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Abstract

Ferroelectric Rashba semiconductors (FERSCs) such as a-GeTe are promising candi-
dates for energy-efficient information technologies exploiting spin-orbit coupling (SOC)
and termed spin-orbitronics. In this work, the thickness limit of the Rashba-SOC effect

in a-GeTe films is investigated. We demonstrate, using angle-resolved photoemission
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spectroscopy (ARPES) and first-principles calculations performed on pristine GeTe,
that down to 1nm, GeTe(111) films on Sb-covered Si(111) substrate continuously ex-
hibit a giant Rashba effect characterized, at 1 nm, by a constant of 5.2+0.5¢eV.A. X-ray
photoemission spectroscopy (XPS) allow understanding the persistence of the Rashba
effect by evidencing a compensation of Ge vacancy defects resulting form the insertion

of Sb interfacial atoms in the early-stage growth of the GeTe(111) films.

Keywords

Ferroelectric Rashba Semiconductors, GeTe, Rashba spin-texture, quantum well, transport
properties, size effect

The most recent developments of spintronics, termed spin-orbitronics, use the functional-
ities of the spin-orbit coupling (SOC) to manipulate charge carrier spins. In this context, the
emergent ferroelectric Rashba semiconductors (FERSCs) displaying a large spin-orbit cou-
pling stand out as versatile platforms for the realization of low-power all-electric controlled
spintronic devices. FERSC GeTe in its a-phase (R3m space group) has been intensively
studied over the last decade owing to a voltage-controllable Rashba spin-orbit coupling! and
spin texture of the electronic band structure?? along with a non reciprocal charge transport?
and a switchable spin-to-charge conversion at room-temperature.® This quantum material
has also been investigated for its thermoelectric properties® and has been predicted to allow
for terahertz detection owing to its inversion-symmetry breaking.” At the fundamental level,
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the electronic band structure of GeTe(111) has been determined on thin films
crystals.'* In all cases, GeTe is characterized by a giant Rashba spin-splitting of the band
structure as quantified by a Rashba constant among the highest reported values (~ 4.5 eV.A
along the I' - K direction of the reciprocal space).

To date, the influence of the substrate on the electronic band structure at the origin of

the demonstrated macroscopic properties has been overlooked as previous reports focused

on bulk-like films (> 20nm). This is of particular significance in the context of applications



where miniaturization is pursued. To the best of our knowledge, Reference 12 is the only
report on the thickness-dependence of the band structure of GeTe on Si(111) substrates. The
authors derived a thickness limit of 2.1 + 0.5nm below which the bulk giant Rashba effect
ceased to exist in GeTe(111) films. In the current work, we characterize the evolution of the
Rashba effect in GeTe thin-films on a modified Si(111) substrate, namely Si(111)-v/3 x v/3-Sb
reconstructed surface (Si(111)-Sb) using X-ray photoemission spectroscopy (XPS) and angle-
resolved photoemission spectroscopy (ARPES). We establish that GeTe/Si(111)-Sb films as
thin as 1 nm still exhibit a giant spin splitting of the band structure characterized by a Rashba
constant of 5.2 + 0.5eV.A in agreement with first-principle calculations performed on pristine
GeTe(111). The contribution of interfacial Sb on epitaxial growth and the resulting band
structure is investigated. We conclude that interfacial Sb helps to reveal intrinsic GeTe
properties by compensating Ge vacancies otherwise present in the early-stage growth. These
results suggest to reconsider the thickness limits of fundamental properties such as Rashba
effect and ferroelectricity in the context of spin-orbitronics applications.

Electronic band structure determination of GeTe(111) has generated an impressive re-
search effort over the last decade. A non-exhaustive list of previous studies include GeTe
crystals'® and thin films elaborated on various substrates such as Si(111),%!2? Si(111)-Sb,8
BaF,, %1013 ITnP(111)2! and Al,03(0001).* Despite being well established and corroborated
by first principle calculations, the thickness-dependence of the band structure of GeTe(111)
films has been only reported in Reference.!?

In a recent study, we have investigated the growth properties of ultrathin GeTe(111) films
(0.1-4nm) deposited by MBE on Sb-covered Si(111).'® Tt is established that this approach
improves the crystalline quality of GeTe(111) films from the early-stage growth (see Ref. 16
and Supporting Information Section 1 for STM images of 1 nm- and 2nm-GeTe films) as
opposed to standard Si(111).'%!7 The influence of Sb on the electronic band structure down
the ultrathin regime remains however to be investigated.

In the current work, we perform the band structure determination of GeTe/Si(111)-Sb
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Figure 1: (a) a-GeTe rhombohedral unit cell (R3m space group) and (b) Brillouin zone
with high-symmetry points of the (111) lattice plane. Bulk band structure of a 400 nm-thick
a-GeTe determined by ARPES in the (¢) K-I'-K, (e) M-I'-M directions and (d) by DFT
calculation in the K-I'-M directions (see text for details on DFT calculations).

films in the 1-400 nm thickness range using ARPES technique and compare experimental
results with first-principle calculations including spin-orbit coupling on pristine GeTe films.
DFT calculations have been performed using Quantum Espresso code!®'Y and the Perdew
Burke Ernzerhof (PBE) ansatz?® with fully relativistic ultrasoft pseudopotentials from the
PSlibrary.?! Details are available in Supporting Information Section 2 for DFT calculations
and Section 3 for XPS - ARPES measurements. Figure 1 depicts the bulk real and reciprocal
lattices along with the electronic band structure of a-GeTe in the high-symmetry K-I'-M
directions. DFT band structure of bulk GeTe has been determined by superposing dispersion
bands obtained at k,-points equally-spaced along the reciprocal direction of the growth
axis. The envelope corresponds to the bulk band structure independently of potential effects
resulting from transition matrix elements. Close to the Fermi level, the dispersion relation
is characterized by two surface states, usually labelled S1 and S2 (see the inset of Figure
lc) and two bulk states (B1 and B2). These four states originating from two orbital bands
that are degeneracy-lifted by spin-orbit coupling are responsible for metal-like properties.

Magnetotransport measurements indeed confirm that GeTe(111) films conduct as a heavily
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p-doped narrow-gap semiconductor (see Supporting Information Figure S4 for temperature-
dependent resistivity, charge carrier density and hole mobility measurements) in agreement
with previous studies.? 62223 As only B1/B2 states are fully occupied in GeTe(111) films,
we will, here, focus on the Rashba effect in bulk bands. Close to the bulk band CP (see the
inset of Figure 1c at BE ~ 0.35¢eV) a surface-induced resonant state (SRS) is also visible.
Along the M-I'-M direction (Figure le), surface states are usually less intense and bulk bands
appear steeper. We observe an asymmetry in the ARPES intensity in the bulk states for
k, > 0 or k, < 0. despite the use of a linearly-polarized light probing both in-plane and
out-of-plane orbitals (p-polarization). Crystalline three-fold symmetry of bulk a-GeTe is
likely to be responsible of this effect although geometry dependence of the photoemission
matrix elements cannot be excluded.

First-principle calculations allow us to further identify the chemical and orbital nature
of the electronic bands. In materials such as a-GeTe, SOC mixes spin and orbital degrees of
freedom so that electronic states are described by their total angular momentum J=L+8
as summarized in Ref. 10. For simplicity, we focus our analysis on the envelope of the bulk
band structure shown in Figure 1d. Figure 2 decomposes GeTe(111) bands close to the Fermi
level according to their chemical (Ge vs Te) and orbital origin (S, Py, or Ps). Above the
Fermi level, bulk states are related to Ge atoms while, below the Fermi level, electronic band
structure is clearly dominated by the contribution of Te atoms except () in the direct vicinity
of the crossing point located at T' and (ii) in the I' — M direction (k, ~-0.35 A=) where
B1/B2 states originate almost equally from Ge and Te atoms (Figure 2a). More specifically,
above the Fermi level, Te-dominated S orbitals are exceeded by Ge-dominated Py, and P,
orbitals. Below the Fermi level, S orbitals contribution to B1/B2 bulk states are related to
Ge atoms while P/, orbitals contribution mostly originate from Te atoms. Py, orbitals show
a k,-dependent chemical contribution that results in the partial compensations observed in
the total DOS. These results are in agreement with DFT calculations reported in Ref. 10.

When decreasing GeTe(111)/Si(111)-Sb thickness down to ~ 5nm, the aforementioned
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Figure 2: DFT calculations of a-GeTe k-resolved density of states (DOS) projected on the
atomic orbitals indexed by their total angular momentum J. In each case, the color codes
for the chemical nature of a given state and the width of the bands equals the contribution
of this state to the total DOS. (a) Total density of state. Contributions of (b) S, (c) Py,
and (d) Py, orbitals to the total DOS.

band structure remains qualitatively unaffected except the electron-like continuum (1.5eV
< BE < 0.5¢eV) that now shows discrete bands due to a reduction of the lattice unit number
in the vertical direction also called quantum well (QW) effect (see black arrow in Figure
3a). Theoretical calculations superposed to the second derivative of the experimental band
structures also predict the reduction of band number in the continuum with the film thickness

(Figure 3e-h). Interestingly, QW states intersections with SRS and CP points may show
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Figure 3: GeTe/Si(111)-Sb band structure determined by ARPES as a function of the film
thickness (I'-K direction, hv=25¢V, T=20K): (a) 8nm, (b) 3nm, (c) 2nm, (d) 1nm. (e-h)
Respective second-order derivatives and DFT calculations of the experimental band struc-
tures.

surface-driven non trivial topology as reported for bulk states in a-GeTe.?*

Below 5 nm (Figure 3b-d), surface bands (S1/S2) vanish and bulk bands (B1/B2) appear
broader. Apparent similarities of Figure 3g-h probably result in part from sample thickness
distribution (see Fig. S1). However, the disappearance of the QW state with a crossing point
close to BE~ 0.7¢V in Figure 3h confirms the mean thickness decrease between both samples.
B1/B2 maxima remain also clearly visible and located at a wavevector (k, ~ 0.1 — 0.2 A_l)

and a binding energy (F}, ~ Er) that differs from CP. This suggests the persistence of a spin-
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orbit splitting of the electronic bands for GeTe/Si(111)-Sb even in the ultra-low thickness
regime. A question remains concerning the continuation of the spin texture of the electronic
band structure in this thickness regime. Expectation values of the spin components have
been determined by first-principle calculations. Figure 3h shows in red-blue color code the
spin component S, on a I' — K path oriented along &, for a 1 nm-GeTe film (see Figure S2 of
Supporting Information for a complete spin component characterization). It confirms that
bands close to the Fermi level are still spin polarized with a strong in-plane component as
predicted in bulk GeTe in Ref. 1 and later confirmed experimentally. 825

We now quantitatively assess the Rashba spin-orbit coupling in experimental and calcu-

lated band structures. From a general standpoint, the Rashba-effect dispersion relation can

be expressed in the vicinity of an orbital band extremum as:

h2k?
- 2m*

72 (k + ko)°
2m*

Ei<k) ﬂ:O&R‘k’ +E0 = +ER (1)

where h is the reduced Planck constant, k is the carrier wave vector, m* is the carrier
effective mass, ag is the so-called Rashba constant, Fj is the binding energy of the band
crossing point and kg (resp. FRr) defines the position in wave vector (resp. energy) of the
spin-split extrema (see Figure 1c for graphical definitions). Both ag and m*, which can be
determined from ARPES measurements (ag = 2FR/ko and m* = h?k3 /2ER). ar quantifies
the Rashba spin-splitting of the electronic bands and both ag and m* are involved in the
electronic (spin-)transport properties of the material.

Figure 4 summarizes the evolution of the Rashba and m* parameters with respect to GeTe
film thicknesses as determined from ARPES experiments and DFT calculations (see Figure
S3 of Supporting Information for data on Er and kg). Effective carrier mass remains constant
throughout the covered thickness range (m* ~ 0.19 m,) which lies between values from the
literature for GeTe effective mass determined from ARPES measurements. ' However, we
do not evidence an increase of the effective mass below 10 nm as reported in Ref. 12.

For thick films (i.e. > 10nm), we measure a Rashba constant in the I'-K direction of



4.840.3eV.A in quantitative agreement with the DFT calculations and previous reports. In
their recent work,!? X. Yang et al. reported a reduction of the Rashba constant by a factor
~ 2 (2.12eV.A) for 5nm-GeTe films on Si(111) before the band splitting disappearance
below a critical thickness of 2.1£0.5nm. The authors attribute this decrease to a decline of
the ferroelectric polarization and Berry curvature induced by a transition from space group
R3m to higher symmetry R3m space group at low GeTe thicknesses. We do not observe
this evolution in the GeTe/Si(111)-Sb system: 5nm-GeTe films on Si(111)-Sb still show a
giant Rashba constant of 4.140.3eV.A. More interestingly, in the ultrathin regime (1-3nm),
the Rashba-split band structure is preserved in GeTe/Si(111)-Sb films with a measured
Rashba constant for a 1nm film of 5.240.5¢V.A. Owing to the experimental uncertainties,
we cannot undoubtedly conclude on an increase of the Rashba effect even though Figure 4
would suggest. DFT calculations performed on pristine GeTe slabs also confirm that the
giant Rashba effect in GeTe(111) is maintained down to 1 nm. Our combined experimental
and theoretical data thus clearly demonstrate that a giant Rashba effect still occurs in 1-5 nm-
GeTe/Si(111)-Sb films as long as the inversion symmetry breaking of the primitive GeTe unit
cell is preserved. This opens new perspective on thickness limits of both ferroelectricity- and
Rashba-based spintronics. The specific role of interfacial Sb on the GeTe electronic band
structure will be now investigated.

In a previous paper, we have studied the morphology and structure of GeTe films de-
posited on Si(111)-Sb in the ultrathin regime (0.1-4nm).!> The improved crystalline quality
of GeTe(111) ultrathin films on Si(111)-Sb with respect to Si(111) substrate has been at-
tributed to a surfactant effect of Sb that allows for a complete elastic stress relaxation of Ge
deposited layers by facilitating the introduction of interfacial misfit dislocations.?672% Let us
note that other elements such as Mn,3° Fe,3! Cu,% Pb3? have been also reported to diffuse
into GeTe.

The role played by Sb in ultrathin GeTe(111) films on Si(111)-Sb still needs to be scru-

tinized from chemical and band structure perspectives. XPS measurements obtained on
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Figure 4: Rashba constant ag (blue) and hole effective mass m* (red) of GeTe films on
Si(111)-Sb as a function of the film thickness determined by ARPES measurements and
DF'T calculations.

GeTe(111)/Si(111)-Sb films of different thicknesses (1-400 nm) are shown in Figure 5. Bulk-
like behaviour of GeTe films on Si(111)-Sb is illustrated in Figure 5a showing the XPS spec-
trum obtained for a 400 nm-thick film in the [24—44 eV| binding energy window where both
Te 4d and Ge 3d levels are observed. For both Te and Ge levels, two doublets are required to
adequately fit experimental data. Doublets at higher binding energies (BEre 44372 = 41.5¢V,
BE e 445/2 = 40.03 eV and BEge 34,3/2= 29.98 €V, BEGe 34,5/2 = 29.43 €V) are identified as bulk
contributions while doublets at lower binding energies (BErc 443/2 = 41.03eV, BEqe445/2 =
39.58¢eV and BEge 3432 = 29.53¢eV, BEqgesas/2 = 28.98¢V) are attributed to surface con-
tributions.® We assign the small shoulder close to BE = 32.5eV to oxidized states of Ge?3
probably resulting from oxygen diffusion through the Te-capping layer. This contribution
remains negligible compared to principal components. Ultrathin films have been protected
from oxygen by being transported to the beamline setup using a custom-made UHV suitcase.
Large-scale XPS surveys showed no Sh-related signal in thick films. From the component
areas, the stoichiometry of bulk-like GeTe(111) films on Si(111)-Sb can be derived to be

Geg 46+0.02T€0.51+0.02 in excellent agreement with reported values with a Ge vacancy content
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of ~ 10 %.3435

For GeTe films thinner than 5nm, the Te atomic content as determined solely from
Te 4d and Ge 3d contributions surprisingly increases from 56.4 % to 79.2 % (Figure 5b). A
closer examination of the XPS spectra of ultrathin films allows to identify two growing peaks
centered around BE = 32¢V (Figure 5¢). The appearance of a doublet in wider XPS surveys
(not shown) at BE = 532eV and BE = 527¢V rules out an O-related origin of this new
component. O 1s level is indeed not spin-split. This additional contribution can be thus
safely attributed to Sb 4d levels. By increasing, on a 2 nm-thick GeTe film, the photoelectron
angle from 0° to 30 ° with respect to the film normal direction to enhance surface sensitivity;,
we have evidenced an increasing Sb 3d contribution with respect to the Te 3d signal.'® It can
be concluded that Sb atoms act as surfactant on the film surface during the growth process.
The decrease of Sb 4d contribution for thicker films observed in Figure 5 additionally shows
that Sb atoms are progressively incorporated in GeTe to become negligible above 5nm.
Simple geometrical calculations derived in Supporting Information Section 3 corroborates
that Sb surfactant atoms are progressively incorporated in the GeTe film and compensate
Ge bulk vacancies up to 5 nm where all the Sb atoms available at the film /substrate interface
are incorporated. Reference 22 also supports our conclusions as Ge substitution by Sb in
GeTe crystals has been described as a textbook solid solution for similar compositions.

To go one step further in our analysis of the system, we decompose XPS spectra by
including Sb element in the Ge and Te components. The surface, bulk and total contributions
of all elements in ultrathin GeTe films are presented in Figure 5d. Sb atomic concentration
decreases linearly with the film thickness. Sb atoms are homogeneously distributed in the
film as surface and bulk contributions follow quantitatively the same evolution. Te atomic
concentration slowly decreases with the film thickness with a more significant Te-enrichment
at the film surface for ultrathin films. Ge atomic depletion recovers regularly as the film
thickness increases. Interestingly, Ge and Sb concentrations add up to reach a value of

40 4+ 2% for ultrathin films close to the bulk content of Gegagro.02T€0.514002. This trend
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Figure 5: XPS measurements of GeTe(111) thin films (hv =800eV, T=20K). (a) Spectrum
decomposition of the Te 4d, Sb 4d and Ge 3d levels for a 400 nm-thick film. For each element,
two spin-split doublets are used to fit experimental data: a bulk (resp. surface) contribution
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spectra decomposition as a function of the film thickness. (c) Evolution of the XPS spectra
as a function of the film thickness. (d) Evolution of the Sb 4d contribution to the Ge,Te,Sb,
system for GeTe film thicknesses below 5nm.
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is enhanced when considering only the bulk components of the 1nm-GeTe film where a
stoichiometric (Ge,Sb)g.9+0.02T€051+0.02 1S reached. From our observations, we can thus
conclude that Sb atoms that are easily incorporated in GeTe films!® diffuse to the surface
to compensate the Te over-stoichiometry evidenced in Figure 5d. We could, here, wonder
about the potential occurrence of a well-defined chemical phase mixing these three elements
(e. g. GeaShoTes, GST). Refs. 36,37 have however excluded the formation of a GST phase
in the ultrathin regime. The authors concluded that GeTe films were energetically favored
on Si(111)-Sb substrates by the tendency of Sb atoms to form resonant bonds, that are also
involved in the stabilization of the non-centrosymmetric a-GeTe phase. In other words, by
keeping Ge vacancy level close to the GeTe bulk limit and reducing Te surface fraction,
random interdiffusion of Sb interfacial layer facilitates GeTe epitaxial growth in the early
stage and helps maintaining the intrinsic electronic properties of a-GeTe down to 1 nm.

Finally let us note that the Te 4d and Ge 5d levels reported in Table T1 (see Support-
ing Information Section 3) progressively shift toward lower binding energies when the film
thickness is reduced. It seems contradictory to the n-type doping of Sb in GeTe films re-
ported in References 22,38. Beyond possible band-bending effects, we hypothesize that Ge
defect concentration at the interface is significantly higher than in bulk-GeTe and cannot be
entirely compensated by Sb substitution. When considering this plausible uncompensated
interfacial Ge defects and the apparent increase of the Rashba constant below 3 nm, we ten-
tatively anticipate a Rashba effect enhancement in ultrathin Sb-doped GeTe films. This is
supported by the increase of the thermoelectric properties of Sb-doped GeTe crystals with
a maximum reached for a Sb content of ~ 5 — 10 %.%22:3

To summarize, we have characterized the evolution of the electronic band structure of
GeTe(111) films deposited on Si(111)-Sb as a function of the layer thickness down to 1nm
using XPS and ARPES techniques. DFT calculations allow us to continuously follow and
understand the band dispersion details (i.e. band morphology and chemical/orbital origin).

Fundamental quantities such as Rashba constant and carrier effective mass have been de-
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termined from experiments and simulations. Our results demonstrate that 1 nm-thick GeTe
films on Si(111)-Sb still exhibit a giant Rashba effect with a Rashba constant of 5.2 +
0.56eV.A. The influence of interfacial Sb on the electronic properties has been investigated.
By compensating Ge vacancies, Sb substitution favours epitaxy from the early stages and
allows to maintain intrinsic GeTe electronic properties. Sb is progressively incorporated in
GeTe and is not detected above 5 nm. Our results suggest that Rashba effect could be even

reinforced by intentionally doping GeTe films at 5-10 %-Sb in the ultrathin regime.
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