40].

III. RESULTS AND DISCUSSION

A. Observation of the surface Rasha band changes
by K dosing

The crystal structure of GeTe is shown in Fig. 1(a). Above
the FE transition temperature Tc = 720 K, GeTe has a highly
symmetric rock-salt cubic structure (space group F3m No.
225) and is in a paraelectric state. Below Tc, the struc-
ture changes to a slightly distorted rhombohedral structure
[Fig. 1(a), space group R3m No. 160] [18,19]. The noncen-
trosymmetric ferroelectricity arises due to the off centering
of the Ge (purple) atom along the (111) axis [41]. For a
Te-terminated surface of GeTe, the Ge atoms in the sec-
ond layer are pulled toward the topmost Te layer and those
in the fourth layer (Ge) are pulled close to the third layer
(Te). Consequently, the Te-terminated surface displays an out-
ward polarization [42]. This FE polarization from the ISB in
the bulk atomic configuration induces a large bulk Rashba
band splitting at the Z point [17,22]. Figure 1(b) shows the
three-dimensional (3D) Brillouin zone (BZ) along with the
projected two-dimensional (2D) BZ in the (111) direction.
Figure 1(c) displays the Fermi surface (left panel) and the
M̄-Γ̄ -K̄ cut data (right panel) measured using 90-eV photons.
The Fermi surface shows clear warped hexagonal surface
bands with enhanced Rashba splitting along the Γ̄ -K̄ direction
compared to the Γ̄ -M̄ direction [17,20]. The Γ̄ -K̄ and Γ̄ -M̄
directions in our experiment and calculation results shown
hereafter are the directions parallel with the ky and kx axis,



FIG. 1. (a) Crystal structure of GeTe. (b) 3D and [111] direction projected 2D BZ with high-symmetry points. (c) Fermi surface and
M̄-Γ̄ -K̄ high-symmetry cut taken with 90-eV photons. (d) kz (photon energy) dependent ARPES data along the K̄-Γ̄ -K̄ direction.

respectively, as presented in Fig. 1(c). We note that the elec-
tronic structure of the GeTe(111) surface is sixfold symmetric
due to the combination of the threefold rotation and time-
reversal symmetries.

To understand the origins of the bands, the K̄-Γ̄ -K̄ cut data
with various photon energies ranging from 50 to 120 eV were
taken. Analyzing the kz-dependent data, we found that the 70-
and 104-eV photons probed the Z and Γ points, respectively,
with a deduced inner potential value of 14.2 eV, which is
comparable to the previous report [20] (please see Fig. 6
for the photon energy-dependent ARPES data and detailed
analysis). The K̄-Γ̄ -K̄ data measured with 70- (Z point) –
104- (Γ point) eV photons are shown in Fig. 1(d). The overall
band structure is consistent with the previously reported band
structures of the Te-terminated surface [20,22,23], which is
energetically more stable than the Ge-terminated surface [43].
Our results exhibit two pairs of sharp surface state bands
at different binding energies. In Fig. 1(c), one Rashba pair
of surface states crossing the Fermi level is denoted as SS1
and the other surface Rashba pair whose Kramers point is
located at around −1 eV is denoted as SS2. Their surface
state nature is confirmed by the observation that these states
have no kz dependence. In addition to the surface states, we
can observe the bands showing kz dependence. While the
surface states are localized near the surface and exist within
the bulk gap without hybridization with the bulk state, the
bulk state [BS in Fig. 1(c)] and surface resonance state [SR
in Fig. 1(c)] have a longer decay length than the surface states
[22].

We attempted to control the surface Rashba states of α-
GeTe(111), instead of the bulk Rashba states, by in situ K
dosing. This method has already been applied to various

systems [24,30–32]. We selectively investigated the surface
states by taking the data in the second BZ, for which the
emission angle in combination with the short photoelectron
mean-free path makes ARPES more sensitive to the surface
states. We chose 90-eV photon energy at which the bulk states
are well separated from the surface states. In the K̄-Γ̄ -K̄ data
in Fig. 2(a), compared to our data shown in Fig. 1(d), we
indeed see that surface states stand out more clearly with
comparably suppressed intensity from bulk state and surface
resonance state. As the K-dosing time increased, we found
that the surface state bands monotonically shift to the higher
binding energy side accompanied by a decrement in the split-
ting size between the inner and outer surface Rashba branches.
Also seen in the plot is a new feature at the Γ̄ point that was
initially unoccupied but was shifted down below the Fermi
energy upon electron doping [24].

To see the changes in surface Rashba splitting more clearly,
the momentum distribution curves (MDCs) for various K-
dosing time are compared in Fig. 2(b). We used MDCs at the
energy that gives the outer band position at k = 0.31 Å−1,
which is the Fermi momentum of the undoped sample.
The blue vertical dashed line marks this wave vector (k =
0.31 Å−1). A monotonic decrease in the momentum differ-
ence between the two bands was observed upon increasing
K-dosing time, from �k = 0.1 Å−1 before dosing to approxi-
mately 0.07 Å−1 for dosing time of 300 s. Because the dosing
time does not provide an accurate measure of the amount of K
dosing, we instead used the binding energy shift as a measure
of the amount of K dosing and electron doping. Figure 2(c)
shows the band splitting size estimated at k = 0.31 Å−1 as
a function of the binding energy shift. We obtain the binding
energies of the outer and inner branches from Lorentzian fit of



FIG. 2. (a) K̄-Γ̄ -K̄ cut data for various K-dosing time. The blue vertical dashed line indicates 0.31 Å−1. (b) Momentum distribution curves
at the binding energy where the momentum of the outer branch is 0.31 Å−1. The blue (green) vertical dashed line marks the Fermi momentum
of the outer (inner) branch of the fresh surface before K dosing. (c) Band splitting size as a function of the binding energy shift.

the energy distribution curves (EDCs). We define the binding
energy shift as the change in the average binding energy of
the outer and inner branches at k = 0.31 Å−1. The splitting
size decreases linearly with the amount of the binding energy
shift. The splitting energy at the outer branch momentum
of k = 0.31 Å−1 is reduced by about 16% after 300 s of K
dosing. A similar study concluded that there was no change in
the surface Rashba splitting size after K dosing on GeTe [24].
However, in that work, the ARPES data were taken only with
a single 0.09 K-monolayer-doped sample, corresponding to
a 0.08-eV binding energy shift. ARPES data at continuously
varying K concentrations were not provided. As shown in
Fig. 2(c), in our experiments, we clearly observe a continuous
Rashba splitting size variation up to a binding energy shift
of about 0.25 eV, at which the Rashba splitting is reduced by
16%. We speculate that the 0.09 K monolayer is not enough to
clearly distinguish the change in the surface Rashba splitting
size [24].

To simulate the effects of K dosing on the surface elec-
tronic structure of GeTe, we used a model where a K adatom is
placed on top of the relaxed side of the slab. Using an in-plane
supercell to change the concentration of the K atom is com-
putationally demanding. Instead, one K atom was placed for
each in-plane unit cell and the distance between the adatom
and the surface of the slab was tuned to mimic the change
in the amount of K dosing [44,45]. This method was proven
successful in modeling the effects of K adatoms on the topo-
logical surface states of Bi2Se3 [45]. The in-plane position of

the K adatom was set at that of the topmost Te atom. The
structure of the GeTe slab was fixed at the structure optimized
without the adatom. The distance between the adatom and the
opposite surface of the periodic image of the slab was always
kept above 17 Å.

Using this distance-tuning model, we studied the effects
of K dosing on the Rashba splitting of the surface states.
Figure 3(a) shows the calculated band structure. The surface
states on the relaxed surface can be distinguished from other
states by inspecting the average depth of the Kohn-Sham wave
function. The average depth is defined as 〈z〉nk = 〈ψnk|ẑ|ψnk〉.
A wide range of wave vector where two surface bands close
to the Fermi level are linear and parallel can be observed, both
along the Γ̄ -K̄ and Γ̄ -M̄ lines. The band structure is consistent
with previous DFT calculations [20,22]. The calculated band
structure also coincides with our experimental measurements
except for the difference in the Fermi level which can be
attributed to the intrinsic Ge vacancy that induces a down-
ward shift of the Fermi level in the experiment [22]. The K
adatom band, indicated with blue squares, is well separated
from the GeTe surface states at most k points shown in the
figure. The bands plotted with solid black lines in Fig. 3(a)
are the bulk states or the surface state at the opposite surface of
the slab.

For each k point, a pair of surface Rashba states was
extracted by picking the two closest-to-surface states within
the [−0.5, 0.5 eV] window around the Fermi level, using the
average depth shown in Fig. 3(a). The difference between



FIG. 3. (a) Band structure of the GeTe slab with a K adatom 10 Å above the slab. The color of disks indicates the average depth of the
surface states. The band marked with blue squares is the free-electron-like K adatom band. (b) Band structure of the inner and outer surface
states for different K adatom distances. (c) Rashba splitting for different K adatom distances. (d) Rashba splitting at ky = 0.31 Å−1 as a function
of the binding energy shift. Lines are a guide to the eye. The thick vertical dashed lines in (a)–(c) indicate the k point whose Rashba splitting
is plotted in (d).

the energies of the two selected surface Rashba states is the
Rashba splitting �E . The inner branch of the surface Rashba
state was not resolved for the k points on the Γ̄ -K̄ line close
to Γ̄ due to the hybridization with other bands. We did not
extract the inner surface band in this region.

We note that our calculation, as well as previous DFT
calculations [20], fails to reproduce the energy position of
Kramers point. Consideration of the p-type doping due to
intrinsic Ge vacancies or the use of a semi-infinite surface
model might be required to correctly reproduce the energy
position of the Kramers point, as done in Refs. [22,24]. Since
the calculated Kramers point lies close to the bulk bands, sur-
face states near Γ̄ along the Γ̄ -K̄ direction strongly hybridizes
with the bulk bands. Such an effect will be absent in the real
system as the Kramers point lies above the Fermi level. Hence,
we did not include these states in our analysis of the surface
Rashba splitting. In contrast, states far from Γ̄ with a linear
dispersion, which is the major focus of our experiments, suffer
less from the error related to the hybridization. Hence, a qual-
itative comparison between the calculation and experiment is
possible.

In Fig. 3(b), we plot the surface state dispersion for differ-
ent adatom distances [44,45]. We find that the surface bands
are shifted downwards and the binding energy increases as the
electropositive K adatom moves closer to the slab. Figure 3(c)
shows the splitting of the two surface bands. The splitting
decreases as the adatom comes closer to the surface, for the
entire range of k points plotted, except for |k| around 0.6
Å−1, where the surface bands are hybridized with the free-
electron-like K adatom band. Figure 3(d) shows the computed
splitting as a function of the calculated binding energy shift.

For the DFT calculations, we defined the binding energy of
SS1 as the energy difference between the Kramers point of
SS1 and the Fermi level. The binding energy shift is the
difference in the binding energy for the slabs with and without
K adatoms. The splitting decreases as the binding energy in-
creases. Our DFT calculation using the distance-tuning model
qualitatively reproduces our experimental findings shown
in Fig. 2(c).

B. Origin of the change in the surface Rashba splitting

To understand why the Rashba splitting decreases after
K dosing, we studied the orbital characters of the surface
state wave functions, focusing on their weights on each
atomic layer. To do so, we projected the Kohn-Shan wave
functions to the valence s and p orbitals of the Te and Ge
atoms.

The most significant change in the surface state wave func-
tions is the decrease in the weight of the topmost Te atoms.
Figures 4(a) and 4(b) show that the surface state weight of
the topmost Te atom decreases for all k points as the K
adatom is placed closer to the surface. Figure 4(c) shows that
the weight of the topmost Te atom is shifted away from the
surface towards the inner atoms. We note that the weight of
the surface states of the K adatom is below 1% for k points
with |k| < 0.45 Å−1.

To understand why the surface states become delocalized,
we inspected the Kohn-Sham potential. Figure 4(d) shows
the in-plane averaged local potential Vavg(z) near the relaxed
surface of the slab. The reference zero of the potentials was
shifted so that the potential deep inside the bulk is the same for



FIG. 4. (a), (b) Projection of the surface state wave functions to the atomic orbitals of the topmost Te (Te1) atom. (c) Layer-resolved
projection of the wave function at k = Γ̄ . (d) In-plane averaged local part of the Kohn-Sham potential of the DFT calculation. (e) The
difference in the in-plane averaged potential with and without the K adatom. The z coordinate of the topmost Te plane is set to 0.

all slabs. The z coordinate of the topmost Te atoms was set to
0. A steep potential barrier exists near z = 0. In Fig. 4(e), we
plot the change in Vavg(z) due to the inclusion of the K adatom.
As the K adatom is placed closer to the slab, the potential
barrier at z > 0 softens.

The delocalization of the surface state into the bulk can
be understood using first-order perturbation theory for wave
functions. When a perturbation �V̂ is applied, the first-order
change in the weight of the surface state wave function on the
topmost Te (Te1) atom is

�〈PTe1〉S =
∑

i �=S

〈ψS|P̂Te1|ψi〉〈ψi|�V̂ |ψS〉 + (c.c.)

ES − Ei
. (1)

Here, P̂Te1 is the projection operator to the localized atomic
orbitals of the topmost Te atom, S indicates the surface state,
i is an index for all of the other wave functions at the same
k point, and (c.c.) is the complex conjugate of the preceding
term. For the surface Rashba states of GeTe, the bulk valence
bands and surface resonance bands are close to the surface
states in energy position and so will contribute most strongly
to �〈PTe1〉S.

These states are lower in energy than the surface states,
i.e., ES − Ei > 0. Next, we simply approximate the functional
form of the perturbation as �V̂ ∼ −P̂Te1. This approxima-
tion reflects the fact that as the K adatom approaches the
surface, the surface states are shifted downwards in energy
[see Fig. 3(b)]. The in-plane average of the potential change
shown in Fig. 4(e) also supports this approximation. Then,
according to Eq. (1), �〈PTe1〉S < 0. Thus, the surface state
wave function becomes less localized on the topmost Te atom
and delocalizes into the bulk.

The decrease in the Rashba splitting is consistent with the
Rashba model where the surface electric field couples with the
surface electric dipole [46,47]. As shown in Fig. 4(e), the K
adatom softens the surface energy barrier, thus reducing the
magnitude of the surface electric field. Therefore, the Rashba

splitting will decrease as more K atoms are adsorbed. Another
factor that one needs to take into account is that the sur-
face state wave function is dispersed among multiple atoms,
different from simple monolayer models [48,49]. Hence, the
adatom-induced delocalization of the surface state wave func-
tions also affects the Rashba splitting energy.

We expect that the splitting size can be enlarged by dosing
other elements or molecules. Due to the low electron affinity
of K, the adsorbed K atoms dope electrons to GeTe and
become positively charged. This positively charged adatom
layer lowers the electric potential barrier at the surface of
GeTe, thus reducing the size of the Rashba splitting. By this
token, the adsorption of atoms or molecules with a high elec-
tron affinity [50–52] will create a negatively charged adatom
layer which will enhance the electric potential barrier at the
surface. Then, the surface Rashba states will be more lo-
calized and have larger spin splitting. To demonstrate this
idea, we performed a calculation of a hypothetical situation
where a Cl atom, instead of the K atom, is placed above the
GeTe(111) surface. Figure 5 shows that the surface potential
barrier is hardened and the Rashba splitting indeed increases.
We note that we do not expect that Cl atoms can be deposited
in an experiment. The suggestion of a specific element or
molecule which has a higher electron affinity than GeTe(111)
and can be deposited in an actual experiment would require
further computational and experimental researches and is
beyond the scope of this work. We also suggest that such
an effect should be considered to design spintronic device
with heterostructure using the surface of interface Rashba
states.

It is worthwhile to discuss the role of OAM in the K-
dosing-induced Rashba splitting change because OAM is
believed as a crucial part of the Rashba band splitting [3,53–
57]. By calculating the expectation value of the OAM for the
surface Rashba bands, we find that the change in the surface
state OAM is dominated by the delocalization of the wave
function. The OAM of the topmost Te atom normalized by
the wave-function weight on it remains almost unchanged



FIG. 5. (a) Surface Rashba splitting for different Cl or K adatom distances. (b) The difference in the in-plane averaged potential with and
without the Cl or K adatom.

(see Appendix B, particularly Fig. 11). We believe that the
Rashba band splitting itself can be explained by the OAM in
GeTe [3,56], but the delocalization of the surface state, rather
than the OAM itself, plays a primary role in the reduction
of Rashba splitting when K element dosing is applied to the
GeTe surface.

IV. SUMMARY

In summary, we have experimentally demonstrated that
dosing electropositive K atoms can induce both a downward
shift in the overall surface Rashba state and a reduction in the
splitting energy. The binding energy shift of the band and the
splitting size change exhibited an almost linear relationship.
Theoretical analysis based on DFT calculation reveals that the
reduction in the Rashba spin splitting size is directly linked to
a K-dosing-induced downward shift of the potential energy
at the topmost atomic layer. The difference in the weights
on the topmost Te atom of the outer and inner band wave
functions plays a crucial role, indicating effects beyond the
standard two-band picture of the Rashba effect. We expect that
the splitting size can be enlarged by dosing other elements or
molecules which have high electron affinity. Our results imply
the importance of the relative electron affinity between the
atomic layer hosting the Rashba states and the adatom. This
should be considered in the design of heterostructures utiliz-
ing interface Rashba states for spintronic devices [25,58,59].
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APPENDIX

1. Photon energy (kz) dependence

ARPES data taken with various photon energies in the
range between 50 and 120 eV are shown in Fig. 6. To figure

FIG. 6. (a) Photon energy-dependent ARPES data for normal
emission. 1©, 2©, and 3© indicate the spectra measured with 70-, 90-,
and 104-eV photon, respectively. (b) ky-kz map at the Fermi level
taken in the first BZ.



FIG. 7. (Left) K̄-Γ̄ -K̄ cut data measured with 70-eV photon.
(Right) Two-dimensional curvature data of (a).

out the high-symmetry points along the kz direction, we show
a photon energy-dependent ARPES map at kx = ky = 0 in
Fig. 6(a). The Gaussian fitting results of the EDCs of the
bulk states are presented with the black circles in Fig. 6(a).
Despite the fact that it is not possible to directly observe
the Kramers point with (66–74)-eV photon, we can expect
that the Kramers point of the bulk states has the maximum
kinetic energy in the spectrum measured with 70-eV photon,
considering the symmetric dispersion of the bulk states along
the kz axis. Comparing our results with the previous reported
kz-dependent calculation [17] and photon energy-dependent
ARPES measurements [20,22], we can conclude that we ob-
served the bulk Z point with 70-eV photon. We deduced
the inner potential to be 14.2 eV, taking into account of the
lattice constant of α-GeTe [20]. We present a ky-kz map at
the Fermi level in Fig. 6(b). The bands located at ky = 0.31
and 0.2 Å−1 correspond to the outer and inner branch of the
SS1, respectively. Because of its 2D nature, SS1 and SR show
negligible dispersion along the kz [23,33].

2. ARPES data near the bulk Z point over a wide energy window

We present ARPES data along the K̄-Γ̄ -K̄ direction taken
with 70-eV photon (Z point) in Fig. 7. It is well known
that the bulk Rashba states are not affected by the surface
termination except the spin-polarization direction. However,
the dispersion of the surface states strongly depends on the
surface termination [23]. The overall dispersion shown in
Fig. 7 is consistent with previous ARPES and calculation re-
sults [20,22,23,33]. This consistency implies that the cleaved
surfaces we studied in our ARPES experiments have Te-
dominant surface termination and outward polarization.

3. Potassium (K) core-level spectrum

The K 3p core-level spectra with different K-dosing time
are shown in Fig. 8(a). We dosed K for up to 420 s and
measurements were made at every 30 s. As shown by the red
solid line, no K 3p peak was observed from the fresh GeTe
surface (0 s) in the binding energy range between 16 and

FIG. 8. (a) K 3p core-level spectra for various K-dosing time.
The dosing time increases by 30 s for each spectrum. The red, blue,
and green solid lines indicate the spectra taken with 0 (fresh surface),
300, and 420 s K dosing, respectively. (b) K 3p core-level spectrum
after 240 s K dosing. (c) The peak areas extracted from the spectra in
(a) and their ratio as a function of the K-dosing time.

20 eV. The intensity of the K 3p peak shows an asymmetric
line shape as shown in 8(a).

To investigate the asymmetric line shape, we performed
two Lorentzian fits of the K 3p core-level spectra. In Fig. 8(b),
we show the fitting result of 240 s K-dosing data as an exam-
ple. The fitting result shows two peaks centered at 18.6 and
17.8 eV. The peak area of the 18.6-eV peak (blue shaded)
is larger than that of the 17.8-eV peak (green shaded). We



FIG. 9. (a) Rashba splitting, (b) in-plane tangential OAM,
(c) out-of-plane OAM, (d) in-plane tangential SAM, and (e) out-
of-plane SAM of the surface bands for k points on Γ̄ -K̄ . (f)–(j)
Same quantities as in (a)–(e) for k points on Γ̄ -M̄. For the tangential
components, positive values indicate clockwise direction.

calculate the ratio between the areas of the two peaks as a
function of the K-dosing time up to 420 s. The results are
shown in Fig. 8(c). The peak positions and the binding energy
difference between the two peaks are similar to the previously
reported values [31,60]. The peak at 17.8 eV exists almost
before the intensity of the 18.6-eV peak saturates, indicating
that the growth mode is not an ideal layer by layer but has
some inhomogeneous growth such as island growth.

4. OAM and SAM of surface Rashba state

We study the SAM and OAM of the surface states, which
are directly related to the Rashba splitting. Figure 9 shows
the tangential and out-of-plane components of the SAM and
OAM of the surface states. For states with k points along
Γ̄ -M̄ and Γ̄ -K̄ , the radial components are zero due to the
mirror and time-reversal symmetries of the lattice. The SAM
and OAM along the z axis are also zero on the Γ̄ -M̄ line
due to the mirror symmetry. From Fig. 9, we note two major
changes in the SAM and OAM with increasing binding energy
shift (�Ebinding): (i) the direction of the in-plane SAM of the
inner band on the Γ̄ -K̄ line smoothly flips from clockwise
to counterclockwise [Fig. 9(d)], and (ii) the magnitude of
the in-plane OAM of both bands decreases on the Γ̄ -M̄ line
[Fig. 9(g)].

To understand the change in SAM, we plot the in-plane
tangential SAM of the surface states in Figs. 10(a) and 10(b).
We find that there are surface resonance states below the inner
Rashba states whose in-plane SAM are along the counter-
clockwise direction. These states are the surface resonance
states, which have been found both theoretically and exper-
imentally [20,22]. Because the inner Rashba band and the
surface resonance bands are energetically close, they can eas-
ily hybridize with each other. As the Rashba surface states
become delocalized towards the bulk by the K adatom, the
hybridization with the surface resonance states, which have
greater weight in the bulk than the surface states, will become
stronger. Thus, the SAM of the surface resonance states can
be transferred to the inner surface state, leading to the flip of
the in-plane SAM. This picture is supported by the fact that
the in-plane SAM of the S4 surface resonance band decreases

FIG. 10. (a), (b) Band structure and in-plane tangential SAM of the surface states for a slab model (a) without K adatoms, and (b) with K 
adatoms 6 Å above the slab. (c) In-plane tangential SAM of the four surface and surface resonance states marked in (a) and (b).



FIG. 11. (a)–(e) In-plane tangential OAM of the outer Rashba
band. (a) Total OAM, (b), (c) contribution of the topmost Te layer
(Te1) [(b)] and the third layer, which is a Te layer, (Te3) [(c)] to
the total OAM, (d), (e) normalized OAM of the Te1 and Te3 layers.
(f)–(j) Same plots as in (a)–(e) for the inner Rashba band.

by a similar amount to the increase in the in-plane SAM of the
inner Rashba band [Fig. 10(c)].

Now, let us examine the decrease in the OAM on the Γ̄ -M̄
line. Hybridization with surface resonance bands cannot be
the cause because there are no low-energy surface resonance
bands on the Γ̄ -M̄ line. To investigate further, we compute
the contribution of each atomic layer to the total OAM. The
layer-resolved OAM without and with normalization are de-
fined as

〈�La〉 = 〈ψnk| �̂LP̂a|ψnk〉

and

〈�La〉norm = 〈ψnk| �̂LP̂a|ψnk〉/〈ψnk|P̂a|ψnk〉,

respectively, where �̂L is the angular momentum operator and
P̂a is the projection operator to the valence p orbitals of atom
a. In Fig. 11, we show the contribution of the topmost and
third atomic layers, which are Te layers, to the OAM. The
contributions of the other layers including the second layer,
which is a Ge layer, are at least four times smaller. From
Fig. 11, we find that while the OAM of the topmost Te
layer without normalization decreases considerably with K
dosing, the normalized OAM does not change appreciably.
Hence, the decrease in the OAM of the topmost Te layer
occurs because of the decreased weight of the wave function
on the topmost Te layer, not because of the decrease in the
OAM of the topmost Te atom. Thus, the K-adatom-induced
delocalization of the surface states is also responsible for the
change in the total OAM. On the Γ̄ -M̄ line, the SAM are
almost fully polarized at all K adatom distances [Fig. 9(i)].
In addition, the OAM of the two Rashba bands are parallel,
while their SAM are antiparallel. This configuration corre-
sponds to the case where the ISB is dominant over the SOC
so that the SOC acts perturbatively to generate an effective
Zeeman field that splits the oppositely spin-polarized bands
[53]. Because the magnitude of the effective Zeeman field
is proportional to the OAM, the decrease in the OAM on
the Γ̄ -M̄ line with increasing binding energy [Fig. 9(g)] will
contribute to the reduction of the splitting of the Rashba
bands.
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