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ABSTRACT

The possibility to manipulate spin textures is of central importance for their utilisation in functional materials.
Here it will be shown how the resulting changes in the spin texture of the electronic structure can directly be
imaged by spin- and angle-resolved photoemission spectroscopy (SARPES) by the examples of a multiferroic and
a polar material. By using operando SARPES it will be shown that it is possible to reverse both the Rashba-
and Zeeman-type spin textures in multiferroic Ge;_,Mn,Te thin films by applying an external electric field in
a capacitor type set-up. Furthermore, by growing homoepitaxial thin films of SrTiO3(001) the filling of the 2D
electron gas found in this system can be altered to achieve a single spin-polarised Fermi surface. Combined with
the superconducting properties found in SrTiOj3 this Fermi surface topology can form the starting point for the
search of Majorana-type excitations.

Keywords: Spin textures, photoemission, operando measurements, ferroelectric, multiferroic, transition metal
oxide, Majorana, 2DEG

1. INTRODUCTION

The classification of crystalline materials and their electronic structure by topological indices has gained much
attention over the last decade.!® An important reason has been the mathematical and physical beauty of being
able to summarise all possible band structures in a finite number of topological classes, which will each show
a common response to excitations. However, from a more application focussed point of view, the interest in
topology is mainly driven by the topologically protected, spin-polarised interface states that form at boundaries
between regions with different bulk topology. This branch of topology primarily considers band crossings and
inversions, and it should be noted that the occurrence of surface states in this case case is a direct consequence of
the predictions by William Shockley in 1939.6 Their spin texture follows from the point symmetry at the surface
or interface and for non-magnetic systems also has to obey time reversal symmetry. The simplest solutions is a
single spin-polarised state with a helical spin texture as illustrated in Figure 1(a), representing the single Dirac
cone surface state of a topological insulator (TT).

A similar situation can be achieved by starting with the two spin polarised bands formed under the influence of
spin-orbit interaction (SOI) by the breaking of space inversion symmetry in a Rashba system” ® and then gapping
out one of the bands due to magnetic interactions, as illustrated in Figure 1(b). Although straightforward in
theory, the practical application of the idea is more involved. An external magnetic field has to be large (> 1 T)
in order to open a significant gap, which can cause further technical problems. Alternatively, the required
magnetic interaction can be achieved by adding magnetic moments to the sample under investigation itself. In
this case the magnetic moments should order along the same direction along which the symmetry is broken, and
there should be a strong coupling to the bands with a Rashba-type spin splitting.

The difficulty in achieving these conditions is nicely illustrated by the study of a possible gap opening of the
surface state of topological insulators. Both for magnetically doped topological insulators'® ! and layered intrin-
sically antiferromagnetic TIs,'? a gap in the surface states due to magnetic order was claimed in photoemission
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a) Topological Insulator b) Rashba + Zeeman

Figure 1. Dispersion and spin texture of (a) Dirac cone surface state of a topological insulator and (b) combined Rashba
and Zeeman system. At energy E; the constant energy surfaces and spin texture for the two systems are distinct, whereas
at Fo inside the Zeeman gap they are identical.

experiments. However, separate measurements casted significant doubt on these claims,'> % and also compli-

mentary local probe measurements seem to indicate the absence of such a gap.'”!? For surface Rashba systems
similar problems are encountered for out-of-plane magnetised systems, although for in-plane magnetisation the
expected shift of the bands is observed.?%2! For bulk Rashba systems the coupling between the magnetic mo-
ments and the Rashba-split bulk bands appears to be stronger, and a Zeeman gap opening around the crossing
point of the bands has been unambiguously observed both for Mn-doped GeTe?? and V-doped BiTel.?3

One possible explanation for the strong influence of the magnetism in the latter systems is that the origin
of the magnetic order itself partly lies in the interaction of the magnetic moments with the spin-orbit split
states of the valence band. Consequently, also the reverse influence is strong and a gap is opened up. In this
light, the finding of a large Rashba-type spin splitting with a Zeeman gap in the two dimensional electron gas
(2DEG) formed at the surface of SrTiO3(001)?* (STO) is indicative of an intrinsic coupling between the origins
of the magnetic and spin-orbit order. Also these are disputed,?® but differences are most likely due to sample
preparation and surface quality.?S In any case, given the large possible impact of forming a single spin-polarised
Fermi surface on an nominally insulating sample close to a superconducting transition, the system deserves
further investigation and the second part of this paper is devoted to showing how the band filling can be changed
to place the chemical potential in the Zeeman gap.26

1.1 Spin- and Angle Resolved Photoemission Spectroscopy

With the exception of skyrmions and related systems where the influence of SOI and exchange interaction
are well balanced in the Dzyaloshinskii Moriya interaction, the spin textures related to strong SOI are only
detectable in reciprocal space techniques. With the possibility to measure the spin polarisation vector for every
point of the occupied band structure in reciprocal space, spin- and angle-resolved photoemission spectroscopy
(SARPES) is thus the method of choice. The details, possibilities, and challenges of SARPES have been reviewed
elsewhere,?” 8 including recent technical developments,? and a special focus on topological materials.?°

In short, similar to typical angle-resolved photoemission (ARPES) the band structure is determined by
measuring the kinetic energy and emission angle of electrons emitted by a monochromatic light source and
transforming the obtained values to binding energy and momentum. However, instead of directly detecting
the electron, it is passed on to a spin detector where the spin expectation value is determined by a scattering
technique, thereby yielding a 3D spin vector for each band under investigation. Without going into detail, two
points should be noted. First, excitation with circularly polarised light does not yield information about the spin
but about the orbital angular momentum, which can be parallel or anti-parallel to the spin. Second, SARPES
does not necessarily detect the initial state spin texture, but rather its convolution with the photoemission matrix
elements. For further details the reader is referred to the articles mentioned above.
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2. SPIN TEXTURE MANIPULATION IN MULTIFERROIC Ge;_;Mn,Te

In order to utilise the topological spin textures found in systems with strong SOI it is of central importance to
be able to manipulate them. The most extreme case is the reversal of the spin texture in ferroelectric materials
upon switching the ferroelectric polarisation direction.?! The use of ferroelectric materials has the additional
advantage that the changes can be stored in a non-volatile manner. The experimental verification that the
reversal of the crystal polarisation does indeed lead to a reversal of the Rashba-type spin texture is thus of
importance to open up a further field of study and applications.

a) top gate b) back gate

hv

Figure 2. (a) Schematic of sample mounting used for operando SARPES experiments on GeTe(111) films. The voltage
is applied to the Au mesh on the top to ensure that the sample surface is sensitive to it. (b) Schematic for a back gating
experiment. In this case the free charges created by the photon beam will rapidly screen the back gate voltage and at the
sample surface no additional potential gradient is present and no operando effects can be expected.

Although straightforward in theory, the experimental realisation of SARPES measurements on ferroelec-
trically switched crystals is much more involved. The most important reason is that in order to change the
polarisation one has to place the sample between two electrodes, whereby the top electrode would directly block
the incoming light and outgoing photoelectrons. An elegant solution to this problem would be to use graphene as
a top gate recently done for normal ARPES.?? However, this limits the possibility of in situ surface preparation
and is currently primarily feasible in combination with other non-reactive van der Waals materials. Thus, until
a method to transfer and contact graphene under UHV conditions is found, another method has to be used for
most materials. We decided to use a gold mesh with a large open area and chose the dimensions such as to
have a homogeneous electric field in the holes of the mesh at the sample surface. To ensure electrical isolation
between the sample and mesh, the latter was coated by a thin dielectric layer. This way the sample surface could
be prepared by our standard decapping method of thin GeTe(111) films.?3 Figure 2(a) shows a schematic of the
sample mounting and further details can be found in the original publication.?*

Another problem of performing operando (S)ARPES experiments is that the large amount of free charges
that are created by the photon beam (e.g. secondary electrons) will screen the applied voltages. It is therefore
crucial to apply the voltage as close as possible to the region one is interested in. In most (S)ARPES experiments
this is the sample surface, which renders so-called back gating useless as illustrated in Figure 2(b) unless few
monolayer thin samples are investigated. In our operando SARPES experiments we therefore applied a voltage
to the mesh while keeping the metallic substrate of the the 200 nm Ge;_,Mn,Te(111) film at ground potential.
As a result, the kinetic energy of the bands and Fermi level is shifted, but this is a small price to pay and can
easily be corrected.

2.1 Spin Texture Inversion in Ferroelectric GeTe

Our main finding for operando SARPES experiments on ferroelectric GeTe(111) films are shown in Figure 3. As
schematically illustrated in Figure 3(a), the Rashba-type spin texture is expected to be inverted upon reversal of
the ferroelectric polarisation of the thin films. The spin polarisation spectra as function of momentum in Figure
3(b) show exactly this type of reversal upon applying a -1.6 V to the Au mesh; the z, y, and z component of the
spin polarisation are all reversed, although their magnitude is reduced. This reduction can be partly attributed
to the lower data quality when measuring with an applied voltage, but it is also an indication that not the entire
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probed region of 800 x 200 pm is switched. This limited switching is probably related to the pinning of domains
at defects and domain walls and becomes even clearer when subsequently a +1.6 V bias is applied to the mesh.
Now P, and P, switch with strongly reduced magnitude, but P, does not invert at all and the magnitude is even
increased.
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Figure 3. (a) Schematic of the band structure and spin texture of the valence band (left) and crystal structure (right) of
GeTe(111). The spin orientation reverses with a reversal of the ferroelectric displacement. (b) Spin resolved momentum
distribution curves of the Rashba split bulk bands for different voltages applied to the Au mesh. (c) Summary of the
obtained in-plane spin vectors for the different measurements in (b). (d) Spin vectors as a function of applied voltage and
annealing step for SARPES data obtained on a slightly optimised sample design and as a function of energy. O(I)S is the
outer (inner) surface resonance and O(I)B the outer (inner) bulk band. Figure adapted from 34.

This effect is known as ferroelectric fatigue and is a well known problem in many ferroelectric materials.3?
An efficient way to verify whether it is truly fatigue which is limiting the switching is to anneal the sample, but
well below the ferroelectric transition temperature. This way trapped depolarising charges are released and a
“pristine” polarised state is restored. The results of such annealing steps are shown in Figure 3(d) and after each
anneal it is possible to switch the spin texture once, after which it is stalled. These data were obtained scanning
the binding energy for an optimised sample holder design which allowed for multiple temperature cycles. Under
this measurement geometry a hybridisation between surface (OS) and bulk (OB) derived states is influencing
the data interpretation, the details of which go beyond the scope of this report and are discussed in the original
publication.?® For possible applications it is interesting to note that, even though spin is no longer a good
quantum number under the influence of SOI, around the valance band maximum the bulk states of GeTe are
fully spin polarised also in the initial state.36

2.2 Changing Magnetism by Electric Field in Multiferroic Ge;_,Mn,Te

The opening of a Zeeman gap in a Rashba system should lead to an out-of-plane spin polarisation around the
gap edges. This is exactly what is observed for Ge;_,Mn,Te(111) thin films, whereby this P, can be remanently
switched by a small external magnetic field as shown in Figure 4(a).?? As explained above, the opening of such
a gap is indicative of a strong interaction between the spin-orbit split bands and the local magnetic moments,
which poses the question whether the magnetic orientation can also be altered by changing the spin texture of
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the Rashba-split bands by an electric field as shown in the previous section. This would be indicative of a strong
magnetoelectric coupling and show that it is possible to switch magnetic domains purely by electric fields.
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Figure 4. Switching of the magnetic spin texture around the Zeeman gap in Geg.s7Mng.13Te(111) films by an external
magnetic field of £700 Gauss (a) or electric field of £10 V (b). Figure adapted from 22, 34.

The results of the operando SARPES experiments where an electric field is applied to a Au mesh placed on
top of 200 nm thick Geg g7Mng 13Te(111) films are summarised in Figure 4(b). Although a switching is achieved,
it is not perfect and the pathway appears more complex as just a simple back and forth switch.?* Whether
this is related to the ferroelectric fatigue discussed above, or whether this is due to the intrinsic physical nature
of the coupling mechanism, requires further investigation. On the one hand it would be good to repeat the
measurements with higher quality samples showing less fatigue, but more detailed information can especially be
obtained from measurements combining electric and magnetic fields. This goes currently beyond the capabilities
of existing SARPES set-ups and requires further technical developments.

Before continuing with the next topic of a single spin-polarised Fermi surface in SrTiO3 thin films we would
like to stress that the operando SARPES experiments described above were the first measurements of their kind.
The main aim is to show that such experiments are possible and directly provide a large amount of information.
However, to make a direct link with functional materials further improvements in sample quality and type, and
especially in the way the voltage is applied and the general SARPES set-up itself, are required.

3. SINGLE SPIN-POLARISED FERMI SURFACE ON SrTiO; HOMOEPITAXIAL
FILMS

One of the reasons why topological insulators stirred much enthusiasm in the community is the prospect of
having a single spin-polarised Fermi surface on a further insulating bulk system. The electromagnetic response
of this Fermi surface would be similar to a magnetic monopole®” and in combination with superconductivity
it would form the basis for creating quasiparticles resembling Majorana fermions.?® Because the response of
topological insulators is the same as for narrow band gap semiconductors with regard to surface band bending,
one of the problems is to find a topological insulator where the bulk bands don’t cross the Fermi level in either the
bulk or near surface region.?* Using careful element substitution that problem could be resolved and exciting
experiments requiring insulating character throughout the sample are now possible.* However, interfacing
with a superconductor can rapidly tip this delicate balance and up to now no convincing reports on inducing
superconductivity in a bulk insulating TT exist to our best knowledge. Therefore, other methods to form a single
spin-polarised Fermi surface in materials that are easier to handle is required and the combined Rashba and
Zeeman spin splitting described above is the most promising recipe.

Figure 5(a) summarises the band structure and the spin texture obtained for the 2DEG found at the surface
of SrTi03(001) wafers.?*41:42 The d,,-derived bands show the required Rashba-type spin texture in combination
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with a gap at the zone centre, but this is significantly below the Fermi level and at the Fermi level there are
additional (spin-degenerate) d,. and d,,. derived bands. In order to alter the electronic structure and place the
chemical potential in the Zeeman gap we grew thin STO films on Nb-doped STO(001) substrates by pulsed
laser deposition, the details of which are described elsewhere.2® The findings for these films are independent
on thickness in the studied range between 3 and 20 unit cells (u.c.), indicating that confinement effects play no
important role and also that the 2DEG extends 2 u.c. or less from the surface. On the other hand, the properties
do depend on the Nb doping of the substrate and especially on the amount of SrO, at the sample surface.?8
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Figure 5. (a) Schematic and measured band structure of the 2DEG on SrTiO3(001) wafers with the spin texture overlaid
on the sketch. (b) Measured band structure and curvature fit of a 3 u.c. thick SrTiO3 film and spin resolved momentum
distribution curve with all three polarisation components obtained at the Fermi level for the 2DEG on a 10 u.c. thick
film. Both films are grown on a 0.5 wt% Nb doped STO(001) substrate. (c) Similar spin-resolved data obtained for a 10
u.c. thick film grown on a 0.05 wt% Nb doped STO(001) substrate. Figure adapted from 26.

In Figure 5(b) the measured electronic structure and spin texture of a 3 u.c. and 10 u.c. thick film respectively,
both grown on 0.5 wt% Nb-doped STO substrates, are displayed. From the comparison with Figure 5(a) it is
directly clear that the d,. and d,. derived bands are not occupied and that the 2DEG has been shifted towards
the Fermi level by about 160 meV. As a result there appears to be only a single parabolic band crossing the
Fermi level. From the SARPES data it follows that this is indeed a single spin-polarised state with a helical spin
texture, reminiscent of what is observed for the surface state of topological insulators.3?

Interestingly, the band filling of the 2DEG increases when similar films are grown on 0.05 wt% Nb-doped
STO substrates, and as shown in Figure 5(c) in this case two bands with opposite spin texture cross the Fermi
level.?6 Whether this change is due to an altered dielectric response of the film to the fact that the substrate
doping is changed by an order of magnitude, or that it is due to changes in the film stoichiometry or structure,
requires further study. It is certain that the change is not due to charge transfer from the substrate because
the band shifts in the opposite direction. Furthermore, it remains to be verified whether the thin STO films
become superconducting at low temperatures. The substrates, however, are expected to be superconducting
below 300 mK*3 and could induce superconducting properties in the films by proximity effect.

The single spin-polarised Fermi surface without other bands present, and the induced superconductivity
unite the required properties for the formation of Majorana bound states.?®4* Starting from the 2D platform
structures at whose tips Majorana bounds states should form can be written by substrate lithography, EUV
photons, or a conductive tip.#® Depending on the shape of the structures these can be used for braiding or other
manipulation of these still rather elusive quasiparticles as required for quantum computing applications.
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