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Abstract

The steep increase of the computing power offered by the downscaling of complementary metal
oxide semiconductor (CMOS) electronics is reaching both physical and economical limitations.
New schemes must be devised in order face the large power demand of information technology.
Contrary to electric currents, pure spin currents are dissipation-less and can be used to carry in-
formation with low power consumption. In spintronics, spin currents are generated and detected
through ferromagnets, whose electric switching via spin transfer torque is an energy consuming
process. To avoid the use of ferromagnets, spinorbitronics exploits spin-orbit coupling in heavy
metals, Rashba interfaces or topological insulators, for the electrical generation and detection via
charge-spin interconversion. Rashba systems offer also the possibility of harnessing spin-orbit cou-
pling by electric fields to control information processing (computing). Nonetheless, information is
still typically encoded in the magnetization of a ferromagnet (memory).

In this thesis, we propose an innovative approach based on ferroelectric Rashba semiconduc-
tors (FERSC), in which memory is provided by ferroelectricity. The father compound is Germa-
nium Telluride (GeTe), a CMOS-compatible semiconductor predicted to display a giant Rashba
spin-orbit coupling at room temperature, that can be manipulated acting on the ferroelectric state.
Calculations reveal that the spin populations of the Rashba bands are inverted upon polarization
reversal. Hence, the information stored in the remanent ferroelectric state can be utilized for an
efficient and electrically tuned spin-charge conversion.

Although GeTe is a highly doped semiconductor, we conceive a method for the control of the
ferroelectric state by means of an electric gate. Based on spin- and angle- resolved photoemission
spectroscopy, we demonstrate the link between Rashba effect and ferroelectricity. Then, we ob-
serve that spin-to-charge conversion in GeTe films is mainly due to spin Hall effect. The sign of
the conversion is reversed by switching the ferroelectric polarization, providing nonvolatility and
electric reconfigurability. Finally, we propose a path to exploit also the semiconductive behaviour
of FERSC, by creating InGeTe alloys with reduced carriers concentration.

FERSC materials offer the possibility of both storing and processing information in a single
channel of a semiconductor, so that the ferroelectric control of spin-charge conversion can be ex-
ploited for spin based reconfigurable electronics.
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Introduction

Today’s data processing is achieved through computers based on the von Neumann architecture.
The bottleneck is given by the memory and the computing units being physically separated, so that
data must be transferred between the two. This process is highly inefficient. In view of increasing
the working frequency and containing the power consumption, the dimensions of the Complemen-
tary Metal–Oxide–Semiconductor (CMOS) transistors have been drastically reduced in the past 50
years and the Moore’s law has been mostly respected. However, the benefits from the scaling are
being limited by a minimum physical size of about 10 nm [1–3]. As X. Xu et al. pointed out [4],
“CMOS scaling does not offer much help in meeting the increasingly demanding requirements for
computation density and energy efficiency, so innovations in architecture, circuit and device are
required instead.” In order to overcome the issues of von Neumann architecture, in-memory com-
puting paradigm takes advantage of calculations performed within the memory space. In other
words, the data bits are memorized exactly in the same physical space of the the transistors pro-
cessing them. This removes the need for data transfer between the units increasing the throughput
and reducing the power consumption.

The high computing capability and density scalability [5] required for in-memory computing
sparked the discoveries of multi-functional materials and nanodevices implementing innovative
physical concepts. A huge effort has been devoted to specific technologies. Resistive-switching
memory (RRAM) devices [6–8] and spin-orbit heterostructures [3, 9] are marking a turning point
for the realization of in-memory architectures more efficient than conventional CMOS-based ones.
These approaches share a common ground. The computing capability is enhanced by exploiting
materials with new functionalities, e.g. ferroelectricity, phase-change effect for RRAM or spin-
orbit coupling effects as Rashba or topological states in the case of spinorbitronics. These new
variables in principle would allow to relax the complexity of the circuit in terms of number of
devices and operations involved, complexity that is transferred to the fundamental physics of the
materials [10]. One example is the Magneto-Electric Spin-Orbit logic (MESO) designed by Intel
[9], which combines a nonvolatile memory element and a spin-orbit readout logic within the unit
device.

From this perspective, FErroelectric Rashba SemiConductors (FERSC) stand out with their in-
trinsic multi-functional nature. FERSC combine ferroelectricity, Rashba effect in a unique semi-
conductor [11] and they could bridge resistive memory and Spin-Orbitronics to a new approach of
in-memory computing.

The discovery of FERSC dates back to 2013, when Density Functional Theory (DFT) calcula-
tions of the electronic bands structure of Germanium Telluride disclosed a giant bulk Rashba effect
at room temperature intrinsically related to ferroelectricity [11,12]. Thereafter, few other materials
have been predicted, as the oxide perovskite Bi2WO6 Aurivillius crystal [13] or ultra-thin films of

1
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Figure 1: Diagram of the physical properties of Ferroelectric Rashba Semiconductors.

SnTe [14].
The essential concept of FERSC is depicted in Fig. 1. The ferroelectric material can host dif-

ferent polarization states without an external electric field. The non-volatility is the key ingredient
of a memory device. The ferroelectric distortion breaks the space inversion symmetry of the crystal
and the effect is persistent up to the critical transition temperature (∼ 700 K for GeTe), which at
the same time generates a bulk Rashba momentum- and spin-dependent splitting of the electronic
bands as result of the large spin-orbit coupling. This translates into the possibility of modulating
spin-orbit interaction by acting on the ferroelectric state. Indeed, the spin direction in each spin
dependent sub-band is predicted to be reversed by switching the polarization vector. The ferroelec-
tric control of the Rashba effect in FERSC has important consequences on spin-computing. Rashba
spin-orbit coupling can be used for low-power spin based computing applications [15], as it triggers
the conversion between charge and dissipation-less spin currents in non-magnetic platforms. The
conversion efficiency can be tuned in amplitude and sign by means of an external electric field that
modulates the spin orbit coupling and consequently the splitting and the spin texture of the elec-
tronic bands. The electric tuning of spin Hall effect was demonstrated in ultrathin Pt films [16]. The
control of the spin transport was demonstrated in two dimensional Rashba surface or interfaces as
well, as for example in LaAlO3/SrTiO3 [17] or Al/SrTiO3 [18]. Despite these systems show spin-
to-charge conversion even in absence of electric fields, the modulation of the efficiency requires
the application of an external electric field (i.e the modulation is volatile). On the contrary, in a
FERSC material the spin texture is persistent and the chirality is locked to the internal electric field
associated to a specific ferroelectric state. This would in principle lead to spin-charge conversion
with remanence and tunable with ferroelectricity. Finally, ferroelectric dependent spin-charge con-
version would be achievable in a semiconductor, opening the route towards low-power transistors
combining memory (ferroelectric polarization) and computing (spin-charge conversion).

The main purpose of this thesis work is to experimentally investigate the physical properties
predicted for GeTe. GeTe can be grown epitaxially on Silicon substrates with process temperatures
compatible with CMOS devices [19]. In this work we study the feasibility of employing this ma-

2
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terial for spin-orbitronic and in-memory computing electronics. The manuscript is organized as
follows.

In Chapter 1, fundamental aspects of ferroelectricity, Rashba, spin-charge conversion, together
with DFT calculations performed by our coworkers J. Sławińska, S. Picozzi et al. of the ferroelec-
tric dependent Rashba in GeTe will provide a more concrete picture of the concept of FERSC.

Chapter 2 explains the main techniques employed in this work. Among them ferroelectric
characterization techniques as current-voltage methods and piezoresponse force microscopy (Sec.
2.1), spin- and angle- resolved photoemission spectroscopic as the a useful tool to map the spin-split
Rashba bands (Sec. 2.2), and spin pumping at ferromagnetic resonance to characterize spin-charge
conversion (Sec. 2.3).

Chapter 3 presents the possibility of switching the ferroelectric polarization of GeTe thin films
over micrometric areas, still debated due to its pronounced conductivity related to the p-type de-
generate doping. Furthermore, a suitable method for the reading the ferroelectric state of a strongly
doped semiconductor is still lacking. We investigate the interplay between the ferroelectric polar-
ization and the bands bending across a GeTe/gate interface, and define a strategy to read the state
based on the ferroelectric resistive switching of the junction. At the same time, we study the switch-
ing of the polarization in GeTe and its endurance, for the deployment of the memory functionality
in devices.

Chapter 4 deals with the implications of ferroelectric switching of GeTe on its spin physics.
We design an experiment to map the spin texture of the bulk Rashba bands versus the ferroelectric
remanent state. For this purpose, GeTe thin films are suitably prepared with opposite spontaneous
polarization (Sec. 4.1). Complemented by DFT calculations, the experiment establishes the link
between Rashba and ferroelectricity, the main concept of FERSC. The possibility of gating the fer-
roelectric state as shown in Ch. 3 would allow to electrically reconfigure the Rashba effect, with
high potential for in-memory applications. In view of an actual implementation of such concept,
we study spin-to-charge conversion versus ferroelectric polarization in Fe/GeTe epitaxial bilayers
by spin pumping. More specifically, we study whether a spin current injected from Fe into GeTe
is converted to a charge current and how the conversion efficiency depends on the remanent ferro-
electric state. With the help of theoretical calculations of the spin Hall conductivity, we distinguish
between REE and SHE contributions observed in our GeTe films. The ferroelectric dependent
spin-charge conversion would represent an innovative realization the MESO architecture based on
a FERSC. Remarkably, the design and fabrication of the proposed architecture would be extremely
simplified by using a single film of GeTe as active layer, which intrinsically combines memory and
computing functionalities.

Ch. 5 deals with the possibility of reducing the strong p doping of GeTe, in order to exploit also
the semiconductive behaviour of such a material in transistors. Reducing the free carriers density
would also lead to lower currents developed during the ferroelectric switching and a less consuming
electric gate. For these reasons, we study if alloying GeTe with Indium can mitigate the free carriers
concentration. We characterize the effect of substitutional In on doping, ferroelectricity and Rashba
effect of InGeTe films grown by molecular beam epitaxy. In this sense InGeTe could represent a
new FERSC allowing the ferroelectric tuning of spin computing in a semiconducting platform.

3
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CHAPTER1
Ferroelectric Rashba Semiconductors

The first part of the present chapter provides some theoretical insights in the physics of ferroelec-
tricity (Sec. 1.1), Rashba effect (Sec. 1.2) and spin-charge interconversion mechanisms, including
spin Hall and Rashba-Edelstein effects (Sec. 1.3). In the second part, density functional theory
(DFT) calculations of the bands structure of GeTe are presented in Sec. 1.4 and the interplay be-
tween Rashba effect and ferroelectricity is discussed from theoretical principles. Possible devices
implementing a tunable spin-charge conversion are proposed in Sec. 1.4.3. Finally, the possibility
of compensating the concentration of free carriers in GeTe in Indium-doped GeTe films is dis-
cussed in Sec. 1.5. The attention will be concentrated on those physical aspects required for a deep
understanding of the experimental chapters Ch. 3-4-5.

1.1 Ferroelectricity

Ferroelectricity was discovered in 1921 by Valasek, who observed a spontaneous dielectric polar-
ization in crystals of the piezoelectric Rochelle salt (potassium sodium tartrate tetrahydrate) [20,
21]. The ferroelectric perovskite oxide BaTiO3 became popular in the 1940s [22] and hence a large
variety of other compounds were discovered, e.g. BiFeO3, PbTiO3, LiNbO3 and Pb[ZrxTi1-x]O3

[23,24]. In the recent years, metal free ferroelectric perovskites [25] and ferroelectric inorganic and
organic semiconductors [26, 27] are exploited for the design and fabrication of nanoscale memory
devices [28], offering high integration capabilities. Exemplarly, Ferroelectric FET were designed
and implemented in devices based on ferroelectric thin films, nanowires or nanoparticles [29].
Ferroelectricity is a property of materials belonging to polar space crystallographic groups and it
is accompanied by piezoelectricity and pyroelectricity (Fig. 1.1a). These properties further ex-
tend the applications of ferroelectrics to active devices, comprising MEMS-based sensors [30, 31],
piezoelectric actuators [32] and transducers [33].

1.1.1 Phenomenology

From a phenomenological point of view, a ferroelectric crystal exhibits a spontaneous dielectric
polarization (or remanence polarization, PR) even in the absence of an external electric field. Unlike
other polar materials (Fig. 1.1), in ferroelectrics the orientation of PR can be reversed by application

5
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Chapter 1. Ferroelectric Rashba Semiconductors

Figure 1.1: a Diagram showing the relationship between dielectric, piezoelectric, pyroelectric and ferroelectric ma-
terials. b Ferroelectric distortion of the persovskite oxide Lead Zirconium Titanate, (Pb[ZrxTi1-x]O3, or PZT). The
distortion occurs below the critical temperature Tc. c Representation of the hysteresis behaviour of ferroelectric
polarization P versus an external applied electric field E. Polarization switches between two opposite saturation
values (±Ps) after crossing the coercive fields (±Ec). Two remanent states at zero field (±Pr) refer to opposite
ferroelectric distortions of the lattice. Adapted from Ref. [36].

of a sufficiently intense electric field in the opposite direction. Polarization directions can be used
as the logic states of a memory device, hence no backup power is required to maintain the stored
information. The net electric dipole moment is due to the charge separation between the centre of
positive and negative charge sublattices, with breaking of the inversion symmetry (Fig. 1.1b). To be
more precise, below a certain critical temperature (Tc) the crystal energy is reduced by a structural
phase transition from a high to a lower symmetry lattice. Such symmetry breaking reflects in the
asymmetrical shift of the equilibrium ion positions and hence in a permanent polarization. This is
evident from Fig. 1.1b, where the structural distortion of ferroelectric oxide lead zirconium titanate
(Pb[ZrxTi1-x]O3, or PZT) displaces the Zr4+ and Ti4+ positive ions from the O2- tetrahedron with a
net dielectric dipole in the unit cell. A typical value of Zr concentration is x= 0.52, which yields
to a room temperature polarization of about ∼40 µC/cm2. The largest values of polarization are
generally obtained in oxides with distorted perovskite structures, e.g. BiFeO3 with 150 µC/cm2 in
the tetragonal phase [34, 35].

The interaction between dipoles provokes a hysteresis loop behaviour of the polarization versus
an external electric field (Fig. 1.1c). In general, the crystal is broken into ferroelectric domains
with different orientations. The boundary of two neighboring domains is called a domain wall.
In the absence of an electrical field, the domains are randomly oriented, with a near complete
compensation of the polarization (initial point of the loop in Fig. 1.1c). An external electric field
(E) increases the net polarization of the material (P) by aligning the domains along its direction via
propagation of the domain walls. At large enough E, all the dipoles are aligned and P reaches its
saturation value (Ps). After the first alignment process, then the P-V curve follows the hysteresis.
Two equivalent remanence states are allowed (±Pr). The minimum value of E causing the switching
of the orientation of P is called coercive field (Ec).

1.1.2 Theoretical frameworks

In analogy with the paramagnetic-ferromagnetic phase transition, the phenomenology of the paraelectric-
ferroelectric one can be described at a macroscopic level in the framework of the mean-field
Landau- Devonshire Theory [37, 38]. This approach can describe the appearance of ferroelec-
tricity below the critical temperature with a hysteresis P-E behaviour. The mean-field approach is
suitable for bulk materials with spatially uniform polarization.

Because of the assumption of a uniform polarization field that neglects local fluctuations, the

6



i
i

“output” — 2020/3/4 — 23:00 — page 7 — #13 i
i

i
i

i
i

1.1. Ferroelectricity

mean-field approach fails to describe the behaviour of ferroelectric materials in the very proximity
of the critical point. In general, the functional dependencies of polarization, susceptibility, specific
heat and critical isotherm that are predicted by the Landau free energy are not compatible with
the experimental ones [39]. To overcome the limitations imposed by the mean-field approach, a
microscopic theory relying on the softening of optical phonons was developed in the 1960s by
Cochran and Anderson [40, 41].

1.1.3 Interplay with piezoelectricity

Due to the link between the polar and the structural phase transitions, any ferroelectric material
displays also a piezoelectric behaviour. The link between ferroelectricity and piezoelectricity is the
main idea implemented in Piezoresponse Force Microscopy (Sec. 2.1.2), that is exploited in this
work in order to measure and control ferroelectricity at the nanometer scale.

In non-polar piezoelectric materials, the electric field induces a polarization P = ε0(εr − 1)E.
Therefore, the mechanical stress and the applied field are linked by the linear equation ηij = dijEi
(linear piezoelectric effect). The strain tensor ηij is linked to the electric field component Ei by
the piezoelectric tensor dij , expressed in m/V. The latter is strictly related to the specific crystal
symmetry [42]. In ferroelectric piezoelectrics, the piezoelectric coefficient can reach much higher
values than in non-polar materials [42]. The enhancement of the piezoelectric response is dramatic,
especially approaching the critical temperature (Tc). In general, ferroelectrics display centrosym-
metric paraelectric phases, hence they loose piezoelectricity above Tc. For tetragonal ferroelectrics,
the piezoelectric response is mostly registered along the polarization axis (z) as described by the
coefficient d33 [42]:

d33 = 2Q33ε0ε33P3 (1.1)

Where ε33 and P3 are the relative permittivity and polarization along z, ε0= 8.854 · 10−12 F/m
vacuum permittivity. Q33 is the electrostrictive coefficient of the material in the paraelectric state,
which relates the out-of-plane strain to the polarization through η3 = Q33P

2
3 (0.05 and 0.1 m4/C2

for ceramics).
If an electric field E3 is applied along the z axis perpendicular to a film plane (thickness z0), the

thickness variation results [42, 43] :

∆z = d33V = 2Q33ε0ε33P3V (1.2)

Where V is the voltage drop across the film (V= E3z0). The surface expands (∆z > 0) or
contracts (∆z < 0) when the applied field E= V/z0 is parallel or contrary to P3, respectively. Due
to the hysteresis behaviour of P3 with E, the vertical deformation describes a “butterfly-loop”,
as represented in Fig. 1.2a. The strain-field curve refers to an ideal single domain ferroelectric
material with a squared polarization-field loop Fig. 1.2b.

Therefore, the polarization state P3 can be determined by measuring the vertical displacement
∆z for a given voltage V (lower than the coercive one). Piezoresponse Force Microscopy (Sec.
2.1.2) exploits a bias tip to induce and sense the piezoelectric deformation of the sample to probe
the ferroelectric state [39].

1.1.4 Characterization of ferroelectric thin films

The integration of ferroelectric thin films in electronic devices requires a fine tuning of the memory
state with electric fields, long time retention and large switching endurance. Different techniques
can be adopted to characterize and control a ferroelectric thin film.

The main techniques are listed below.

7
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Chapter 1. Ferroelectric Rashba Semiconductors

Figure 1.2: a Dependence of the strain on the electric field for a ferroelectric material. The strain is positive when the
polarization is parallel to the field, negative when antiparallel, according to Eq. 1.2 b Polarization-electric field
hysteresis loop of a single domain ferroelectric.

• Current–voltage measurement method [44] allows for the ferroelectric switching of capac-
itor structures at a "macroscopic" scale (∼ 10 µm ). The hysteresis loop can be measured
by sweeping the voltage applied between the top and bottom electrodes and recording the
displacement current, as described more in detail in Sec. 2.1.1. The technique does not re-
quire expensive instrumentation or sample treatments. It is suitable for common insulating
ferroelectric oxides but not for semiconducting films, as the conduction current hinders the
measurement of the displacement one.

• Piezoresponse force microscopy [45] is a microscopic technique that allows for mapping
of the ferroelectric domain configuration of a sample. Nowadays, 3D reconstruction of the
polarization vector can be achieved by vectorial PFM. Moreover, it allows for the ferroelectric
switching by voltage pulses, down to the nanoscale. PFM is suitable for both insulating and
semiconducting thin films. More details can be found in the dedicated Sec. 2.1.2.

• Infrared Raman [46] and terahertz spectroscopies [47] are used to probe phonon softening
in the para-to-ferroelectric transition. They are very sensitive tools to characterize the thin
film quality, the transition temperature and the lattice dynamics involved by the ferroelectric
distortion.

• Environmental scanning electron microscopy [48, 49] can be employed for imaging of fer-
roelectric patterns, by proper choice of the operation conditions and sample preparation. A
heating stage can allow for investigation at the Curie point. A different contrast for different
polarization is achieved in the back-scattered electrons which are sensitive to the local atomic
packing (channeling effect), i.e. to the orientation of the atomic planes.

• Second harmonic generation [50] employs electromagnetic light to induce an oscillating
dipole moment. In nonlinear materials with broken inversion symmetry (including polar sys-
tems), two photons of the incident are combined into a single photon at doubled frequency
(second harmonic). This technique allows for imaging of ferroelectric domains and it can be
employed for in-situ and real-time control of ferroelectricity during growth of a sample in
ultra high vacuum clusters.

In the experimental chapters, piezoresponse force microscopy and current-voltage methods are
employed for the characterization and control of ferroelectricity in GeTe thin films. Due to the
significant conductivity of GeTe, a specific current-voltage method is developed thus allowing for
ferroelectric switching of semiconductors over relatively large areas (tens of µm).
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1.2. Rashba Effect

1.2 Rashba Effect

The Rashba effect consists in the lift of the spin degeneracy of the electronic bands with a momentum-
dependent energy shift. This relativistic effect is triggered by spin-orbit coupling (SOC) of free
carriers in a non-centrosymmetric system under an applied electric field. It allows for electric field
tuning of spin properties of the bands, which in turn are reflected in the spin-charge interconversion
(Sec. 1.3). Systems hosting Rashba effect are good platforms for low-power electric manipulation
of spins, according to the paradigm of spinorbitronics [51, 52].

Rashba effect usually applies two dimensional electron gas (2DEG) systems, with inversion
symmetry broken by an external applied electric field E0 perpendicular to the plane of motion (Fig.
1.3a). The effect can be modulated by an external electric field.

In the following, Rashba effect is derived for the ideal case in which the two-dimensional ma-
terial can be considered as a gas of free and independent electrons. Due to SOC, the relativistic
charge particles that are moving with velocity v in an electric field E experience a magnetic field in
their frame of motion, also called the SO field, as consequence of Lorentz transformation.

B =
E× v

2c2

√
1− v2

c2

(1.3)

The magnetic field B of Eq. 1.3 couples to the electron’s spin magnetic moment (µµµs = −gsµBσσσ)
via Zeeman interaction and it defines the spin quantization axis even in absence of an external
magnetic field. The general form of the Zeeman Hamiltonian of a quantum system is:

HZeeman = −µµµs ·B (1.4)

Note that the spin operator can be written as S = 1
2
σσσ, where σσσ is the spin operator defined by the

Pauli matrices. The electron’s speed can be related to the momentum by v = p/m. The quantistic
operator associated to the momentum is p = −i~∇∇∇. Substituting the operators expressions in Eq.
1.4, the SOC Hamiltonian results:

HSOC =
e~

4m2c2
(E× p) ·σσσ = − e~

4m2c2
E · (σσσ × p) (1.5)

For a 2DEG, the eigenvalues of the momentum operator are p = ~k and the wave-vector k
represents a quantum number with a continuous spectrum. In this case, the Hamiltonian can be
compacted as follows:

HR = αααR · (σσσ × k) (1.6)

The Rashba field αααR is proportional and opposite to E and depends on the specific system
considered through the coefficient a46> 0:

αααR = −a46E (1.7)

In the real case of 2DEG semiconducting quantum wells of III–V zinc-blende semiconductor
heterostructures [12, 53] or perovskites oxides [54–56], a46 describes the contribution of the inter-
face bands structure. The effective mass of the electron m, the energy gap Eg and the SOC in the
valence band ∆S contribute to the Rashba [51]:

a46 =
πe~2

m

∆S(2Eg + ∆S)

Eg(Eg + ∆S)(3Eg + 2∆S)
(1.8)

The electronic bands of a SOC-free 2DEG are parabolas with two-fold degeneracy with respect
to the spin. SOC Hamiltonian term (HR) breaks the inversion symmetry yielding a k-dependent
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Chapter 1. Ferroelectric Rashba Semiconductors

Figure 1.3: a Space directions of the two dimensions gas. b/c 3D representation of the parabolic dispersion of free
electrons in absence/presence of Rashba SOC. Adapted from Ref. [56].

splitting, without any external magnetic field. The spin splitting results from the solution of the
eigenvalue problem of the total Hamiltonian including the Rashba term.

The energy eigenvalue can be separated between the free electrons term and the Rashba term
E = ~2k2

2m
+ ER. The latter can be computed as follows:

det(HR − ERI) = 0 (1.9)

From which the total energy eigenvalues result:

E± =
~2k2

2m
± αR|k| (1.10)

The eigenvalues of a 2DEG depend on the wave-vector, as consequence of the SOC between the
momentum (i.e. k) and the external electric field. The result is a spin and wave-vector dependent
splitting (∆ER(k) = E+(k)−E−(k)). Fig. 1.3 shows how the spin degeneracy of SOC-free 2DEG
(panel b) is removed by Rashba effect (panel c), through the k-dependent splitting.

The maximum value of ∆ER,max = ER and the corresponding wave-vector kR indicated in Fig.
1.4a take the following expressions:

ER =
2mα2

R

~2
and kR =

mαR
~2

with αR =
ER
2kR

(1.11)

Since the Rashba parameter is described by Eq. 1.7, it is clear from Eq. 1.11 that the Rashba
energy splitting can be tuned by the applied electric field, thereby allowing for the electric control
of the spin properties of the bands structure.

The eigenspinors are defined by a pseudo-vector < σσσ >±:

< σσσ >±=

< σx >
±

< σy >
±

< σz >
±

 (1.12)

For each wave-vector, < σσσ >± belongs to the xy plane on which the 2DEG is confined and it is
perpendicular to k:

k · < σσσ >±= 0 (1.13)

It results that quantization axis of the spin depends on k. As shown in Fig. 1.4b, the electronic
Rashba split bands (E+ and E-) are associated with a spin texture with a chirality opposite in the
two cases. Moreover, the chirality depends on the sign of E through αααR.

Unlike the Zeeman effect, the Rashba spin splitting does not lead to a net magnetization of
the 2DEG, because the spin pseudo-vector averaged in the occupied in reciprocal space is equal

10
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1.3. Spin-charge interconversion

Figure 1.4: a Projected Rashba spin splitting of the bands, along the generic direction k||. b In-plane spin texture
drawn on the Fermi contours of the split bands (E+ and E-) in the (kx, ky) plane. Adapted from Ref. [57].

to zero. On the other hand, SOC produces a spin-ordered electronic structure in the k space,
without involving external magnetic fields. The k-dependent effective magnetic field, causes a
spin-dependent correction to the carrier’s velocity, yielding to spin-charge conversion mechanisms
(Sec. 1.3). The tunability with the electric field allows for development of Spin-Orbitronic devices.

The Rashba spin splitting is also an intrinsic property of few semiconducting compounds with
large SOC and broken inversion symmetry. Among them BiTeI [58, 59], GeTe [11, 12, 60], n-
GaN [61] and the oxide BiCoO3 [62]. The increasing interest in bulk Rashba systems is based
on their robustness with respect to interfaces and the possibility of exploiting the related spin-
charge interconversion mechanisms in a paramagnetic semiconducting thin film. In this thesis work,
bulk Rashba effect was controlled by means of the internal field of the ferroelectric polarization
(Sec. 4.1). This property makes GeTe a nonvolatile and tunable Rashba system (Sec. 1.4.2), with
promising implications in the field of spin computing.

1.3 Spin-charge interconversion

Spin orbit coupling in a non-magnetic system is the main engine that can be exploited for the
generation of a spin current from a charge current and viceversa. Large spin-charge conversion can
be observed in heavy metals (Pt [63] or Ta [64]), Rashba interfaces [65] and topological insulators
[66]. The possibility of controlling SOC interaction in a Rashba system with external electric field
is appealing for high efficiency conversion and electrically reconfigurable spin logic devices [9].

In this section, the fundamental equations governing spin transport in SOC materials will be first
introduced (Sec. 1.3.1), the theoretical framework for spin-charge conversion effects. Among them
spin Hall effect and Rashba Edelstein effect are described in Sec. 1.3.2 and 1.3.3, respectively.

1.3.1 Spin transport equations

In 1993 Valet and Fert [67] developed the spin drift-diffusion equations, under the two channels
approximation. This approach treats the electric conduction by up and down spin carriers as inde-
pendent channels.

Charge and spin currents

The density of charge current (Jc) is defined as the net flux of charges (eN) through a surface S:

Jc =
e

N

dN

dt
(1.14)

Similarly, a spin up (down) current is defined as the net flux of spin up (down):

11
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Chapter 1. Ferroelectric Rashba Semiconductors

Figure 1.5: Sketch of a ordinary Hall effect, b Anomalous Hall Effect (AHE), c Spin Hall Effect (SHE). Adapted from
Ref. [69].

J↑(↓) =
~
N

dN↑(↓)
dt

(1.15)

It is clear that those quantities intrinsically have different units, however the spin up (down)
current can be multiplied by the Josephson constant (2e/~) and expressed with the same unit of the
charge current. The net charge (Jc) and spin (Js) currents are thus expressed as follows:

J c = J↑ + J↓ (1.16a)
Js = J↑ − J↓ (1.16b)

If charge current can be represented by a three components vector (JJJ c), spin current is described
by a second rank tensor (Jsij). The first index of Jsij is the direction of the spin flow, the second the
spin polarization component. Both charge and spin current change sign upon inversion of the space
coordinate; concerning time inversion, spin current does not invert because both spin and velocity
change sign. The invariance with respect to time inversion makes spin currents dissipationless, an
appealing feature for low-power consumption devices.

Coupling between spin and charge currents in SOC media

Along their path, electrons undergo scattering events due to impurities, defects or by phonon-
electron interaction. During a scattering event, not only the charge velocity but also the spin di-
rection can be modified (spin-flip event), which can be due to scattering with magnetic impurities
or by SOC interaction. Both electrons scattering and spin-flip events determine a diffusive type of
spin transport.

The charge current (JJJ c) and spin polarization current density (Jsi,j) are described by the drift-
diffusion model [68]:

JJJ c = eµnEEE +D∇∇∇n+ γµEEE ×PPP + γD∇∇∇×PPP (1.17a)

Jsi,j = −µEiPj −D
∂Pj
∂xi

+ εijk

(
γµnEk + γD

∂n

∂xk

)
(1.17b)

Where µ is the electron mobility, D the diffusion coefficient, n represents the free carriers den-
sity, E is an applied electric field, P the normalized spin polarization density (S= P/2). The quantity
εijk is the unit asymmetric tensor, x defines a generic direction in space.

The first two sources of charge current in Eq. 1.17 are the usual drift and diffusion in semi-
conductors. The following two terms describe the generation of a charge current due to spin po-
larization density P, i.e. spin-charge interconversion. The transformation between charge and spin
currents is governed by the phenomenological and adimensional parameter γ, proportional to the
SOC strength.
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1.3. Spin-charge interconversion

According to the expression γµEEE ×PPP , a charge current induced by the electric field E couples
to the spin density P and gives rise to a transverse charge flow (Hall current). Spin polarization
density can be induced in a semiconductor by an external magnetic field, so that the ordinary Hall
effect is observed (Fig. 1.5a). However, a non-equilibrium density can be created also by optical or
spin injection, as shown by M. I. Miah in GaAs [70]. In this case, Hall effect is called anomalous
because it is observed in absence of the external magnetic field. Anomalous Hall Effect (AHE)
is commonly observed in ferromagnetic materials, where spontaneous uniform spin polarization is
due to spin population unbalance (Fig. 1.5b). In addition, a charge current can be also generated
by a transverse spin current associated to a inhomogenous spin density (∇∇∇×PPP ), i.e. a spin current.
This effect is also called Inverse Spin Hall Effect (ISHE) and it was observed for the first time by
A. A. Bakun et al. in GaxAl1-xAs [71].

Conversely, a spin current can originate from a transverse drift (γµnEk) or diffusion (γD∂n/∂xk)
charge currents, via SOC interaction (Fig. 1.5c). This phenomenon called Spin Hall Effect (SHE)
[72] was originally predicted by M. I. Dyakonov and V. I. Perel in 1971 [73] and measured experi-
mentally by Y. K. Kato et al. [74]. Spin Hall effect will be described in details in Sec. 1.3.2.

The drift and diffusion equations (Eq. 1.17) have to be completed by the continuity equation,
relating the time evolution of charge and spin densities with their current. On one side charge is
always conserved, however spin information can be lost due to spin-flip scattering events. The
average time between two spin-flip scattering events is named spin-flip time (τs). The continuity
equation of the spin density takes the form:

∂Pj
∂t

= −
∂Jsij
∂xi
− Pj
τs

(1.18)

In Eq. 1.18, the time evolution of the local spin density component Pj is due to the generation
of spin current flow along the direction xi (term −∂Jsij/∂xi) and to the spin-flip rate (term -Pj/τs).

The kinetic equation is here derived assuming a steady state condition (∂Pj/∂t = 0) and a
homogeneous medium (∇n = 0). By substituting Eq. 1.17b into Eq. 1.18 and neglecting the term
−µEiPj in a paramagnetic semiconductor, a diffusion equation is obtained for the spin density Pj:

∂2Pj
∂x2

i

=
Pj
Dτs

=
Pj
λ2
s

,∀i, j ∈ x, y, z (1.19)

Where λs is the characteristic length of spin in the medium, referred to as the spin diffusion
length.

Materials with large diffusion lengths of the order 100 nm such as Al or Cu [75] are suitable
for spin transport, as spin currents can be carried for long distances. On the other hand, large SOC
materials such as heavy metals (Pt [63] or Ta [64]) or bulk Rashba systems in general display λs of
few nanometers.

1.3.2 Spin-Hall effect

The generation of spin currents from charge currents in paramagnetic SOC systems in absence of
magnetic field is called Spin Hall Effect (SHE) [72]. An electric current density Jx

c under the
electric field Ex generates a transverse pure pure spin current, propagating along y with z-spin
polarization Jz,y

s. The physical mechanism governing SHE was first described by M. I. D’yakonov
and V. I. Perel [76] in terms of a "spacial separation of electrons with different spin orientations"
caused by a spin-dependent scattering asymmetry due to SOC effect (e.g. a conduction electron
with spin-up has a larger probability to be scattered towards y> 0 with respect to spin-down). The
spin current produces a spin accumulation with opposite sign at the edges of the slab, but without
Hall voltage [77]. The transformation from a charge to a spin current can be compared with the
Magnus effect. According to Magnus effect, the deviation from a straight path of a spinning ball in
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Chapter 1. Ferroelectric Rashba Semiconductors

Figure 1.6: Sketch of spin Hall effect a and inverse spin Hall effect b. Adapted from Ref. [81].

air depends on its sense of rotation. Similarly, SOC makes electrons deviate from the direction of
the current drift velocity depending on their spin [78].

Spin Hall effect is reversible, as demonstrated experimentally by T. Kimura et al. [79]. The
inverse Spin Hall effect (ISHE) is the production of an electric charge current (Jx) from a pure spin
current Jz

y (Fig. 1.6). Direct and inverse SHE play a crucial role in spin-based technologies [80], as
they allow for generation and detection of dissipation-less spin currents in a paramagnetic material
[72].

The relation between charge and spin current due to SHE or ISHE can be derived from the
term Jsi,j = εijkγµnEk in Eq. 1.17 derived in Sec. 1.3.1. Considering that the charge current is
JJJ c = eµE, ISHE can be described as follows:

Jc,ISHE = θSHEJs × σσσ (1.20)

The conversion efficiency is given by the Spin Hall angle (θSHE), which is proportional to the
SOC constant γ. In Eq. 1.20, σ is the unit vector for the direction of the spin polarization and the
Josephson constant (KJ= 2e/h) is included in Js (i.e. charge and spin current are defined with the
same units, Sec. 1.3.1).

Spin Hall effect is also described in terms of spin Hall conductivity tensor σkij , where i, j and k
indexes can take values x, y and z.

σzxy = −Jy,z
Ex

(1.21)

Considering that the charge current Jx can be obtained from Ohm’s law Jx = σxxEx, the spin
Hall angle can be calculated as:

θSHE =
σzxy
σxx

(1.22)

The value of the spin Hall angle is intimately related to the intensity of SOC interaction [81].
Hence, high efficiency is obtained in heavy metals (e.g. Pt, Ta, Au [63, 64, 82]) and alloys.
Conversion between charge and spin currents has been observed also in semiconductors, such as
GaAs [74, 83], ZnSe [84], and in 2DEG such as (110)-AlGaAs quantum wells [85, 86].

Spin Hall effect can be of extrinsic or intrinsic origin. The intrinsic contribution is caused by
the anomalous velocity of the electrons in the solid. On the other hand, the extrinsic SHE is driven
by skew or side-jump scattering with defects or impurities in presence of SOC.

Intrinsic SHE

The intrinsic spin Hall conductivity depends only on the peculiar bands structure of the crystal, in
absence of scattering with defects and impurities [77].
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1.3. Spin-charge interconversion

Figure 1.7: a Representation of the Rashba bands of a 2DEG in px-py space. b Spin momentum locking of the Rashba
contours. Green arrows represent p vector and red arrows the spin direction. c Generation of the spin current by
intrinsic SHE. Each Fermi contour is shifted by the application of the Ex field (t= t0). The p-dependent magnetic
torque gives rise to a spin current along y. Adapted from Ref. [93].

In 1954 R. Karplus and J. M. Luttinger [87] discovered that the fundamental quantity governing
the intrinsic mechanism of AHE and SHE is the Berry curvature of the system (ΩΩΩ) [88]. The
Berry curvature of a periodic crystal depends on kkk and it is a function of the particles eigenstates
(un,kkk, with n band index). When the single-band approximation is valid (i.e. negligible interband
coupling), ΩΩΩ takes the form [88, 89]:

ΩΩΩn(kkk) = i

〈
∂un,kkk
∂kkk

∣∣∣∣× ∣∣∣∣∂un,kkk∂kkk

〉
(1.23)

Where × is the vector product operator. G. Sundaram and Q. Niu formulated the dynamics of
the electrons, accounting for the Berry curvature [90]. Under a semiclassical approach, electrons in
the crystal are wave-packets centred in rrr with momentum ~kkk, obeying to the following equations
of motion: {

ṙrr = 1
~
∂En(k)k)k)
∂kkk
− k̇kk ×ΩΩΩn(kkk)

~k̇kk = −eEEE − eṙrr ×BBB
(1.24)

In Eq. 1.24, E and B are external electric and magnetic fields acting a force on the elec-
tron (ṙrr). The group velocity (ṙrr) contains an additional component with respect to the kinetic
term (∼ ∂En(k)k)k)/∂kkk) which is orthogonal to the external force and related to the Berry curvature
(k̇kk ×ΩΩΩn(kkk) contribution). Such orthogonal component is named anomalous Hall velocity, because
a Hall velocity can arise from the ’intrinsic magnetic field’ provided by the Berry curvature, di-
rectly related to the bands structure of the system. This term is associated to an off-diagonal spin
dependent conductivity component.

In materials with large spin orbit splitting of the conduction bands (e.g. Pt [91]) or in Rashba
systems (Sec. 1.2), the Berry curvature is spin dependent ΩΩΩ(kkk) ∼ αRσσσ, where αR is a parameter
dependent on SOC (or Rashba coefficient, Sec. 1.2). As a consequence, anomalous Hall velocity
takes opposite sign for the spin up and spin down electrons [52,92]. In a non-magnetic medium the
two spin populations are equal so that a transverse pure spin current is formed (SHE).

The Berry curvature of a Rashba system is a kkk-dependent effective magnetic field [93]. Indeed,
the spin quantization axis is always perpendicular to kkk (Fig. 1.7a-b).

The formation of a spin current from the Rashba magnetic field is explained by J. Sinova et
al. [93]. As shown in Fig. 1.7c, after a time interval t0 the circular Fermi contour in the momentum
space is shifted from the origin along px-axis by the amount |eExt0|/~. Note that t0 must be much
shorter than the relaxation time. The application of Ex makes electrons with p= pyuy acquire a new
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Chapter 1. Ferroelectric Rashba Semiconductors

Figure 1.8: Pictorial description of a REE and b IREE mechanisms. The shift of the Rashba contours is indicated as
∆kx. Blue and red dashed areas correspond to positive and negative spin populations (δs+ and δs−). Adapted
from [105].

component along x. Thus, the momentum-dependent torque acting on the electrons turns the spins
(red arrows) up for positive py (green arrows) and down for negative py. A spin current is created
along y and it can be seen as the result of an anomalous Hall velocity.

Extrinsic SHE

Spin Hall effect can be caused by spin dependent scattering of the carriers with impurities [94].
Similar mechanisms were found in ferromagnetic metals or in materials with magnetic impurities
[95] in order to explain AHE [96]. The possible contributions are skew scattering [97] and side-
jump scattering [98]. The two contributions have a different dependence on the density of scattering
impurities, hence they can be tuned by controlling their type and concentration in the compounds.

The skew scattering mechanism is related to the asymmetric scattering due to SOC on the im-
purity, leading to a change of the direction of the wave-vector depending on the spin [96]. This
mechanism was discovered by Niimi et al. in Cu with Ir impurities [99]. The asymmetry of side-
jump scattering instead arises from a spin-dependent jump of the carriers’ trajectory transverse to
their wave-vector, which in turn is preserved. The side-jump SHE has been observed in AuTa [98].

1.3.3 Rashba-Edelstein Effect

Systems with locking between the carriers momentum and their spin display the so called spin
galvanic effect (SGE) [100]. More recently, SGE is also referred to as Inverse Rashba Edelstein
effect (IREE) [101]. In a Rashba 2DEG described by the Hamiltonian in Eq. 1.6 [52], a non-
equilibrium spin density S generates a charge current density JIREEc [52]:

JIREEc = −eαRz× S
~

(1.25)

Spin accumulation can be induced either optically or electrically [102]. However, the spin-
to-charge conversion by IREE was obtained in NiFe/Ag/BiAg heterostructure [103], also by spin
pumping (see Sec. 2.3.2). A non-equilibrium spin accumulation was induced at NiFe/Ag interface
by the ferromagnetic resonant precession of NiFe. By IREE, the spin accumulation induces a charge
current in the SOC-2DEG at the Ag/BiAg interface. The inverse spin galvanic effect (or Edelstein
effect [104]) was also measured in semiconductors and 2DEG. In this case, a spin accumulation is
created in the material by an electric current:

S =
αRz× Jc

e~
(1.26)

REE manifests also in topological insulators, such as (Bi,Sb)2Te3 or Bi2Se3 [66].
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1.4. Germanium Telluride

In panels a and b of Fig. 1.8, microscopic mechanisms of REE and IREE are depicted, based
on the Fermi contours of the Rashba bands (Sec. 1.2). A charge current along kx (Jc) shifts both
contours by ∆kx = −(eτe/σ~)J c (σ is the conductivity, τe the momentum relaxation time). Due
to spin-momentum locking, the spin populations are no longer equal and a net spin accumulation
develops in the system (Sy): the inner band develops a negative spin density (δs−) and the outer a
larger positive one (δs+). Conversely, a spin accumulation Sy can be host by a Rashba system only
through a shift of the Fermi contours (Fig. 1.8b). The sign of the shift depends on the chirality of
the bands. The inner constant energy contour shifts to negative kx and the outer to positive values, so
as to accommodate a positive injected spin accumulation along y (blue dashed areas). A shift of the
Fermi energy contour (∆k) is associated to an electric current density J c = ev2

F~N∆k, with N the
number of electrons in the conduction band and vF the Fermi velocity. Two opposite contributions
are generated by IREE (negative for the inner contour, positive for the outer), with a net current
along the positive direction (the term deriving from the outer band is more intense). A different
interpretation of IREE can be found in the work of K. Shen et al. [101], in which equilibrium/static
spin accumulation and a dynamic/non-equilibrium one are treated in different ways.

Both Rashba-Edelstein and intrinsic SHE play an important role in spintronics, as they allow for
the electric control of the spin-charge interconversion. Recently it has been observed that it is pos-
sible to control the amplitude and the sign of the IREE by applying gate voltage, in LaAlO3/SrTiO3

Rashba interface [17] and topological surfaces [18]. Gate-dependent intrinsic SHE was demon-
strated also in graphene [106] and WS2-graphene heterostructures [107]. All those systems are quite
promising for low power spintronic devices with high spin-charge conversion efficiency. However,
this effect is volatile, as it is observed only when the voltage is applied the gate. This thesis work
shows that spin-to-charge conversion in the Rashba GeTe can be modulated electrically as well, in
non-volatile fashion, exploiting the internal field associated to the ferroelectric polarization (Ch. 4).

1.4 Germanium Telluride

In the 1970s, chalchogenides materials such as GeTe and Ge2Sb2Te5 were known as phase change
materials [108]. GeTe undergoes a reversible transition between amorphous and crystalline phases,
upon heating at ∼ 200 oC. The two states can be obtained by the application of specific current
pulses [109] and they are characterized by different electrical and optical properties. The electri-
cal resistivity changes by by five to six orders of magnitude (low state in crystalline phase, high
state in amorphous phase), which make GeTe suitable for non-volatile resistive memory devices
(PCRAMS) with large ON/OFF ratio [110].

GeTe crystalline phase displays a spontaneous ferroelectric polarization [111,112]. The control
of the ferroelectric state by means of electric fields would also allow for memory functionalities. As
addressed in Ch. 3, the switching between different ferroelectric states in GeTe by metal electrodes
has not been achieved so far, because of the high conductivity associated to its narrow gap nature.

In 2013, density functional theory calculations (DFT) by D. Di Sante, S. Picozzi et al. [11, 12]
predicted that the ferroelectric distortion is accompanied with a giant Rashba splitting of the bulk
electronic bands. Rashba and ferroelectricity are linked by the lattice distortion, so that a sign
change of the distortion causes a change of both ferroelectric polarization and the chirality of the
Rashba spin texture. Calculations are presented and discussed more in detail in the following
(Sec. 1.4.2). The predicted interplay between ferroelectricity and Rashba makes FERSC materials
suitable for Spin-Orbitronic applications. Some device schemes implementing the ferroelectric
control of spin-charge interconversion are proposed in Sec. 1.4.3.

1.4.1 Ferroelectricity in GeTe

GeTe is the simplest conceivable ferroelectric with two atoms in the primitive cell [111,113]. At the
Curie temperature of 720 K, the crystal structure undergoes a Peierls distortion from a paraelectric
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Chapter 1. Ferroelectric Rashba Semiconductors

Figure 1.9: a Distorted unit cell of α-GeTe. b Alternation of Ge and Te planes along the polar direction (111) direction.
The unit cell vectors are named (ah,bh,bh), as they are related to the hexagonal cell. c Spacing between Ge and Te
planes in cubic/β-GeTe and rhombohedral/α-GeTe. The stack is obtained upon projection on the unit vector bh.
Adapted from [114].

cubic (β-GeTe) to a reduced symmetry rhombohedral phase (R3m or α-GeTe) [114, 115]. In α-
GeTe, a ferroelectric polarization of ∼ 60 µC · cm-2 results from the shift of Ge and Te atoms from
the cubic positions, along the (111) direction [116] (Fig. 1.9a). The displacement of the Ge and Te
planes were calculated theoretically in Ref. [114, 117] (Fig. 1.9c) and measured experimentally by
high-resolution transmission electron microscopy combined with holographic polarization imaging
in Ref. [118].

Experimental investigations of the para-to-ferroelectric transition were performed by first order
Raman scattering in Ref. [113] and then by time-domain terahertz spectroscopy in Ref. [119]. Their
observations revealed a displacive character mixed with a order-disorder type.

GeTe is also a narrow gap semiconductor (Egap∼ 0.8 eV), with high density of free carriers
at room temperature ∼ 3 · 1020 cm-2. The impact of the marked semiconducting properties on the
stability of the ferroelectric phase is investigated in Ref. [116,118]. The strong internal screening of
the surface polarization charges operated by free carriers minimizes the effect of the depolarization
field, thus leading to a high stability of the FE state. However also external electric fields are
completely screened within the first few monolayers, so that the polarization inversion should be
prevented in the bulk. For such a reason, GeTe has been considered similar to a polar "metal"
or an improper ferroelectric [116]. So far, the ferroelectric switching has been achieved only at
the nanoscale via piezoresponse force microscopy on thin films [112] and by electrical shots in
nanowires [120]. However, is GeTe a proper ferroelectric material, with tunable polarization?
Our experimental investigations discussed in Ch. 3 tried to provide a solution to this outstanding
question.

1.4.2 Ferroelectric dependent Rashba effect in GeTe

In FERSC materials, ferroelectricity has been predicted to be the electric key tuning the Rashba
effect. Similarly, the magnetic order in multiferroics [121, 122] can be manipulated by ferroelec-
tricity.

As discussed in Sec. 1.2, Rashba splitting commonly arises in metallic surfaces and interfaces.
However, a Rashba Hamiltonian might also occur in bulk polar materials as GeTe [11,12,114] and
BiTeI [123, 124], due to the leak of inversion symmetry. GeTe and BiTeI display a giant Rashba
splitting compared to 2DEG, with coefficient αR ∼ 5 eVÅ and ∼ 3.8 eVÅ, respectively. The giant
effect results from (i) atoms responsible for large SOC (Te), (ii) narrow gap, and (iii) same orbital
character of valence and conduction bands. Bulk Rashba effect is intimately related to the crystal

18



i
i

“output” — 2020/3/4 — 23:00 — page 19 — #25 i
i

i
i

i
i

1.4. Germanium Telluride

Figure 1.10: a Bulk and b surface Brillouin zone of GeTe. ZA and ZU directions define kx and ky of the carriers. The
red hexagon in panel b represents the projection of the bulk FBZ on the ZAU plane. The bulk direction ZA and ZU
are equivalent to the surface ΓK and ΓM . Adapted from [60]. c Hexagonal atomic patterns of a Te-terminated
GeTe surface [114].

structure, hence on the polar distortion. In the case of GeTe, the amplitude and the sign of the
Rashba effect can be tuned by acting on the ferroelectric state.

Density Functional Theory (DFT) calculations of GeTe bands were performed in Ref. [12]. In
the following, we explain the fundamental steps. The bulk and surface first Brillouin zones are
shown in Fig. 1.10a-b. The six-fold symmetry arises from the hexagonal arrangement of atoms
on each Ge and Te plane along the (111) direction, as clear in panel c. A giant Rashba splitting
affects both valence and conduction bands around the Z point of the Brillouin zone, for carriers
with wave-vectors within the ZAU plane (with kx and ky components). Note that ΓZ axis coincides
with the (111) in the real space, i.e. the ferroelectric distortion.

The Rashba effective Hamiltonian of α-GeTe can be expressed in the form of Eq. 1.27, under
the k ·p framework. The direction kx corresponds to ZA, ky to ZU.

HR = αk(σxky − σykx) + λ(k3
+ + k3

−)σz with k± = kx ± iky (1.27)

Unlike conventional Rashba coefficient, in a bulk system a quadratic correction on the wave-
vector k has to be taken into account:

αk = αR(1 + ak2) (1.28)

Thus, the Hamiltonian term arising from αk is of the third order on k (cubic Rashba term).
The second contribution in Eq. 1.27 is also cubic and depends on σz, so it is responsible for an
out-of-plane spin component.

Note that the sign and amplitude of αR depends on the internal electric field associated to the
lattice distortion (i.e. the ferroelectric polarization P). The link between αR and P is the hearth of
the physics of FERSC.

The splitting of the bands (∆ES) solution of the eigenvalue problem is a function of the azimuth
angle θ between k and kx axis (i.e. θ = 0 along ZA, θ = 90 along ZU) as follows:

∆ES = 2(α2
kk

2 + 4λ2k6 cos 3θ2)
1
2 (1.29)

Such dependence leads to an anisotropic Rashba splitting (maximum along ZA and minimum
along ZU), as shown in Fig. 1.11b. Moreover, equivalent directions in the A-Z-U plane are obtained
by rotation of multiples of ∆θ = π/3, as clear in the six-fold symmetry of the Rashba contours
shown in Fig. 1.12. The maximum energy splitting along ZA is ER∼ 250 meV, with kR∼ 0.1 Å and
αR ∼ 5 eV ·Å.

The eigenspinors of the Hamiltonian show a dominant in-plane component orthogonal to the
wave-vector direction, according to the Rashba physics (Sec. 1.2). The expectation values of
the spin are drawn on the constant energy maps in panels a and c of Fig. 1.12 for Pout and Pin,
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Chapter 1. Ferroelectric Rashba Semiconductors

Figure 1.11: a Bands dispersion of α-GeTe calculated by DFT in Ref. [11], along high symmetry directions. The
distorted unit cell is reported in the bottom left inset, the FBZ at the bottom right. b Zoom of the giant Rashba
effect obtained at the Z point, along ZA and ZU (i.e. in the plane perpendicular to P). The Rashba energy and
wave-vector (ER and kR) are evidenced in red. Adapted from [11, 12].

respectively. In both cases, a small out-of-plane spin component is also obtained (Fig. 1.12b-d).
Due to the sign inversion of αR with P, both in-plane and out-of-plane components of the spinors
are opposite in the two polarization states. In other words, the chirality of the spin texture can
be inverted by switching the ferroelectric state. The link between ferroelectricity and Rashba spin
texture in actual GeTe films was the aim of the experiments described in Ch. 4. This fundamental
concept would be of strong impact in view of the implementation of spintronic devices.

1.4.3 FERSCs based devices

The nonvolatile ferroelectric control of Rashba effect holds potential for low-power spinorbitronics
applications. As already introduced in Sec. 1.3.2, Rashba effect triggers spin-charge conversion
phenomena. In GeTe, the switching of the ferroelectric state produces an inversion of the Rashba
SOC. The link between the polarization direction and the spin Hall conductivity of GeTe (Sec.
1.3.2) has been recently studied by our collaborators J. Slawinska, S. Picozzi et al. and the results
will be discussed in detail in Sec. 4.2.5.

A wide variety of reconfigurable devices can be designed out of FERSC. The building block is
composed by a thin film of a FERSC material, whose ferroelectric state can be controlled through
voltage pulses applied between top and bottom electrodes (Fig. 1.13a).

Spin Hall Effect Transistor. A spin transistor based on SHE can be realized with a nanometric
H-shaped bar made of SOC material, covered by a metallic gate (Fig. 1.13b). A charge current (Iin)
can be injected in one arm (Region I). A transverse spin current is induced in the orthogonal arm by
SHE (Region II). A second conversion from spin to charge current would lead to an electric current
flowing in the outer arm (Region III). The output current can be sensed by means of an open-circuit
voltage (Vout). The amplitude and sign of Vout can be controlled by the Rashba coefficient of the
SOC material, through the gate voltage. This means that the transfer function of the logic port can
be configured electrically. A spin Hall effect transistor based on a Rashba-2DEG created at the
AlGaAs/GaAs interface was realized in 2010 by J. Wunderlich et al. [126]. More recently, W. Y.
Choi et al. created a ferromagnetic free SHE transistor with InAs quantum-wells [125]. Adopting
FERSC as SOC material the logic device would gain non-volatility (i.e. the device stores one data
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1.4. Germanium Telluride

Figure 1.12: Constant energy maps on the Z-A-U plane from cut of the bands structure at energy of -0.47 eV. Six-fold
symmetry results from the hexagonal crystal structure that couples to the cubic Rashba term. The spin texture is
drawn by arrows. The direction of the spin is mainly in the plane (a, c) with a small contribution out-of-plane (b,
d). The sign of the spin is fully reversed comparing the outward polarization state Pout (a, b) and Pin (c, d). Adapted
from Ref. [12].

bit). Moreover, the logic function could be reconfigured by setting different ferroelectric states with
a proper choice of the gate poling pulses. For saturated Pout and Pin states, Vout is expected to change
sign so the device can implement either a NOT or a buffer function as shown in the table of Fig.
1.13b. Moreover, depending on the history, the duration and amplitude of the gate voltage pulses,
the FERSC channel can be brought to different non-saturated polarization ferroelectric states with
coexisting domains pointing in and out the growth plane. This would reflect in different possible
values of Vout, signature of a multilevel logic device suitable for neuromorphic architectures [127].
Interconnecting different bit devices it is possible to achieve a memory unit in which the data can be
processed in logic operations, thus implementing the concept of in-memory computing. An example
of in-memory computing device based on ferroelectric spin Hall effect transistors is depicted in Fig.
1.13c. The two data inputs are the ferroelectric states P1 and P2, that can be manipulated by the gate
voltages V1 and V2. When a charge current Iin is injected in the two input arms of the transistors,
the output currents generated by the charge-spin-charge conversion sum up at the central arm of
the device. The logic thus performs the algebraic sum of the inputs, as the output voltage V takes a
positive value when both polarization vectors point up, negative when they point down and a zero
value when they are opposite to each other.

Spin-orbit logic device. Intel has very recently proposed a prototypical scheme for a non-
volatile spin-orbit logic architecture, composed by two key elements [9]. The first is a ferromag-
netic memory, whose magnetization can be tuned by magneto-electric coupling with an adjacent
ferroelectric material. The second element is a readout unit, capable of detecting the ferromagnetic
memory state by spin-to-charge conversion in a high SOC material.By adopting a FERSC material,
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Chapter 1. Ferroelectric Rashba Semiconductors

Figure 1.13: a Sketch of the building block of made of a FERSC. The polarization state (P) can be controlled with a
proper gate voltage pulse. b Illustration of a spin Hall effect transistor from Ref. [125]. The device is divided into
three regions (I, II and III). The current is injected in Region I, while the spin current is generated by SHE in the
SOC channel of Region II. The output voltage V of the network is measured in Region III. c Sketch of a in-memory
computing device based on FERSC. Two gated spin Hall effect transistors are interconnected so that the output
currents sum together in the central arm. The output voltage V depends on the remanent polarization states P1 and
P2 of the FERSC layer set by the two gate voltages (VG,1 and VG,2). The device computes the algebraic sum of the
two data bits (i.e. the two polarization states): when both polarization vectors point UP V> 0, when they point
DOWN V< 0 and when they are opposite V= 0.

memory (ferroelectricity) and SOC readout (Rashba) are implemented by a single layer thus reduc-
ing the complexity of the device. Similarly to the case presented for the spin Hall effect transistor,
logic networks can be designed by connecting different bit devices in the memory space [9].

1.5 Indium doped Germanium Telluride

The great potential of GeTe for generation of spin logic devices on semiconducting platforms is
limited by its intrinsic high doping level. Indeed, a reduction of the density of free carriers would
necessarily lower the power absorbed during the ferroelectric switching by a reduction of the con-
duction currents, but most importantly it would allow for the full exploitation of its semiconducting
behavior. In addition, it would be possible to obtain FERSCs with different doping levels and use
them for novel generation of nonvolatile electronic devices, as for instance ferroelectrically tunable
p-n GeTe junctions.

The goal of the work in Ch. 5 is to reduce the doping level of GeTe towards a n character, but
keeping its ferroelectric-driven Rashba effect. To such scope, we investigate substitutional doping
of GeTe with Indium. The present section provides some theoretical arguments of the effect of In
expected on the doping of GeTe.

By thermodynamics, epitaxial undoped GeTe naturally shows a strong p carriers concentration
due to the spontaneous formation of Ge cation vacancies in the lattice at room temperature, i.e.
empty Ge sites in the crystal lattice formed during the film growth. Indeed, GeTe generally grows
with slight off stoichiometry (from 2.5 to 10 % of Ge vacancies [128–131]) and with marked p
doping level (from 8 to 11 · 1020 cm -3). The relation between vacancies and holes concentrations
can be understood from the Lewis diagrams in Fig.1.14: when a Ge atom is removed from the
lattice, the Te 5p orbital is not completed and a pair of holes is left, named V 2+

c .
Many solutions were proposed in the literature to manipulate the amount of vacancies, such

as the introduction of Bi2Te3 [130] or Sb2Te3 [131] as well as filling vacancies with other metals
including Ga, In, Ag or Sn [130]. In Ref. [130], Bi2Te3 is used as solvent that increases the value of
the solubility of metal dopants in the GeTe matrix. As depicted in Fig. 1.15, Bi2Te3 in GeTe lattice
increases the number of vacancy sites but due to the electrical neutrality of such compound does not
increase the doping concentration (V 0

c ). The vacancies introduced by Bi2Te3 are therefore termed
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1.5. Indium doped Germanium Telluride

Figure 1.14: a Lewis representation of the chemical bond between Te and Ge (left) and the formation of a holes pair
with a Ge vacancy (right). The gray filled circles represent the electrons of Te5p and Ge2p orbitals, the empty ones
holes. b Naturally formed vacancy (V 2+

c ) in a GeTe array (100 plane). The uncompensated Te anion is circled in
red.

as "neutral". This means that a larger solubility of the metal can be achieved by increasing the
number of available sites in the lattice because for every three Te ions only two Bi ions are added
into cation sites. With this method, the net number of charged vacancies is decreased and a partial p
doping compensation is obtained with respect to GeTe Ref. [130]. A similar approach was recently
adopted in Ref. [131] by introduction of Sb2Te3 in the GeTe matrix which has the same cation-
anion ratio as Bi2Te3. Nonetheless, because of the large number of chemical species involved,
this technique can be applied to synthetized GeTe polycrystalline sample but hardly employed for
the growth of epitaxial monocrystalline films by molecular beam epitaxy (MBE). In this work we
proposed a different solution that can be realized by coevaporation of Ge, Te and In elements in
a MBE machine. Following the same idea exposed before, Indium can be easily ionized into the
cation In3+ as it tends to bond with Te. The formation of In2Te3 inside the GeTe matrix increases
the solubility of In itself and the carriers compensation. A similar result could be achieved with
Gallium atoms, even though the mismatch between Ga3+ and Ge2+ radius is larger (i.e. the solubility
achievable for Ga is reduced).

Figure 1.15: a Lewis representation of the formation of neutral vacancy with Bi2Te3 denoted as V 0
c . b Representation

of a neutral vacancy in GeTe lattice by the introduction of Bi2Te3 (100 plane).
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CHAPTER2
Experimental techniques

The present chapter is devoted to the fundamental aspects of the techniques employed for the exper-
imental work on FERSC. The intrinsic multifunctionality of these materials gives rise to the need
of several diversified tools for the study and the control of their properties. In general, ferroelec-
tricity can be accessed by means of electric or piezoelectric measurements. The most important
techniques, their potentialities and limitations are discussed in the first section (Sec. 2.1), such
as I-V methods (e.g. Positive Up Negative Down, PUND) and Piezoresponse Force Microscopy
(PFM). Ferroelectricity in FERSC is also correlated with the Rashba bands splitting, which can
be visualized by Spin- and Angle Resolved Photoemission Spectroscopy (SARPES) described in
Sec. 2.2. Finally, spin-charge interconversion phenomena play a fundamental role for the appli-
cation of FERSC in spin computing devices. In this work, spin-to-charge conversion is probed by
spin pumping at ferromagnetic resonance discussed in Sec. 2.3. The last section of the chapter is
dedicated to the growth of the samples investigated in the experiments.

2.1 Ferroelectric characterization

2.1.1 Current-voltage methods

Current-voltage (I-V) methods are commonly used for the characterization of ferroelectric materi-
als. They are based on the Sawyer-Tower circuit, conceived in 1930 [132]. A ferroelectric film is
grown between a top and a bottom electrodes. The application of a voltage among them induces a
change of the polarization state, which can be tracked by means of the displacement current. In-
deed, a given polarization (P) is associated with a proper distribution of charges (surface σP , and
bulk ρP distribution). In the case of a homogeneous ferroelectric material, only surface polarization
charges σP = P ·n are developed at the top and the bottom surfaces of the film. Thus, any time
variation of P gives rise to a current JP.

The expression of JP can be derived from Maxwell equations. In the case of a material with
polarization axis along the capacitor structure (i.e. perpendicular to the film surface), the amplitude
of the displacement field D is:
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Chapter 2. Experimental techniques

Figure 2.1: a Current-field (I-E) loop of a BTO/LSMO/STO heterostructure. b Polarization-field loop (P-E) retrieved
by time integration of the curve in panel a. Adapted from Ref. [133].

D = ε0E + P (2.1)

And the total displacement current is the time derivative of D:

J =
∂D(t)

∂t
= ε0

∂E(t)

∂t
+
∂P (t)

∂t
(2.2)

For a paraelectric material P = ε0χE, with χ the dielectric susceptibility of the material. In this
case, Eq. 2.2 reduces to the capacitor fundamental equation J(t) = ε0εr

d
dV
dt

, with d the thickness of
the film.

A ferroelectric material instead shows a remanent polarization (Pr), with a hysteresis loop be-
haviour versus the applied field (Sec. 1.1).

P = Pr + ε0χE (2.3)

In this case, an additional polarization current term arises (JP):

JP =
∂Pr
∂t

(2.4)

By integrating Eq. 2.4, the polarization variation in a specific time interval ti-tf can be related to
the area of the measured current peak:

∆Pr =

∫ tf

ti

JPdt (2.5)

Eq. 2.5 allows to recover the ferroelectric hysteresis loop from the measurement of the current.
Typically the experiment consists in the application of a voltage ramp to the capacitor with a fixed
rate, so that the electric field is E(t)= Kt. In Fig. 2.1 this method is applied to a BaTiO3 thin film.
For large negative electric field values (e.g. point A in Fig. 2.1a-b), the film is polarized with
negative saturation polarization (-Psat). In panel a, the total current in this region is dominated by a
constant displacement current J = ε0εrK, that results from Eq. 2.1 and Eq. 2.2 with a fixed value
of the remanent polarization (-Psat). Integrating in time the displacement current, the retrieved value
of the polarization (panel b) follows a linear increase with the field corresponding to the dielectric
response. When E increases up to the coercive value (point B, in this case around 100 kV cm-1), the
ferroelectric material is forced to switch from negative Pr to a positive value, with the generation
of a current peak (panel a). This current peak is translated into a switching of the polarization
(panel b) by means of Eq. 2.5. Then, the full loop is recovered by sweeping the electric field back
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2.1. Ferroelectric characterization

Figure 2.2: Sketch of a Positive Up Negative Down (PUND) measurement. a Sequence of triangular voltage pulses.
The first (dashed line) is used to initialize the polarization state (negative pulse), the following four pulses are used
to perform the measurement: ’P’ switches the polarization to the other state, ’U’ is used to probe the dielectric and
leakage currents during a positive slope, ’N’ switches polarization back to the initial state and ’D’ registers the
contributions not related to ferroelectric switching of a negative pulse (same role as ’U’). b Example of behaviour
of the capacitor current versus voltage obtained with the pulses in panel a. An exponential leakage behaviour is
assumed.

from positive to negative saturating values and registering the current peak at the negative electric
coercive field.

Polarization switching current allows then for monitoring the change of the ferroelectric state
when the external field is applied. Lossy dielectrics can also develop a non-negligible leakage
current through the capacitor during poling. Leakage and other spurious contributions to the total
current can be subtracted during the measurement, by adopting a pulsed technique called Positive
Up Negative Down (PUND). The concept of the measurement is sketched in Fig. 2.2a. First
a polarizing voltage pulse P is applied to the capacitor in order to induce the switching of the
polarization from the starting state (pre-polarized in the opposite direction). During this pulse,
the current through the capacitor develops both leakage, displacement and polarization switching
contributions (red curve in Fig. 2.2b). Then, a second identical pulse U is applied to record only
the leakage and displacement contribution, as the system is kept at the same saturation (yellow
curve in panel b). Therefore, the pure polarization current peak can be extracted by subtracting the
current recorded during P and U. The same procedure is then performed with two opposite voltage
pulses (N and D), leading to a negative switching current peak (blue curve in Fig. 2.2b). After the
correction, the integral of the current is calculated to obtain the ferroelectric loop according to Eq.
2.5. This trick is not applicable to the case of strongly doped semiconductors, as the polarization
switching peak is hindered by the Ohmic current density.

2.1.2 Piezoresponse Force Microscopy

Piezoresponse Force Microscopy (PFM) was invented by M. Abplanalp et al. in 1998 [45], as a tool
for mapping ferroelectric domains in space with nanometric resolution [134]. A conductive tip of
an Atomic Force Microscope (AFM) is used to measure the out-of-plane piezoelectric coefficient
(d33), exploiting the link between the ferroelectric polarization and the piezoelectric response (Sec.
1.1.3). Differently from I-V methods, PFM senses a mechanical deformation rather than a current
and it is applicable to both semiconducting and insulating ferroelectrics. Note that the contact area
is defined by the nanometric size of the tip, which limits the current flow and the related sample
damage (especially in strongly doped films). For those reasons, PFM represents a less destructive
technique for characterization of semiconducting thin films.
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Chapter 2. Experimental techniques

Figure 2.3: Working principle of Piezoresponse Force Microscopy. a Sketch of the setup. A contact AFM setup is
endowed by an ac voltage supplier, connected between the sample back-electrode (positive) and the conductive tip
(negative electrode). The deflection of the cantilever probed as the laser position on the photodetector depends on
the ferroelectric state. When Vac> 0 is applied to the back-electrode, the deflection is positive for Pout regions, by
piezoelectric expansion. On the opposite a Pin domain results in a negative deflection signal. The tip oscillates
at the frequency of Vac, resulting in an oscillating deflection signal demodulated by a lock-in-amplifier (LIA). The
PFM amplitude A and phase φ are retrieved from Eq. 2.8. b Piezoelectric oscillation of outward regions is in-phase
with respect to Vac (φ= 0◦), because polarization (P) is always parallel to the electric field E. c The oscillation of
the inward domain is out-of-phase (φ= 180◦), because P is opposite to E.

Working principle

The measurement of the out-of-plane ferroelectric response (vertical PFM [135]) is performed with
a biased conductive AFM tip, in physical contact with the sample. A voltage is imposed between
the tip and a bottom electrode (placed underneath the ferroelectric film), and the mechanical change
of the sample height (∆z) is recorded simultaneously as the corresponding tip deflection signal of
the four quadrants detector, computed as (A+B)-(C+D). According to Eq. 1.2 discussed in detail
in Sec. 1.1.3, the sign of the height change (i.e. tip deflection) is signature of the polarization
orientation (P3) with respect to the imposed electric field (i.e. the sign of the voltage V):

∆z = d33V = 2Q33ε0ε33P3V (2.6)

As shown in Fig. 2.3a, the deflection is positive when the sample expands (∆z > 0), or negative
when it contracts (∆z < 0). If a voltage V> 0 is applied to the sample back-electrode with the tip
at ground, expansion and contraction correspond to outward (Pout) and inward (Pin) polarization,
respectively.

In addition, also the lateral deformation associated to a in-plane polarization component can
be detected from the torsion of the cantilever (lateral PFM [136]). Hence, a three-dimensional
reconstruction of the polarization vector can be obtained by vectorial PFM [137]. In this study we
will focus on Vertical PFM.

Typical values of d33 of ferroelectric oxides are in the range 50-500 pm/V [138], while the
vertical sensitivity of the tip is of 100-200 nm/V (the stiffness of the cantilever is of the order of 1
N/m). Due to the small mechanical deformation, a lock–in technique [139] is required. As sketched
in Fig. 2.3b, an alternating driving voltage (Vac = V0 cos(ωt)) causes an oscillation of the sample
height:

∆z = |d33|V0 cos(ωt+ φ(d33)) (2.7)

Driving voltages typically have frequencies of about f ∼ 10 kHz - 1 MHz and amplitude of
V ∼ 1 − 10 V. The tip cantilever bends following the surface, so that also the deflection signal
at the detector oscillates in time (D(t)). The amplitude (A) is proportional to the absolute value of
P3, averaged over the tip-sample contact area. The phase signal (φ) is ideally either 0◦ or 180◦, if
the net polarization is parallel or antiparallel with respect to the applied electric field (Fig. 2.3b-c).
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2.1. Ferroelectric characterization

Figure 2.4: Example of domains reading in LiNbO3 periodically poled single crystal. a PFM phase map and b phase
profile. c PFM amplitude map and d amplitude profile. Profiles have been integrated over the lines of the scans.

Hence, the sign of the ferroelectric state P3 can be measured from the phase of the tip deflection
signal.

A and φ are measured by demodulating D(t) at the driving frequency with a lock-in amplifier
(LIA) and combining X and Y output signals as follows:

X = A cos(φ)

Y = A sin(φ)

}
⇐⇒


A =

√
X2 + Y 2

φ = arctan
Y

X

(2.8)

From the amplitude A it is possible to extract the associated value of the piezoelectric coefficient
d33 as:

|d33| =
S

GVac
A (2.9)

Where S is the sensitivity of the optical lever at the detector expressed in pm/V that can be
obtained from a proper calibration of the AFM. The sensitivity describes how much the tip has to
move along z to cause a change of 1 V of the deflection signal at the detector. G is the amplification
factor of the LIA.

Scanning the tip over a ferroelectric sample it is then possible to map A and φ and visualize FE
domains. An example of periodical alternation of ferroelectric domains in LiNbO3 is shown in Fig.
2.4. The values of the phase signal takes alternatively 0◦ or 180◦ values, corresponding to outward
and inward polarizations (panels a-b of Fig. 2.4). The amplitude instead has approximately the
same value in the two types of domains, as the absolute value of the polarization is ideally the
same for opposite domains (panels c-d of Fig. 2.4). At the domain walls A is drastically reduced.
Ideally the tip amplitude goes to zero, because the oscillations induced to the tip by neighbouring
up or down domains cancel each other (i.e. they are out-of-phase). It is usually convenient to rep-
resent the output of the LIA as a phasor in the (X, Y) plane. In the ideal case described before,
outward and inward polarizations are phasors on the X axis with a 180◦ phase jump (Fig. 2.5a).
In practical situations, a rigid rotation of the vectors axis can be induced by delays in the acquisi-
tion line. Moreover, E. Soergel et al. demonstrated that the phase shift between the ferroelectric
phasors can be significantly smaller than 180◦, due to a system inherent background noise and/or
tip-sample electrostatic interaction [139, 140] (Fig. 2.5b). The origin of the background noise in
PFM is the presence of multiple mechanical resonances of the AFM head (comprising of tip, can-
tilever, piezoelectric actuators and other mechanical parts), which could be excited during the ac
measurement [139]. The background strongly depends on the frequency of Vac, on the stiffness
of the tip-sample contact on the specific cantilever [140]. It can be removed by subtracting to the
phasors measured by the lock-in their mean vector B (indicated by violet vector in panel b of Fig.
2.5), and the PFM image can be recovered.

The PFM signal of materials with small piezoelectric coefficients can be enhanced by choosing
the driving frequency at the tip-sample contact resonance. As any oscillator, the amplitude of
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Chapter 2. Experimental techniques

Figure 2.5: Phasors representation of the ferroelectric states (+d and -d). a Ideal measurement, the phase shift is
180◦ and the vectors’ lengths are the same. b System inherent background and tip-sample electrostatic effects alter
the detection of the piezoelectric response. The two phasors have different lengths and a reduced phase shift. The
background phasor is identified by the vector B, which must be subtracted from the measurement. Adapted from
Ref. [139].

the system response increases by the quality factor of the resonance. This is the case of GeTe
(d33∼ 1 pm/V), for which resonance-enhanced PFM was chosen by A. V. Kolobov et al. to get
domains maps [112]. The amplitude of d33 can be estimated as in Eq. 2.9 and accounting for the
amplification Q provided by the mechanical tip resonance:

|d33| =
S

GVacQ
A (2.10)

Where Q is the quality factor of the resonance. The major drawback of resonant PFM is related
to the enhanced sensitivity to any other external excitation, including changes of topography during
the scan, electrostatic tip-sample interaction and background noise.

Finally, the AFM can be used also to write ferroelectric domain patterns at the micro- and
nanoscale, through a large enough dc bias voltage between the scanning tip and the back-electrode.
Writing and reading domain patters by PFM is useful to investigate the switchability of the polar-
ization. Ferroelectric patterns on GeTe thin films have been realized in this thesis work.

Switching spectroscopy

The ferroelectric hysteresis loop can be measured in a specific location of the sample (point or
switching spectroscopy). Spectroscopy provide information on the local mechanism of domain
nucleation and the thermodynamic parameters of the switching process [134]. The PFM signal is
recorded as a function of the applied poling voltage (dc). In the so called ’continuous dc mode’,
the dc voltage (Vdc) sweeps linearly with time, between a negative and a positive saturating values
(Fig. 2.6a). The ac voltage is constantly added to the tip, so as to record the PFM signal during
the voltage sweep. The continuous mode is suitable especially for insulating ferroelectrics with
consistent piezoelectric coefficient and low conductivity, for which the mechanical response is
higher compared to tip-sample electrostatic contributions. An example of measurement on a Lead
Zirconate Titanate (PZT) thin film is reported in Fig. 2.6b-f.

The ac voltage is applied to the sample back-electrode, the dc one to the tip. The X and Y com-
ponents of the LIA are in panels b and c, respectively. The deflection signal is mostly contained in
X (Y is negligible), which means that the tip oscillation is either in-phase or out-of-phase respect
to Vac. Indeed, the two ferroelectric states belong to the X axis on the (X,Y) plane (panel d). X
follows a hysteresis loop, which is ascribed to the ferroelectric one as result of converse piezoelec-
tric effect. The two saturation states correspond to outward and inward polarization (Pout and Pin),
respectively stabilized with V tip< 0 and V tip> 0. The vectors Pout and Pin are reported in the (X,Y)
plane. The influence of the system inherent background is marginal, because the two ferroelectric
phasors have equal amplitude and belong to the X axis, as expected for the noise-free measurement
(Fig. 2.5a). In this case the complete information of the piezoelectric behaviour is retained in the
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2.1. Ferroelectric characterization

Figure 2.6: Continuous dc point spectroscopy. a Schematics of the measurement. The linear slope followed by the
poling bias (Vdc) is superimposed to the driving voltage (Vac). The amplitude of Vac is usually smaller than Vdc.
b-c and Y signals from LIA versus the tip voltage (Vtip), acquired in the continuous dc mode on a film of PZT (20
nm). d The vector representation in the (X,Y) plane of the two saturation states of measurements b-c. Outward
polarization (Pout) is stabilized by negative Vtip, whereas inward state (Pout) is obtained with Vtip> 0. Note that
the two states have negligible Y component, they have the same amplitude (i.e. same distance from the origin) and
they are separated by a phase shift of 180 ◦. e-f PFM amplitude (A) and phase (φ), respectively. The signals are
computed from X and Y according to Eq. 2.8.

signal X (also referred to as PFM signal). The A and φ representation can be obtained from X and
Y by Eq. 2.8 (panels e and f). The amplitude is proportional to the average |d33| below the tip.
The maximum value is obtained when the polarization is saturated; the minimum is observed at
the coercive voltages, when the sample is broken into domains (Vc∼ ±2 V). On the other side, the
phase takes 0◦ and 180◦ values depending on the orientation of the polarization vector (Pout and
Pin).

For materials with low piezoelectric coefficient and non-negligible conductivity, such as ferro-
electric semiconductors, a different approach is needed. In those cases, the piezoelectric signal can
be comparable or possibly overwhelmed by the deflection signal caused by the electrostatic inter-
action between the tip and the sample. Indeed a charged tip induces a opposite charge distribution
at the sample surface, with the formation of a capacitor (C(z), with z the tip-sample distance). The
electrostatic force between the tip and the sample alters the loop shape causing artifacts [134,141].
The force between the capacitor plates is:

Fel(z) =
1

2
V
∂C

∂z
(2.11)

The tip-sample contact can be treated as a spring with stiffness k, so that the tip displacement
can be written as:

∆z =
1

2k

∂C

∂z
V 2 (2.12)

In a spectroscopic measurement V = Vdc + V ac, so the displacement signal derived from Eq.
2.12 results:
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Chapter 2. Experimental techniques

Figure 2.7: Effect of electrostatic forces on the continuous dc loop of a PZT film. a X component of continuous dc loop.
The linear contribution to the deflection signal (black line) results from the electrostatic tip-sample interaction (Eq.
2.13). The subtraction of the electrostatic linear background yields to the signal in panel b, the reproduction of
the ferroelectric hysteresis loop. A similar procedure has to be done on Y, that could be different from zero due to
system inherent background or delays (data not shown). c-d Amplitude (A) and phase (φ) obtained from the X and
Y signals after the subtraction of the electrostatic signal.

Del,ac(Vdc) =
1

k

∂C

∂z
VdcVac ∝ VdcVac (2.13)

The electrostatic contribution linearly increases with the applied dc voltage and it sums to the
PFM signal Dpiezo(Vdc) = d33(Vdc)Vac (Eq. 1.1).

In wide gap semiconductors as for example PZT, the electrostatic noise can be estimated by a
linear fit of the saturation arm of the X and Y channels of the LIA. The linear slope can be subtracted
and the corrected amplitude and phase can be computed. The correction procedure performed on
PZT is shown in Fig. 2.7.

In GeTe however, the electrostatic interaction with the tip is way more intense due to the high
density of free carriers (i.e. large ∂C/∂z). Consequently, the electrostatic linear contribution typ-
ically overwhelms the PFM signal, which is more than 100 times lower than in the case of PZT
(d33,PZT/ d33,GeTe ∼ 100). The subtraction procedure is not applicable in this case, because of the
strongly reduced signal-to-noise ratio.

As follows from Eq. 2.13, the electrostatic contribution can be avoided if the PFM signal is
recorded at with Vdc= 0 (with a Vac applied), i.e. at remanence. As shown in Fig. 2.8, the sample
can be poled by a voltage pulse with varying amplitude (’on’ time), following a triangular wave-
form similar to the one used in continuous mode. The PFM signal is read immediately after the
pulse (’off’ time), by sensing the piezoelectric deformation induced by the driving voltage Vac.
This technique is called pulsed dc spectroscopy, as conceived by S. Jesse et al. in Ref. [142] (or
switching spectroscopy or continuous pulsed mode). Typical pulse duration are of the order of 1 µs-
1 ms. Pulsed dc approach is preferred for gathering high-quality hysteresis loops and it becomes
mandatory for semiconducting samples, especially those with poor piezoelectric properties and
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2.2. Spin- and Angle- Resolved Photoemission Spectroscopy: SARPES

Figure 2.8: Measurement principle of the pulsed dc voltage point spectroscopy. The poling voltage Vdc is a train of
rectangular pulses. The amplitude of the pulses follows the triangular envelope used in the continuous dc mode.
The sample is poled by Vdc in the ’on’ state (red), while the PFM signal is recorded in the ’off’ state (blue) through
Vac.

marked conductivity as GeTe. Pulsed dc spectroscopy of GeTe thin films is discussed in Sec.
3.1.1. The acquisition of PFM loops on different positions of the sample provides information
about the spatial distribution of the FE properties, as the pristine polarization state and the coercive
voltages. The pulsed approach also permits to limit the local heating of tip and sample, because
the dc component of the voltage is applied only for relatively short times and is turned off during
the reading step. A different scenario is found for domains writing, because the current is always
flowing between the sample and the biased tip during the scan, provoking a fast degradation of
the tip quality and damages of the sample surface (burning, electrochemical reactions). Given
those arguments, voltage point spectroscopy maps were recorded throughout the thesis for the
characterization of the ferroelectric properties of GeTe thin films, with spatial information.

2.2 Spin- and Angle- Resolved Photoemission Spectroscopy: SARPES

Photoemission spectroscopy techniques play a leading role in the characterization of the chemical
composition and the electronic properties of a material. Among others, Spin- and Angle- Resolved
Photoemission Spectroscopy (SARPES) leverages the simultaneous detection of angle, energy and
spin polarization of photoemitted electrons to map the spin dependent electronic bands structure
of solid-state materials in the momentum space. High resolution maps allow to obtain informa-
tion about the collective behaviour of correlated electrons systems, as superconductors [143, 144],
density waves and magnetic orders, about the topological surface states [145] and map bands of
semimetals (i.e. materials with no bandgap) [146]. In Ch. 4, the large Rashba splitting of bands of
GeTe(111) and the spin texture are measured by SARPES. This technique helped the investigation
of the effect of In doping of GeTe on the Rashba effect and on the conduction properties (Ch. 5).

This section aims to provide the reader with the fundamental principles of SARPES.
When the sample is irradiated by photon beam with energy hν, electrons can be photoemitted. If

the energy absorbed from the photon overcomes the binding energy and the potential barrier at the
surface, the excited electron can be emitted from the sample and behave as free particles. The angle
of emission, the kinetic energy and the spin polarization of the photoemitted electrons are linked to
the electronic state before the emission (wave-vector, binding energy and spin). Filtering electrons
based on their kinetic energy and emission angle is performed by an electron analyser. The intensity
is then recorded by a detector at the exit of the analyser, which could also add spin resolution (spin
detector). The dependence of the spin intensity with kinetic energy is also called photoemission
spectrum. As any photoemission technique, ultra-high vacuum environment (UHV chamber) is
needed, so as to minimize the scattering of electrons with the atoms and ions in the atmosphere and
at the same time preserve the sample surface quality from oxidation or contamination.
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Chapter 2. Experimental techniques

Figure 2.9: a Geometry of Angle- Resolved Photoemission Spectroscopy (ARPES). The electron emission angles θ
and φ are defined with respect to the electron analyser. In the bottom panel, the momentum conservation laws
are reported. The parallel component k|| is conserved, while the perpendicular one k⊥ is not because of the
translation symmetry breaking produced by the surface. b Conservation of energy during a photoemission process.
Ekin = hν − Φ − EB , where EB is the binding energy. N(E the density of states, hν the photon energy and Φ
the work function of the material. EF, Evac are the Fermi and vacuum levels [147]. The intensity spectrum of the
photoemitted electrons can be therefore mapped to the electronic density of states inside the material.

The photoemission process will be described in Sec. 2.2.1, then ARPES mapping of the bands
structure will be explained in Sec. 2.2.2. Lastly, Sec. 2.2.3 will be dedicated to spin detectors and
SARPES.

2.2.1 Photoemission of electrons

The physical mechanism at the basis of ARPES measurements is the photoelectric effect, discov-
ered by Hertz in 1887 and explained in 1905 by Einstein in terms of absorption of photons by
electrons in the solid. Photoemission process can be treated as a sequence of three independent
steps (three-steps model):

• Electron optical excitation;

• Propagation to the surface;

• Emission in vacuum.

The subdivision simplifies the description of the process, although in principle the problem
should be treated within a single step. The photoelectron intensity can be formulated as a product
of three independent probabilities, one per each step, which will be derived in the following.

Photoexcitation

For non-interacting electrons system, the probability that a single electron is promoted from an ini-
tial state ψi with energy Ei to a final state ψf with energy Ef, by interaction with an electromagnetic
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2.2. Spin- and Angle- Resolved Photoemission Spectroscopy: SARPES

wave is described by the Fermi Golden rule. For electrons in a periodic crystal, the wave-functions
are Bloch states dependent on the wave-vector k. The transition probability per unit time (W if)
takes the form:

Wif = |Mif |2δ(Ef (kkkf )− Ei(kkki)− hν) (2.14)

Where the δ function establishes the conservation of the total energy: Ef= hν- Ei. In the follow-
ing we will consider Ei= EB with EB the binding energy of the electron. Therefore, the photoemitted
electrons reproduce the image of the energy distribution in the sample, shifted by the photon en-
ergy (Fig. 2.9b). In Eq. 2.14, |Mif | is the matrix element of the Hamiltonian (H’) describing the
interaction between the electron and the photon:

|Mif | =
〈
ψi(kkki)

∣∣H ′∣∣ψf (kkkf )〉 (2.15)

The interaction Hamiltonian can be expressed as the scalar product between the electromagnetic
vector potentialAAA and the electronic momentum operator, according to the dipole approximation:

H ′ ∼ e

m
AAA ·ppp (2.16)

It results that the matrix element depends on the polarization of the photon (throughAAA) as well
as the symmetry of the initial and final states, which can be related to the orbital character of the
Bloch states.

In Eq. 2.14 the momentum of the photon is neglected with respect to those of electrons in the
valence band. The latter is then conserved in the crystal up to a vector of the reciprocal lattice (G),
as consequence of the periodic potential of the solid. It follows that kkki = kkkf ±G. The transition is
vertical, namely kkki = kkkf = kkk.

This approximation is valid for ARPES, in which hν is chosen in the VUV regime (6 eV - 124
eV) up to the soft-X rays (124 eV - 5 keV).

The integration of the transition probability over the bands structure of the system yields to the
expression of the internal photocurrent:

I(Ei, ν,kkk) =
∑
i,f

|Mif |2δ(Ef (kkk)− Ei(kkk)− hν) (2.17)

Concerning spin information, the photon does not directly couple to the electron spin which is
preserved during the optical transition.

Propagation

The photo-excited electrons travel as free particles. Several elastic and inelastic scattering mecha-
nisms with other electrons, ions, phonons in the solids can reduce the intensity of the photocurrent
(I(Ekin, ν,kkk)). The average length between two subsequent inelastic scattering events is called
inelastic mean free path, which is a function of the electron kinetic energy (λIMFP (Ekin)). Most
materials show the same λIMFP (Ekin) dependence, described by the "universal curve" [148] (Fig.
2.10). The general expression is:

λIMFP (Ekin) =
A

E2
kin

+B
√
Ekin (2.18)

Where A and B coefficients are different for elements, organic or inorganic compounds. For
elemental samples, A= 143 and B= 0.054, if λIMFP is in nm and Ekin in eV. The decay of the
photoelectron intensity is given by the exponential Lambert law. The transport probability factor D
as function of the travel distance x reads:
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Chapter 2. Experimental techniques

Figure 2.10: Universal dependence of the electron inelastic mean free path on the kinetic energy (bottom axis). The
top axis refers to the photon energy (the work function is assumed about 4 eV for all materials). VUV and soft-X
ray regimes are indicated by blue and pink areas. Adapted from Ref. [147].

D(Ekin, x) = e
− x
λIMFP (Ekin) (2.19)

Which multiplies the photocurrent. It follows that the outgoing photoemitted electrons are only
those generated at the surface of the sample, within a very confined layer with thickness comparable
to λIMFP (also named escape depth). Note that the escape depth of electrons is of the order of 1
nm for VUV and soft-X beams, much smaller than the excitation depth, as the penetration distance
of the photon beam is of the order of 1 µm.

Escape into vacuum

For escaping into vacuum, the excited electron has to overcome the energy barrier of the surface,
given by the work function. The work function is the energy separation between vacuum and Fermi
levels, Φ = Evacuum − EF . Thus, the kinetic energy has to be corrected as follows:

Ekin = hν − Φ− EB (2.20)

The energy shift due to photoemission is shown in Fig. 2.9b. The surface barrier truncates
the periodicity of the crystal potential along the direction normal to the surface (z). Hence, only
the component of the wave-vector parallel to the surface is conserved in the Brillouin reduced
scheme. For an electron emitted with in plane wave-vector component kkk|| forming an angle θ
with respect to the normal to the surface, an in-plane angle φ (Fig. 2.9a), and a kinetic energy
Ekin = ~2(k|| + k⊥)2/2m, one obtains:

kkk|| =

√
2mEkin

~

2

(sin θ cosφkkkx + sin θ sinφkkkx) (2.21)

The normal wave-vector component k⊥ instead is not conserved. For photon energies larger
than 10 eV, the initial value k⊥,i can be related to that of the final free electron as follows:

k⊥,i =

√
2m

~2
(Ekin cos2 θ + V0) (2.22)

The quantity V0 is the inner potential of the solid, representing the effect of the translation sym-
metry breaking along z. This constant can be determined from theoretical calculations or extracted
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Figure 2.11: a Picture of ScientaOmicron DA30 hemispherical analyser employed in the APE beamline of Elettra
(Basovizza, Italy). b Reference angle coordinates for the photoemitted electron. θ is the angle between the electron
and the normal to the surface, θx and θy are the two orthogonal in-plane projections. c Top view of the in plane
projections; θx is the dispersion direction of the analyser.

from the measurement [147]. In ARPES, the normal component is always larger than the probed
in-plane one (small angle approximation). Under such condition, the dependence on θ is only at
the first order and k⊥,i is determined by the photon energy:

k⊥,i =

√
2m

~2
(hν − Φ− EB + V0) (2.23)

It follows that the electron state in the solid with binding energy EB and wave-vector kkki can
be traced down by the kinetic energy Ekin and the emission angles (θ and φ) after photoemission.
ARPES is the technique which exploits an energy and angle dispersion analyser to retrieve infor-
mation on the electronic state in the solid.

The overall photocurrent is further reduced by the probability of transmission through the sur-
face (T (Ei, kkk||)):

Ifinal = I(Ekin, ν,kkk||)D(Ekin, x)T (Ekin, kkk||) (2.24)

Note that the outgoing intensity is a function of the three measurable quantities photon energy,
the kinetic energy and parallel wave-vector component.

2.2.2 Mapping bands structure by ARPES

In ARPES measurements, a source of VUV or soft X-rays is employed in order to probe valence
band electronic states close to the Fermi level. As derived in Sec. 2.2.1, the dispersion of the
energy bands in the wave-vector space can be detected by filtering the photoelectron intensity by
the emission angle and the kinetic energy of the electrons with a suitable electron analyser. The
kinetic energy reflects the binding energy in the solid, which is shifted by the photon energy and
the work function. Concerning the wave-vector, k⊥ is fixed by the the photon energy (Eq. 2.23),
while k|| is related to the photoemission angle. The output of a ARPES measurement is thus the
dispersion of electronic states along k||, around the point k⊥. It is clear that by changing hν and the
angle between the surface and the electron analyser, bands dispersion can be mapped at different
points of the reciprocal space. Information about the orbital character of the electronic bands can be
also obtained by adopting photons with different polarizations, because the photoelectron intensity
is modulated by the electric dipole matrix element (Eq. 2.15).

Experimental conditions

Experiments are usually performed exploiting synchrotron radiation in UHV.
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The ARPES measurements discussed in Ch. 4 and Ch. 5 were performed at the Advanced
Photoelectric Effect experiments (APE) beam-line of Elettra synchrotron (Basovizza, Italy).

A clean and ordered surface is crucial, being ARPES a surface sensitive technique (the escape
depth of the electrons is of the order of 1 nm). The sample is usually kept at low temperatures by
liquid Helium (77 K in our experiments), in order to minimize electrons scattering events in the
sample and the Fermi broadening that reduce the k-resolution of the spectrum.

Measurement of a ARPES spectrum

The fundamental working principle of the electron analyzer is briefly described here, in order to
understand how an ARPES spectrum is formed.

The APE beam-line is endowed with a high-resolution hemispherical analyser (Scienta Omicron
DA30, Fig. 2.11a), that separates electrons according to their kinetic energy and the propagation di-
rection. For a fixed value of the kinetic energy, the analyser simultaneously disperse electrons with
different angle component along a fixed axis (θx, with kx the corresponding wave-vector compo-
nent), as shown in Fig. 2.11b-c. Internal deflectors can also be used in order to shift the dispersion
axis to a certain value θy (with related ky component). The angular acceptance of the analyzer is of
30◦ for both θx and θy directions. This value can be translated into the probed ranges for kx and ky
respectively, by using Eq. 2.21 and Eq. 2.23.

An ARPES spectrum I(E, kx) is built by the acquisition of the photocurrent dispersion along
θx by scanning the selected kinetic energy. The selection of the energy is operated by suitable
electrostatic lenses placed in front of the analyser. Furthermore, the 3D data-set I(E, kx, ky) can
be obtained as a sequence of spectra I(E, kx) for different values of θy. Three dimensional maps
provide a complete picture of the bands dispersion, which is relevant especially for high-symmetry
points of the FBZ. The symmetry of the bands can be appreciated from sections at fixed binding
energy (Constant Energy Maps, CEM).

2.2.3 Spin-resolved bands by SARPES

Spin and Angle-Resolved Photoemission Spectroscopy (SARPES) is a powerful tool used for map-
ping bands dispersion with spin resolution. The increasing number of SARPES studies in the last
years enabled the recent discoveries of highly spin-polarized electronic bands in SOC systems and
correlated materials (e.g. Rashba, topological insulators).

In this work we investigate the the interplay between ferroelectricity polarization and Rashba
states spin chirality in GeTe, combining SARPES with PFM (Ch. 4).

Spin resolution is provided by feeding the photocurrent from the exit of the electron analyser
to suitable spin detectors, filtering the intensity by the spin polarization on a given axis. The 3D
reconstruction of electrons spin is obtained by combining spin detectors with orthogonal axes.

Mott spin detector is a widely employed solution [149], which however reduces the intensity
of the photocurrent by a factor 104 [150]. Mott scattering is extremely inefficient, as it results
from SOC of electrons with a target magnetized material. Often the problem is overcome by in-
creasing the bandpass energy of the beam-line above 100 meV to increase the number of counts
consequently.

In the the last decade, a Very Low Energy Electron Diffraction (VLEED) type of spin detector
has been designed and developed, with an improvement of SARPES efficiency by 102 [151–153].
The APE beamline is equipped with a Very Efficient Spin Polarization Analysis (VESPA) 3D spin
detector [154]. VESPA exploits two identical VLEED polarimeters with orthogonal axes (Fig.
2.12). The electron beam is split by two apertures connected to the VLEED reflectometers by
proper electrostatic lenses. Each polarimeter is made of a scattering target of Fe(001)-p(1×1)O.
The magnetization fixes the quantization axis of the measurement of the spin state. The spin polar-
ized beam reflected by the polarimeter is detected by a Faraday cup collector. By properly setting
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2.2. Spin- and Angle- Resolved Photoemission Spectroscopy: SARPES

Figure 2.12: Picture of the angle and energy dispersion analyser, completed by a 3D VLEED spin detector. Adapted
from Ref. [155].

the magnetization of the targets by electromagnetic coils, all the three components of the spin po-
larization can be measured. The electrons reflected are detected by a channeltron (Ch1 and Ch2 in
Fig. 2.12).

The working principle of a VLEED polarimeter is based on the asymmetric scattering of spin-up
and spin-down collimated low energy electron beam (∼10 eV) from a magnetic target, made of a
thick epitaxial Fe(001) film (> 3000 Å) passivated by a single ordered monolayer of oxygen (Fig.
2.13). The asymmetry is caused by the exchange splitting of the bands of the ferromagnet and the
resulting unbalance of the spin populations at the Fermi level. Consequently, electrons polarized as
majority (minority) carriers will be preferentially reflected (absorbed) from the target.

The efficiency of the spin detector is also called analysing power or Sherman function (S) and
it is proportional to the exchange scattering asymmetry (Aex). The latter can be determined exper-
imentally as follows. The intensity of a reference electron beam with polarization P0 is measured
after the reflection from the VLEED polarimeter. The intensity IP is collected with M parallel to
P0, IAP when the magnetization is reversed. The analysing power is hence proportional to the spin
asymmetry, which takes the form:

S ∼ Aex =
1

|P0|
IP − IAP
IP + IAP

(2.25)

The value of S is used in order to extract the spin polarization of an unknown electron beam with
polarization P. The component Pi of the polarization is obtained setting the magnetization along
the i-axis. It can be computed from the detector intensities corresponding to positive and negative
magnetization (I+ and I−):

Pi =
1

S

I+ − I−
I+ + I−

(2.26)

The Sherman function of the VLEED system available at APE has been determined to be of the
order of 0.3 [154]. An example of measurement of spin polarization of a Rashba 2DEG formed the
Au(111) surface can be found in Ref. [156].
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Chapter 2. Experimental techniques

Figure 2.13: Schematics of the spin dependent scattering process by a VLEED target. The reflection probability is spin
dependent. The scattering plane (grey area) is perpendicular to the magnetization and the surface of the target.
Two coils are employed in order to reverse the magnetization of the target. Adapted from Ref. [155].

The fundamental principles of (S)ARPES introduced in this sections will be exploited in the
discussion of the experimental work in Ch. 4 and Ch. 5.

2.3 Spin-to-charge conversion by Spin Pumping

The excitation of a ferromagnetic material at its ferromagnetic resonance can be exploited as a
source of pure spin current, pumped into an adjacent non-magnetic material (NM). Thus, spin-
to-charge conversion in the NM material related to ISHE (Sec. 1.3.2) or IREE (Sec. 1.3.3) can
be investigated from the generated charge current. Spin pumping by ferromagnetic resonance has
been performed in this work on Fe/GeTe bilayers in order to probe the spin-to-charge conversion
efficiency and its modulation with ferroelectricity. The results are discussed in Ch. 4.

The present section is dedicated to the fundamental concepts of FerroMagnetic Resonance
(FMR) and spin pumping. For both techniques, the setup employed in the present work is shown
and theoretical explanation of the involved physical effects is proposed. As discussed in Sec. 2.3.1,
FMR is a powerful magnetometry tool for ferromagnetic films providing both static and dynamic
quantities. FMR can be also employed as source of pure spin currents. The origin of spin injection
and the evaluation of spin-to-charge conversion efficiency from spin pumping measurement are
discussed in Sec. 2.3.2.

2.3.1 Ferromagnetic resonance

Equilibrium magnetization

The orientation of the equilibrium magnetization of a ferromagnetic body with an external applied
magnetic field can be calculated by variational method based on Brown equation [157]. Within this
approach, equilibrium is derived by minimizing the Landau free energy (GL), which is a functional
of the magnetization vector (M = Msm) and the external applied magnetic field H0. GL accounts
for the Zeeman interaction with an external field, the exchange, anisotropy and the demagnetizing
energy terms.
GL integrated in the volume V results:

GL(M,H0) =

∫
V

[
− µ0Msm ·H0 + A(∇m)2 + fan(m,u (r))− µ0

2
·Msm ·HD

]
dV (2.27)
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2.3. Spin-to-charge conversion by Spin Pumping

Figure 2.14: (a) Magnetization precession around magnetic field (H) caused by the torque dM/dt (Eq. 2.30). b
Dynamics of the magnetization in presence of a damping torque ∼ M× dM

dt (Eq. 2.31). Adapted from Ref. [158].

The minimization brings to the Brown problem:

m×Heff = 0 (2.28a)
∂m
∂n

∣∣∣∣
Ω

= 0 (2.28b)

where Heff is the effective magnetic field, accounting for the external magnetic field H0, the
demagnetizing field HD and the anisotropy field Han defined above:

Heff = H0 + Han + HD (2.29)

The exchange contribution is in general neglected for uniformly magnetized media. At equilib-
rium M is aligned to the effective field Heff .

Landau-Lifshitz-Gilbert equation

When the system is brought out of equilibrium, the magnetic torque τττ = M × Heff produces a
time variation of the total angular momentum of the system (J), opposite to M and scaled by the
gyromagnetic ratio (γ = gµB/~). The dynamic equation reads:

∂M
∂t

= −γM×Heff (2.30)

The magnetization describes a perpetual precession around the field axis (Fig. 2.14a). In a real
systems however, several processes as electron-phonon scattering, electron-magnon scattering and
magnon-phonon scattering cause a loss of angular momentum. Losses quench the amplitude of the
precession cone and bring the system to equilibrium (i.e. M parallel to Heff). A phenomenological
damping torque has been added by Gilbert in order to describe losses. Hence, the dynamics is the
described by the Landau-Lifshitz-Gilbert equation (LLG):

∂M
∂t

= −γM×Heff +
α

Ms

M× ∂M
∂t

(2.31)

Where α is a dimensionless damping constant (Gilbert damping). The action of the damping
torque on M is clarified in Fig. 2.14b. The precession of M extinguishes within a time scale of
(1/αγHeff ).

In other words, a magnetized medium is a damped harmonic oscillator characterized by its
own resonance frequency. An external magnetic field oscillating at the resonance frequency would
strongly amplify the precessional motion (ferromagnetic resonance condition).
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Chapter 2. Experimental techniques

Figure 2.15: Geometry of a ferromagnetic resonance experiment. The radio-frequency magnetic field hrf makes the
magnetization vector M precess around the equilibrium direction, set by the magnetic field H. The amplitude of the
excitation is maximum when H and hrf are orthogonal.

Ferromagnetic resonance

FMR was first observed by J. H. E. Griffhits in 1946 [159]. The resonance conditions can be derived
by solving the LLG equation (Eq. 2.31) and determine the maximum amplitude of oscillation under
given experimental conditions. Typically, magnetization resonance is achieved in presence of an
external static field that sets the equilibrium state for M and a small radiofrequency field (hrf) acting
as a periodical excitation (Fig. 2.15).

In the following, the resonance condition is derived for a system in absence of damping, while
the general solution will not be derived but directly presented.

The total magnetization (Mtot) and the total field (Htot) can be expressed as the sum of an
equilibrium static component and a time dependent oscillating perturbation:{

Htot = H0 + h(r, t)

Mtot = M0 + m(r, t)
(2.32)

Where |h(r, t)| << |H0| and |m(r, t)| << |M0|. By assuming Heff = Heffuy and M0 = M0uy
and substituting quantities in Eq. 2.32 into the LLG equation (Eq. 2.31) with the approximation of
small precession cone angle, the dynamical equation results:

∂m(r, t)
∂t

= −γM0uy × h(r, t) + m(r, t)×H0uy (2.33)

The problem can be simplified assuming a periodic perturbation with angular frequency ω,
he−jωt, that will induce an oscillation of the magnetization the same frequency (me−jωt). With
this assumption, Eq. 2.33 can be linearized

jωm = −γuy × (M0h−H0m) (2.34)

and projected along the x, y, z directions of Fig. 2.15.
jωmx = −γ(M0hz −H0mz)

jωmy = 0

jωmz = −γ(−M0hx +H0mx)

(2.35)
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2.3. Spin-to-charge conversion by Spin Pumping

If Eq. 2.35 is inverted, the amplitude of the magnetization oscillation is expressed as function
of the excitation through the Polder susceptibility tensor: m = χh. The Polder susceptibility is a
complex quantity (with real and imaginary parts χ′ and χ′′, respectively):

χ =

(
χ′ jχ′′

−jχ′′ χ′

)
(2.36)

With

χ′ =
M0H0γ

2

γ2H2
0 − ω2

(2.37a)

χ′′ =
ωM0H0γ

γ2H2
0 − ω2

(2.37b)

The Polder susceptibility defines the precession cone angle and the two components play two
different roles. The real part mainly describes the dephasing (φ0) of m with respect to hrf, which
jumps by 180◦ at FMR [160]. The imaginary part instead is related to the absorption of the rf power
by the FM system:

Pabs =
1

2
ωh2χ′′ (2.38)

Therefore, by measuring the power absorbed by the system we can probe χ′′. It follows that the
power absorption is maximum at resonance, when the amplitude of the oscillating magnetization is
maximized. The resonance frequency ωres maximizing the component χ′′ in Eq. 2.37 results:

ωres = −γH0 =
gµB
~
H0 (2.39)

Adding the presence of demagnetizing energy, the static field acting on M is Heff (Eq. 2.29).
As discussed above, the demagnetizing field of a thin FM layer is perpendicular to the film plane
HD= -Muz. This field will induce a change of mx in Eq. 2.35 (and not of mz which is parallel to
HD). The resonance condition in this case is given by the Kittel formula [161]:

ωres =
geffµB

~

√
(µ0Meff +H0 +Han)(H0 +Han) (2.40)

Where geff is the effective Landè factor, Meff the effective magnetization accounting for pos-
sible surface anisotropy.

The Kittel formula is the fundamental equation of FMR. The resonance condition can be met
by fixing the excitation frequency ω and tuning H0 to the value Hres (the resonance field), that
satisfies the equality 2.40. A FMR spectrum is acquired by sweeping the external field H0 around
resonance.

If now we consider the effect of damping, real and imaginary components of the Polder suscep-
tibility do not diverge at resonance. The real part is a purely antisymmetric function of Heff, while
the imaginary part is a symmetric Lorentzian function centered at Hres:

χ′′ =
χmax∆H

2

∆H2 + (Heff −Hres)2
(2.41)

With a full width at half maximum ∆H linked to the damping coefficient α:

∆H =
α

γµ0

ω (2.42)
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Chapter 2. Experimental techniques

Figure 2.16: Example of FMR spectrum of Co40Fe40B20(15 nm) thin film grown by Magnetron sputtering on Si sub-
strate. The rf excitation frequency was 10 GHz. The excitation frequency is constant and the resonance condition
is achieved by sweeping the external magnetic field. Light blue points represent the measured absorbed power, the
red line the fitting curve with the model in Eq. 2.45. As result of the lock-in modulation, the absorbed power is
proportional to the derivative of the imaginary part of the magnetic susceptibility (∂χ′′/∂H). The integration of the
spectrum retrieves the Lorentzian line-shape of χ′′, with a resonance field Hres = 893 Oe and a peak line-width
∆H = 22 Oe. b Schematics of the micro-stripline used for the measurement of FMR and its characterization over
a broad band of frequencies. The magnetic rf field hrf lays in the sample plane and perpendicular to the wave-
guide axis. Its intensity is strongly non-homogeneous in space as shown by the field lines. The electric counterpart
erf is much less intense and it is created between the wires. The dc magnetic field is applied in-plane along the
wave-guide axis.

This is the second characteristic equation of FMR. For a inhomogeneous FM, such as a poly-
crystalline material, one has to take into account an additional contribution ∆H0, that arises from
the local variation of the amplitude and orientation of saturation magnetization (called ’inhomoge-
neous broadening’):

∆H =
αω

γ
+ ∆H0 (2.43)

Inhomogeneous broadening is the result of collective response of different grains with slightly
different magnetization and related resonance fields.

As an outgrowth, the FMR constitutive equations (Eq. 2.40 and 2.43) of FMR provide informa-
tion about static and dynamic properties of the FM, as anisotropy field, saturation magnetization
and Gilbert damping. Understanding the magnetic behaviour of a FM film is also necessary for the
quantification of spin-to-charge conversion by spin pumping (Sec. 2.3).

Measurement of a FMR spectrum

The measurement of a FMR spectrum requires a lock-in detection, in order to increase the signal-
to-noise ratio. The small ac field is added to H0, with a frequency ω0 << ωref (typically 1 kHz).
If H0,ac = H0 + hace

jω0t, the susceptibility is corrected by the first order Taylor expansion. For
example, χ′′ results:

χ′′(H0 + hace
jω0t) = χ′′(H0) + jω0hace

jω0
∂χ′′

∂H
(2.44)

The absorbed power is hence proportional to the derivative of χ′′ with respect to the field (’dif-
ferential absorption’), as clear from Eq. 2.38 and Eq. 2.44. The typical setup is described in Sec.
.
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2.3. Spin-to-charge conversion by Spin Pumping

Figure 2.17: Schematics of a common braodband FMR setup based on VNA-microstriplines. Adapted from Ref. [162].

The differential absorption spectrum can be fit with analytical models, in order to estimate the
material’s parameters. The formula employed in this work is based on the intrinsic FMR line-shape
(Eq. 2.41) corrected by experimental non-idealities. In the complex notation

∂χ′′

∂H
= =

(
A

∆H
4
e−jφ

(H0 −Hres + j∆H)2

)
+B (2.45)

A is the amplitude of the absorbed power, while B and φ are experimental offset introduced
by the lock-in modulation and experimental asymmetry of the line-shape (2 rad in our apparatus),
respectively.

An example of measurement and fit of the FMR spectrum of a Co40Fe40B20 thin film is shown in
Fig. 2.16. As expected, the line-shape of the differential absorption is the derivative of a Lorentzian,
with a zero at the resonance fieldHres. The distance between the positive and negative peaks (peak-
to-peak line-width, ∆Hpp) is related to the non-derivated Lorentzian by: ∆Hpp = (2/

√
3)∆H .

Broad Band detection of Ferromagnetic Resonance

Collecting FMR spectra for different values of ω and the trends of Hres and ∆H allows for the
determination the magnetic properties of the FM. This kind of measurement is called ’broadband
FMR’. More precisely, the following quantities can be extracted:

• Hres versus ω = 2πf is fit by the Kittel formula (Eq. 2.40). The uniaxial anisotropy field, the
effective Landè factor and the effective saturation magnetization are the free parameters.

• Gilbert damping and inhomogeneous broadening are estimated by fitting ∆Hpp versus f with
Eq. 2.43.
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Chapter 2. Experimental techniques

Figure 2.18: Illustration of the spin injection from a FM (top layer), into an adjacent NM (bottom layer) by FMR. Both
magnetization and spin vectors (m and σσσ) describe a precession cone angle around Hdc at rf frequency.

.

Broadband FMR is therefore a powerful magnetometry tool that provides a complete picture of
the behaviour of a FM.

Typical setups employed for broadband excitation make use of microstriplines [163], combined
with a broadband microwave source. A microstripline consists of a signal wire separated by a
dielectric material from a grounded metallic plate (Fig. 2.16b). It can convey microwave signals
in a wide range of frequencies. A power source injects the microwave intensity in the stripline by
means of a Vector Network analyser (VNA). The power transmitted to the end of the line is detected
by a broadband diode. When a FM sample is placed on top of the microstripline, a magnetic field
hrf is generated by an electric field erf mostly confined between the wire and the ground plate, as
depicted in Fig. 2.16b. hrf is preferentially oriented in the film plane and orthogonal to the stripline
axis. The dc magnetic field H0 is applied by two coils along the stripline axis. The two orthogonal
fields induce magnetization precession. As discussed above, the saturating field is modulated at a
low frequency (1 kHz) and the lock-in detection provides the differential absorption spectrum. The
complete setup is shown in Fig. 2.17.

2.3.2 Spin transfer via spin pumping at ferromagnetic resonance

Spin current injection

Tserkovnyak et al. [164] demonstrated that the magnetization of a thin FM film with thickness tF

excited at its FMR can inject a spin current into an adjacent non-magnetic (NM) conducting layer
(thickness tNM). Spin pumping is the reciprocal effect of the spin torque.

In the case of a precessing magnetization, an extra term (∆αSP ) adds to the intrinsic Gilbert
damping (α0):

α = α0 + ∆αSP (2.46)

Thus, the LLG equation becomes:

∂M
∂t

= −γM×Heff +
α0

Ms

M× ∂M

∂t
+

∆αSP

Ms

M× ∂M

∂t
(2.47)

The extra-damping ∆αSP describes the additional relaxation channel of the magnetization, due
to spin injection into the NM. The efficiency of the injection is related to ∆αSP . The latter can
be estimated by subtracting to the total damping constant the intrinsic damping coefficient of the
ferromagnet in absence of the NM (αin).
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2.3. Spin-to-charge conversion by Spin Pumping

The instantaneous σσσ-polarized spin current generated by a precessing FM and injected into the
adjacent NM layer is derived in Ref. [164, 165] and it depends on the precession motion of the
magnetization [166]:

j0
spinσσσ(t) =

~
8π
<
{

2g↑↓
}

m× ∂m
∂t

(2.48)

This means that the injected spin current is maximum at FMR, when the vector product m× ∂m
∂t

describing the amplitude of the precession cone is maximum (Fig. 2.18).
The polarization σσσ in Eq. 2.48 is always perpendicular to both m and its time derivative, so it

describes a precession cone with a constant projection along H0 (Fig. 2.18). Then, it is clear that a
FM system oscillating at its FMR generates a dc spin current polarized along the dc field direction
and propagating normal to the interface.

The quantity g↑↓ in Eq. 2.48 is the interface spin-mixing conductance per unit area, that depends
on the reflection coefficients of spin up and spin down electrons at the interface [164]. g↑↓ encodes
the efficiency of the spin injection, thus it depends on the extra-damping ∆αSP [103]. With the
assumption that the NM is a good spin-sink and there is not back-reflection in the FM layer (i.e. the
thickness tNM is much larger than the spin diffusion length λs), the relation between g↑↓ and ∆αSP

is linear (Eq. 2.49) [167]:

g↑↓ =
4πMeff tF
gLµB

∆αSP (2.49)

The dc spin current is obtained integrating j0
spinσσσ(t) in the period of the rf excitation.

The calculation performed by K. Ando et al. [168] brings to the following expression of j0
spin,

which depends on the rf amplitude and frequency and on the magnetic response of the FM:

j0
spin =

g↑↓γ2~h2
rf

8πα2

[
4πMs,effγ +

√
(4πMs,effγ)2 + 4ω2

(4πMs,effγ)2 + 4ω2

]
(2.50)

The estimation of the injected spin current is crucial for the extraction of the spin-to-charge
conversion efficiency.

Spin pumping in a resonant cavity

FMR can also be achieved in a microwave cavity (or rf cavity), a hollow resonator that can host an
electromagnetic radiation oscillating at the cavity resonance frequency in the microwave spectral
region. The rf magnetic field is strongly amplified by the quality factor (Q) and its intensity is
orders of magnitude larger than the one obtained with striplines. Thus, not only the signal-to-noise
ratio of FMR spectrum is strongly improved, but more importantly the higher power absorption by
the FM yields to a more efficient spin injection efficiency. Differently from striplines, the amplitude
of the rf magnetic field can be precisely obtained from the injected power P as follows:

hrf = 0.2

√
PQ

500
(2.51)

The denominator is specific for our MS5 loop gap cavity and it depends on the distribution of
the field inside the cavity. A precise measurement of hrf is of fundamental importance for the
estimation of the spin injected current and hence the determination of the spin Hall angle of the
material (Eq. 2.50).

Another advantage comes from the fact that erf and hrf take well defined directions within
the volume occupied by the sample. The sample is placed in the center of the cavity, where the
amplitude of hrf is maximized and the erf is zero. As it will be clear afterwards, a vanishing
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Chapter 2. Experimental techniques

Figure 2.19: Illustration of the setup of a spin pumping experiment. The static magnetic field Hdc is generated between
two electromagnets. The sample is glued on a printed circuit board between two Cu stripes, connected to the
positive and negative electrodes of a voltmeter. The top and bottom edges of the sample are wired to the V- and
V+, respectively. The spin current pumped by FMR is polarized along y parallel to Hdc and propagates along
z; the charge current from spin conversion flows along x, the longitudinal axis of the sample and develops a dc
voltage. Having a small sample width reduces the noise of the voltage measured, whereas a large value of the
length increases the signal level over the noise.

electric field in the sample is of crucial importance for spin pumping in order to avoid spurious
contributions to the measurement of spin-to-charge conversion.

For these arguments, spin pumping experiments presented in this work were a resonant rf cavity.
The setup employed consists of a Brucker EPR 300E cavity, a S5 loop gap cavity with resonance
frequency around 9.75 GHz. The cavity is placed between the coils of an electromagnet which
serves for the application of the saturating magnetic field H0. The sample is placed in the cavity as
described in Fig. 2.19. The radiofrequency source is a Gunn diode which injects a microwave into
a circulator. The circulator directs the intensity to the cavity: part of the injected power is absorbed
by the cavity, the rest reaches the detector. The FMR spectrum is measured in a way very similar to
the case of microstriplines. A dc saturating magnetic field is swept in order to meet the resonance
condition, at which the power absorbed by the cavity is maximized. The field is modulated through
a pair of Helmholtz coils and a lock-in detection yields to the differential FMR spectrum, that is
modelled using Eq. 2.45.

The samples employed in this work are shaped into elongated stripes of 0.4 × 0.8 mm2 area
and they are glued on a PCB with two copper lines for the electric detection of spin-to-charge
conversion. The magnetic field H0 is applied in plane and transverse to the sample, the field hrf is
in the direction longitudinal to the bar.

Measurement of the spin-to-charge conversion

The spin current injected in the NM material by FMR (Eq. 2.50) is converted into a charge current
via spin-to-charge conversion mechanisms (ISHE and IREE, Sec. 1.3.2 and 1.3.3). The intensity
Ic provides a first indication of the efficiency of the spin-to-charge conversion of the NM (e.g. the
spin Hall angle θSHE). It can be measured by a rather simple electrical measurement. As visible in
Fig. 2.19, an open-circuit voltage drop forms between the edges of the sample Vsp = V + − V −,
connected to the positive and the negative electrodes of a voltage-meter. The voltage is related to
Ic via the electrical resistance R (Ohm’s law):

Ic = Vsp/R (2.52)

48



i
i

“output” — 2020/3/4 — 23:00 — page 49 — #55 i
i

i
i

i
i

2.3. Spin-to-charge conversion by Spin Pumping

Figure 2.20: Spin pumping measurement of Pt(15 nm) grown by sputtering on top of a CoFeB(15 nm)/Si. a Differential
absorption FMR spectrum of CoFeB versus the static field H. b Charge current production (ic) measured simulta-
neously to the FMR spectrum. The negative peak is recorded when H> 0 (green data), the positive peak when H<
0 (pink data). The inversion of the dc field sign corresponds to the inversion of the polarization of the pumped
current.

In our experiments Vsp was measured with a Keithley Nanovoltmeter and a two-probes setup
was used to measure the resistance between the two electrodes (R). An example of a spin pumping
measurement is shown in Fig. 2.20. A spin current is pumped by FMR of a CoFeB(15 nm) film
into an adjacent Pt(15 nm) layer, a well known reference material with large and positive spin
Hall angle of about 6 % [63]. Panel a shows the FMR of CoFeB, panel b the current acquired
during the field sweep of the dc. Ic describes a symmetric peak with a maximum intensity at
Hres. This behaviour is expected because FMR condition is where spin injection is mostly efficient.
The current peak in negative for positive fields, positive in the opposite case. The direction of H
defines the spin polarization σσσ of the pumped spin current: switching its sign (keeping the same
propagation direction of js) corresponds to an inversion of the charge current (Eq. 1.20). Note that
Ic is normalized to h2

rf , as the spin pumped current is proportional to the rf intensity (Eq. 2.50).
Normalization allows to compare different measurements.

Determination of the spin Hall angle

In the following, we will provide the fundamental steps to estimate quantitatively the spin Hall
angle of a NM by spin pumping.

The spin current injected at the interface diffuses in the NM, according to the spin diffusion
model described in Sec. 1.17. The 1D spin diffusion equation along the axis normal to the surface
yields to the spin current density profile:
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jspin(z) = j0
spin

sinh

(
z−tNM
λs

)
sinh

(
tNM
λs

) (2.53)

The spin current density jspin(z) decays exponentially in the NM within a length scale of the
order of the spin diffusion length.

The charge current density produced by ISHE is:

JISHEc (z) = θSHE
2e

~
js(z)× σσσ (2.54)

Ic can be computed integrating Eq. 2.54 within the NM. Defining W the width of the slab in the
transverse direction (0.4 mm in this work), the current results:

Ic = WθSHEλsJ
0
spin tanh

tNM
2λs

(2.55)

This is the output of a spin pumping measurement: the current is a function of the spin Hall
angle and the spin diffusion length that can be extracted by properly estimating jspin

0 and fitting the
thickness dependent behaviour.

Spurious effects in spin pumping measurements

The open circuit voltage measured at the edges of the ferromagnetic layer can contain spurious
contributions in addition to the spin-to-charge one. The voltage signal would be a combination of
the ISHE signal, spin rectification and thermal effects, as discussed in the following.

• Thermal effects. The power absorption at FMR is accompanied by a heating of the sample
in which a thermal gradient develops. Different thermo-electric effects such as Anomalous
Nernst (ANE) and Spin-Seebeck (SSE) can couple the thermal gradient to spurious spin or
charge current contributions. ANE and SSE are hard to identify, as they generate an open loop
voltage showing a symmetric peak at resonance as ISHE (the thermal gradient is maximum at
resonance). P. Noel et al. [169] recently developed a protocol that allows to separate thermal
from ISHE contributions. By inserting a thick insulating barrier between the FM and the NM
layers to prevent the spin injection to occur, only ANE in the FM can be observed (both ISHE
and SSE are related to the spin current). Then, ISHE can be epurated from SSE exploiting
their different time-scales: spin-to-charge conversion occurs in the nanosecond range, thermal
effects develop in the second. In absence of SSE slow and fast FMR sweeps would produce
the same peak of Ic; vice-versa, SSE would increase the Ic of a slower scans more than a fast
one.

• Spin-rectification effects. The field hrf induces a non-vanishing electric field in the cavity
erf . A rf current Irf cos(ωt) thus flows in the sample. Given R the longitudinal resistance of
the slab, a voltage drop V (t) is generated at the edges according to Ohm’s law:

V (t) = R(t)Irf cos(ωt) (2.56)

The resistance is not constant, because the Anisotropic MagnetoResistance (AMR) of the FM
adds a rf modulation to the the intrinsic resistance R0. Indeed, the instantaneous magnetization
m(t) rotates along the field axis with a precession cone angle θ (Fig. 2.18), shifted in time by
the FMR dephase φ0. It follows that the angle ψ(t) between m(t) and the direction of the
current (i.e. x axis) oscillates with ω, as well as the AMR contribution to the resistance:
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2.4. Growth of GeTe-based Heterostructures

R(t) = R0 −∆RAMR sin2(ψ(t)) (2.57)

Replacing the expression of R(t) in Ref. 2.56, the resulting V(t) displays a dc component
proportional to ∆RAMR, as first observed in Nickel by Egan et al. [170]. In the generic
case when the magnetic field and the slab axis describe an angle α, the dc voltage is written
as [166]:

Vdc,AMR = ∆RAMRIrf
sin(2θ)

2

sin(2α)

2
cos(φ0) (2.58)

The AMR voltage is only due to the FM, hence it can be measured even in absence of NM
layer under ISHE, as shown in Ref. [171]. From Eq. 2.58 it is clear that the expected AMR
voltage should approach be zero when α = 90 (i.e. in the geometry of this work, Fig. 2.19).
For this reason, spin pumping in resonant cavity represents the best option, as the electric field
amplitude has a node at the center.

In principle, ISHE (Vdc,ISHE) can be distinguished from AMR (Vdc,AMR) contributions be-
cause of their different line-shapes at FMR. While Vdc,ISHE describes a symmetric peak at
Hres, Vdc,AMR is an antisymmetric function. The sign change at resonance is caused by the
jump of the dephase angle φ0= 180◦ (Eq. 2.58). Nonetheless, the coexistence of symmetric
and antisymmetric AMR contributions in the VDC peak was observed in thin film of CoFeB
in Ref. [103] and it was attributed to current dissipation in the sample that reduces the phase
jump. As a consequence, disentangling spin-rectification from ISHE contributions cannot be
done just by separating symmetric and antisymmetric contributions, but exploiting the differ-
ent dependency of these two effects on the angle α is required [170].

2.4 Growth of GeTe-based Heterostructures

This section includes information on the growth of the samples employed in this experimental
work.

Thin films of epitaxial and quasi single crystalline GeTe were used for the study of the ferroelec-
tric behaviour of this material in Ch. 3, or the spectroscopic investigation of its spin-textured bands
by SARPES in Sec. 4.1. Epitaxial heterostructures based on GeTe/Fe bilayers for Spin-charge
interconversion experiments by spin pumping (Sec. 4.2).

High-quality films of α-GeTe(111) were epitaxially grown on Si(111) by Molecular Beam Epi-
taxy (MBE) and provided by the group of R. Calarco (Paul-Drude-Institut für Festkörperelektronik,
Germany, Berlin). The thickness of the samples examined in this work ranges between 5 nm and
50 nm.

Despite the quite large lattice mismatch between GeTe(111) and Si(111) of about 11% [128,
172], epitaxy is achieved by employing substrates with ad-hoc surface reconstruction Si(111)-
(
√

3
√

3)R30◦-Sb. The role of Sb is to passivate the dandling bonds of Si(111) surface and minimize
the interaction between the two compounds which takes the form of a weak Van Der Waals interac-
tion, thus favoring the so called Van Der Waals Epitaxy [173]. As checked by in-situ High Energy
Electron Diffraction (RHEED), the growth is two-dimensional immediately after the growth onset,
with a complete relaxation of the in-plane lattice parameter to the bulk value after two bilayers.
The sample surface was protected from oxidation and contamination by the in-situ deposition of a
suitable capping layer with thickness of the about of 10-20 nm. The material of the capping layer
is chosen depending on the final use of the sample:

• A insulating Si3N4 capping layer is suitable for the ferroelectric characterization by PFM,
because it reduces the current flowing between the tip and GeTe avoiding heating and sample
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Chapter 2. Experimental techniques

Figure 2.21: Al-Kα XPS spectra describing the removal of oxygen and contaminants from the Te capping layer.
Before sputtering (black data), the Te3d intensity accounts for one SOC split doublet of the metallic states (Te0+)
and one replica shifted by ∼3.2 eV towards larger binding energies, as expected from oxide states of TeO2 (Te4+).
After sputtering, the chemically shifted doublet is removed, and the intensities of the oxygen and carbon peaks
are dramatically reduced. The buried GeTe surface is thus correctly recovered, clean from oxygen and carbon
contaminants.

damage during domains writing. More in general, Si3N4-capped samples are used for appli-
cations not requiring the bare surface with the as-grown quality, as SARPES. Indeed, Si3N4

can be removed by wet etching methods and the subsequent exposure to air would immedi-
ately lead to oxidization of the surface. The oxide at the surface cannot be removed without
desorbing or damaging the GeTe layer with sputtering and/or annealing the sample in UHV.

• An amorphous metallic Te capping layer with ∼20 nm thickness can be also used to protect
GeTe against oxidation: only a thin layer of TeO2 of ∼1-2 nm forms on top of Te, as demon-
strated experimentally by X-Ray Photoemission Spectroscopy (XPS), Fig. 2.21. Differently
from Si3N4, Te is removable in UHV by a suitable recipe involving low energy sputtering and
relatively low temperatures, so that the ordered and clean as-grown surface of GeTe can be
recovered. The surface recovering recipe will be described in detail in the Sec. 2.4.2. Re-
prepared Te-capped GeTe samples were employed in this work for the spin-resolved mapping
of the bands by SARPES (Sec. 4.1). Moreover, epitaxial Fe was grown on recovered GeTe
samples for spin pumping FMR investigation (Sec. 4.2).

2.4.1 Growth by Molecular Beam Epitaxy (MBE)

Molecular Beam Epitaxy (MBE) is a technique for the growth of epitaxial thin films of different
materials, including metals, insulators and semiconductors. Thanks to very low rates of evaporation
in UHV (p< 10-5 mbar), with precise control of the beam fluxes, the kinetics of the growth can be
controlled and optimized to obtain high quality film with a certain stochiometry. The material is
evaporated from a Knudsen cell (rod shape or crucibles depending on the evaporation temperature)
is provoked by an electron beam, generated by thermoionic emission from a filament of tungsten.
The beam flux and the deposition is controlled by the intensity of the electron beam, hence by
the power on the target. Up to seven deposition cells are available simultaneously in the MBE
apparatus used in this work, allowing the growth of heterostructures involving layers of different
materials (e.g. the GeTe/Fe/Au heterostructures employed for spin pumping in Sec. 4.2) and the
co-evaporation of different materials for the deposition of complex compounds (e.g. GexInyTez and
heterostructures realized in Ch. 5).
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2.4. Growth of GeTe-based Heterostructures

Figure 2.22: a Hexagonal LEED pattern of a GeTe/Si surface after annealing at 250◦C. The crystallographic orienta-
tion of the sample are indicated, highlighting the correspondence between the ΓM (ΓK) surface direction with the
ZU (ZA) bulk one [60] (sec. 1.4). The Wigner-Seitz cell is drawn in red on the spectrum. b Al-Kα XPS spectrum
of GeTe, providing the atomic composition of the recovered sample. The ratio of the Te4d and Ge3d intensities nor-
malized to the relative photoemission cross-section reveals a stoichiometric sample with 51% content of Ge (49 %
of Te), with a variability of about 1% depending on instrumental uncertainty and fitting accuracy.

2.4.2 Decapping protocol

The clean and ordered as-grown surface of GeTe can be recovered in UHV from a Te-capped GeTe
thin film. In this work, an ad-hoc protocol was developed for such a purpose, exploiting a UHV
cluster available in Polifab equipped with preparation and characterization tools (e.g. sputtering,
annealing, X-ray Photoemission Spectroscopy, Low-Energy Electron Diffraction).

In most cases, annealing in vacuum is used for the desorption of capping layers, as well as
of superficial oxide and contaminants. However, a direct desorption of the Te-capping layer by
annealing is always accompanied by diffusion of oxygen atoms from the topmost TeO2 layer to
the interface with GeTe, where they preferentially bond to Ge. This was confirmed by XPS on
several samples (data not shown). Further annealing to desorb oxygen from Ge-oxide would require
temperature of ∼600-700◦C, much higher than the evaporation point of the GeTe (∼300◦C).

To solve this issue, a preliminary sputtering is performed prior annealing, to remove the TeO2

layer thus avoiding oxygen diffusion and the formation of Ge-oxide.
The surface treatment protocol requires two sequential steps:

• Oxide removal. A soft sputtering of the capping layer by Ar+ ions with energy ∼1100 eV
removes the oxidized topmost part of the Te capping layer (the Ar-pressure is ∼ 10−8 Torr).
The final and initial surface qualities can be checked by comparing the XPS spectra, as in the
example of Fig. 2.21. Oxygen and carbon intensities drop to zero after the sputtering (red
curve), concurrently with the chemically shifted Te3d doublet of the Te4+ oxidation state.

• Desorption of Te and surface recovery. An annealing at about 250◦C is performed in UHV
to desorb the Te capping. This temperature ensures a highly ordered surface keeping the
sample stoichiometry intact. The crystallographic quality of the surface can be checked either
by Low or High Energy Electron Diffraction (RHEED or LEED, respectively) that provide
the reciprocal space image of the film surface. An example of a clear LEED pattern of the
recovered GeTe surface is shown in Fig. 2.22a. The sample stoichiometry instead is measured
by XPS, as shown in Fig. 2.22b. The fractional amount of the Ge (CGe/(CGe + CTe)) is
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Chapter 2. Experimental techniques

retrieved from the ratio of the normalized intensity of Te4d and Ge3d peaks, as follows:

CGe
CGe + CTe

=

(
I

σλIMFPT

)
Ge3d(

I
σλIMFPT

)
Ge3d

+

(
I

σλIMFPT

)
Te4d

(2.59)

The intensities are normalized to the cross-sections (σ) that depend on the specific photon
energy and the inelastic mean free path of the electrons (λIMFP ) discussed in Eq. 2.18. T is
the analyser transmission function that depends on the electrons’ kinetic energy. In the case
shown here, the film stoichiometry is Te 49 % and Ge 51 %, as at its grown status.
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CHAPTER3
Control of ferroelectricity in the semiconductor GeTe

Tuning the Rashba effect and the spin-charge interconversion mechanisms of FERSC in devices
relies on the possibility to switch the ferroelectric state by electric fields. As commonly believed
[116, 118], switching the polarization in small gap semiconductors such as GeTe is not achievable
because the external field that is applied for the ferroelectric reversal would be screened by the free
carriers of the semiconductor, within a thickness determined by the Debye screening length in the
accumulation regime or by the depletion width in the depletion regime (respectively of about 1 nm
in p and 3.5 nm for a free charge density of 3 · 1020 cm-2 as GeTe). Based on this argument, GeTe
has been considered as a polar metallic system or a ferroelectric in more general sense [116]. On
the other hand, in the last years several attempts of electric switching have been made on other
conducting systems, even in polar metals. For instance, ferroelectric switching has been observed
in the two-dimensional polar metal WTe2, sufficiently thin to let the field penetrate the whole film
and induce the polarization reversal [174].

Similarly, GeTe is a narrow gap semiconductor falling in between a polar metal and a ferro-
electric oxide, as it is prone to become degenerate depending on the surface preparation and the
density of Ge vacancies. The possibility of switching GeTe by means of an electric gate has never
been proved so far because its sizable conductivity makes the electric control of the polarization
state very hard if performed with traditional I-V techniques widely employed for oxides as PUND
(Sec. 2.1.1). For this reason, switching of GeTe films was first observed at the nanoscale by A. V.
Kolobov et al. [112] in 2013 by means of Piezoresponse Force Microscopy (PFM), presented in
Sec. 2.1.2. PFM was also used by W. X. Zhou et al. [175] to investigate the coexistence of elec-
trically switchable spontaneous polarization and metallicity in bulk WTe2, validating the concept
of a “metallic ferroelectricity” at least at the nanoscale. In Sec. 3.1, we demonstrate and refine
the results of A. V. Kolobov [112], adopting resonance-enhanced PFM. We defined protocols, rules
and methods to avoid artifacts when measuring ferroelectric materials with very low piezoresponse
such as GeTe and identified pulsed dc spectroscopy as the mode of choice (see Sec. 2.1.2). Then,
we write ferroelectric domains down to the nanoscale.

In a long term vision which sees GeTe integrated in electronic circuits, the polarization control
must be achieved over a larger scale (typically in the micrometer range) with respect to the local
excitation of the PFM (∼ 50− 100 nm). However, the possibility of such "macroscopic switching"

55



i
i

“output” — 2020/3/4 — 23:00 — page 56 — #62 i
i

i
i

i
i

Chapter 3. Control of ferroelectricity in the semiconductor GeTe

is still under debate. In Sec. 3.2 we investigate the control of ferroelectricity of GeTe films by
means of micrometric gate electrodes. The problem must be tackled from both a conceptual and a
technical points of view.

The conceptual issue is related to the screening operated by the large density of free carriers
which is thought to prevent the switching. However we should recall that GeTe is not a metal.
Hence, being in between a metal and an oxide, GeTe can react to an external electric field taking
advantage from the mechanisms typical of both types of material, namely the screening via free
charges and the inversion of the polarization. In a ferroelectric oxide, a uniformly polarized film
displays a net surface polarization charge density at the surfaces perpendicular to the polarization
vector. When an external field is applied, the material preferably aligns the polarization vector in
such a way that polarization charges could partially screen the applied field (in other words, the de-
polarizing field described in Sec. 1.1 partially screens the external field). In this view, ferroelectric
switching and movement of free charges are coexisting phenomena in semiconductors, rather than
competing.

From the technical side, electric fields involve intense electric currents between the metallic
electrodes (the resistivity of GeTe is rather low respect to standard oxides). High current densities
cause heating and eventually damage the film. They can even induce other kinds of modifications
not related to polarization switching such as the crystalline-amorphous phase-change transforma-
tion, a well-established phenomenon in GeTe. Most importantly, intense currents hinder the the
read-out of the polarization state, that would hardly rely on the detection of the switching currents
as with PUND (Sec. 2.1.1). PUND is suitable only for slightly doped materials, whose relatively
low leakage current can be removed in order to extract the polarization one. For these reasons, one
milestone achieved in the present work and presented in Sec. 3.2.1 is the development of an in-
novative I-V technique for writing and monitoring the ferroelectric state in GeTe thin films, based
on the concept of the Ferroelectric-Shottky diode proposed by P. W. M. Blom in Ref. [176] and
originally adopted for the wide gap FE semiconductor BiFeO3 [177]. The basic idea is based on
the fact that polarization charges modify the width of the depletion region, which in turn influences
the resistance of the semiconductor/metal junction. The bistable behaviour of the resistance is also
named bipolar resistive switching or ferroresistive switching. We also studied the actual inversion
of FE domains during the electrical gating by means of PFM (Sec. 3.2.2), so as to validate the
ferroresistive switching and clarify the physical mechanisms.

3.1 Ferroelectricity at the nanoscale: Piezoresponse Force Microscopy

The first observation of ferroelectricity in GeTe was carried out by Raman scattering experiments
[113, 178]. This technique probes phonon softening at the transition temperature but it allows nei-
ther for recording nor for switching between the two remnant polarization states. The switching
requires an external excitation source (e.g. external electric field or heat shocks) that provides
the lattice with enough energy to overcome the barrier separating the two polarization states. As
mentioned, I-V methods cannot be performed in materials with non-negligible conductivity. To
circumvent this limitation, Piezoresponse Force Microscopy (PFM) [45] can be employed as the
premier non-destructive technique for characterization of ferroelectric semiconducting materials
with spatial resolution down to the nanometer scale [134]. PFM is suitable for semiconducting fer-
roelectrics since the AFM tip is used as a movable top electrode and its nanometric size drastically
limits the current flow when a voltage is applied to it and the reading of the ferroelectric state is
performed by sensing the piezoelectric response rather than the current. PFM characterization of
GeTe thin films is discussed in the following with the use of pulsed dc hysteresis technique intro-
duced in Sec. 2.1.2. Domains writing and reading with fine control down to the nanometer scale
are also shown.
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3.1. Ferroelectricity at the nanoscale: Piezoresponse Force Microscopy

3.1.1 Switching spectroscopy PFM in GeTe

The characteristic signature of a ferroelectric material is given by the presence of a hysteresis loop
of the polarization versus the external electric field. In a semiconducting ferroelectric material, it
can be measured by the pulsed dc spectroscopy, as described in Sec. 2.1.2. The strong electrostatic
tip-sample interaction can be strongly reduced in the measurement of the piezoelectric signal. The
working principle is recalled in Fig. 3.1a. A train of poling voltage pulses is applied to the tip (Vdc)
while the sample is properly grounded, typically by conductive Ag paste. The ’SET’ operation
writes a defined ferroelectric state at a given V tip. The piezoelectric response is always collected at
remanence (’READ’ time window), so that the component of the electrostatic interaction propor-
tional to Vdc expressed in Eq. 2.13 is zero and constant for all the point collected. The piezoelectric
response is obtained as the tip deflection induced by the oscillating driving voltage (Vac), namely the
X and Y signals of the lock-in demodulation. The PFM amplitude and phase signals are computed
from X and Y after background subtraction as defined by the protocol in Sec. 2.1.2.

For example, a measurement on a GeTe thin film is shown in Fig. 3.1. We chose the value of
the excitation frequency close to the tip-sample contact resonance (f ∼280 kHz in this case), to
benefit from the internal amplification of the tip deflection (see Sec. 2.1.2). The behaviour of the
amplitude (A) and phase (Φ) versus the tip bias V tip are reported in panels b and c.

A describes a typical butterfly shape with saturation at large bias voltages and strong decrease at
the coercive field (i.e. mixture of domains underneath the tip). Eventually, the amplitude signal can
be converted in the piezoelectric coefficient d33, by using Eq. 2.10. Here we provide the estimation
of d33 in GeTe, with an AFM sensitivity S∼ 200 nm/V calibrated on the force versus distance curve
considering the nominal elastic constant of the cantilever (k ∼ 3 N/m). As other resonant systems,
the quality factor Q is estimated from the resonance peak described by A versus the f i.e. the
resonance frequency normalized to the peak line-width). We measured Q ∼100 (data not shown).
The calculation with Eq. 2.10 performed on the data shown in Fig. 3.1a returns a d33∼ 3 pm/V at
saturation as indicated in the plot. This value is comparable with other studies in the literature (1.5
pm/V in Ref. [179], 0.1-2 pm/V in Ref. [180]), and way smaller than oxides (100-500 pm/V for
PZT ceramics [180]).

The PFM phase follows the hysteresis loop of the polarization orientation, showing 180◦ jumps
at the coercive voltages (about 3-5 V). The first point of the loop corresponding to V tip= 0 V is
used to identify the native ferroelectric state of the sample at that specific location, by comparison
with the PFM signal obtained in the saturated states. Performing this measurement on a significant
number of points on the surface, these information can be recovered also with spatial resolution.

3.1.2 Nanopatterning of domains in GeTe

The AFM tip can be used also to write and map ferroelectric domains patterns as introduced in
Sec.2.1.2. The flexibility of positioning the tip on specific sample locations is of great interest
for technology. Indeed, scaling of modern in-memory computing technologies would require the
control of the material and its physical properties down to nanometric sizes.

The stability of ferroelectric domains at the nanoscale was demonstrated in 2012 in GeTe
nanometer crystals as reported in Ref. [118]. We achieved the patterning of nanometer-size domains
on epitaxial GeTe thin films by means of the biased tip of the AFM [181]. The extreme difficulty of
writing over a strongly semiconducting material is related to the intense current flow during poling,
which provokes modifications of the sample surface (burning, electro-chemical reactions), besides
a fast degradation of the tip quality. To overcome this issue, we optimized the writing step tuning
the speed of the scan to minimize the time spent by the tip in each point, but giving the polarization
enough time to switch. Concerning the reading, the main obstacle is the poor piezoelectric signal
which may be surmounted by the electrostatic background and tip modifications during the scan.
For this reason, PFM is preferentially recorded at near the contact resonance frequency. Nonethe-
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Chapter 3. Control of ferroelectricity in the semiconductor GeTe

Figure 3.1: Pulsed DC hysteresis PFM on epitaxial GeTe(20 nm)/Si(111). a Sketch of the pulsed dc measurement. b
PFM amplitude and c PFM phase versus tip voltage. A driving voltage Vac= 2 V and resonance excitation frequency
(280 kHz) were adopted for the measurement. For details about the growth refer to Sec. 2.4.

less, the drawback of resonant measurements is the a strong cross-talking between the topographic
and the PFM signals, due to the local modification of the resonance frequency during the scan.

Fig. 3.2 reports one example of nanopatterning. As shown in panel a, the pattern consists in
the writing of parallel lines with inward polarization in a uniform pristine outward sample. The
lines are written by moving the tip with applied positive voltage (10 V). The PFM mapping of the
domain distribution is reported in panels b-c: alternation of inward lines have been stabilized with
a natural lateral size that results from the relaxation of domains for the specific speed of the moving
tip. The optimization of the scan speed and stiffness of the tip-sample contact lead to a lateral size
which is really within the dimension of the tip and the resolution of the AFM. This proves that the
ferroelectric patterning can be pushed to nanometric scale.

Because of the correlation between ferrolectricity and Rashba spin texture discussed in Sec.
4.1, crafting ferroelectricity in GeTe has practical impact not only in nonvolatile memory devices
but also in reconfigurable spin-logic, where the functionality is dictated by the geometry of the
domains [181]. The pattern realized as in Fig. 3.2 could act as a Rashba filter, with spin dependent
scattering at the ferroelectric domain boundaries.
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3.2. Ferroelectric switching via macroscopic gate

Figure 3.2: PFM domains patterning at the nanoscale. a Sketch of the writing procedure to write a sequence of
inward domains on a uniform outward area. 300 nm wide stripes of inward polarization are drawn by scanning
the tip with Vtip= 10 V. The distance between the lines is 600 nm. b PFM phase measured scanning along the
direction perpendicular to the lines (y). c PFM phase map of the ferroelectric polarization distribution. Adapted
from Ref. [181].

3.2 Ferroelectric switching via macroscopic gate

For sake of the realization of devices based on GeTe, the ferroelectric state has to be controlled by
a gate electrode. Demonstrating the switching in GeTe films requires the development of a suitable
technique.

As a matter of fact, standard methods as Dynamic I-V characteristic and PUND [182] described
in Sec. 2.1.1 are not suitable since the reading operation is performed by probing the displacement
current originating from the change of the surface charge sign during polarization reversal. This
current is normally of 0.3 µA for an insulating ferroelectric with P= 30 µC/cm2 (i.e. the nominal
value for BaTiO3) and electrode area of A= (100 µm)2. For GeTe, the current registered during the
switching pulse is about 105 times larger, thus preventing the monitoring of the polarization one.
In this section, we propose a new method to solve this issue. We carried out this investigation in
Polifab with Luca Nessi and Simone Petrò.

3.2.1 Reading the ferroelectric state: bipolar resistive switching

Although conduction current in GeTe capacitors is considered as the main limitation to the control
of the FE switching by means of PUND (Sec. 2.1.1), we propose a change of perspective. Polar-
ization charges in GeTe modify the distribution of the free charges and the electrostatic potential
profile of the heterostructure, as pictorially explained in Fig. 3.3. The inversion of FE charges trans-
lates into a modification of the bands profile, so that the conduction properties are influenced by the
ferroelectric state. In this view, the conduction current, as well as the resistance of the metal/GeTe
junction, becomes the key for reading the FE state in semiconductors.

Influence of ferroelectricity on GeTe/metal junctions

When a semiconductor is interfaced with another material (e.g. a metal or another semiconductor),
the electronic bands in the system experience a bending inside the semiconductor as a result of the
electrostatic potential barrier at the interface (i.e. different positioning of the Fermi energy respect
to the vacuum level). Thermodynamic equilibrium is reached thanks to the the motion of free
charges from the two sides of the junction. In the the semiconductor, free carriers can accumulate
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Chapter 3. Control of ferroelectricity in the semiconductor GeTe

Figure 3.3: Schematic idea of the energy bands profiles in a metal-semiconductor in the presence of ferroelectric
remanent polarization. a The polarization vector points towards the metal. b The polarization points towards the
semiconductor.

or deplete in a defined region adjacent to the interface to compensate the difference of the Fermi
levels. The IV curve will be then affected by the band profile at the interface. In the case of a
GeTe/metal heterojunction a Ohmic contact was usually obtained, due to the high density of free
carriers of the semiconductor (p> 1019 cm-3). The depletion width inside a non-polar semiconductor
in contact with a metal (Xd) can be expressed as follows:

Xd =

√
2ε0εrΦB

qN
(3.1)

Where ε0 is the dielectric permeability in vacuum, εr the relative dielectric permeability (εr = 36
in GeTe), Φi is the potential barrier height due to the difference in the work functions of the two
materials (in general of the order of 1 V), N is the density of dopants that can be assumed equal to
the density of free carriers (p = 3 · 1020 cm-3). Such a large doping concentration generates a very
narrow depletion width, Xd∼ 3 nm, in GeTe as given by Eq. 3.1. For this reason, we ascribe the
dominant conduction mechanism to the tunneling of carriers across the barrier ΦB and the process
occurs in both directions so the contact displays a Ohmic behaviour. The specific contact resistivity
(ρc) can be expressed as:

ρc = ρc,0 exp
(2ΦB

h

√
εsm∗

N

)
(3.2)

Where ρc,0 is a constant depending on the metal and the semiconductor. In Eq. 3.2, ρc depends
on the barrier height ΦB and the dielectric constant εs. In the following, the modulation of the
conduction properties is explained in terms of dependence of ΦB and εs on the FE polarization.

The impact of polarization on the transport properties of metal/semiconductor heterojunctions
is investigated in [183, 184]. Volume polarization charges in the depletion layer arise from an
inhomogeneous remanent polarization, induced by the internal electric field determining the actual
band-bending. Two different methods were adopted in Ref. [183,184] to determine the bands profile
of a ferroelectric semiconductor/metal junction. However, the effect of surface polarization charges
was not included in those models, but it was used in order to explain the physical mechanism
governing oxides tunnel junctions [185–188]. In the following, the interplay between both kinds of
polarization charges and the conduction properties will be investigated.

H. Matsuura [183] developed an analytical model for the calculation of the bands profile in
wide-gap ferroelectric/metal Shottky junctions. According to this model, a significant widening
of the depletion region respect to non-polar semiconductors is derived from the modified Poisson
equation [184] containing a polarization dependent term. The increase of the depletion width can
be explained in terms of an increase of the effective dielectric constant. However, this analytic
approach is not valid for degenerate semiconductors for which Fermi-Dirac distribution has to be
considered when deriving charge transport equations [189]. A more general model was proposed
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by P. W. M. Blom in Ref. [176], who derived the transport properties of ferroelectric Shottky diodes
by means of a self-consistent model. The basic assumption is that the barrier height is constant and
only the effective dielectric constant of the material is dependent on the polarization (Eq. 3.5). This
model is suitable even for highly doped semiconductors since no assumptions are made on the free
charge thermodynamic distribution, including GeTe.

Such a model predicts a bistable and hysteretic behaviour of the conduction of metal/semicon-
ductor Shottky barrier by deriving a polarization dependent depletion width, which dominates the
transport properties of the junction. Experimental investigations and theoretical calculations have
been performed on La0.5Sr0.5CoO3/PbTiO3/Au heterostructure reported in Ref. [176]. The low volt-
age characteristic switches between Shottky and Ohmic behaviour, as a result of a wider or narrower
depletion region when polarization is opposite or parallel to the built-in field, respectively.

The ferroelectric dependent band-bending is computed starting from the Gauss law:

∇ ·D = ρfree (3.3)

Where D is the dielectric displacement, related to the electric field E and the polarization vector P
as:

D = ε0E + P (3.4)

The dielectric permittivity is defined in general as:

ε0εr = ∂D/∂E (3.5)

Inserting Eq. 3.5 in Eq. 3.3, a generalized Poisson equation results in:

∇ ·E = ρfree/(ε0εr) (3.6)

With an effective dielectric constant εr

εr = 1 + ε−1
0 ∂P/∂E (3.7)

Since in a FE material the relation between P and E is strongly nonlinear, εr is not constant
with the external electric field. For this reason, a self-consistent approach must be adopted. The
hysteretic dependence of P versus E can be accounted in the single domain case by using [176]:

P (E) = ε0(εr∞ − 1)E + P0
tanh (E + Ec)

tanh (Ec)
(3.8)

From Equations 3.6 and considering that P = D - ε0E, the polarization charge density results

ρp = −∂P/∂x = −ε−1
r (εr − 1)ρfree (3.9)

Thus, ρp takes a opposite sign with respect to the space-charge. For a p semiconductor under the
depletion approximation, it can be expressed as ρp = qNA. The net charge ρfree +ρp is responsible
for the electric field profile and the band bending. Since the total charge is reduced with respect to
a non-polar semiconductor, then a wider depletion layer is expected. Moreover, the calculated ρp
depends on the ferroelectric state, through the polarization dependent εr(P ).

Similarly, σp at the surface can affect the conduction properties. As investigated in Ref. [190] in
the case of molecular dipoles, surface polarization charges induce a shift of the surface potential of
the semiconductor depending on their polarity, thereby modifying both the contact barrier height
with the metal electrode and the depletion width in the semiconductor as shown in Fig. 3.3.

Therefore, both volume and surface polarization charges are predicted to cause a modulation of
the electrical resistance of the metal/semiconductor junction with the ferroelectric state.

Furthermore, other possible mechanisms might concur to this effect. For instance, the field
produced by σp penetrates not only in the semiconductor but also into the metal electrode within the
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Chapter 3. Control of ferroelectricity in the semiconductor GeTe

Thomas Fermi length [186]. The imperfect screening can lead to an asymmetric modulation of the
bands profile, depending on the orientation of P [191], as in ferroelectric tunneling junctions [187].
Finally, in displacive ferroelectrics as GeTe [112], BaTiO3, PbTiO3 [192], the displacement of the
ions upon polarization switching can modify the interface at the microscopic scale and the junction
barrier height [192].

The determination of the precise microscopic explanation for a ferroelectric resistive modula-
tion goes beyond the scope of this thesis, as it will require further investigations based on other
experimental and computational tools.

Bipolar resistive switching

In order to investigate the concept of ferroelectric-induced switching of the resistivity in GeTe, we
conceived separate writing and reading operations (Figure 3.4a-b):

• Writing operation: a writing voltage rectangular pulse is applied between the top and the
bottom electrodes of a capacitor structure. The amplitude and the sign of the writing pulse is
set to stabilize a well defined ferroelectric state (e.g. a positive pulse with amplitude larger
than the coercive voltage Vc stabilizes a inward FE state, if applied to the top electrode).

• Reading operation: a voltage ramp is applied to the capacitor while the current is registered
by an amperometer. The maximum voltage applied is required to be well below the voltage
needed for the FE switching (Vc), so that the ferroelectric state that is stabilized in the device
is not perturbed by the reading operation. As a result of the ferroelectric modulation of the
band-bending in the heterostructure explained in the previous section, the FE state can be
deduced by the shape of the low-voltage I-V characteristic of the capacitor.

The time separation between writing and reading operations represents one first improvement
to traditional memories encoding the information as ferroelectric polarization, such as Ferroelec-
tric Random Access Memories (FeRAM). FeRAMs are commercially available devices with fast
write speed, low power consumption and large endurance [193]. However, the reading operation is
executed simultaneously to the writing pulse, by detecting the polarization switching current peak.
Therefore, reading the state previously stored in the capacitor can be performed only by applying a
writing pulse that brings the system to a known polarization state [194], so that the initial state has
to be restored after reading. On the contrary, the method proposed in the present work allows for
non-destructive reading of the FE state, thus making way for increased endurance performances.

A sketch of the devices is depicted in Fig. 3.4a-b: squared Ti contacts of 40 µm side were
evaporated on the bare surface of GeTe(18 nm) to act as top-electrodes; the back-electrode is not
employed because the high resistivity of the Si substrate (p= 2 · 1015 cm-3 for Si) and a lateral one
was realized with Ag paste at the edges of the sample, in order to reduce the required switching
voltage. The advantage of this geometry also called "top-bottom measurement" is that only the
GeTe/top electrode interface contributes on the observed RS. This is fundamental in order to have
some insight into the underlying physical mechanism starting from symmetry and sign considera-
tions.

In Fig. 3.4c, two low-voltage characteristics were obtained with the reading operation, adopting
a maximum voltage of Vmax= 1 V. The blue (red) curve is measured after the application of a writing
pulse of +10 V (-10 V) to the top electrode, which stabilizes an inward (outward) polarization in
the GeTe film. The IV curves are linear with a different slope for the two polarization states. When
sequential pulses are applied with a voltage level sweeping from V= -10 V to V= +10 V and from
V= +10 V back to V= -10 V, the conductance describes a hysteresis loop (Fig. 3.4d). The loop
is quite similar to the ferroelectric hysteresis measured by PFM (Fig. 3.1c), in terms of switching
voltage (∼ 4 V). This indicates that the conductance variation is possibly due to ferroelectricity.

Consistently, when a top-top configuration is adopted instead of a top-bottom (as depicted in
Fig. 3.5a), the switching amplitude is drastically reduced due to the fact that the variation of the
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3.2. Ferroelectric switching via macroscopic gate

Figure 3.4: Schematics of the writing a and reading b procedure. The sample is contacted to the negative pole of the
source-measure unit by means of a lateral contact made by Ag paste, whereas the writing and reading voltage is
applied to the top electrode (Vwrite and Vread, respectively). The writing operation consists in a rectangular voltage
pulse, the reading operation by the collection of the IV at voltages much lower than the coercive one, avoiding
perturbations of the stored state. c Current-voltage characteristics acquired with the reading step; the red curve
is measured after Vwrite= -10 V, the blue one after +10 V applied to the top electrode. The pulse duration is of 10
ms. d Low-voltage conductance (Vmax= 1 V) versus Vwrite. The hysteresis loop resembles the ferroelectric response
acquired by PFM in Sec. 3.1. Both writing and reading operations are performed by means of a source-measure
unit (Keithley K2600 or equivalent).

resistance is expected to be opposite for the two pillars, apart from unavoidable random asymme-
tries in actual devices. This is shown in Fig. 3.5b, where the amplitude of the top-top loop is
decreased by one order of magnitude respect to the top-bottom one. In addition, the coercive volt-
age is nearly doubled, as expected for the doubling of the thickness of GeTe involved in the new
switching geometry. Finally, the sign of the top-top hysteresis loop can be reversed with respect
to the top-bottom depending on the asymmetry involved. The unpredictability of the sign and the
reduced amplitude of the resistance loop makes the top-top configuration less suitable as gating
configuration with respect to the top-bottom one. Note that the distance between the pads does not
influence the measured resistance, because it is mostly dominated by the GeTe/contact interface
resistances.

The sign of the top-bottom loop is compatible with a ferroresistive switching in GeTe. As
calculated by P. W. M. Blom et al. in Ref. [176], when polarization, P, is parallel (antiparallel) to
the electric field in the depletion region, E, the depletion layer is narrowed (widened) with respect
to the non-ferroelectric case. This means that in a p semiconductor like GeTe, where the space-
charge field points inwards, the inward (outward) FE state corresponds to high (low) conduction
(Fig. 3.3). This is compatible to what is reported in Fig. 3.4 where the high conduction is measured
for positive writing voltages (i.e. inward state). Moreover, a positive surface polarization charge
(Pout) would lead to a wider depletion layer and an increase of the metal-semiconductor barrier,
so as to guarantee the charge neutrality of the system. Conversely, a negative charge Pin would
narrow the depletion layer and decrease the effective barrier for crossing carriers. Therefore, Pout
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Chapter 3. Control of ferroelectricity in the semiconductor GeTe

Figure 3.5: a Sketch of the top-bottom (a.1) and top-top a.2 configurations adopted for the measurement of resistive
switching. b Percentage modulation of the conductance (∆G/G) versus the writing voltage level in the top-top
(black square dots) and top-bottom (red circular dots) configurations, measured in GeTe(5 nm)/SixNy(10 nm).

state gives rise to low conductivity state, whereas Pin produces a high conduction level. This is
compatible with what is observed in Fig. 3.4 and 3.5.

Other mechanisms of the resistive switching

So far, we assumed that the resistive switching (RS) is potentially ascribed to the change in the
depletion region width or even in the Schottky barrier height operated by the inversion of the FE
polarization. Nevertheless, in the last decades an intensive investigation of resistive switching in a
plethora of different systems lead to different concepts of nanoscale non-volatile memory devices
(resistive switching random access memories, RRAMs) to be integrated in state-of-the-art CMOS
technology [195].

Several mechanisms were identified as responsible of the RS besides the ferroelectric one,
which we should in principle consider as other possible explanations to our effect. Here the most
widespread ones are reviewed.

• Phase-change resistive switching in transition metals chalcogenides [196–198]. The reversible
transition between amorphous and crystalline phase leads to resistance variation with ON/OFF
ratio of and this opened the field to Phase-change RAMs technology (PC-RAMs).

• Valence change and thermochemical switching, in binary oxides (e.g. HfO2, TiO2 [199]): the
voltage-induced migration of the oxygen atoms results in a change of the valence of the metal
ions in the metal oxide. This leads to the formation of a conducting filament (set state), that
can be disrupted by inverting the polarity of the applied voltage (reset state);

• Homogeneous oxygen ion movement, in complex oxide compounds as BiFeO3 [200]: the
weakly bound oxygen atoms can move over the whole device area when the writing voltage
is applied, thus modulating the Shottky barrier at the interface with the metal and leading to a
change of the I-V curve;

• Metal ions movement from the contact across an insulating layer, that can form a conducting
path. This concept was exploited in electrochemical memories (ECMs) [201];
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3.2. Ferroelectric switching via macroscopic gate

Figure 3.6: a Picture of a Hall bar device patterned by optical lithography on GeTe/Si. The gate is used for electrical
poling of the channel of GeTe. The pad I is used to inject a current, while the lateral contacts (Vxx+ and Vxx-) are
used to measure the resistivity of the channel below the gate. b Resistive switching of the gate/GeTe contact. c
Resistivity of the GeTe channel versus Vwrite.

• Ion migration in chalcogenides (e.g. GeSbTe [202]) or in transition metals oxides (e.g. HfOx

[203]): the conductive ions migrate towards one of the two metallic contacts depending on the
polarity of the applied voltage. The movement of the metallic ions can lead to formation/dis-
ruption of conducting filament, hence to the resistive switching.

Among the aforementioned mechanisms, phase-change transformation, metal ions movement
and ion migration are highlighted as other possible contributions for bipolar resistive switching in
GeTe, in addition to the ferroelectric induced one proposed in the present work. Contrary to the
effect presented in this study, phase-change RS is unipolar with respect to the writing pulse (i.e.
set and reset operations can occur both at positive or negative voltages) and it involves much larger
current densities than the one developed in our measurements (1 MA/cm2 for the phase-change
switching [198], 1 kA/cm2 in our measurements). Moreover, set and reset pulses require different
time duration to allow the switching kinetics during amorphization (fast process) or crystalliza-
tion (slow process) of the material. For those reasons, phase-change transitions can be excluded
as possible contributions to the resistive switching observed in GeTe (3.4). To further exclude a
contribution of phase changes, we investigated the resistivity of a GeTe channel underneath a gate
upon the ferroelectric poling. The Hall bar device employed is shown in Fig. 3.6a. During poling,
the voltage is applied between the gate and one of the lateral contacts implementing the top-top
configuration. The two lateral contacts (Vxx + and Vxx -) were used for monitoring the longitudinal
resistivity versus the poling voltage, with a current flowing between the electrode I and the one
connected to ground. Both the resistance of the gate/GeTe junction and the longitudinal resistivity
of the channel were measured after each poling pulse and reported for comparison in Fig. 3.6b-c.
The RS of the gate/GeTe junction behaves as expected for the top-top configuration described in
Fig. 3.5c, with an ON/OFF ratio of about 20 % and a coercive voltage of∼10 V. On the other hand,
the longitudinal resistivity of the channel changes of just 0.2 %. This means that the RS is mainly
ascribed to the modulation of the local band bending of GeTe at the interface with the gate, rather
than a modification of the material in the volume. If a phase change transformation had happened in
GeTe, the resistivity would have changed by two orders of magnitude between the amorphous and
crystalline states [204,205]. Therefore we can reasonably exclude the phase-change mechanism in
our structure.

Concerning the other effects, we observed the bipolar RS also when a SixNy protective layer
is introduced between GeTe and the metal contact or when changing the metal employed as a
gate (Au, Cr, Ti, Fe). Such a robustness makes embodiment and migration of oxygen from air in
the metal structure or metal-ions migration inside the GeTe layer less probable [202]. However,
migration of Ge or Te ions in GeTe can be considered as possible origin of the resistance variation,
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Chapter 3. Control of ferroelectricity in the semiconductor GeTe

Figure 3.7: a Resistive switching loop measured in top-top configuration at 20 K. b Minor loops of the resistive
switching. Writing voltage sweeps are performed with different maximum voltages: 15 V, 13 V, 11 V, 9 V, 7 V, 3
V. When the maximum voltage approaches or is lower than the coercive voltage (Vc = ± 5 V), the system switches
between unsaturated states. Minor loops behaviour is typical of ferroelectric systems.

due to the compatibility with symmetry (bipolar RS), ON/OFF ratio and switching voltages with
the observed data. Further microscopic investigations are needed at this point in order to associate
the resistive switching to ferroelectricity. A first hint against ion migration is the insensitivity to
the temperature, which is not compatible with the reduced mobility of the ionic species expected at
low temperatures. Indeed, Fig. 3.7a shows that the ON/OFF ratio of RS at 20 K is the same as at
room temperature, thus indicating that ion-migration could play a minor role.

An indirect signature of ferroelectric induced RS comes from the presence of minor hysteresis
loops, i.e. the possibility of reducing the resistance variation by sweeping the writing voltage
between progressively smaller voltage levels (Fig. 3.7b). Intermediate conductance levels can
be precisely tuned by controlling the maximum writing voltage amplitude. This behaviour has
been recently proposed as a technological solution for the realization of ferroelectric memristors
[127, 187], to be interconnected to artificial neural networks [206].

The minor loops behaviour and the negligible variation of the longitudinal resistivity are first
indications of the possible ferroelectric origin of the RS. To unambiguously associate the resistive
switching to ferroelectricity and eventually exclude ion migration, we designed a suitable experi-
ment based on the visualization of the FE domains distribution upon poling, the topic of the next
section (Sec. 3.2.2).

3.2.2 Ferroelectric domains: a microscopic view

We visualized the ferroelectric behaviour of GeTe during the electric switching of the resistance.
This approach has already been tested as powerful method for real time imaging of FE domains of
FTJs based on ferroelectric oxides (Pb(Zr0.2Ti0.8)O3 in Ref. [207], BiFeO3 in Ref. [127, 177]). In
the present study, this experiment represents the key for understanding if ferroelectric switching is
feasible in GeTe by means of gate pulses.

Ad-hoc capacitors were fabricated out of a SixNy(10 nm)/GeTe(50 nm)/Si sample, with the
following features (Fig. 3.8):

• A square Au(5 nm)/Ti(5 nm) pad was patterned on GeTe surface by means of optical lithogra-
phy, with a lateral size of 30 µm (comparable to the contacts employed in the measurements
of Sec. 3.2.1). The metallic pad served as top electrode to control the FE polarization of GeTe
underneath. The thickness of the pad was made just 10 nm in order to guarantee a robust cou-
pling between the AFM tip and the GeTe surface: in this way the piezoelectric deformation
can be sensed despite the small d33 of GeTe.
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3.2. Ferroelectric switching via macroscopic gate

Figure 3.8: Sketch of the setup realized for cross-experiment resistive switching and PFM. The gating requires a
source-measure unit (SMU) that can provide a writing voltage and sense the current during the reading operation.
In the dotted box, sketch of the sample patterning. The structure has been realized by optical lithography and a top
view optical image of the obtained device is displayed.

• A thicker and wider Au track (thickness of 200 nm, width of 200 µm) electrically connects
the square pad to an external source-measure unit (SMU) and it is isolated from the GeTe film
by 120 nm of SiO2.

In the dotted box in Fig. 3.8, a sketch of the device structure is reported together with optical
microscopy image of the final device.

For this experiment we adopted the top-bottom configuration as in Fig. 3.4. The voltage pulses
were applied to the thicker electrode in contact with the thin gate (top contact), with the GeTe sam-
ple brought to ground by Ag-paste (bottom contact). Notably, the conductive tip was not suitable
for poling the sample, because the high current density provided by a such large area and flowing
through the tip would have damaged its metallic coating. To preserve its capability to map the FE
domains, the tip was raised above the surface just by few micrometers during poling. Such a slight
lift allowed to break the electric tip-sample contact and avoid intense current flow through the tip,
and at the same time it guarantees that the scanned area is the approximately the same after each
pulse. After a given writing pulse (Vwrite), the low-voltage IV was measured in order to check the
resistive state of the heterojunction. Then, the SMU was disconnected from the sample and the tip
was lowered on the electrode to map the distribution of the FE domains with Vac. These operations
were performed after each voltage pulse along the voltage loop. The result of the experiment is
summarized in Fig. 3.9.

In Fig. 3.9a the resistance versus Vwrite is overlapped with the PFM phase averaged over the
entire scan area. The RS and PFM loops show a similar hysteretic behaviour with two saturating
states and a coercive voltage of about 3.5 V, compatible with the ferroelectric loop acquired by PFM
on the uncovered SixNy/GeTe surface nearby and the pulsed dc loop of Fig. 3.1. The modulation
of the resistance is of 78 % (on the average state). The overlap of the two curves indicates that
vertical resistance and FE state are linked. Four selected images are reported in panel b, referred
to the points A (V = +8 V), B (V = -1 V), C (V = -2 V), D (V = -8 V), in order to appreciate
the evolution of the FE domains with the pulses. The images are acquired off-resonance (70 kHz)
to ensure reliable PFM contrast, by avoiding topography correlation and artifacts. The PFM scan
area was of 0.7×0.2 µm2, positioned at 5 µm distance from the edge with the thicker Au track
connected to the voltage supply (see Fig. 3.8). In state A, the polarization state is mainly inwards,
that corresponds to Φ = 0◦. Applying negative gate voltages, the inward domain progressively
reduces (states B and C) and a uniform outward state is obtained with V = -8 V (state D). The
switchable polarization computed from the distribution of the domains of the PFM phase maps is
of about 70 %. The asymmetry of the switching is visible also as a slight shift of the hysteresis loop
(about 1.2 V), compatible with the different work function of the electrodes or with built-in fields
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Chapter 3. Control of ferroelectricity in the semiconductor GeTe

Figure 3.9: a Resistance (squared black markers) and PFM phase (coloured circular markers) are plotted against the
amplitude of the writing voltage pulse. The overlap between the two curves is signature of ferroelectric induced
resistive switching. Points A (V = +8 V), B (V = -1 V), C (V = -2 V), D (V = -8 V) corresponds to PFM images
reported in panel b. b PFM maps related to points A, B, C, D. The scan size is 0.7 x 0.2 µm2, modulation amplitude
2 V and frequency 70 kHz. The phase value has been normalized to the range 0◦-180◦, thus not accounting
for the contribution from the system inherent background noise [139]. Blue state (0◦) represents the inward FE
polarization, the red one (180◦) represents the outward state. Below each map, the histograms of up and down
populations are reported. As the writing voltage sweeps from +8 V to -8 V, the PFM contrast switches from inward
to outward and the resistance from the low state to the high state. c Resistivity trend with the percentage of up
domains calculated from the PFM maps as explained in panel b. The orange dots are experimental data, the gray-
dashed line is calculated from the parallel resistance model described in Eq. 3.11 and sketched in the top of the
present graph.

at the GeTe interfaces caused by interfacial dipoles that favour the preferential growth of outward
ferroelectric domains. Previous theoretical and experimental works [114, 181] further confirm the
tendency of an outward FE state, which is also justified by the higher energy of formation of the
inward state with respect to the outward.

Correlating the resistance change with the amount of switched domains, we can explore more
about the physical model behind (Fig. 3.9c). The dependence of the resistivity versus the per-
centage of outward domains extracted from the collected PFM maps has been fitted assuming the
parallel resistance model. The overall resistance is modelled as the parallel of outward (Rup) and
inward (Rdn) resistances. Rup and Rdn are estimated introducing a FE-dependent resistivity (ρup or
ρdn) and the corresponding percentage of coverage (nup or ndn). In other terms:

Rup, dn =
ρup, dn · t
nup, dn ·A

where nup + ndn = 1 (3.10)

In Eq. 3.10, A is the total area of the contact (30 · 30 µm2) and t is the thickness of GeTe. The
parallel resistance model can be then be formulated as follows:
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1
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=

1
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+

1

Rdn
=
(nup

ρup
+
ndn

ρdn

)
· t
A

=
t

ρeffA
(3.11)

From Eq. 3.11 we extracted the effective resistivity of GeTe (ρeff) that is expected for a given
distribution of domain measured by PFM. The experimental resistivity agrees very well with the
simple parallel conduction model (dashed line in panel c), suggesting once again that resistive
switching in metal/GeTe junctions results from the nucleation and propagation of outward and
inward FE domains.

The experiment demonstrates that ferroelectric switching can be achieved at micrometer scale
in GeTe, and controlled through the resistance of the GeTe/gate interface. This is the fundamental
step enabling the non-volatile electric control of spin in GeTe. Hereafter, the gating method based
on bipolar resistive switching of GeTe/metal surface developed in the present work represents also
a new technique adaptable to other ferroelectric semiconductors, thus filling the need for a reliable,
simple and cheap alternative to PFM that allows for writing and reading different FE states and can
work at the scale of several µm.

3.2.3 Performances of ferroelectric Shottky devices

Amplitude, endurance, speed and power consumption of GeTe memory devices

A statistical analysis on different samples with different GeTe thickness or different spacer with
the metal contact revealed that the amplitude of the resistance modulation (i.e. the ON/OFF ra-
tio (Rhigh − Rlow)/Rlow) can vary between 10 % and 100 %. The variability can be ascribed
to an incomplete ferroelectric switching under the contact area. As calculated in Ref. [114] and
demonstrated in our previous work in Ref. [181], GeTe films possess a preferred polarization state
depending on the surface termination. The reversed state instead is less stable from the energetic
point of view, so that it is likely that the system is not switched completely and it could only reach a
multi-domain configuration. As demonstrated in the previous section (Sec. 3.2.2), this could be ac-
tually the case, where the ON/OFF ratio of 31% is accompanied by partial switching to the inward
state, the less favoured state for a 50 nm GeTe capped with SixNy. In some cases, the ON/OFF ratio
can reach even 250%, depending on the history of the gating pulses. The unfavored FE state can
be fully observed by forcing the system with a train of hundreds of several writing voltage pulses.
The maximum modulation of the current achieved is shown in Fig. 3.6a. In Sec. 4.2 of Ch. 4,
we investigate the switching of GeTe in a metal/Si/GeTe/metal heterostructure. In that case, RS is
dominated by the Si/GeTe interface showing a larger potential barrier than the GeTe/metal junction.
The recorded ON/OFF ratio of the loop shown in Fig. 4.17 reaches ∼ 104 %. This suggests that
the amplitude of the resistance modulation can be increased by properly control the relative doping
of the semiconductor and gate electrode.

A key parameter for integration of GeTe as a ferroelectric semiconductor in actual technologies
requires a high cycling endurance, i.e. the possibility of writing and erasing different polarization
states many times. The endurance of a ferroelectric-based memory is limited by the fatigue of
the ferroelectric [208, 209]. Two main mechanisms have been identified to produce ferroelectric
fatigue. As explained by E. L. Colla in Ref. [210], FE domain walls can be pinned by charged
defects that can be created during the poling pulses, thus reducing the switchable polarization.
Moreover, nucleation of domains can be suppressed by the trapped charges that are injected by the
large electric field during polarization switching, from the metal gate into the film [211]. In the
GeTe-memory device in Fig. 3.4 and described in Sec. 3.2.1, the endurance was tested by applying
several repetitions of +Vsat and -Vsat. In Fig. 3.10 the device stability is shown up to 2000 cycles,
by applying +Vsat= 10 V and -Vsat= -10 V. The maximum endurance achieved in GeTe films is of
the order of 104 cycles, value comparable to flash memories [212]. This makes GeTe a suitable
material to be employed in novel semiconductor based ferroelectric memories.

69



i
i

“output” — 2020/3/4 — 23:00 — page 70 — #76 i
i

i
i

i
i

Chapter 3. Control of ferroelectricity in the semiconductor GeTe

Figure 3.10: Low-voltage conductance level measured at remanence (Vmax= 1 V) versus the number of multiple rep-
etitions of the sequence Vpulse= +10 V and Vpulse= -10 V. This measurement tests the endurance of the system, i.e.
the number of writing/erasing cycles can be performed before the switchable polarization is reduced by fatigue.

For what concerns the power consumption, the power needed to pole a 5 nm thick GeTe layer
is:

Ppol = V · I =
V 2

R
∼=

(102)

5000
= 20 mW (3.12)

Which per unit area (A) results:

Ppol
A
∼=

20 mW
(40 µm)2

= 0.5 mW/µm2 (3.13)

As discussed in Sec. 3.2.1, the time duration of the writing pulse (twrite) is set to hundreds of 100
µs to get an effective writing/erasing of the ferroelectric element. As a consequence, the energy
consumption is calculated as:

Epol
A

=
Ppol
A
· twrite ∼= 0.5 mW/µm2 · 100µs = 50 nJ/µm2 (3.14)

The energy consumption is the bottleneck that limits the integration of GeTe in nowadays technolo-
gies, where the energy required per cell is about 106 times lower.

Comparison with other technologies

The state-of-the-art nonvolatile technology employed in memory cards and solid-state drives is
represented by the NAND flash memories, developed by Toshiba at the end of 1980s. This technol-
ogy allows the fastest writing/erasing performances compared to other nonvolatile RAMs, with the
highest storage density [213]. However, the endurance is limited to 104 programming/erasing cy-
cles. An alternative widely explored in the last decades is represented by Ferroelectric RAMs [208].
It is basically a Dynamic RAM (DRAM) in which the dielectric is a ferroelectric material. FeRAMs
endurance is limited by the fatigue of the ferroelectric material introduced in the above paragraph,
reaching up to 1012 cycles [208]. Moreover, a much lower power consumption is required during
the writing operation. The main drawbacks of FeRAMs are represented by the the destructive read-
ing, low storage density and high cost compared to flash. Reading is performed by monitoring the
polarization switching current, the same concept exploited in PUND technique (Sec. 2.1.1). In this
sense, the reading process is destructive and it requires the memorized state to be restored after
every operation. A technological alternative to FeRAMs that employs still ferroelectric materials
in order to keep the high endurance performance is represented by Ferroelectric Tunnel Junctions
(FTJs) [187, 214]. In the latter, the reading operation is separated from the writing, similarly to
NAND flash. A voltage pulse is applied to the ferroelectric layer in order to write/erase a defined
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3.3. Conclusions

state in the cell, while the quantum mechanical tunneling current is measured at relatively low
voltages to read the stored state. Nevertheless, with the miniaturization of the electronic devices,
ultra-thin ferroelectric layers are required in order to realize a FTJ with significant readout currents.
High-quality films few monolayers thick represent a limitation to the development of FTJs, due to
the high cost of the growth process and the need of high-precision electronic circuit for reading
the state. In this view, the ferroelectric control of charge transport in GeTe proposed in this work
represents an alternative to quantum-tunneling across ferroelectric oxides, since the readout current
is significantly larger due to its high doping. The main drawback is then represented by the much
higher power writing/erasing operations (as discussed in the previous paragraph). A reduction of
the power consumption could be achieved by introducing high-κ dielectric layers between GeTe
and the electrodes in order to limit the current flow during the writing process.

In all ferroelectric based memories the retention is limited by the depolarization field that might
induce a back-flipping of the polarization state [195]. Due to the high doping level, the depolarizing
field is effectively screened in the film thus reducing the effect of back-flipping. This could indicate
that GeTe could be employed as material for long retention time.

From the energy consumption point of view, the energy required for the switching of a GeTe-
based memory cell is 106 times higher than the one required for NAND flash [213, 215]. Towards
a reduction of the power consumption, the memory cells based on GeTe have to be scaled down
to few nanometers size (15 nm is the lateral size of state-of-the-art miniaturized memory devices).
This solution requires process engineering although it could be ideally a valid solution, since fer-
roelectric behaviour in GeTe has been observed in nanometric crystals in Ref. [118]. Nevertheless,
a more effective solution would be the possibility of reducing the doping level of GeTe, so as to
reduce the current densities involved in the ferroelectric switching. In the present work, GeTe crys-
tals has been grown with doping of In atoms to substitute Ge atoms and reduce the vacancies (i.e.
the amount of p free charges), as reported in Ch. 5.

3.3 Conclusions

In this chapter we experimentally demonstrated that the ferroelectric switching of a degenerate
semiconductor as GeTe can be achieved at the macroscale, despite the high density of free carriers.
This is also the first experimental evidence that GeTe behaves as a proper ferroelectric and not only
as a polar material. The nondestructive readout of the ferroelectric state relies on the ferroelectric
resistive switching effect. From a technological perspective, ferroresistive switching represents a
simple, reliable and fast technique to reconfigure and control the memory state. The control of fer-
roelectricity in GeTe is the premise for the nonvolatile tuning of the Rashba effect and spin-charge
conversion investigated in Ch. 4. Although GeTe is not competitive purely for memory applica-
tions, ferroresistive devices represent an innovative concept and a real step towards the electrical
reconfigurability of spin transport in a CMOS compatible multifunctional material.
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CHAPTER4
Ferroelectric control of the spin physics in GeTe

The ferroelectric state in a FERSC material is intrinsically linked to the spin-orbit coupling, with the
emergence of a giant intrinsic bulk Rashba effect at room temperature, without any external electric
field. From theoretical calculations (Sec. 1.4), the coupling between ferroelectricity and Rashba
effect in GeTe is reflected on the spin texture: the chirality of the Rashba sub-bands is predicted
to be opposite for the two polarization states (inward and outward). Demonstrating this concept
experimentally was the task of the work presented in the first section of this chapter (Sec. 4.1).
The experiment combines engineered sample preparation recipes, ferroelectric characterization by
PFM and spin resolved probing of the electronic bands by SARPES. The final picture summarized
in Fig. 4.11 is compared with the theoretical expectations (Fig. 4.6) to establishing the link between
ferroelectricity and the Rashba effect.

The interest in Rashba materials is motivated mostly by their implications on spin-charge inter-
conversion mechanisms, namely the intrinsic spin Hall effect (Sec. 1.3.2) and the Rashba Edelstein
effect (Sec. 1.3.3). In GeTe, the ferroelectric control of the Rashba SOC would lead to a spin-charge
conversion manipulated through the ferroelectric state. Nonvolatile and switchable spin-charge
conversion in a single semiconducting material would make up the lack of non-magnetic platforms
operating at room temperature for low-power spin computing devices as the one proposed by In-
tel [9]. In the second part of this chapter (Sec. 4.2), the behaviour of spin-to-charge conversion
in GeTe upon ferroelectric switching is harnessed by taking advantage of the macroscopic gating
achieved in Ch. 3 and designing a spin pumping setup with in-situ monitoring of the ferroelectric
state (Fig. 4.16). Based on the spin pumping measurements, theoretical calculations carried out by
our coworkers J. Sławińska, S. Picozzi et al. lead to a better understanding of the physical origin
of the conversion mechanisms separating spin Hall and Rashba Edelstein contributions.

4.1 Ferroelectric control of the Rashba spin texture in GeTe

Probing the interplay between ferroelectricity and Rashba effect requires a spectroscopic investi-
gation of the electronic bands and the control of the ferroelectric state of the sample. A powerful
technique allowing for the direct mapping of the Rashba spin texture is Spin- and Angle- Resolved
PhotoEmission Spectroscopy (SARPES). As discussed in Sec. 2.2, (S)ARPES can be performed
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Chapter 4. Ferroelectric control of the spin physics in GeTe

Figure 4.1: Correlation between ferroelectric polarization and surface termination in GeTe. a-b’ Sketch of the atomic
planes along (111) and unrelaxed interlayer distances of Ge- and Te-terminated GeTe, respectively. The net po-
larization Pout-Pin results from the different interatomic dipoles indicated with blue and red arrows. Adapted from
Ref. [181].

only in UHV environment, on clean surfaces. In Sec. 2.4.2 it is shown how an ordered and clean
surface of GeTe can be obtained in vacuum from Te-capped samples, with sputtering and thermal
annealing, thus allowing for the probing of the Rashba states by SARPES. The work carried by M.
Liebmann et al. [60] already showed a Rashba splitting and a rotating spin texture on GeTe. Nev-
ertheless, the polarization state of the sample was fixed and checked by PFM aftwerwards. In-situ
switching of the polarization represents a hard task, as SARPES is a surface sensitive technique
and a top electrode cannot be employed. Recently, J. Krempaský et al. [216] proposed to use Au
mesh as a top electrode and collect the photoelectron intensity from its uncovered parts, to show
the in-situ switching. This solution is however quite demanding in terms of sample preparation and
does not ensure that polarization of the uncovered areas under the mesh effectively switches.

In this work we first investigated the possibility of preparing different samples in UHV, control-
ling their spontaneous polarization state. As discussed more in details in Sec. 4.1.1, the termination
of the surface plays a key role in the stabilization of different polarization states. This possibility
would circumvent the issues related to an in-situ switching and favor SARPES investigation of
different polarization states. SARPES measurements on GeTe films were performed at the Ad-
vanced Photoelectric Effect experiments (APE) beam-line of the Elettra Syncrothron in Trieste
(Basovizza). In Sec. 4.1.2 and 4.1.3, detection of bulk Rashba states and their spin texture by
(S)ARPES on GeTe samples specifically prepared with different termination will be discussed, so
as to correlate the spin chirality of the bands with the termination and the ferroelectric state.

4.1.1 Control of the polarization by surface termination

An alternative solution to the in-situ switching would be the possibility of preparing samples in
UHV, spontaneously showing either uniform outward or uniform inward ferroelectric states.

From energetic arguments, different ferroelectric phases can be stabilized in a film of GeTe(111)
depending on its surface termination, namely on the atomic specie of the topmost atomic layer. As
introduced in Sec. 1.4, GeTe(111) is formed by the alternation of Ge and Te planes with non-
equivalent spacing, thus leading to a net ferroelectric dipole. Among all cases (outward or inward
polarization and Ge or Te surface termination), the most energetically favored are those in which
the surface breaks the longer bond rather than the shorter one. This is shown in Fig. 4.1, in which
Ge terminated surface is stabilized with inward polarization (Pin, panel a), and the Te terminated
is associated with the outward (Pin, panel a’). This simplified picture was also supported by more
complete Density Functional Theory (DFT) calculations, discussed in details in Ref. [181]. It
follows that the ferroelectric state can be in principle set by controlling the termination of the
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4.1. Ferroelectric control of the Rashba spin texture in GeTe

Figure 4.2: XPS for three Te-capped GeTe sample re-prepared with different thermal budgets:1 hour at 260◦C (red),
250◦C (black) and 240◦C (blue). The ratio between Te 4d and Ge 3d peaks intensities (normalized to their cross
section and analyser transmission) is plotted versus the photoelectron take-off angle from the surface normal. The
ratio ITe4d/IGe3d is normalized to the value obtained at 0◦. Adapted from Ref. [181].

surface, which in turn is much easier to manipulate with UHV surface treatments (e.g. sputtering
and annealing). For instance, Te has has a much higher vapour pressure and thus is quite more
volatile than Ge. Therefore, the surface composition would lack of Te when annealed at relatively
high temperatures with an average stoichiometry leaning towards a Ge-terminated surface (or more
properly a Ge-rich surface). On the contrary, lower thermal budgets would favor the Te termination.

The study of the surface chemical composition versus the annealing temperature was performed
in Polifab and then reproduced at the beamline prior to SARPES.

Samples are obtained in UHV from Te-capped GeTe films grown in Paul-Drude-Institut für
Festkörperelektronik, Germany, Berlin). The surface preparation protocol described in Sec. 2.4.2
requires two steps:

• A mild sputtering with Ar+ removes the oxidized topmost part of the Te capping layer to avoid
the diffusion of oxygen towards the interface with GeTe during a subsequent heating.

• The residual metallic Te capping layer is then desorbed by thermal annealing with T∼ 250◦,
while monitoring the evolution of the surface order by LEED. The stoichiometry of samples
can be checked by XPS (Al-καX-ray source in our lab or high energy synchrotron radiation at
the beam-line). As shown in Ref. [217], the minimum temperature for an ordered surface with
a clear LEED pattern is ∼240◦C. On the other side, temperature larger than ∼260◦C would
induce the evaporation of Te from the sample and lead to strongly off-stoichiometric sample.
Therefore, the temperature range is limited to a narrow window (∼240-260◦C).

In this study, various samples were prepared applying different thermal budgets (i.e. temperature
and duration of the annealing step) and the obtained Ge and Te content at the surface was monitored
by XPS. Fig. 4.2 shows the ratio of the normalized Te4d and Te3d intensities (i.e. the ratio between
Te and Ge concentrations in the probed volume), versus the take-off angle of the photoemitted
electrons and for different values of the annealing temperature (within the available range of∼240-
260◦C, the annealing time was fixed at 1 hour). After an annealing at 240◦C, the ratio increases
with the collection angle (i.e. decreasing the probing depth). In other words, the content of Te
close to the surface increases with respect to its percentage in the "bulk". On the contrary, when a
lower temperature of 260◦C is adopted for the desorption, the Te/Ge intensity ratio decreases with
the take off angle, thus indicating a Ge-rich surface.
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Chapter 4. Ferroelectric control of the spin physics in GeTe

Figure 4.3: GeTe(111) surfaces with opposite spontaneous polarization. a-a’ Sketch of the surface termination and
expected ferroelectric polarization of Ge-rich and Te-rich samples, respectively. b-b’ PFM phase hysteresis loops
representative of Ge and Te rich samples, measured with the pulsed DC technique. The yellow points indicate the
pristine ferroelectric states. c-c’ maps of the spontaneous polarization of Ge and Te rich samples, respectively.
Adapted from Ref. [181].

PFM was performed on the grown samples in order to investigate the correlation between the
surface termination of the samples and their spontaneous ferroelectric state (Fig. 4.3). The pristine
polarization of both both Ge- and Te- rich samples was probed by means of a statistical study of
the pulsed dc spectroscopy, performed over a mesh of points on the surface (Sec. 2.1.2). Panels
b-b’ of Fig. 4.3 display the point hysteresis loops relative to Ge- and Te- rich samples, respectively.
Those loops were chosen as representative of the overall behaviour of the samples. The pristine
polarization on the specific location on the sample can be inferred by comparing the initial value of
the PFM signal (yellow dot) to the two saturation levels reached at tip bias of ±7 V. The two loops
indicate an inward polarization (Pin) for the Ge-rich sample, an outward state (Pout) for the Te-rich
one. The distribution of the pristine state is drawn in Fig. 4.3c-c’. Grey areas indicate indefinite
polarization. Despite few reversed domains, both samples displays a uniform polarization (Pin for
Ge-rich, Pout for Te-rich). The presence of residual domains with opposite polarization is probably
related to some non-uniformity in the desorption of Te during the annealing. The PFM study
demonstrated that the different Ge or Te surface content of the samples are associated to opposite
polarization states.

For the SARPES investigation described in the following, two 20 nm thick samples with by
Ge-rich (SGe) and a Te-rich (STe) surfaces were prepared at APE-Elettra with 1 hour of thermal
annealing at 260◦C and 240◦C, respectively. The stoichiometries checked by in-situ normal emis-
sion XPS with 800 eV photon energy were Ge53Te47 for SGe Ge39Te61 for STe, in good agreement
with the values shown in Fig. 4.2 for large take off angles. Indeed, the escape depth of analysed
electrons at normal incidence with photon energy hν = 800 eV is about ∼ 17 Å, quite similar to
the one obtained with Al-κα at θ ∼ 60◦. The polarization of the two samples, checked by PFM
after the spectroscopic measurements, was Pout for Te-rich and Pin for Ge-rich as expected. Thus,
the spin texture of the Rashba states measured by SARPES can be correlated to the ferroelectric
state.

4.1.2 Surface and bulk Rashba states in GeTe by ARPES

Contrary to the more spread 2D Rashba systems, the special feature of GeTe is the giant Rashba
spin-splitting of the bulk valence bands (Sec. 1.4.2), which was calculated by S. Picozzi and
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4.1. Ferroelectric control of the Rashba spin texture in GeTe

Figure 4.4: Representation of the Brillouin zone of bulk and surface lattices. Adapted from Ref. [181]

coworkers [11, 12, 114] by DFT. Such a giant effect would allow to achieve an electrically tunable
spin-charge interconversion in a bulk system, rather than in a 2D fashion. On one side, interface-
driven SOC at Rashba interfaces leads to much larger values of the conversion efficiency with
respect to bulk systems (usually lower than 10 %) [17,54,218]. On the other hand, the exploitation
of surface states in actual devices is strongly limited by their sensitivity to the detailed structure
an quality of the surface and by the necessity of ad-hoc growth apparatus. In the case of GeTe,
bulk states are instead an intrinsic property, robust against surface treatments, as will be shown for
Ge-rich (SGe) and Te-rich (STe) samples. The presence surface states can partially contribute to the
spin transport in GeTe, for instance determining the efficiency of the spin injection at the interface.
Their effect on spin-charge conversion would become much more relevant only in ultra-thin films
(thickness lower than 5 nm).

Here we investigated the bulk and surface Rashba states of Ge- rich and Te- rich samples, by
combining DFT calculations with ARPES measurements. This was the preliminary step for the
onward SARPES detection of the spin texture of the bulk bands (Sec. 4.1.3).

Density Functional Theory calculations

As introduced in Sec. 1.4.2, the Rashba bands splitting involves electronic states close to the high
symmetry point Z of the reciprocal space. Fig. 4.4 shows the bulk First Brillouin Zone (FBZ)
of GeTe. The splitting is different according to the crystallographic axis. Two non-equivalent
directions ZA and ZU can be identified in the (111) plane, which defines the film plane (we will
refer to it as the ZAU plane). In Fig. 4.4, the bulk ZU and ZA axes correspond to the ΓM and ΓK
surface directions of the projected Brillouin zone. The ferroelectric polarization is along the (111)
direction, parallel to ΓZ in the reciprocal space. In the following, kx (ky) axis refer to ZA (ZU) in
the reciprocal space, corresponding to ΓM (ΓK).

DFT calculated bands dispersion along ΓM (ZU) and ΓK (ZA) are presented in Fig. 4.5, for Te-
and Ge-terminated surfaces with outward and inward polarization, respectively. In the next, they
will be compared to the ARPES measurements of STe and SGe. In panels a-a’ the color indicates the
surface (yellow) or bulk (pink) character of the bands, obtained by projecting the spectral function
on the surface layers and on the bulk of a semi-infinite GeTe crystal. The spin polarization of the
electronic states is reported in panels b-b’. The axis for the projection of the spin polarization is
in the ZAU plane and perpendicular to the wave-vector according to the theory of Rashba effect
(Sec. 1.2). Green and orange colors indicate a negative or positive sign of the spin polarization.
Comparing SGe and STe, the shape of the bulk Rashba sub-bands near the Fermi level (EB= 0 eV) is
not affected by the different termination neither by the different polarization. For those states, the
sign of the spin polarization is inverted depending on the ferroelectric state (as green and orange
bands are swept in panels b-b’ of Fig. 4.5). The inversion of the spin rotation is more evident in the
constant energy maps (CEM) of the bulk bands obtained by cutting the complete bands structure at
a fixed energy. Fig. 4.6a-b reports the CEM at EB= 0.5 eV for SGe and STe. As result of the non-
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Chapter 4. Ferroelectric control of the spin physics in GeTe

Figure 4.5: a Density of states of Te-terminated sample with outward polarization, along the surface directions ΓM
and ΓK (corresponding to the bulk directions ZA and ZU, as shown in panel d). The states are projected on bulk
(pink) and surface (yellow) principal layers calculated by Density Functional Theory (DFT) for a semi-infinite
GeTe(111) surface surface. b k-resolved spin polarization of the states calculated in panel a. For simplicity, only
the in-plane components perpendicular to the wave-vector k is plotted. According to the theory of the Rashba effect
(Sec. 1.2), the in-plane component parallel to k is absent. c Schematic picture of the spin texture of the main bulk
Rashba bands obtained from panels a and b at -0.5 eV binding energy. The in-plane projection of the spin are drawn
with black arrows. a’c’ Similar calculations performed for a Ge-terminated sample, with inward polarization. The
wave-vectors k1 and k2 were selected for spin resolved experiments. Adapted from Ref. [181].

isotropic splitting of the bands, the two Rashba energy contours emerge with a hexagonal shape,
reflecting the symmetry of the six-fold crystal (Sec. 1.4.2). The spin polarization of the states is
drawn on the CEM by black arrows. The chiral spin texture is opposite for inward or outward
polarization (panels a and b). This is the main concept of FERSC. A different picture is predicted
for surface states, which are clearly affected by the termination of the surface. By comparing panels
a and a’ of Fig. 4.5, only STe displays surface branches at at the Fermi level. On the contrary, those
states are suppressed in SGe.
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4.1. Ferroelectric control of the Rashba spin texture in GeTe

Figure 4.6: a Schematic picture of the spin texture of the main bulk Rashba bands of STe with outward polarization,
obtained from Fig. 4.5a-b at -0.5 eV binding energy. The in-plane projection of the spin is represented with black
arrows. b Similar calculation for SGe, with inward polarization. The theoretical CEM predict the inversion of the
bulk spin texture upon polarization reversal. Adapted from Ref. [181].

ARPES measurements

In the following we will compare the experimental bands of STe and SGe with the calculated ones,
identifying bulk and surface structures. In ARPES experiments, electrons with a certain κ⊥ normal
to the sample surface are photo-emitted depending on the photon energy (hν), according to Eq.
2.23. Then, by resolving the electrons by their photo-emission angle along the dispersing direction
of the analyser, the intensity spectrum maps the bands dispersion along the in-plane wave-vector
κ‖ projected on the analyser axis (Sec. 2.2.2).

In order to probe the electronic states near the Z point, the value of hν must be properly selected
according to Eq. 2.23. For convenience, the expression of κ⊥ is reported here:

k⊥ =

√
2m

~2
(hν − Φ− EB + V0) (4.1)

Assuming that we want to collect electrons with kinetic energy in the range 15-25 eV, a k⊥ =

3ΓZ = 2.73Å
−1

would correspond to hν= 18 eV (considering V0= 15 V, φ= 4.3 eV and EB= 0
from previous measurements and calculations). This is also supported by ARPES dispersion along
ZA acquired with different hν (i.e. kz), shown in Fig. 4.7.

Figure 4.7: Bands dispersion of STe along ZA at different photon energies (hν). The black box embraces the mea-
surement at hν= 18 eV, which corresponds to a normal emission from Z (the valence band is located at the lowest
position in binding energy in agreement with theoretical calculations). The red box highlights the bands at the
photon energy chosen for the ARPES and SARPES investigation of STe and SGe.
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Chapter 4. Ferroelectric control of the spin physics in GeTe

Figure 4.8: ARPES measurements of Te-rich (STe) and Ge-rich (SGe) samples. Panels ah are referred to STe display-
ing outward polarization, a’-h’ to SGe polarized inwards. a-a’, b-b’, Bands dispersion measured along the high
symmetry directions of the first Brillouin zone, ZA (kx) and ZU (kx). (c-e) Constant energy maps of STe at 0, 0.25,
and 0.5 eV binding energy, compared with the Corresponding calculated maps (f-h), where yellow and pink states
indicate surface and bulk states, respectively. Panels c’-h’ are the equivalent of c-h but referred to SGe. Adapted
from Ref. [181]

The Fermi level cuts the bands outlining that GeTe is a p-doped degenerate semiconductor (Sec.
1.5). The yellow dotted line indicates the evolution of some bulk features from hν= 16 eV to hν=
22 eV. The crossing of the bulk bands is higher in binding energy at hν= 18 eV, while it drops
below the Fermi level for higher or lower values of hν. It follows that 18 eV is the energy which
excites electrons from Z. In agreement with previous studies on GeTe [60], we used hν= 20 eV (red
rectangle) for our investigation, as it allows to better appreciate the Rashba features which instead
are cut by the Fermi level at 18 eV. The shift of∼0.07 Å

−1
from Z is small enough for a comparison

of the data with the calculated bands.
The result of ARPES measurements at hν= 20 eV along ZA (kx) and ZU (ky) on both STe and

SGe are shown in Fig. 4.8. Panels a-h and a’-h’ refer to STe and SGe, respectively.
In the dispersion along ZA of STe (panel a), intense surface Rashba bands can be distinguished

near the Fermi level (S1 and S2). This this is also clear from the theoretical calculations of Fig.
4.5a, where similar bands of surface character can be identified. Besides, this type of bands were
already measured by ARPES in Ref. [60] and superimposed to the calculated ones. Along ZU
instead (panel b), those bands are not visible for kx< 0.5 Å

−1
and only the bulk structures B1 and

B2 are present. The symmetry of surface states can be better appreciated from the CEM in panels
c-e. In the cuts at 0 eV an 0.25 eV (panels c-d), a pair of outer Rashba split bands with sixfold
symmetry is oriented with “arms” along the ZU directions (green lines), where S1 and S2 cross the
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4.1. Ferroelectric control of the Rashba spin texture in GeTe

Fermi level at large momenta. These features are also present in the calculated maps (panels f-h),
where the yellow states are related to surface (pink states to bulk ones). At 0.25 eV (panels d-e),
a couple of bulk Rashba split bands appears at smaller momenta corresponding to B1 and B2. The
bulk states have the same hexagonal symmetry, which is rotated by 30 ◦ with respect to the surface
states (i.e. with arms along ZA, indicated by orange ticks in panel d). This picture is confirmed
by theoretical CEM, where the outer ”star” is of surface nature, the inner features are ascribed
to bulk states (panels g-h). A completely different scenario is found for SGe (Fig. 4.8a’-h’). In
agreement with theory in Fig. 4.5, the surface bands S1-S2 are not visible at the Fermi level, neither
in the bands dispersion of panels a’ and b’ nor in the constant energy maps (panels c’-h’). On
the contrary, only the bulk bands B1 and B2 are observed in the carpets and they quite similar to
those of STe (along ZU where they are more visible). This is confirmed by the absence of the outer
star in the constant energy maps. Besides, the features measured at 0.25 eV (panel d’) reflect the
symmetry of bulk Rashba states, showing a similar star as the inner one of STe (panels d-e).

The ARPES investigation thus allowed to verify that Te- and Ge- rich samples have a bands
structures reproducing those calculated by DFT for Te- and Ge- terminated surfaces with outward
and inward polarization. Moreover, the identification of the bulk Rashba states in STe and SGe is the
fundamental ingredient for the mapping of the spin texture in the two cases.

4.1.3 Spin-resolved ARPES of bulk Rashba bands

This work goes beyond the work done by M. Liebmann, C. Rinaldi et al. [60], in which the the
spin texture was mapped only for surface states. We mapped the bulk states depending on their
wave-vector and spin orientation by SARPES. The 3D reconstruction of the spatial orientation
of the photo-emitted electron’s spin is performed through the combined use of two orthogonal
VLEED detectors (see Sec. 2.2.3 for more details). The magnetization of the polarimeter sets
the quantization axis for the spin, and it can be fixed either in-plane (x, y) or out-of-plane (z).
Hence, one of the two detectors is sensitive to Px and Pz, the other one to Py and Pz. The value
of the polarization along one defined direction can be obtained by subtracting the intensities at

Figure 4.9: SARPES of Te-rich surface. a Bands dispersion along ZU obtained by second derivative of ARPES carpet.
b SARPES measurement of spin current at wave-vector k1 indicated by dashed lines in panel a. c corresponding
calculated spin polarization. The magnetization axis of the polarimeter is set along x to filter electrons’ spin
projection along ZA. Red and blue arrow highlight the peaks of Px which correspond to the intersections of k1 with
B1 and B2, respectively. d-e SARPES measurement of Px performed at -k1. Adapted from Ref. [181].
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Chapter 4. Ferroelectric control of the spin physics in GeTe

Figure 4.10: SARPES of Ge-rich surface. a Bands dispersion along ZU obtained by second derivative of ARPES car-
pet. b SARPES measurement of spin current at wave-vector k2 indicated by dashed lines in panel a. c corresponding
calculated spin polarization. The magnetization axis of the polarimeter is set along x axis to filter electrons’ spin
projection along ZA. Red and blue arrow highlight the peaks of Px which correspond to the intersections of k2 with
B1 and B2, respectively. d-e SARPES measurement of Px performed at -k1. Adapted from Ref. [181].

a given wave-vector and energy (I+ and I-), for two opposite orientations of the magnetization.
This method allows to eliminate experimental asymmetries. The calculation of the polarization is
discussed more in details in Sec. 2.2.3.

The spin filtered spectra (I+ and I-) of both STe and SGe, are shown in Fig. 4.9 and Fig. 4.10,
respectively. The wave-vector is fixed along the direction ZU (i.e. along ky), along which bulk
bands can be better distinguished from surface states. Indeed we have previously discovered that,
while SGe shows only bulk states around the Fermi level, in STe surface states are present and
along ZU they are pushed to wave-vectors larger than the probed window. The bands dispersion
along ZU of STe and SGe are superimposed to the main calculated bulk bands B1 and B2 (panel
a of Fig. 4.9 and Fig. 4.10). This process is helped by computing the second derivative of the
spectrum, as typically done in ARPES in order to enhance the contrast of the bands with respect
to the noisy background. The superposition of the bands permits to assign the measured spin
polarization signals to specific positions of the wave-vector along ZU. Spin polarized intensities
of STe and SGe were measured at ±k1 and ±k2, respectively. These values are also reported in
Fig. 4.5, for a direct comparison with the DFT calculated bands. Due to the orthogonality between
the spin and the wave-vector in Rashba systems (Sec. 1.2), only the in-plane polarization Px was
expected to be different from zero. Hence, the spin resolved photoemitted current was measured
versus the electrons binding energy, by setting the magnetization of the VLEED polarimeter along
ZA (x axis).

In STe (Fig. 4.9), spin polarized intensities and spin polarization for k1 (-k1) are shown in panels
b and c (d and e). Two distinguishable peaks at about 0.1 eV and 0.5 eV binding energy are visible
in the spin-resolved intensity spectra in panels b and d and in the corresponding polarization Px in
panels c and e. The peaks are associated to B1 and B2, as clear from the intersections of dashed
lines in panel a with the theoretical bands. According to the spin texture of Rashba bands, spin
polarization of B1 and B2 is opposite and each band inverts its polarization at opposite wave-vectors
(±k1). By assigning an arrow (red for B1 and blue for B2), the results of Fig. 4.9 are summarized
in a schematic spin texture on the CEM shown in Fig. 4.11a: for a Te-terminated sample (Pout) the
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4.1. Ferroelectric control of the Rashba spin texture in GeTe

Figure 4.11: a and a’ Constant energy maps with spin texture of B1 and B2 of Te- and Ge-rich surfaces. Arrows are
oriented along ZA and the orientation is obtained from the sign of the calculated spin polarization (Px) of Fig. 4.9
and Fig. 4.10. Adapted from Ref. [181].

sense of circulation of spins is clockwise for the outer band and counterclockwise for the inner one,
in agreement with theory (Fig. 4.6a).

The experiment was repeated on SGe (Fig. 4.10), for which electrons’ spin was probed at the
wave-vectors±k2. The peaks of the spin polarization Px of B1 and B2 have opposite sign compared
to those of STe (panels c’,e’). Therefore, the circulation of the Rashba contours of SGe shown in
Fig. 4.11a’ is inverted with respect to STe. This is the crucial result of this investigation, which
established experimentally a connection between the chirality of spin texture of the bulk Rashba
states of GeTe and its ferroelectric state.

For the sake of completeness, the spin components Py and Pz were also measured by SARPES
to perform the full vectorial reconstruction of the spin and confirm that the spin information is fully
contained in the Px signal. The case of SGe is presented in Fig. 4.12. According to what expected,
the spin is mainly oriented in the ZAU plane (Pz= 0) and it is orthogonal to the wave-vector (Py=
0). Finally, the absence of surface states in SGe allows to estimate the Rashba splitting (ER) as
the energy separation between the two peaks of Px. We obtained a value of ER∼ 200 meV, in
nice agreement with the giant Rashba spin splitting predicted by S. Picozzi (ER= 250 meV [12]).
The Rashba splitting is giant compared to 2DEG or other bulk polar materials as summarized in
Table 4.1. Such large value emerges from the strong SOC experienced by the free charges in the
crystal combined with the ferroelectric polarization. Hence, the related spin-charge interconversion
mechanisms (SHE and REE) are expected to be also giant.

Material ER (meV)
GeTe (bulk) 200
BiTeI (bulk) 100

Bi(111) (surface) 14
Au(111) (surface) 2.1

Table 4.1: Rashba energy splitting (ER) for different systems.

To sum up, we developed a surface preparation method as a tool to control the spontaneous
polarization (outward or inward) at the surface of GeTe in a UHV environment depending on the
termination of the sample. The SARPES investigation on two samples with different termination
demonstrate the ferroelectric switching of the spin texture in GeTe, in agreement with DFT calcu-
lations. Based on the demonstration that the ferroelectric state can be controlled by electric fields
either applied with a tip or by a macroscopic gating (Ch. 3), the remanent switching of the spin
texture can be now achieved in devices with electric fields. For instance, a biased AFM tip can be
used to write nanometric regions with opposite spin textures. The domains pattern shown in Fig.
3.2 is an example of a spatially periodic SOC system, in which the transmission of a charge current
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Chapter 4. Ferroelectric control of the spin physics in GeTe

Figure 4.12: 3D reconstruction of the spin in SGe by SARPES. a’ Constant energy map for EB= 0.26 eV. k2 is the
wave-vector chosen for the measurement of the spin polarization. b’ Reference frame for the spin polarization
that is formed via the combined operation of the two VLEED. The spin filtered intensities and the computed spin
polarization are shown in panels c’-d’ for quantization axis along x, e’-f’ along y and g’-h’ along z.

flowing perpendicularly to the ferroelectric stripes would depend on its spin polarization (parallel
or perpendicular to the stripes) [219, 220]. This is just an example of how ferroelectricity can be
exploited as a buffer for designing SOC patterns and manipulate the carrier transport in the material
within a reconfigurable nano-device.

However, the relevance of the concept of FERSC goes much further. Rashba SOC triggers spin-
charge conversion mechanisms, including Intrinsic Spin Hall Effect [77] and Rashba Edelstein
Effect [100] (Sec. 1.3.2 and Sec. 1.3.3, respectively). Spin charge conversion can be tuned through
the Rashba parameter, hence via the external electric field. The main advantage of the bulk Rashba
effect of GeTe with respect to a 2DEG is clearly related to the remanence and of the Rashba spin
texture and its inversion upon ferroelectric switching, properties that would be reflected in the
spin-charge interconversion. From the device perspective, GeTe could be used used for low-power
generation, manipulation or detection of spin currents controlled by ferroelectricity.

The experimental investigation of spin-to-charge conversion in GeTe as well as its modulation
upon ferroelectric switching is the subject of the next two sections.
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4.2 Investigation of spin-to-charge conversion

In this work we employed spin pumping by ferromagnetic resonance for the investigation of spin-
to-charge conversion, such as Inverse Spin Hall Effect (ISHE) and Inverse Rashba Edelstein Effect
(IREE). The technique is based on the injection of a spin current from a ferromagnetic layer excited
at its resonance frequency into the material under investigation, and a simple electrical detection of
the charge current produced (the details of the technique can be found in Sec. 2.3.2).

For this kind of measurements we employed a Fe/GeTe/Si heterostructures, in which the Fe
layer was used as a spin injector. At the same time, Fe served as a metallic top contact for the
electrical gating. The following section deals with the fundamental aspects regarding the growth
and the quality of epitaxial Fe/GeTe bilayers, in view of spin pumping measurements. The growth
of the samples was carried out by Alessandro Novati in Polifab, and we performed spin pumping
experiments in Spintec (CEA, Grenoble), with Paul Noël, Laurent Vila and Jean-Philippe Attane.

4.2.1 Growth of Fe/GeTe heterostructures

Iron was selected as a ferromagnetic spin injector because of the relatively good lattice matching
between bcc Fe(111) and GeTe (aFe, bcc= 2.8665 Åand aGeTe= 4.174 Å, with a strain ε= 2.9 %),
the fundamental ingredient for epitaxy. The deposition was performed by in UHV by Molecular
Beam Epitaxy (MBE, Sec. 2.4.1) on clean GeTe samples obtained with well-established procedure
presented in Sec. 2.4. As demonstrated in our work in Ref. [221], the deposition of Fe tends to
suppress Rashba surface states of GeTe [221]. This would allow to study the polarization dependent
bulk Rashba spin-charge conversion effect, the ultimate goal of this work.

The growth direction and the crystalline quality of the Fe layer are checked by comparing the
LEED patterns of the Te-terminated GeTe surface (panel a of Fig. 4.13) and the one after the
deposition of 5 nm of Fe (panel b of Fig. 4.13). The diffraction pattern of Fe reflects the hexagonal
symmetry of the GeTe surface, thus indicating an epitaxial Fe layer exposing the (111) surface. The
samples are protected against oxidation by a 3 nm-thick Au layer.

Figure 4.13: LEED patterns of a GeTe(111) surface and b Fe(111)/GeTe(111). The thickness of Fe layer is 5 nm, the
thickness of GeTe is 75 nm. Adapted from Ref. [217].

The spin current pumped from Fe at FMR into GeTe is strongly dependent on the magnetic
properties of Fe, including the effective saturation magnetization (Meff) and the Gilbert damping
(α) that can be measured by broadband FMR (Sec. 2.3.1).

Due to the in-plane anisotropy of the hexagonal (111) surface of Fe on GeTe, one might expect a
different FMR response if the magnetization is along ZA or ZU. Therefore, the measurements were
performed on a Fe(15 nm)/GeTe(20 nm) sample, cut in elongated stripes with longitudinal axis
along ZA (ZU) and static magnetic field along ZU (ZA). The result is summarized in Fig. 4.14.

Panel a shows the FMR curves measured with different rf frequencies (f ), referred to the sample
axis along ZU (the same experiment was carried out for a sample along ZA). The resonance field
(Hres) and the peak-to-peak line-width (∆Hpp) of each spectrum were extracted by fitting the data
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Chapter 4. Ferroelectric control of the spin physics in GeTe

Figure 4.14: a FMR spectra at different rf frequencies measured on Si/GeTe(15 nm)/Fe(20 nm)/Au(3 nm) along ZU
with the broadband FMR setup described in Sec. 2.3.1. b Excitation frequency (f) versus resonance field (Hres)
for both ZA and ZU directions. Data are fitted by the Kittel formula (Eq. 2.40) giving similar result for the two
directions. The average value of effective saturation magnetization (Meff ) and effective g factor are reported in the
graph. c Peak-to-peak line-width of the FMR spectra (∆Hpp) versus rd frequency for both ZA and ZU directions.

with an anti-Lorentzian line-shape, as explained in Sec. 2.3.1. Hres and ∆Hpp versus f are reported
in panels b-c. Hres is well fit by the Kittel formula (Eq. 2.40), which gives Meff= 1308 kA/m and
g factor geff= 2.13, in quite good agreement with Ref. [222] and VSM data (not shown). The FMR
line-width (panel c) cannot be fit with Eq. 2.43, as it clearly increases non-linearly with f. This
is often related to two-magnons scattering. Nonetheless, the expression of ∆Hpp for two-magnons
scattering derived in Ref. [223, 224] is not suitable to fit our experimental data.

A nonlinear line-width can be also caused by the magneto-crystalline anisotropy [225], which is
indeed detected by VSM measurements. Our data quite well reproduce the frequency dependence
reported in Ref. [225], suggesting anisotropic damping as the leading mechanism.

The main outcome is that the estimation of the spin current injected into GeTe from Fe is not
straightforward, because of the complex dynamics of the magnetization. The damping parameter
of Fe/GeTe could be extracted with the model developed by L. Chen et al. [225], provided that
anisotropy, demagnetization and surface anisotropy fields are known. For such a purpose, the
full in-plane and out-of-plane angular dependence of the FMR will be carried out in the future.
Moreover, as discussed in Sec. 2.3.2, the extra-damping related to the spin injection is obtained
by subtracting the damping to the one of a Fe/Si reference system. Anyhow, epitaxial Fe(111)
on Si(111)-(

√
3
√

3)R30◦-Sb substrates requires the engineering of the growth conditions (e.g. to
avoid the formation of silicates at the interface) and at the moment they cannot be prepared in our
UHV systems. Finally, the expression of the charge current by ISHE is proportional to the product
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4.2. Investigation of spin-to-charge conversion

between the spin Hall angle and the spin diffusion length by Eq. 2.55. Hence, the estimation
of the spin Hall angle would be based on the study of the spin pumping measurement versus the
thickness of GeTe, which could be reduced by the annealing. The growth of a reference sample and
the accurate calibration of the thickness of GeTe needed for such study will be subjects of further
investigations beyond the present work.

For these reasons, it is not possible at this stage to quantitatively estimate the spin Hall angle of
GeTe. Nevertheless, the efficiency of spin-charge conversion can be inferred at a first order approx-
imation from the intensity of the produced charge current to be compared with that of reference
systems, such as CoFeB/Pt. In the following, we consider the charge current produced during a
spin pumping FMR experiment as the efficiency of spin-to-charge conversion in GeTe.

4.2.2 Spin pumping in Fe/GeTe bilayers

Based on the k-anisotropy and the ferroelectric dependence of the Rashba spin texture, we can
expect that the spin-to-charge conversion efficiency in GeTe is a function of both the polarization
state (Pout or Pin) and the crystallographic direction (ZA or ZU).

Figure 4.15: a Sketch of spin pumping experiment performed on Au(3 nm)/Fe(5 nm)/GeTe(75 nm)/Si. The dc magnetic
field is applied in plane and transverse to the sample, while the rf filed is aligned with the axis of the slab. b FMR
(top) and spin pumping open loop voltage (bottom) acquired on the same sample as in panel a. The experiment
is performed with positive (black and red curves) and negative (blue and purple curves) saturating magnetic field
with fixed power of the rf source of about 200 mW.

A first study of spin pumping was carried out in 2016 by C. Rinaldi et al. [217] on a Fe/GeTe
bilayer at its pristine polarization state. The sketch in Fig. 4.15a reminds the geometry of the
experiment. The ferromagnetic resonance of Fe is excited by a magnetic field perturbation hrf. In
general, hrf is orthogonal to a static saturating magnetic field (Hdc). A spin current is generated
by Fe when the ferromagnetic resonance condition is met. The FMR frequency is tuned to the
excitation frequency by setting the dc field at the value Hres, provided by the Kittel formula (Eq.
2.40). The generated spin current is injected through the interface (js), with spin polarization along
the dc field (y). Eventually, a charge current produced by ISHE or IREE jc flows in GeTe along the
longitudinal axis x. In a open-loop configuration, the current leads to a voltage between the two
opposite edges of the slab, detected by a voltmeter (Sec. 2.3.2). The role of the crystallographic
direction was investigated on slabs with longitudinal axis either along ZA or along ZU. In such a
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Chapter 4. Ferroelectric control of the spin physics in GeTe

Figure 4.16: Sketch of the setup needed for the experiment on Au(3 nm)/Fe(15 nm)/GeTe(20 nm)/Si, combining ferro-
electric switching of GeTe and detection of ISHE at remanence by spin pumping. a the electrical circuit employed
for macroscopic gating of GeTe. The back-electrode is made by Ag-paste below the Si substrate, while the Fe/Au
bilayer serves as top-electrode. A positive (negative) voltage applied to the back-contact stabilizes an outward
(inward) polarization. b Spin pumping from Fe into GeTe and detection of lateral open loop voltage.

way, the direction of the produced charge current was set along the two non-equivalent directions
(while the spin current was fixed by the geometry of the experiment). Fig. 4.15b reports the result
of the room temperature experiment on a slab oriented along ZA [217]. The plot reports the FMR
spectra in the top panel, and the open loop voltage (recorded simultaneously) in the bottom panel,
for two opposite directions of the saturating field (i.e. of the polarization of the spin current).
The shape of the peak voltage is mostly symmetric, as expected from ISHE and IREE signals. The
negligible asymmetric component of the recorded peaks indicate that spin-charge conversion signal
could play a dominant role over spurious spin-rectification effects. The sign of the peak depends
on the direction of the dc field, being negative for H> 0 and positive for H< 0. The peak inversion
is in line with the symmetry of spin-charge conversion (the charge current is proportional to the
vector product between the spin current and the spin polarization vector as stated by Eq. 2.54). On
the other hand, similar experiments performed on a slab oriented along ZU revealed a negligible
current production, which could be interpreted as a preliminary indication of a some anisotropy in
the system.

This was the first evidence that spin-to-charge conversion in GeTe is feasible. Nonetheless this
experiment was not conclusive, since spin-charge conversion was performed without controlling
the ferroelectric state of GeTe with a gate. The objective of this thesis is to study spin-to-charge
conversion as function of the polarization state.

4.2.3 Gating Inverse Spin-Hall Effect

The control of the ferroelectric state of GeTe opens the way to the investigation of the tunability
of the spin-charge interconversion. In this work, spin pumping was performed as function of the
ferroelectric state controlled by means of a electric gating. According to the concepts developed
in Ch. 3, the polarization can be monitored by the resistive modulation of the heterostructure
(ferroresistive switching).

Combined resistive switching and spin pumping experiment

The experiment was conceived in two sequential steps, represented in Fig. 4.16.
The first one is the setting of a certain polarization state (panel a), that is performed by a short

writing voltage pulse (tpulse∼ 5 ms) between the top Au/Fe electrode and the bottom Ag contact. The
ferroelectric state is monitored through the resistance between these two electrodes, as in Ch. 3. In
this geometry of the electrodes, the resistive switching (RS) of the heterostructure is controlled by
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4.2. Investigation of spin-to-charge conversion

Figure 4.17: a Current-voltage curves of the heterostructure Au(3 nm)/Fe(15 nm)/GeTe(20 nm)/Si measured at rema-
nence after the application of two saturating voltage pulses (Vsat

+= 30 V, Vsat
-= -80 V). b Top-bottom resistive loop

of Si/GeTe/Fe/Au heterostructure. The maximum forward bias is plotted versus the writing voltage.

the interfacial resistances of Si/GeTe and the GeTe/Fe. Between those interfaces, Si/GeTe junction
is expected to give the major contribution. Indeed, the marked difference of doping of the two
materials (p= 3 · 1020 cm-3 for GeTe while p= 2 · 1015 cm-3 for Si) and the larger difference
between their work functions/electron affinities (χGeTe= 4.8 eV, χSi111 ∼ 4 eV, φFe111 ∼ 4.81 eV)
lead to a Shottky barrier and a rectifying I-V curve, as observed for these samples (inset of Fig.
4.17).

The RS loop of Au/Fe/GeTe/Si heterostructure is shown in Fig. 4.17b, where the maximum
forward current is plotted versus the writing voltage level. In this structure, the bias needed for the
ferroelectric switching is of the order of tens of volts and it is asymmetric with respect to the writing
voltage, since Vc

+ = -20 V and Vc
- = 50 V. Such asymmetry reflects the one of the current-voltage

characteristic of the diode, thus confirming that ferroelectric switching requires a minimum amount
of energy that depends on the power (i.e. on the product V · I , as calculated in Eq. 3.14). Therefore,
we can ascribe the resistive switching to the foerroelectric one, without further PFM investigations.

The possibility of controlling the polarization of GeTe by means of bipolar RS through the Si
substrate allows not only to apply a perfectly vertical electric field that is needed for proper FE
switching but most importantly it allows for the measurement of the spin-to-charge conversion by
means of spin pumping technique (Fig. 4.16b).

Initially, the experiments were run at T= 100 K in He-saturated cavity, in order to avoid oxi-
dation of the Fe layer with poling. Then, the temperature behaviour is measured to see whether
the effect is workable at room temperature. Note that the spin-to-charge conversion measured by
spin pumping at 100 K is expected to be of the same order of magnitude as at room temperature,
because ferroelectricity is stable up to 700 K.

Polarization dependence of the ISHE

Combining resistive switching and spin pumping experiments on GeTe/Fe epitaxial bilayers, we
investigated the ferroelectric control of spin-to-charge conversion and the influence of the crystal
direction.

Fig. 4.18 reports the investigation of FMR (panels a and c) and charge current production
(panels b and d) versus FE polarization, for slabs oriented along ZA and ZU. As evident in panel
b, the current peak is higher in the two saturated states Pout and Pin compared to the the signal
obtained from the unpoled sample (green line). The sign of the charge current changes according
to the FE polarization, while the signal from the pristine sample indicates a coexistence of outward
and inward domains to be associated with a low spin pumping signal. For the low conductivity state
corresponding to Pout (see Fig. 4.17), the spin pumping peak is negative when the charge current is
produced along ZA (panel b), with a normalized current production of -0.011 A ·mT2 ·m-1. When
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Chapter 4. Ferroelectric control of the spin physics in GeTe

Figure 4.18: a FMR spectra and b spin pumping spectra for a GeTe/Fe sample after the application of different
poling pulses. The green curve is referred to the pristine state, blue to inward (negative writing voltage) and red
to outward (positive writing voltage). The spin current injected is polarized along ZU while the charge current Jc

is along ZA. The spin pumping peak is positive for the inward, negative in the outward polarization. The small
amplitude measured in the initial state is associated to a multi-domain ferroelectric state. c-d Reports a similar
experiment as in a-b, but in this case Jc is generated along ZU from a spin current polarized along ZA. The spin
pumping peaks are inverted with respect to panel b, thus indicating the influence of the current direction on the
measured signal.

the ferroelectric polarization is switched to the inward state (high conductivity), the charge current
along ZA is positive and equal to 0.019 A ·mT2 ·m-1. Upon several poling pulses, the current
production can be eventually increased up to a maximum value 0.059 A ·mT2 ·m-1, comparable to
the one observed in Pt(15 nm)/CoFeB(15 nm)/Al(3 nm) as shown in Fig. 4.19a. This suggests a
more uniform polarization state of the GeTe channel with respect to the case presented in Fig. 4.18.
Indeed, the electric gating over millimetric areas likely leads to non-uniform polarization states.

To improve the results shown in Fig. 4.18 and obtain larger values of produced current with fully
polarized samples, similar measurements can be performed in nanopatterned structures. Alterna-
tively, in Ch. 5 we investigate the possibility of reducing the strong p-doping character of GeTe,
which would yield to a reduction of the switching currents and favor the FE switching.

Hence, since the current production can reach the same order of magnitude as reference mate-
rials in spin orbitronics like Pt, GeTe can be used for its high spin-charge conversion efficiency,
but with the precious advantage offered by its reconfigurability by means of the FE polarization.
In addition, the result suggests that the current production previously measured on a pristine sam-
ple [217] and discussed in Sec. 4.2.2 was low because associated to a non-uniformly polarized
sample. For instance, the value of Ic= -0.07 A ·mT2 ·m-1 for H> 0 s along ZA suggests a multiple
domains state, with a slight predominance of outward polarization (negative sign).

We probed the temperature dependence of the produced charge current. Fig. 4.19b shows that
the amplitude of the produced charge current keeps almost constant from 100 K up to about 300
K. Therefore, spin-charge conversion in GeTe can be exploited in actual architectures operating at
room temperature.
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4.2. Investigation of spin-to-charge conversion

Figure 4.19: a Comparison of spin pumping of Pt and polarized GeTe. FMR (top panel) and current production (bot-
tom panel) for CoFeB(15 nm)/Pt(15 nm) and Fe(20 nm)/GeTe(15 nm). The charge current production upon poling
reached up to 66 mA ·mT2 ·m-1, a value comparable with that obtained for Pt (77 mA ·mT2 ·m-1). b Temperature
dependence of the amplitude of the current production from 100 K up to 270 K.

The inversion of the spin pumping peak with the FE polarization is the first experimental demon-
stration that ferroelectricity governs the spin-to-charge conversion via the Rashba bands structure,
thus suggesting an intrinsic origin of the effect. Indeed, any other spurious contributions to the spin
signal originated from spin-dependent thermoelectric effects in GeTe (e.g. spin Seebeck effect) or
AMR phenomena are not expected to reverse neither with voltage pulses nor with FE polarization.
The dependence on the crystallographic direction is gained by comparing the measurements with
slabs along ZA (Fig. 4.18a) and ZU (Fig. 4.18b). In the second case the positive (negative) peak is
associated to Pout (Pin). This result is exactly the opposite to what measured along ZA.
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Chapter 4. Ferroelectric control of the spin physics in GeTe

4.2.4 Ferroelectric dependent spin Hall conductivity

In order to understand the physical origin of the spin-to-charge conversion in GeTe observed in our
measurements, ab initio calculations of the spin Hall effect were carried out by our coworkers J.
Sławińska, S. Picozzi et al. (Sec. 4.2.4).

They investigated the dependence of the spin Hall conductivity (defined in Sec. 1.3.2) of GeTe
on the ferroelectric state and on the crystallographic directions.

In a solid, the spin Hall conductivity takes a tensorial expression. σkij , where i is the direction
of the charge current, j the propagation direction of the spin current and z the spin polarization
axis. The intrinsic spin Hall conductivity is computed with the Kubo formula involving the spin
Berry curvature (Eq. 1.23), which in turn depends on the Hamiltonian of the system. Therefore,
the construction of a proper Hamiltonian is fundamental.

In two recent works [226, 227], the spin Hall conductivity has been computed from the Hamil-
tonian of a bulk infinite GeTe. Due to the symmetry of the crystal, σkij is function of only four
independent components:

σxij =

σ
x
xx 0 0

0 −σxxx σxyz
0 −σyzx 0

σyij =

 0 −σxxx σxyz
−σxxx 0 0

σyzx 0 0


σyij =

 0 σzxy 0

−σzxy 0 0

0 0 0


(4.2)

Starting from this expression and considering the case a charge current x axis along ZA and y
along ZU and a spin current polarized along z in both cases, the retrieved spin Hall components are
opposite: σxzy = −σyzx. This is a signature of the asymmetry of the crystal, the same asymmetry
found in the bands structure.

Moreover, the components emerging from the Berry phase calculation are unaffected by the
ferroelectric state of GeTe. However, the role of the surface can be crucial, because it incorporates
the polarization charges which create an internal electric field (Sec. 1.1). To observe the effect of
the polarization-driven electric field, σkij was computed modelling GeTe as a truncated system with
a well defined polarization, as shown in Fig. 4.20a. A suitable real space Hamiltonian was built
for an equivalent solid (panel b) in which both the electronic properties of the bulk and the matrix
elements of the surface slab are retained. In such a way, the macroscopic electric field inside the
film could be included in the calculation. The spin polarized bands structure born of such built
Hamiltonian show similar Rashba behaviour as for the infinite solid, with opposite spin polarized
bands for Pout (Fig. 4.20d) and Pin (Fig. 4.20e). For this system, the four independent elements
of the tensor were calculated for both polarizations, as function of the binding energy (Fig. 4.20f).
It is evident that the spin Hall conductivity components in this case strongly depends on the FE
polarization, both in magnitude and sign. In our experiments, the conduction occurs near the Fermi
level, approximately in the middle of the grey panel. In this relatively wide energy region, the
component σyzx takes two opposite values for Pin and Pout. Opposite values are therefore expected
for the other component, σxzy.

4.2.5 Comparison with calculated spin Hall conductivity

The aim of this section is to provide an interpretation for the dependencies of the measured charge
current production on both k and P (Fig. 4.18). As a first step, we should consider that both intrinsic
ISHE and IREE could be responsible mechanisms for an intrinsic-type spin-to-charge conversion
in GeTe.
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4.2. Investigation of spin-to-charge conversion

Figure 4.20: a Ferroelectric GeTe surface modelled as a slab consisting of three hexagonal bulk unit cells and a large
vacuum region. Two opposite signs of polar displacement were included (Pout and Pin). b Bulk GeTe constructed by
applying periodic boundary conditions to the central part of the surface slab defined as the shaded area in panel
a. d(e) Spin polarized bands structure calculated for Pout (Pin). f Intrinsic spin Hall conductivity components.
The component σy

zx is the one probed experimentally by spin pumping. Spin Hall conductivity components are
modulated by the FE state, eventually with sign changes depending on the crystallographic direction and the energy
of the system

A sketch of IREE is presented in Fig. 4.21. When a spin accumulation is produced by spin
pumping in a Rashba system, the two Fermi surfaces are displaced coherently. This results in a
net charge current perpendicular to both spin current and spin polarization. Of course, a change
of Rashba bands chirality upon FE switching is expected to invert the sign of the charge current
accordingly. However in IREE, the sign of jc does not depend on the crystallographic orientation of
the slab. Two slabs elongated either along the ZA or along ZU would lead to charge currents with
the same sign, as shown pictorially in Fig. 4.21. This scenario does not reproduce the inversion
between ZA and ZU of our experimental data (Fig. 4.18).

This means that IREE is not the only mechanism responsible for spin-to-charge conversion in
GeTe.

Concerning intrinsic spin Hall effect, the calculated spin Hall conductivity tensor for the bulk in
Ref. [226, 227] and for the thin film system discussed in Sec. 4.2.4 envisage specific asymmetries
of the different components with respect to the crystallographic direction. With a spin pumping
experiment it is possible to measure one component of the tensor. For charge current along ZA
(ZU) the component is σyzx (σxzy), where z is the direction of propagation of the spin current, x (y)
the polarization of the spin current and y (x) the charge current direction. To be comparable with the
theoretical calculations, x is ZA and y is ZU. Both methods (i.e. purely bulk and truncated system
calculations) predict the sign inversion between ZA and ZU (σyzx = −σxzy), in agreement with the
measurements. Concerning the dependence on the polarization state, the purely bulk calculations
fails to predict the sign change with P. This model indeed is not suitable to reproduce the experi-
ments, since it treats an infinite bulk system. Indeed, not accounting for the symmetry breaking by
the interfaces leaves behind the presence of the polarization surface charges. As discussed in Sec.
4.2.4, the electric field produced by the surface charges is the element carrying the role of ferro-
electricity, which is retained in the truncated system. In this framework, the component σyzx shown
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Figure 4.21: a Sketch of the inverse Rashba Edelsteing effect (IREE) applied to the six-fold Rashba Fermi contours
of GeTe. In agreement with the notation employed for ARPES, kx (ky) indicates the bulk direction ZA (ZU). Due
to spin pumping, a spin accumulation is formed in GeTe which induces the displacement of the Fermi surfaces by
∆k and the formation of a charge current the spin current and its polarization. Panel a (b) corresponds to the
production of charge current along ZA (ZU). b Spin Hall conductivity component σy

zx, corresponding to a spin
pumping experiment with charge current produced along ZA. The ferroelectric polarization modifies the spin Hall
conductivity and eventually inverts its sign, depending on the energy of the free carriers. The grey area highlights
the region probed by spin pumping. At this energy, the doping corresponds to that of the p-degenerate GeTe.

in Fig. 4.21b is modulated by the FE state. In the energy range marked with the grey panel (which
corresponds to the experimental doping of GeTe), σyzx (i.e. current along ZA) has an opposite sign
for Pout and Pin. The sign is also compatible with the measured spin pumping peaks, being positive
for Pin and negative for Pout (with this experimental geometry, the sign of the spin pumping peak
is the same as the conversion efficiency). The calculations also suggest a possible asymmetry of
spin-to-charge signals, as found in the experiments.

The excellent matching between the experimental curves and the theoretical calculations of the
spin Hall conductivity is a strong indication that spin-charge conversion is dominated by intrinsic
spin Hall effect, remanent and switchable with ferroelectricity. The truncated model also suggests
that the sign of SHE is controlled by the electric field generated by the polarization charges at the
surface.

4.3 Conclusions

By way of conclusion, we demonstrated the fundamental concept of FERSC, the ferroelectric con-
trol of Rashba effect and spin-to-charge conversion. In particular, we calibrated a suitable sample
preparation strategy that allowed to control the surface termination and the pristine polarization
of GeTe thin films. SARPES measurements of inward and outward samples lead to counter spin
textures of the bulk electronic bands, in agreement with the DFT calculations. This experiment
established the link between ferroelectricity and Rashba effect in GeTe. In the second part of the
chapter we investigated the effect of ferroelectric switching on the spin-charge conversion. Spin
pumping measurements of epitaxial Fe/GeTe bilayers and theoretical DFT calculations revealed
a remanent conversion and reversible with the ferroelectric polarization. The sign change of the
conversion with the crystallographic direction allowed to exclude IREE as the main responsible
mechanism. On the contrary, it is a direct signature of intrinsic SHE as predicted by DFT calcula-
tions. We also showed that this effect can operate up to room temperature, a necessary ingredient
for the realization of devices.
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CHAPTER5
Control of the doping in FERSC: Indium doped GeTe

The ferroelectric control of charge and spin transport in GeTe achieved in this work (Ch. 3 and
Ch. 4) is the first demonstration of the great potential of FERSC for spintronic applications: spin
currents can be controlled in a nonvolatile way by changing the ferroelectric configuration of the
material.

Nevertheless, to fully exploit the semiconductive behaviour of such compounds in transistors, a
solution for the compensation of the natural doping of GeTe must be found.

To this aim, here we propose the use of In-doped GeTe, epitaxially grown by MBE as described
in Sec. 5.1. We investigate the properties of such alloy in terms of ferroelectricity (Sec. 5.2.1),
Rashba effect (Sec. 5.2.2) and doping (Sec. 5.2.3). The growth and characterization of InGeTe was
carried out with Paolo Maria Caldera, Luca Nessi, Simone Petrò and Alessandro Novati.

5.1 Growth of InGeTe

In this section we provide information about the growth of InGeTe epitaxial thin films. Two differ-
ent approaches were adopted:

• Epitaxy on GeTe/Si substrates (Sec. 5.1.1). The decapped GeTe surface represents the ’natu-
ral’ substrate because the two compounds are supposed to own very similar lattice constants.
Samples of InGeTe/GeTe/Si exhibited high quality surface lattices, suitable for the detection
of its Rashba bands structure by means of SARPES (Sec. 5.2.2).

• Epitaxy on BaF2 (Sec. 5.1.2). The growth conditions defined for homoepitaxial samples were
adopted for InGeTe epitaxy on BaF2 substrates. Due to the insulating behaviour of the sub-
strate, the samples were suitable for the ferroelectric characterization by PFM and ferroelectric
resistive switching (Sec. 5.2.1) and the quantification of the carriers’ concentration by Hall
measurements (Sec. 5.2.3).
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Chapter 5. Control of the doping in FERSC: Indium doped GeTe

Figure 5.1: a Representation of the reciprocal lattice of a GeTe(111) surface. b-c LEED patterns after deposition of
In0.03Ge0.43Te0.54(20 nm) on a GeTe(15 nm)/Si substrate.

5.1.1 Epitaxy on GeTe/Si

The growth of 20 nm thick epitaxial InGeTe films was performed by MBE (Sec. 2.4.1), through
co-deposition from GeTe crystals and In cells (Fig. 5.1a). A temperature of 245 (± 5) ◦C during
growth guaranteed the formation of the ordered lattice structure.

The stoichiometry of the sample is calculated according to Eq. 2.59, as the ratio of the XPS
Al-Kα peaks of the core levels Ge3d, Te4d and In4d. The intensity of each peak is normalized
by its cross-section, the inelastic mean free path and the transmission of the electron analyser. The
similar values of the binding energy of the peaks of Ge3d, Te4d and In4d (i.e. of λIMFP and T)
limit the error on the result of Eq. 2.59 and the relatively large value of λIMFP ∼ 3 nm permits to
observe the "bulk" stoichiometry.

A certain composition of the sample can be obtained by properly tuning the In/GeTe fluxes ratio
We discovered that the In content of the grown compound (ηIn) is proportional to the ratio rIn

rGeTe
.

Thanks to the possibility of tuning the stoichiometry of the film, we realized a series of InGeTe
samples with increasing In content in order to compensate the p-type doping of GeTe, with ηIn
from 3 % up to 20 %. In-situ LEED was performed after the deposition of each sample, to check
the crystallographic quality of the surface. Hexagonal LEED patterns of the Ge(In)Te(111) surface
In0.03Ge0.43Te0.54 is reported Fig. 5.1b. We observed similar patterns in samples with up to 10% of
In. The LEED disappears when ηIn= 20%, indicating In content exceeding the maximum solubility
of the compound.

The crystallographic structure of InGeTe films is retrieved by X-Ray Photoelectron Diffrac-
tion (XPD) patterns reported in Fig. 5.2. Performing angular dependence XPS measurements,
it is possible to identify the directions with high density of atoms in a line. As reported in Fig.
5.2c (top panel), the angular dispersion of the photoelectron intensity of Ge3d, Te4d and In3d 3

2
of

In0.05Ge0.49Te0.48 along ZA and ZU directions shows specific peaks that quite well reproduce the
diffraction pattern computed for the GeTe(111) lattice [128] sketched in Fig. 5.2b. The XPD data
highlight that In atoms in InGeTe substitute vacancies in the lattice of GeTe. In agreement with
LEED investigation, XPD pattern can be observed up to ηIn= 10 %. Finally, in the bottom panel of
Fig. 5.2c, we show that the XPD pattern is lost for ηIn= 20 % with the formation of a precipitated In
layer covering the surface (this is evident from the strong attenuation of Ge and Te intensities and
the angle dependence of the In peak). This also means that the actual percentage of substitutional
In is lower than 20 %, which was computed assuming a single uniform InGeTe layer. Hence we can
conclude that the maximum solubility of In is larger than 10 % and lower than 20 %. This limit also
sets the maximum reduction of the free carriers. This range is comparable with the one that can be
extracted from Ref. [130]. In that work, M. S. Lubell et al. studied the enhancement of solubility
of In in GeTe upon increasing the density of Bi2Te3 neutral vacancies. The solubility of In reaches
a saturation value of 1.2 % with 6 % of neutral vacancies. Now, if we assume that part of In forms
In2Te3 introducing neutral vacancies as done by Bi, and another part substitutes Ge compensating
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5.1. Growth of InGeTe

Figure 5.2: a GeTe cell in the rhombohedral setting representation of the lattice. b Representation of the GeTe lattice
plane [010]. c XPD spectra acquired along ZU from In0.05Ge0.49Te0.48 (top panel) and In0.20Ge0.30Te0.50 (bottom
panel). The XPS peaks Te4d, Ge3d, In3d3/2 are monitored as function of the collection angle.

the doping, the total amount of In is ηIn,max = 6% · 2 + 1.2% = 13.2% (multiplication by 2 is due
to the fact that two atoms of In are required for one neutral vacancy). The substitutional doping
represents the fundamental achievement for compensation of free carriers in GeTe, provided that
the resulting compound keeps ferroelectricity and Rashba effects.

5.1.2 Epitaxy on BaF2

We grew InGeTe films also on insulating BaF2 substrates. BaF2(111) was chosen due to (i) the
relatively reduced lattice mismatch with GeTe (3.5 %), (ii) electrical insulation which allows for
measurement of the carriers concentration via Hall effect, and (iii) the need of a relatively simple
preparation prior evaporation of Ge(In)Te by MBE.

The atomic pattern of a BaF2(111) cleaved surface is shown in Fig. 5.3a-b. The hexagonal
arrangement of the (111) surface quite well reproduces the epitaxial GeTe surface (Sec. 1.4).
Moreover the in-plane lattice parameter of BaF2(111) a= 4.38 Å is very closed to that of GeTe,
a= 4.23 Å, so that just a 3.5 % tensile strain will be exerted on the grown film. Annealing at 500
◦C of BaF2 in UHV environment for one hour ensures complete desorption of oxygen atoms from
the surface [228]. Moreover, the annealing favors surface ordering.

The deposition of 20 nm thick GeTe and InGeTe films was performed at 245 ◦C as explained in
detail in Sec. 5.1.1. To achieve a large degree of compensation, a 10 % In doped sample was grown
with rGeTe= 0.5 nm/min and rIn= 0.05 nm/min (as we calibrated that ηIn = −11.3 + 226.1 · rIn

rGeTe
,

with an error of about 3 %). The final stoichiometry of In0.10Ge0.42Te48 was measured by XPS as
explained above. After growth, the crystal quality was checked in-situ by RHEED; exploiting high
energy electron beam (E= 30 kV) it is possible to observe the crystal order of the surface lattice
avoiding distortions eventually derived from the charging of the Ge(In)Te layer on the insulating
substrate. In Fig. 5.3, some RHEED patterns acquired along ZU from BaF2/GeTe (panel c) and
BaF2/Ge0.42In0.10Te48 are shown (panel d). The presence of RHEED diffraction lines indicates a
epitaxial type growth of the film. The spacing between the lines (indicated in red) is proportional
to the reciprocal vector kZU as represented in Fig. 5.3e. Performing RHEED along ZA and ZU,
the obtained ratio kZU/kZA of InGeTe was consistent with the values of GeTe. However, the spots
along the RHEED lines are signs of a 3D arrangement of the topmost atomic layers. Hence the
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Chapter 5. Control of the doping in FERSC: Indium doped GeTe

Figure 5.3: a Crystal structure of BaF2(111) cleaved surface. b Sketch of the surface projected along the direction
(011). Adapted from Ref. [228]. c-d RHEED patterns of GeTe/BaF2-InGeTe/BaF2 along the crystallographic
direction ZU at 30 keV. e Sketch of the (111)-surface reciprocal lattice. The direction of the incoming electrons is
highlighted in orange. The spacing between the RHEED lines in c-d and the atomic layers in c is represented by
the red bar.

crystallographic quality of the grown film is reduced with respect to homoepitaxial films, likely
due to the tensile strain exerted by the substrate. Nonetheless, InGeTe/BaF2 films were the suitable
choice for the investigation of ferroelectricity (checked by PFM and ferroresistive switching) and
free carriers’ concentration (measured by Hall effect).

5.2 In-doped GeTe as a FERSC

In this section, the three physical properties of FERSC are investigated in In-doped GeTe. We will
focus the attention on the samples with In concentrations approaching the solubility limit (∼10 %),
for which we expect the maximum effect on the doping. (i) In Sec. 5.2.1, ferroelectricity is probed
by PFM and by the bipolar resistive switching of InGeTe/gate junctions, as reported in Ch. 3 for
GeTe. (ii) In Sec. 5.2.2, SARPES measurements are presented in order to study the possible impact
of In on the Rashba splitting as well as on the position of the Fermi level with respect to the valence
band maximum. (iii) Finally, electrical characterization of the free carriers density of InGeTe is
reported in Sec. 5.2.3.

5.2.1 Ferroelectricity of InGeTe

The ferroelectric behaviour of InGeTe was investigated on films grown on BaF2 rather than on
Gete/Si (Sec. 5.1.2), where the ferroelectric response of InGeTe is mixed to that of GeTe film
underneath.

We probed the ferroelectric response of a 10 % In doped 20 nm-thick InGeTe/BaF2, both by PFM
and the resistive switching with gate contacts, as done for GeTe. Similarly to undoped GeTe films
(Fig. 3.1), PFM switching shown in Fig. 5.4a-b follows a good hysteresis loop. The amplitude (A)
describes a butterfly shaped loop, the phase (Φ) switches between 0 ◦ and a 180 ◦, corresponding to
outward and inward polarization. The coercive voltage is nearly doubled with respect to GeTe (Fig.
3.1). The enhancement of the activation energy for the switching indicates an increased stability of
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5.2. In-doped GeTe as a FERSC

Figure 5.4: a-b Pulsed dc PFM hysteresis acquired on the surface of InGeTe(20 nm)/BaF2 with 10 % of In content. The
top electrode is provided by the conductive tip of the AFM while the sample is grounded through lateral electrode
made by Ag paste. Amplitude a and b phase signals are retrieved after background subtraction, as described in Sec.
2.1.2. The excitation frequency was 61 kHz, much lower than the tip-sample resonance frequency (∼ 280 kHz). The
amplitude of the excitation voltage was 4 V, lower than the coercive voltage (∼ 10 V). c Sketch of the top-bottom
configuration adopted for gating of InGeTe samples. Both writing and reading procedures are performed by a
Source-Measure Unit (SMU). d Ferroelectric modulation of the vertical resistance by sweeping the amplitude of
the writing voltage pulse from -10 V to +10 V and from +10 V back to -10 V.

the ferroelectric state. Moreover, a reduction of system inherent background in PFM measurements
already suggests a possible reduction of the free carriers concentration concentration, thus a possi-
ble compensation of the doping (Sec. 2.1.2). Macroscopic switching was achieved at larger scales
of the order of 10-100 µm with gate contacts, by exploiting the bipolar resistive switching (Ch. 3).
The ferroelectric state was monitored by the resistance of the InGeTe/gate junction. The remark-
able similarity of the bipolar resistive loop (Fig. 5.4d) with the PFM response further confirms
that the resistance variation is related to a change of the ferroelectric domains configuration below
the electrode. When compared with GeTe (Fig. 3.4), we observe a decrease of the read current of
InGeTe/gate by a factor ∼ 35, pointing towards a more intrinsic film.

Both PFM and resistive switching measurements revealed that the GeTe preserves its ferroelec-
tric behaviour when In dopants are introduced in the lattice.

5.2.2 Rashba effect of InGeTe

In analogy with the investigation of GeTe films (Sec. 4.1.2), the Rashba splitting of the bulk
electronic bands of InGeTe was probed by SARPES (Sec. 2.2.3). The bands were observed in
InGeTe films on GeTe/Si, with a high crystallographic quality of the In-doped GeTe layer (Sec.
5.1.1). After the growth, InGeTe samples were protected by 10-20 nm of amorphous Te capping
and examined at Elettra Synchrotron (Basovizza, Trieste, Italy). Immediately before SARPES,
samples were decapped so that the stoichiometric clean and ordered surface was recovered in UHV
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Chapter 5. Control of the doping in FERSC: Indium doped GeTe

Figure 5.5: a High resolution STM of In0.10Ge0.42Te0.48(20 nm)/GeTe(15 nm)/Si acquired at Elettra (APE beamline)
after in-situ recovering of the surface. b Height profile corresponding to the scan enclosed by the black square on
the image in panel a. c Representation of hexagonal (111) surface lattice with indication of the measured lattice
constant (a= 3.96 Å).

following the same method developed in Sec. 2.4.2. The stoichiometry of the samples was mapped
by XPS, revealing a uniform distribution of In content. The in-situ Scanning Tunneling Microscopy
(STM) image with atomic resolution of the surface topography of In0.10Ge0.42Te0.48 in Fig. 5.5a,
confirms that the crystallographic quality of the sample is fully recovered by decapping. Atoms
are placed in a hexagonal pattern with a spacing of about 3.96 Å, as extracted from the height
profile in Fig. 5.5b. Because the atomic positions are approximately unaltered, electrons from the
Z point could be probed by ARPES within the same photon energy range employed for the undoped
samples (15-25 eV, Sec. 4.1.2). ARPES spectra along ZA acquired with hν= 18, 20 and 22 eV are
reported in Fig. 5.6. Close to the Fermi level, we can observe Rashba bands of bulk origin that
disperse with hν (i.e. on kz). As done for GeTe, we adopted hν= 20 eV in order to quantitatively
estimate and compare the Rashba parameters of In-doped and undoped GeTe.

The bulk nature of the bands can be also evinced from the constant energy maps (CEM) in the
ZA-ZU plane, shown in panel a of Fig. 5.7. Similarly to GeTe, sixfold shaped contours stem from
the symmetry of the (111) surface (Sec. 1.4). At a binding energies of 0.7 eV, only bulk bands
with "arms" along ZA are detected in the wave-vector window of k< 0.5 Å

−1
, while surface ones

would be encountered at much larger values of k and would be rotated along ZU. Such symmetry
further confirms that In atoms substitute defects of the lattice of GeTe (i.e. they occupy empty sites
left by Ge vacancies) which keeps an hexagonal crystal structure. Panels b and c of Fig. 5.7 show
the dispersion of the bands of InGeTe along ZA, probed the ARPES and SARPES, respectively. A
typical Rashba-like bands splitting is found in the carpet (panel b), with two parabolic bands shifted

Figure 5.6: Bands dispersion of In0.10Ge0.42Te0.48(20 nm)/GeTe(15 nm)/Si acquired with hν= 18 eV a, 20 eV b and 22
eV c.
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5.2. In-doped GeTe as a FERSC

Figure 5.7: a Constant energy map (CEM) at binding energy of -0.7 eV, showing bands elongated along ZA. b Bands
dispersion along ZA at hν= 20 eV of GeTe(15 nm)/Ge0.42In0.10Te0.48 surface. c Map of the spin polarization along
ZU direction.

laterally in the k space. The Rashba nature of the bands is also confirmed by the spin polarization
along ZU (panel c), in agreement with the spin texture expected for a Rashba system (Eq. 1.13).
The resulting spin texture is drawn on the bands dispersion in panel b, highlighting the in-plane
rotation of the spin typical of a Rashba system. Furthermore, a maximum energy splitting ER∼
0.085 eV encountered at the Rashba wave-vector kR∼ 0.07 Å

−1
can be extracted from the bands

dispersion (see Sec. 1.2 for more theoretical details). Similarly, we extracted the values of ER and
kR for GeTe (Fig. 4.8) and the result is summarized as follows:

Sample kR (Å
−1

) ER (eV)
GeTe 0.14 0.2

InGeTe 0.07 0.085

Table 5.1: Rashba wave-vector (kR) and energy splitting (ER) for intrinsic GeTe and 10 %-In-doped GeTe.

The Table 5.1 allows for a direct comparison of the Rashba effect observed in the undoped and
In-doped compounds. Both the Rashba wave-vector and energy splitting are reduced by a factor of
2 when the sample is doped with 10 % of In. In other words, the Rashba coefficient of the In-doped
GeTe (αR,InGeTe) can be estimated as:

αR,InGeTe ∼
αR,GeTe

2
=

4.8 eVÅ
2

= 2.4 eVÅ (5.1)

Nonetheless, such value is still quite large compared to other Rashba systems observed at metallic
surfaces or interfaces (e.g. Au(111) [229], Bi and Sb surfaces [230]). This opens the route to
a sizeable conversion between charge and spin currents in a FERSC with different doping. To
understand the effect of In on the doping, we can compare the position of the Fermi level observed
in GeTe and InGeTe. As shown in Fig. 5.8a-b at 20 eV, the valence bands of InGeTe are pushed to
higher binding energies by∼ 250 meV with respect to the Fermi level. The angle-integrated spectra
in Fig. 5.8c display a net Fermi edge for GeTe (red data) and a smooth vanishing intensity at EF

for InGeTe. This is the experimental evidence that In atoms mitigate the strong p doping of GeTe,
bringing it from a metallic to a more semiconductive state. The shift of the Fermi level obtained
from ARPES experiments is also predicted by DFT calculations. The bands structure of In-doped
GeTe was computed by our collaborators S. Picozzi et al., for different values of In concentration
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Chapter 5. Control of the doping in FERSC: Indium doped GeTe

Figure 5.8: Comparison between carpet of undoped GeTe (a) and In0.10Ge0.42Te0.48/GeTe(15 nm)/Si (b), with hν = 20
eV. The red dashed lines indicate the energy position of the bulk Rashba bands in the two cases, showing a shift of
250 meV towards higher binding energies upon doping. c Comparison between the angle-integrated photoelectron
intensity versus binding energy for In-doped (green data) and undoped (red data) GeTe, near the Fermi level (EB=
0).

up to 12.5 %. In Fig. 5.9, valence bands structure and lattice supercell composed by 8 unit cells of
undoped GeTe (green box) are compared with those of In-doped crystals with 6.25 % (orange box)
and 12.5 % (red box) absolute concentrations. As discussed before, GeTe displays a rhombohedral
distorted unit cell (symmetry group R3m [12, 114]) with associated bulk bands (B1 and B2). Both
the bands dispersion and the supercell (panels a-b) are drawn along the (001 plane). Te atoms are
represented in yellow, Ge in blue and In in pink. The introduction of one In atom in the lattice cell
leads to a new compound (In1Ge7Te8, i.e. 6.25 % of In) with the same relaxed crystal structure
as GeTe (R3m, panel d) and expected comparable ferroelectric behaviour. The In atom occupies
the central position of the unit cell, i.e. it substitutes vacant Ge atoms in the cell as demonstrated
experimentally by XPD spectra (Fig. 5.2). Bulk Rashba bands were also obtained as clear in
panel c. Although, In atoms might introduce additional electronic states near the gap (In1 and In2

in the valence band and InCB in the conduction one). Higher In concentrations alter the crystal
structure. In the case of In2Ge6Te8 (12.5 % of In), the crystal symmetry is reduced to Pm-6. Three
different possible structures can be achieved depending on the position of the In atoms in the lattice.
Independently on the distribution of In, bulk Rashba bands are preserved (panels e-h-k), while the
In-related bands substantially change. When four In atoms are placed within the (001) plane of the
supercell (panels f-g), the different planes alternating along the (001) direction shift to minimize
the overall energy. In other words, the interaction between In adjacent atoms is also minimized
thus leading to light In-bands as reported in the diagram of panel e and a shift of the Fermi level
occurs towards the conduction band. Such landscape predicts the Fermi level shift observed in our
ARPES measurements of In0.1Ge0.42Te0.48. We can argue that this structure is compatible with a
reduction of the density of free holes operated by In dopants. Theoretically, other arrangements
of In were also explored. When two In atoms occupy empty Ge sites in the (001) supercell plane
(panels h-i-j), their proximity in the whole lattice is increased. The enhanced interaction between
In atoms introduces stronger In bands crossing the Fermi level at wave-vectors comparable to those
of bulk Rashba states. This is even more evident in the case of a single In atom in the (001) plane
(panels k-l-m) and the intense conduction bands at the Fermi level, probably due to the formation
of In-atoms columns along the (001) direction. This explains the absence of the Fermi level shift in
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5.2. In-doped GeTe as a FERSC

panels h-k and the appearance of intense metallic In bands, which are not observed in our ARPES
measurements. Therefore, these two scenarios can be excluded in the interpretation of the results
shown here.

Figure 5.9: Theoretical DFT calculations of valence and conduction bands for In-doped GeTe with different In concen-
trations. a Bands dispersion of undoped GeTe along ZA and ZU and b (001) plane of the lattice supercell composed
by 8 unit cells, employed for the calculations. The bulk Rashba bands are marked as B1 and B2. Ge atoms are
drawn in blue, Te in yellow and In in pink. c-d Same as panels a-b for a 6.25 % In doped GeTe. In bands (InCB

and In1-In2 are visible in the bands diagram). e-m DFT calculations of 12.5 % In-doped GeTe. e-f-g are bands
dispersion, 2D view of the (001) plane and 3D view of the lattice structure. Four In atoms are occupy Ge vacant
sites in the (001) supercell plane. h-i-j As in e-f-g when only two In atoms are placed in the cell. k-l-m are obtained
with one In atom.
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Chapter 5. Control of the doping in FERSC: Indium doped GeTe

5.2.3 Concentration of carriers

In the previous section we demonstrated that the compensation of the Ge vacancies in GeTe by
substitution with In atoms produces a new semiconductor, where the ferroelectricity and the Rashba
effect are still present. The partial compensation of the vacancies was demonstrated indirectly by
the dip of the Fermi level in the bands gap (Fig. 5.8). Here a direct probing of the free carriers’
concentration is provided by Hall measurements on In0.10Ge0.42Te0.48/BaF2. The insulating substrate
guarantees the currents flowing only in the In-doped GeTe layer. As shown in Fig. 5.10a, a simple
detection of the Hall effect can be performed using four electrodes created by Ag paint on the
corners of the sample. The area of the contacts was at least one order of magnitude smaller than
that of the entire sample. The Hall effect was observed by injecting a current I between two opposite
contacts (by means of Vxy) with a magnetic field B perpendicular to the film plane. The Hall voltage
(VH) was then sensed across the other electrodes (i.e. a Hall current is generated perpendicularly to
I). By sweeping the amplitude of B, the Hall voltage increases linearly as shown in Fig. 5.10b. The
positive slope of the Hall voltage versus the applied field indicates a p-type doping of the material.
Assuming holes as carriers, the Lorentz force F = ev×B with v is the drift velocity of the carriers
gives rise to a lateral voltage (Hall voltage, VH). The Hall resistance RH is defined as:

RH =
VHt

IB
=

1

e · p
(5.2)

Where t is the thickness of the layer, e is the charge unity and p the density of free holes.
By inverting Eq. 5.2, a free holes’ concentration of ∼ 2 · 1020 cm-3 is extracted from the Hall
resistance of the InGeTe sample. Although the insertion of In in the lattice does not change the
GeTe doping type, the high density of free carriers is reduced by a factor 4 (p∼ 8 · 1020 cm-3 for
our undoped GeTe films). The decrease of holes’ concentration is in line with the shift of the Fermi
level towards the band gap found with the ARPES (Sec. 5.2.2). Besides, the value of the free
carriers’ concentration achieved is in good agreement with what reported in Ref. [130] for single
crystals of GeTe where In was employed as a solute metal.

The mitigation of the spontaneous doping of GeTe thin films represents an important step in the
direction of semiconductor devices.

Figure 5.10: a Sketch of the measurement of the Hall coefficient of In-doped GeTe samples on BaF2. A current is
injected by Vxy between two contacts at the opposite corners of a square, the Hall voltage is created perpendicularly
when a magnetic field is applied normal to the sample plane. b Hall voltage from a 10 % In-doped InGeTe(20
nm)/BaF2.
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5.3 Conclusions

In this chapter we achieved the mitigation of the strong p-type doping of GeTe. Indium-doped epi-
taxial GeTe films were grown on GeTe/Si and BaF2 substrates, up to the solubility limit (between
10 and 20 %). Indium atoms are responsible for a partial charge compensation in GeTe, due to its
increased valency (3+) with respect to Ge vacancies (2+). Furthermore, it increases the solubility of
In in the GeTe matrix. Characterization by SARPES revealed that while Rashba splitting is reduced
by a factor∼ 2 with respect to GeTe, the valence band is shifted by∼250 meV towards higher bind-
ing energies, a direct signature of the doping effect. Moreover, by PFM and resistive switching we
observed that the ferroelectric phase of In-doped GeTe is stable and it involves switching currents
reduced by a factor ∼ 35. This demonstrates that In-doped GeTe is a FERSC material with a lower
concentration of free the carriers, also confirmed by the increased of the Hall resistance by a factor
4. This is a first path towards the realization of ferroelectric spin-based transistors.
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Conclusions and Perspectives

The work presented in this thesis was devoted to the investigation of the ferroelectric control of
Rashba and spin transport in a FERSC material.

In Chapter 3, we achieved the ferroelectric switching of the p-degenerate semiconductor GeTe
by means of a micrometric gate. We developed an innovative current-voltage method to monitor the
polarization state upon poling, based on the resistive switching of the GeTe/gate interface. While
the polarization is set by voltage pulses exceeding the coercive value, the remanent state is read
out in non-destructive way by measuring the polarization dependent resistivity of the GeTe/gate
junction at low voltages. Indeed, we showed that polarization charges at the interface modify the
depletion region in the semiconductor so that the current-voltage characteristic of the junction de-
pends on the orientation of the polarization vector. From a technological point of view, this method
is a big step beyond commercial FeRAMs, in which the reading operation destroys the ferroelec-
tric state that must be restored afterwards [194]. The resistive switching of GeTe/gate shows high
cycling endurance up to 104, comparable to flash memories. The ON/OFF ratio of GeTe/metal can
be pushed up to about 250 % for the complete inversion of the polarization state. Moreover, differ-
ent doping between GeTe and the gate materials could pump the ON/OFF ratio, for instance up to
∼104 % with a GeTe/Si interface. Moreover, we demonstrated that such modulation is correlated
to the switching of the ferroelectric domains underneath the gate electrode, that we closely mapped
by PFM. Despite the common belief that high density of free carriers would prevent ferroelectric
inversion, we provided evidence of the effective switching in degenerate or almost degenerate semi-
conductor. We can explain our results based on energy arguments: a semiconductor can react to an
external electric field and minimize the electrostatic energy, both by switching its polarization state
and by moving free carriers. This demonstration opens the route to the exploitation of ferroelectric
semiconductors in devices relying on "classical" resistive switching, i.e. charge transport, or spin
transport.

In Chapter 4 we demonstrated the interplay between ferroelectricity and spin physics in GeTe.
By SARPES, we established the inversion of the spin texture of the bulk Rashba bands with the
polarization. On the spin transport side, we achieved a remanent spin-to-charge conversion in such
ferroelectric SOC system, by spin pumping experiments and theoretical DFT calculations. The sign
of the conversion efficiency is reversed by gating the ferroelectric state, resembling the behaviour
of the spin texture. The efficiency is also reversed when the charge current flows along the two
non-equivalent crystallographic directions ZA and ZU. We demonstrated by DFT calculations of
the spin Hall conductivity tensor that this is direct consequence of the symmetry of the crystal. The
observations can be explained in terms of intrinsic spin Hall rather than Rashba Edelstein effect.
Remarkably, tunable spin-charge conversion can be operated up to room temperature, a head start
on other electrically tuned systems as 2DEG and topological materials [17, 18, 65, 85, 86, 231].
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Chapter 5. Control of the doping in FERSC: Indium doped GeTe

The experimental investigation presented here also boosted the theoretical understanding of the
spin-charge conversion mechanisms available in a Rashba-ferroelectric crystal, something almost
unexplored before.

In this thesis we demonstrated that GeTe represents the first example of a system allowing for
spin-charge conversion, dynamically controlled by the nonvolatile ferroelectric state. Although
it is a degenerate semiconductor, GeTe provides a particularly good starting point for material
engineering or for the search of less doped FERSC compounds in which the conduction can be
switched on or off by a gate.

In Chapter 5 we proposed a route towards the reduction of the strong p-type doping of GeTe.
We grew InGeTe epitaxial films and proved that 10 % of substitutional In approaches the limit
of solubility. Such alloy leads to a mitigation of the carriers concentration with respect to GeTe,
reduced by a factor ∼ 4. This translates in an increased InGeTe/gate contact resistance and a
significant reduction of the switching current by a factor ∼ 35. Finally, ARPES measurements
revealed a shift of ∼250 meV of the valence band around Z towards higher binding energies, a
direct signature of the doping effect. The Rashba splitting is preserved with a reduction of the
Rashba coefficient of ∼ 2 with respect to undoped GeTe, in agreement with DFT calculations.
Therefore, InGeTe alloys are a first path for the implementation of FERSC concept in a transistor.

In the future, we will also explore GeTe films with thickness of few monolayers, where carri-
ers’ quantum confinement is predicted to boost the spin-charge conversion efficiency, due to re-
duced momentum scattering and long mean free paths for both charge and spin [232]. Moreover,
confinement is predicted to lead to a significant increase of the band gap, so that the ferroelec-
tric control by gate will involve lower switching currents and low power. Recently, attention has
been put on atomic-thick SnTe, a chalcogenide supporting an intrinsic spin helix valence electronic
state [233, 234], in principle accessible by a robust room temperature ferroelectricity [235, 236].

Ferroelectric-driven spin devices based on engineered FERSC materials could represent an in-
novative concept of spintronics operating without ferromagnets which exploits the nonvolatile fer-
roelectric state as memory variable. The remanent electric gating of the spin-charge interconversion
could represent the missing link towards tunable spin torque applications such as memories, oscil-
lators or magnonic circuits, as well as advanced spin-orbit logic like the MESO-device architecture
proposed by Intel [9]. Both memory (ferroelectricity) and the reading (spin orbit coupling) func-
tionalities can be provided by a single layer of FERSC, thus removing the need for technological
scaling and high density memories. Remarkably, FERSC are CMOS-compatible multifunctional
materials allowing for electric reconfigurability of spin-based logic circuits [10].
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