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Fully spin-polarized bulk states in ferroelectric GeTe
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By measuring the spin polarization of GeTe films as a function of light polarization we observed that the bulk
states are fully spin polarized in the initial state, in strong contrast with observations for other systems with a
strong spin-orbit interaction and the surface derived states in the same system. In agreement with state-of-the-
art theory, our experimental results show that fully spin-polarized bulk states are an intrinsic property of the
ferroelectric Rashba semiconductor o-GeTe(111). The fact that the measured spin-polarization vector does not
change with light polarization can be explained by the absence of a mixing of states with a different total angular

momentum J.
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I. INTRODUCTION

The plethora of novel physical phenomena driven by a
spin-orbit interaction (SOI) has attracted a lot of attention
recently [1]. The main reason is that SOI separates charge
and spin degrees of freedom and allows for spin manipulation
in solids without the need for magnetic fields. However, as
the name implies, SOI couples orbital and spin degrees of
freedom and as a result spin is no longer a good quantum
number, but systems have to be described in terms of the
total angular momentum J = L 4+ S. This means that the
“spin textures” derived for Rashba-type systems [2-7] and
topological materials [8—15] do not necessarily refer to the
spin quantum number m, but to the total angular momentum
quantum number m; [16]. A simplified picture for this is that
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in a material with SOI, a state is typically made up of different
orbital components and each of these orbital components has
a spin component associated with it. These spin components
can be parallel or antiparallel to each other and the degree of
spin polarization of a state is the weighted sum of all contribu-
tions. For the example of the well-studied topological surface
state of BiySe; this leads to a degree of spin polarization of
60% [17].

Most transport applications are orbital averaging and there-
fore sensitive to this total spin polarization, whereas tech-
niques based on optical transitions can be orbital selective due
to the dipole selection rules. This is valid to below threshold
photoexcitation as well as to photoemission. Another impor-
tant property of photoemission is that even in the presence of
strong SOI, spin-flip transitions are not allowed [18]. For the
aforementioned surface state of Bi,Ses, the link between or-
bital and spin angular momentum is nicely illustrated by spin-
and angle-resolved photoemission (SARPES) experiments
where the measured spin of the photoelectron reverses when
the light polarization is changed and thus different orbital
components are probed [19,20]. Recently, this concept was
taken further by showing that if a linear combination of orbital
components is probed, the measured spin polarization rotates
in the plane perpendicular to the original direction [21]. This
effect is based on spin interference and is a general property
of the photoemission process [15,22,23]. One of the main
consequences of the orbital selectivity and spin interference
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is that, also for initial states in a system with a strong spin-
orbit interaction, the measured degree of spin polarization
will always be 100% if all three spatial components are
measured and incoherent effects such as spectral broadening
and background contributions are considered [15,24]. On the
other hand, if the initial states are fully spin polarized with
respect to the quantization axis relevant to the symmetry of the
system, such so-called final state effects and spin interference,
besides scattering [25,26] as described in the one-step photoe-
mission model, will no longer be relevant and the measured
spin polarization will show no reversals as a function of
light polarization. It will be interesting to consider to what
extent (in)coherent k, broadening will influence the measured
spin polarization for two- and three-dimensional (2D and 3D)
systems, but this goes beyond the scope of this article.

The reversal of the measured spin polarization with light
polarization has been predicted and detected for a variety of
2D systems with strong SOI [24,27-33] and linear dichroism
in band structures has even been suggested to be a probe
for spin-orbit coupling [34]. Similar selection rules have
been used to reveal the hidden spin polarization in the bulk
states of centrosymmetric transition metal dichalcogenides
[35,36]. Using the additional valley degree of freedom, fully
spin-polarized initial states can be realized in the related
noncentrosymmetric structure of MoS, around the K points
at 2 eV binding energy [37]. However, in thin films the
substrate can partly lift the symmetry protection of the valleys
and the situation becomes less clear [38]. Given that most
spintronic effects scale with the degree of the initial state spin
polarization of bands close to the Fermi level, the question
arises whether it is possible to combine a large Rashba-type
spin splitting with a high (>=>95%) initial state spin polarization
close to Er without the need for additional symmetry con-
straints. In this work, by combing light polarization-dependent
SARPES and ab initio calculations, we show that the bulk
states of ferroelectric «-GeTe fulfill these criteria, making
this material a promising candidate for room-temperature
spintronics applications. Our work provides evidence of fully
spin-polarized initials states in any 2D or 3D system without
the need for additional symmetry constraints, but based on the
intrinsic orbital composition.

II. TECHNICAL DETAILS AND ORBITAL SYMMETRY

More than five decades ago, GeTe and SnTe were discov-
ered to be the simplest possible displacive diatomic ferro-
electrics [39]. With only two atoms per unit cell, the ferroelec-
tric order in GeTe is caused by the relative displacement of the
Ge and Te sublattice, below an ordering temperature of 700 K.
This displacement causes one of the largest observed Rashba-
type spin-orbit splittings of the valence-band maximum of
4.9 eV A in theory [40,41] and 4.2 eV A in experiment [42].
In spin pumping experiments a large spin to charge conversion
was observed in GeTe(75 nm)/Fe(5 nm) stacks [43]. These
results show the importance of SOI effects and hint at the
functionality of a-GeTe in this context, but the degree of spin
polarization of the initial states, and thus the full potential of
the material, remained unexplored.

Epitaxial films for our study of initial state spin properties
were grown by molecular beam epitaxy [44] on BaF,(111)

substrates and in situ transferred for high-resolution ARPES
measurements at photon energies from 11 to 26 eV (Fig. 1),
performed at the UE112-PGM2a beamline of BESSY II using
m-polarized undulator radiation. Laser-based (S)ARPES ex-
periments at hv & 7 eV were performed at the Institute for
Solid State Physics, University of Tokyo, with both ¢ and
7 light polarization and an experimental geometry denoted
in Fig. 1(d) [45]. To avoid oxidation and/or degradation,
these samples had a protective stack of amorphous Te- and
Se-capping layers (total thickness of 200 nm). A complete
removal of the protective Te/Se stack in the ultrahigh vacuum
chamber was achieved by annealing at temperatures around
570 K. The initial state band maps are presented in terms
of Bloch spectral functions (BSFs) as implemented in the
fully relativistic spin-polarized relativistic Korringa-Kohn-
Rostoker (SPR-KKR) theory [46].

In order to quantify the orbital composition in the ini-
tial states, Fig. 2(a) shows BSF calculations with an orbital
decomposition of the Rashba-type spin-orbit splittings. Data
show that for the bulk band Bj, forming the valence-band
maximum, the contribution of the Py orbitals to the intensity
and also spin polarization is negligible. To show that this
absence of orbital mixing is not an artifact created by the code,
we also include the full potential all-electron WIEN2K density
functional code (DFT) representing the orbital character in the
so-called fat bands in Fig. 2(b). It should be noted that these
findings of the absence of a contribution of the J = % states
is in accordance with the not fully relativistic calculations by
Ponet and Artyukhin [47].

III. RESULTS

Because the spin properties of pure surface states, surface
resonance states, and bulk states are not necessarily identical
[42], it is necessary to have a closer look at the measured
spectral function in order to separate these different states
with full confidence. Figure 1 shows ARPES data obtained on
in situ transferred films with the highest resolution to date.
From comparison with one-step photoemission calculations,
and their general behavior as a function of photon energy
[42,48], we can identify three different types of bands labeled
B, SR, and SS for bulk, surface resonance, and pure surface
states, respectively. All types of states show a Rashba-type
spin splitting and strongly warped isoenergy cuts, in agree-
ment with BSF theory as shown in Fig. 1(b). It can be seen
how the surface resonance states are split off from the bulk
states and follow these closely as a function of ky, k,, and also
k;. As a general rule of thumb, one can say that around the
surface Brillouin zone (SBZ) center, the states at a slightly
lower binding energy are the surface resonances, and the
surface states only cross the Fermi level at significantly higher
momenta.

Based on the band maps seen in Fig. 1 over a large momen-
tum and energy range at VUV photon energies, we identify the
different types of bands with high confidence in the smaller
momentum and energy range available for the band structure
at a photon energy of 7 eV shown in Fig. 3. In particular,
we note that within the 3D «-GeTe(111) electronic structure,
ARPES data measured at Av = 7 eV are consistent with data
measured at hv = 26 eV, meaning that at hv = 7 eV we probe
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FIG. 1. (a) High-resolution «-GeTe ARPES band structure measured around the Z point (hv = 22 eV), showing the bulk Rashba-split
bands B, and B,, surrounded by surface resonances SR;, and surface states SS;,. (b) Constant binding energy maps: Top panels are
four selected slices from (a), and the bottom panels are corresponding BSF calculations. (c) BZ of quasicubic (rhombohedrally distorted)
a-GeTe. (d) Experimental geometry with - and o-polarized light, with KI'K sample alignment indicated and related p-orbital symmetries.
(e) Representative a-GeTe ARPES band maps at the Z point (hv = 22 eV). (f) ARPES band maps for selected photon energies showing the &,
dispersion of the states. Yellow dashed lines for hv = 26 eV serve as guides to the eye to track the different bands as used for the hv = 7 eV

data shown in Fig. 3(a).

a similar k, value slightly away from the Z point, which is
located at hv = 22 eV [42]. As indicated by calculations of
normalized k, values in Fig. 3(c) using an empirical inner
potential Vy = 8.5 eV, for hv =7 eV we are at k, & 1.6427”,
where ¢ = 5.98 A is the lattice constant of GeTe along the
z direction [49]. For such low photon energies the closest Z
point would appear around ~v = 5.25 eV and is not accessible
with our laser-based (S)ARPES setup. However, as will be
shown below, probing the k, at hv = 7 eV does not hinder us
to draw general conclusions on the fully spin-polarized initial
states and is actually supporting this picture.

As illustrated in Fig. 1(d) for o-polarized light, the orbitals
with p, symmetry are probed, whereas for w-polarized light
the orthogonal p, and p, are probed. The photoemission
probabilities will depend on the overlap of the initial and
final state, but from symmetry considerations the probability
to probe a p, (px.) derived state with - (o-) polarized
light is zero. The data obtained with - [Fig. 3(a)] and o-
polarized photons [Fig. 3(b)] show the same spectral fea-
tures with a slightly different intensity distribution shifted
to higher momenta for o polarization and a higher count
rate by a factor of ~1.75 for m polarization. This indi-
cates that although the orbital components are different, the

same initial states are probed with these orthogonal light
polarizations. Hence the spin polarization obtained with o
and 7 polarization can be compared directly. Our results
also show that for dispersive states, linear dichroism, just as
circular dichroism, is not necessarily a good probe of spin
polarization.

In Figs. 4(a) and 4(b) the measured total intensity and the
three spatial components of the spin polarization (P, Py, P;)
are shown for both light polarizations. The most striking
observation is that the tangential, Rashba-like, component P,
does not change with light polarization. Only the region where
the surface state dominates the spectral function appears to
show a polarization reversal, but the bulk states B; , and the
surface resonances SR > show the same P,, only weighted dif-
ferently due to the change in intensity distribution. Away from
the surface states and close to the valence-band maximum also
P, and P, of B; only show a change in distribution, but no
sign change. This indicates that although orthogonal orbital
components are probed, the spin vector is the same for both
cases, which hints at a fully spin-polarized band. It should
be noted that the sudden change in spin polarization of the
states with subscript 2 in the region highlighted with a circle
is related to interband or intraband spin hybridization [50-52].
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FIG. 2. (a) a-GeTe BSF calculations with total intensity spectral
function /, decomposed to s, pi, and p3 orbital contributions;
with analogous DFT analysis in (bz) Color codmg distinguishes the
contribution from Ge and Te atoms, while circle radii represent
weights of a given state projected to the corresponding relativistic
orbitals, and B, , are the bulk Rashba-type bands at the valence-band
maximum. (c) BSF total spin-polarization initial state calculations
P, decomposed to individual orbitals.

IV. DISCUSSION AND COMPARISON TO THEORY

From our SARPES experiment it is clear that the degree
of initial state spin polarization of the states at the top of the
valence band has to be very high and close to 100%. How-
ever, our experiment does not have the geometrical flexibility
to individually probe all possible orbital contributions, and
furthermore, we consider only one photon energy, and thus
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FIG. 3. ARPES band maps measured at 7 eV for (a) m- and
(b) o-polarized light. Dashed lines indicate the SS; », SR; », and B, »
bands consistent with data measured at hv = 26 eV seen in Fig. 1(f).
(c) Schematic diagram for k-space mapping showing normalized k,
values based on an inner potential V; = 8.5 eV.
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FIG. 4. (a), (b) SARPES band maps measured at 7 eV for 7-
and o -polarized light, respectively. For every panel the top left figure
shows the total intensity and the other panels the respective spin
polarizations along the three spatial directions. The yellow dashed
lines serve as guides to the eye to track the band dispersion, and the
circle highlights the region where the spin polarization changes due
to spin hybridization effects.

the k, value for a state we know is strongly three dimensional,
as shown in Fig. 1 and discussed in Ref. [42]. Therefore, to
quantify this value, and study any possible dependency on
k,, we consider the initial state spectral function calculations
for the bulk states shown in Fig. 5. The calculated total spin
polarization in Fig. 5(a), Pt = VP + Py2 + Pzz, is displayed
along 'K and I'M whereby the sign is taken from the y
component. In the following, we only focus on the magnitude
of the total degree of initial state spin polarization. In order
to highlight the locus of E (k) with the highest Py, Fig. 5(b)
displays only regions where |Py| = 0.8. Much of the band
structure remains visible, especially around the top of the
valence band, the bottom of the conduction band, and two
bands at a higher binding energy highlighted by the arrow.
These last states were the ones studied as representative for
bulk states in previous studies focused on switching the spin
texture [53].

The extremely high magnitude of spin polarization at the
top of the valence band becomes clear from Fig. 5(c) where
|Pot] = 95%. These theoretical predictions are in outstanding
agreement with experimental data in Fig. 4, where almost
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FIG. 5. (a)-(c) BSF total initial state spin-polarization calcu-
lations along the Z-A and Z-U directions. (a) shows total spin
polarization P, and the blue square indicates the locus of highest
polarization. (b), (c) Band map with |Py| = 80% and |Py| = 95%,
respectively. (d) Total spin polarization P, at the top of the valence
band, and its spinor components P, P,, and P,, calculated for 16
selected momenta along the ZI" direction, denoted in the BZ inset. A
quiver plot of their in-plane P, spin texture is seen in the bottom
of the panel. For comparison, P, indicates the maximum spin
polarization found in a selected region around the top of the valence
band. (e) Zoomed view [black frame in (a)] of total spin polarization
along the BZ direction indicated in the inset of (d). Blue and yellow
symbols show the energy and momenta where Py and P, were
obtained, respectively.

pure, and identical, P, is observed around the valence-band
maximum for both light polarizations. This large spin degree
of initial state spin polarization has been found close to the
Fermi level for a system with a large Rashba-type spin split-
ting. This is rather unexpected and follows from the examples
given above, but also from studies on the bulk Rashba system
BiTeCl [54] and the other regions in momentum space studied
here for GeTe. For example, already the lower Rashba band B,
shows a lower degree of initial state spin polarization on the
ideal Rashba component, which is also reflected in the change
of sign of P, for this state.

That this finding is not just valid for a given photon energy
or k; value follows from the calculated P, . and P as a
function of k, spanning half a Brillouin zone from I" to Z
displayed in Figs. 5(d) and 5(e). Data reflect the 3D dispersion
of the top of the valence band denoted by yellow circles and
blue squares, with a specific canted spin texture due to a sig-
nificant P, component close to the high-symmetry points [42],
responsible for the characteristic canted in-plane Py , spin tex-
ture displayed at the bottom of Fig. 5(c). The momentum and
energy values for the valence-band maximum along I'Z are in-
dicated by blue squares in Fig. 5(¢), whereas the yellow circles

are obtained by taking the maximum spin polarization within
the larger momentum and energy window. Data show that
the maximum calculated spin polarization is indeed closely
following the dispersion of the band related to the valence-
band maximum. For this reason our findings indicate that fully
spin-polarized bulk states, evolving over the entire BZ from
the most-pronounced Rashba-type splitting at the Z point, are
an intrinsic property of the o-GeTe(111) ferroelectric Rashba
semiconductor.

This raises the question on the origin of the large initial
state spin polarization and whether this finding can be gener-
alized to other systems. A well-defined initial state spin polar-
ization requires a state with low orbital hybridization between
states with different J, as this will also mix spin states. This
can be achieved by imposing additional (valley) symmetry
constraints to protect the orbital angular momentum, as is
the case for MoS, [37]. However, for GeTe, theoretical con-
siderations show the absence of the quenching of the orbital
angular momentum around the valence-band maximum and
the states show a strong J = % character with no contribution

from J = % (Fig. 2) [47]. For surface states this is rarely
achieved because they either split off from bulk states or are
located in an inverted band gap and thus the orbitals easily
mix.

The absence of P contributions to the valence-band max-

imum means that all orbital and thus spin components are
added coherently and thus the initial state spin polarization is
100%. On the other hand, the p 1 do contribute significantly
to the B, band, and as a consequence the initial state spin
polarization is predicted to be lower, as is evident from
Fig. 5. The lower initial state spin polarization of this band
with respect to the quantization axis relevant to the system
symmetry is directly reflected in the change of its mea-
sured P, component as a function of light polarization shown
in Fig. 4.

Combining theory and experimental results this indicates
that the best strategy to look for functional high initial state
spin polarization is to consider 3D states with the region close
to, or crossing, the Fermi level having a pure J character.
The valence-band maximum of «-GeTe(111) is a prominent
example of this, but similar situations can be found in other
compounds, thereby opening up the search for materials with
functional high initial state spin polarization.
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