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Disentangling bulk and surface Rashba effects in ferroelectric «-GeTe
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Macroscopic ferroelectric order in «-GeTe with its noncentrosymmetric lattice structure leads to a giant Rashba
spin splitting in the bulk bands due to strong spin-orbit interaction. Direct measurements of the bulk band structure
using soft x-ray angle-resolved photoemission (ARPES) reveals the three-dimensional electronic structure
with spindle torus shape. By combining high-resolution and spin-resolved ARPES as well as photoemission
calculations, the bulk electronic structure is disentangled from the two-dimensional surface electronic structure
by means of surface capping, which quenches the complex surface electronic structure. This unravels the bulk
Rashba-split states in the ferroelectric Rashba a-GeTe(111) semiconductor exhibiting a giant spin splitting with

Rashba parameter g around 4.2 eV A, the highest of so-far known materials.
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In spintronics an important goal is to be able to control
the spin of the electron in solids without applying magnetic
fields [1,2]. The most promising mechanism is based on the
Rashba effect [3] and the subsequent spin precession induced
in such systems [4]. While most research has previously
focused on 2D electron systems [5,6], recently a three-
dimensional (3D) form of such Rashba effect was found
in a series of bismuth tellurohalides BiTeX (X =1, Br, or
Cl) [7-12]. Although these materials exhibit a very large
spin splitting, they lack an important property concerning
functionalization, namely, the possibility to switch or tune
the spin texture. This limitation can be overcome in a
new class of functional materials displaying Rashba splitting
coupled to ferroelectricity, the so-called ferroelectric Rashba
semiconductors (FERS) [13,14].

Recent photoemission experiments on a-GeTe—the stable
rhombohedral room temperature configuration of the GeTe
phase change material [15]—indicate that this system is a
hallmark candidate for entanglement of the ferroelectric and
spin-orbit order [16,17]. Due to the giant Rashba splitting spin
injection from magnetic systems into GeTe appears viable in
order to achieve spin-to-charge conversion [18]. Therefore,
ferroelectric [13] or multiferroic [19] Rashba semiconductors
bring new multifunctional assets for spintronic devices. A
crucial issue for the understanding of FERS is to disentangle
the Rashba effect in the bulk caused by the bulk ferroelectric
lattice distortion and surface effects arising from particular
surface terminations and/or possible band bendings. This
represents a major challenge for surface sensitive techniques
such as angle-resolved photoemission (ARPES). For this
reason up to now ARPES measurements on «-GeTe surfaces
performed in the surface-sensitive UV regime have been
dominated by surface effects [16,17] and clear information
of the three-dimensional bulk electronic structure and its spin
texture has not been obtained.
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In this paper, we demonstrate direct measurements of
the bulk band electronic structure of «-GeTe using ARPES
in the soft x-ray regime and elucidate the spindle torus
shape of the bulk constant-energy surfaces that are further
characterized by spin-resolved ARPES (SARPES) in the
ultraviolet regime. We show that the «-GeTe(111) surface
exhibits a multitude of the surface and resonantly enhanced
bulk states at the Fermi level that induces conductivity in the
otherwise semiconducting «-GeTe thin films. In particular, we
reveal that the previously reported bulklike Rashba state [16]
is actually a surface resonance and thus cannot contribute to
spin-charge conversion in realistic devices [18]. Quenching of
these states is demonstrated by amorphous tellurium capping
of the GeTe surface rendering data dominated by bulk effects.
The availability of gapped Rashba-split bands with their spin
helicity locked to the direction of the ferroelectric polarization,
as well as the immunity of these states to capping layers, paves
the way to all-electric nonvolatile control of spin-transport
properties in heterostructure «-GeTe based semiconductor
devices.

The measurements were performed at the Swiss Light
Source of the Paul Scherrer Institut. The soft x-ray ARPES
data were taken at the ADRESS beam line at photon energies
of 340-800 eV at a sample temperature of 11 K and a base
pressure lower than 107! mbar [20]. The SARPES data
were measured with the Mott polarimeters at the COPHEE
end station at 20 K [21]. Experiments were performed on
200-nm-thick ferroelectric Te-terminated «-GeTe(111) films
(see Supplemental Material [22]) grown by molecular beam
epitaxy on BaF,(111) substrates [19,23]. A protective stack of
amorphous Te- and Se-capping layers with a total thickness of
20 nm was used to avoid surface degradation and oxidation.
A complete or partial removal of the protective Te/Se stack
in the ultrahigh vacuum chamber was achieved by annealing
at different temperatures [22]. To build a bridge between
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FIG. 1. (a) Brillouin zone of quasicubic GeTe. (b) k, ARPES
band maps along ZI"Z in normal emission and (c) KT'K direction
at Er and ¢y = 0.7 eV binding energy; (d) constant binding energy
maps above (Z + A), below (Z — A) and at the Z point. (b), (¢/),
(d’) 1SM calculations corresponding to (b), (c), (d). (e) 3D schematic
representation of the bulk isoenergy surface at €.

experiment and theory our ab initio calculations are based
on density functional theory as implemented within the
multiple scattering theory including the spin-orbit coupling
(SOC) [24,25]. The ground state band structures are presented
in terms of Bloch spectral functions (BSF) and compared to
final states by means of the one-step ARPES model (1SM),
both include the intrinsic p-type doping due to Ge vacancies
by means of coherent potential approximation alloy theory.
We first concentrate on locating the Z point in k space where
the Rashba splitting is most pronounced. Figure 1 summarizes
our data obtained with photon energies from 340 to 800 eV
from uncapped surfaces. The experimental band maps are
shown in panels (b)—(d), and the corresponding (b")—(d’) panels
with blue color scale are the photoemission calculations. A
fundamental advantage of this energy range is the increase of
the photoelectron escape depth and thus of intrinsic definition
of the ARPES experiment in surface-perpendicular momentum
k1 which is crucial for observation of the inherently 3D
electronic structure of o-GeTe(111) [26]. This is revealed by
normal emission data as a function of k; varied through photon
energy [panels (b)—(b’)] and by the dispersive spectral weight
at the Fermi level (Ef) and at a binding energy of 700 meV
(c—¢'), readily identifying the Z points in the 3D Brillouin zone.
The constant energy surface maps in (d)—(d’) show a strong
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hexagonal warping, which becomes threefold away from the
Z points. In accordance with the crystal symmetry, these band
maps are consistent with the 3D Rashba-type Fermi surface
for BiTel [8], taking the form of a spin-polarized spindle torus
as depicted in panel (e).

Measured at the Z point at hv = 480 eV and at the T’
point at hv = 410 eV, ARPES data along the KT'K direction
for amorphous Te-capped and uncapped samples are shown
in Figs. 2(c)-2(f), along with corresponding ground-state
calculations (a), (b). Apart from the typical underestimate of
the bandwidth and gap size, the calculations reproduce the
experimental a-GeTe(111) bulk electronic structure very well
because all the main bands 1-2-3 are unambiguously resolved
in both theory and experiment. We emphasize that at the I’
point even the bulk Rashba splitting is experimentally resolved
for bands 2 and 3. At the Z point it becomes evident that the
uncapped surface in Figs. 2(c) and 2(d) unleashes otherwise
suppressed surface effects on top of a bulklike electronic
structure. As seen in Figs. 1(c) and 1(c’), at the Fermi level
both theory and experiment identify pure surface effects as
nondispersive bands denoted S, in Fig. 2(c), together with
dispersive surface effects we henceforth denote as surface
resonances SR. The surface resonances in semiconductors
typically fill the band gap and hybridize with the bulk states.
As a matter of fact Fig. 2(d) indicates that the SR split off from
the bulk band 1 and extend up to Ef.

To better characterize the surface electronic structure near
the Z point where the Rashba splitting is most pronounced
and, at the same time, most shadowed by surface states
and resonances, Fig. 3 zooms into the smaller band-map
window indicated by yellow frame in Fig. 2(e). In particular,
the bulk ground state calculations in panel Fig. 3(d) are
compared to semi-infinite surface calculations in panel (f). The
corresponding ARPES data in panels (c) and (e) consistently
show a modified band structure with 2D Rashba-split surface
states Sj, that intersect the bulklike states, as schematically
illustrated in Fig. 3(a) by yellow contours. For both Te-capped
and uncapped samples the Dirac point is situated at around
200-250 meV binding energy. Moreover, its dispersion along
the I' Z-direction shown in Fig. 1(b) and 1(b’) is in agreement
with ab initio calculations with [13] or without [27] SOC.
ARPES data from Te-capped samples [Fig. 3(c)] clearly show
the pair of Rashba-split bands at the Z point consistent
with the band map sketched in Fig. 3(b). The well-resolved
Rashba-split bulk bands allow us to derive the momentum

splitting Akg =~ 0.13 A_l, an energy splitting Eg ~ 190 meV,
and Rashba parameter az along the Z-A-direction to be around
4.2eVA. Sucha giant Rashba splitting even surpasses systems
such as Bi/Ag(111) [28] and BiTel [7,8] and is in excellent
agreement with theoretical predictions [14].

A particularly interesting feature for potential spintronic
applications is that the band structure is gapped at E, despite
the fact that GeTe appears to have always p-type metallic
transport properties due to Ge vacancies [29]. Compared
to 1SM calculations with ideal «-GeTe(111) stoichiometry
presented in Fig. 1(b’), the experimental valence band map
in Fig. 1(b) exhibits a rigid shift due to the intrinsic doping
as denoted by green arrows. When including an intrinsic p
doping in the order of 0.1% in the ground state calculations
[Fig. 3(d)], the valence band maximum (VBM) stabilizes with
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FIG. 2. (a), (b) Bulk a-GeTe(111) ground state calculations along T'K at the I and Z point, with corresponding soft-X ARPES band maps
for uncapped (c), (d) and capped samples (e), (f). The yellow frame in (e) zooms into the bulk Rashba splitting at the Z point (see text).

the narrow gap around 60 meV, in excellent agreement with
our experimental data of Fig. 3(c).

Due to the surface sensitivity of ARPES, the experimental
band maps cannot be directly compared with bulk band-
structure calculations. As seen in Figs. 3(e) and 3(f), the surface
electronic structure of the uncapped surfaces significantly
differs from the pure bulk as shown in Figs. 3(c) and 3(d).
This is due to surface states S;» localized near the surface,
whereas pure bulk states decay toward the surface. However,
particular bulk states exist that show a resonantly enhanced
spectral weight in the near surface region and degenerate
with the bulk at lower binding energy. This is sketched
in Fig. 3(h) where the corresponding wave functions are
plotted as a function of distance from the surface. Indeed,
the integrated intensity calculated for the selected regions in
Fig. 3(f) display very different decay lengths [30] characteristic
for pure bulk, bulk-derived surface resonance states (SR) and
finally pure surface states as presented in Fig. 3(g). The SR
include a broad range of states from surface-derived states
that are lightly coupled to the bulk continuum; to bulk-derived
states that are modulated by the surface potential, as well
as bulk states that are altered due to surface band bending.

We emphasize that the usual photoemission interpretation that
features which disperse with photon energy are a priori bulk
states is misleading as also bulk-derived SR states show a clear
photon-energy dispersion [22,31].

Figure 3(i) shows the momentum distribution curve (MDC)
at Er obtained at hv =22 eV for the uncapped surface,
color coded with 1SM calculations that reveal the degree of
surface localization of the spectral features [22]. Pure surface
states with the maximum of their wave functions between the
first atomic layer and vacuum are indicated with white-light
yellow shading; pure bulk states without surface localization
are marked black. They are absent at Er, but in between the
two extreme cases, a variety of SR states with intermediate
degree of localization are present.

As seen in Figs. 4(a) and 4(b), all over the Brillouin zone the
spectral weight at E ¢ is formed by these SR states displayed in
red color, surrounded by pure surface states marked in yellow
(see Supplemental Material [22]). In contrast to Ref. [16], our
experimental data indicate that the surface states do not fold
back into the occupied states near I', meaning their Dirac point
lies in the unoccupied region as shown in Fig. 3(f). Thus the
soft x-ray ARPES data in Figs. 4(a) and 4(b) elucidate the
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FIG. 3. (a) 3D schematic representation of the 3D bulk spindle torus with intersecting surface states in yellow, at an energy below the
Dirac point as seen in the schematic Rashba-split band map in (b). ARPES data (c), (e) and calculations (d), (f) from Te-capped and uncapped
a-GeTe(111) surface. (g) BSF intensity decay from selected regions in (f) identifying the surface (yellow), bulk state (black), and surface
resonance states (orange-red), schematically depicted in cartoon (h). (i) MDC curve at E obtained at hv = 22 eV; the spectral features are
color coded with 1SM calculations (see text).

importance of the bulk-surface resonance in the UV regime  Ref. [16], however the SR replica was interpreted as a pure bulk
where the Z point is located at hv = 22 eV [22]. In Fig. 4(c) state shifted to Er due to intrinsic «-GeTe(111) p doping. On
we clearly resolve the bulk states (dashed black lines) and their the contrary, our data indicates that the pure bulk states remain
surface resonance-replica (red dashed lines) shifted up to E, gapped with the same ag as observed for capped surfaces
as sketched in Fig. 4(d). Similar ARPES data was reported in in Fig. 3(c).
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FIG. 4. (a) Second derivative plot of the k, scan from Fig. 1(c) indicating the surface resonance (red) and pure surface states at £ (yellow).

(b) ARPES maps measured along KI'K at four different photon energies the k, momentum of which is indicated in (a). (c) Second derivative
band map at hv = 22 eV. (d) Schematic representation of the bulk (black) and SR-replica (red) Rashba-split bands.
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FIG. 5. (a) Bulk and (b) surface spin-resolved BSF with P , quiver plot along the green arrow in the inset of panel (a). ARPES data along
KTK (c) and MT M (d) with populations of spin-up and spin-down electrons near E (bottom panels). (e) Theoretical and (f) experimental
Fermi surface map with arrows indicating the spin texture. P, MDC measured at Er (g) and below the Dirac point (h), compared with
calculations. (i) SARPES data and (j) spin fits of bulk Rashba split bands measured along the Z-U path indicated in (d).

To assess the spin polarization of the individual bands
caused by the Rashba effect, SARPES measurements were
performed. However, until more efficient spin detection
schemes become available [32] we are limited to the UV energy
range, precluding the use of Te-capped surfaces. Therefore,
all spectral features of the uncapped samples need to be
disentangled according to their bulklike or surface-related
character. For our SARPES experiments the sample is aligned
in such a way that the out-of-plane spin polarization P, is
oriented along the Z-I" direction and P, (P,) along the Z-A
(Z-U) directions. SARPES data is visualized as spin-resolved
MDCs which we relate to calculations including the surface
potential shown in Fig. 5(b); the corresponding spin-integrated
Fermi surface map (FSM) is seen in Fig. 5(e).

For analysis of in-plane SARPES at Er we concentrate on
the surface and SR states labeled 1-5 in the band map and MDC
depicted in Fig. 5(c). Their appearance is comprehensively
described using the vectorial 3D fit [22], and the derived
spin texture is summarized in Fig. 5(f). As a whole, the
SARPES data suggest an unconventional spin texture with
parallel spin orientations different from the simple Rashba
model. The altered spin topology can be reconciled via
SOC-induced hybridization of the SR and surface states [22]. A
similar interband hybridization and spin reorientation has been
observed in 2D Rashba systems [33,34]. Since on Te-capped
samples the surface states are quenched, the spin topology
below Ef reduces into a typical Rashba-like arrangement as
seen in Fig. 3(b).

For the out-of-plane spin polarization the band anisotropy
between Z-U and Z-A induces a strong hexagonal warping
which is responsible for the P, component [13,35,36]. Here,
we concentrate on the P, spin texture at £ and below the Dirac

point presented in Figs. 5(g) and 5(h), respectively. In order to
visualize the complex P, warping in full extent, calculations
are displayed as constant binding energy maps which our
MDC data intersect. For the considered MDCs at Er we
unambiguously identify along KT K the antisymmetric peaks
1-6. On the other hand, since the M " M direction is the mirror
plane in the «-GeTe(111) crystal structure, the measured P,
polarization should be strictly speaking zero. However, due to
the angular resolution limitation indicated by dashed frames
in Fig. 5(g), the measured P, spin polarization is nonzero with
clearly symmetric P, modulation in spin data. The SARPES
data measured below the Dirac point along two inequivalent
directions T K and T K’ and presented in Fig. 5(h) also show
excellent agreement with the photoemission calculations and
confirm our detailed understanding of the «-GeTe(111) P,
warping around the Z point.

Finally, we address the in-plane Py, spin polarization
below the Dirac point. The ideal locus of k space momenta
for measuring pure bulk-Rashba properties is indicated in
Figs. 1(d) and 5(d). The calculations of Fig. 5(a) predict bulk
states with distinct canted helicity for the P, , polarization
(P, ~ 2Py) as indicated by the inset. The corresponding
experimental data is summarized in Figs. 5(i) and 5(j).
Consistent with the discussion above, we identify the peaks
1-2 as bulk Rashba-split bands with a similar Rashba splitting

as for a Te-capped sample along TK [Akz(TM) ~ 0.1 A_l].
Moreover, their measured canted helicity and Ak is consistent
with the ground state calculations for which both magnitude
and direction of the spin polarization vector traces back to
the states from which these electrons originate in the bulk
continuum. This is nontrivial especially for systems with large
SOC where the total angular momentum is relevant for the
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photoemission process rather than only the spin quantum
number [37]. Since the measured spin polarization can depend
strongly on the final state, the same states were probed with
different photon energies [22]. Because the same canted spin
arrangement was confirmed in all cases, we conclude that the
measured spin signals trace back to initial state bulk Rashba
spinors.

In a broader perspective, the unveiled «-GeTe bulk spin
structure has far reaching consequences both for fundamental
physics and applications. Based on our results, a-GeTe is the
prime candidate in manipulatable spin-orbit-driven Rashba
physics in 3D k space. We emphasize that the giant spin
splitting of az around 4.2 eVA is so far the maximum reported
value. Furthermore, for adequately gated capped samples the
Fermi surface takes the shape of a single spin polarized
spindle torus [38], without additional transport channels. The

Akgr =~ 0.12 A™" of the bulk bands translates into a spin
precession length of around 1.4 nm, which is two orders of
magnitude shorter than what was found for GaAs quantum
wells [39], hence favoring ballistic transport in potential device
applications. Moreover the ¢-GeTe Rashba physics extends to

PHYSICAL REVIEW B 94, 205111 (2016)

the Mn-doped multiferroic Ge;_,Mn,Te system [19,40]. This
opens possibilities towards semiconductors with highly mul-
tifunctional properties combining magnetism, ferroelectricity,
and Rashba physics for potential device applications.
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