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Topological insulators (TI) are generating increasing interest as a new state of matter and due to the potential use
of topologically- protected gapless surface states in spintronic devices and quantum computing. However,
challenges such as high sensitivity to the atmosphere, the low surface-to-volume ratio, and the need for various
material junctions currently limit their application. Here, a novel, natural and simple approach to the fabrication
of volumetric TI heterostructures that can overcome these core challenges is presented, using the example of a
BiyTes-Te eutectic composite. The proposed method based on directional solidification of eutectic composites,
enables the formation of ensembles of parallel TI-other material heterojunctions through a self-organization
process. It also offers control over the heterostructures’ dimensions/refinement. Electron microscopy tech-
niques show that the heterostructure exhibits a lamellar/layered microstructure with atomically smooth
BisTeslITe interfaces. Angle-resolved photoelectron spectroscopy experiments confirm the existence of metallic
surface states, while Kelvin probe force microscopy depicts the formed p-n junctions. The new degrees of freedom
offered here, such as control of heterojunction chemical composition, packing density, and available fabrication
techniques, may facilitate large-scale customized printing of topological devices.

1. Introduction

Topological insulators (TIs) are a distinguished class of materials that
differ from ordinary insulators by an inverted band gap induced by
strong spin-orbit interaction [1-3], present in high atomic number
compounds. The high spin-orbit coupling results in an unexpected effect
in TIs compared to normal insulators, namely the presence of gapless
metallic boundary states, similar to the chiral edge modes in quantum
Hall systems [4]. Theoretical predictions of TIs [5,6] were later followed
by the experimental realization of two-dimensional (2D) TI materials
with conducting edges [7] and three-dimensional (3D) TI solids with
conducting surface states (SSs) [8,9]. The prototypical 3D TI materials
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are BiyTes, BisSes, and SboTes [10,11].

TIs have great potential to be used in spintronics, faster and more
efficient computing, and other areas like cutting edge detectors or
magnetic devices [12,13]. However, there are several obstacles that
must be overcome before integrating these materials into such appli-
cations. Firstly, a significant limitation of such systems is the masking of
surface electron effects by the electrons in the bulk because of the small
surface-to-volume ratio in a TI single crystal. This masking makes it
difficult to exploit many phenomena and properties arising from topo-
logical SS. There are a few ways to overcome this difficulty; one aims at
decreasing the free carriers in the bulk of the material by doping the TI
or controlling the stoichiometry to avoid the formation of structural
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defects (vacancies, antisites, etc.) creating shallow states. An alternative
approach is to enhance the surface-to-volume ratio and, as a result, in-
crease the surface carrier contribution. This effect can potentially be
achieved by manufacturing heterostructures with TIs [14-16], but this is
a new approach, and few such studies have been performed thus far.
Secondly, TIs are highly sensitive to an air atmosphere, with the surface
degrading after a few minutes of exposure and impairing the SS trans-
port properties [17-19]. Finally, many applications require material
junctions similar to, for instance, the p-n junctions which in traditional
electronics control the flow of electrons in an electronic circuit. The
ability to manufacture TI heterostructures which overcome these three
obstacles, in an easy natural approach, may therefore be crucial for the
effective fabrication and adaptation of TI-based devices. However, until
now, heterostructures with TIs have been obtained only by costly,
multistage epitaxial methods like physical vapour deposition or molec-
ular beam epitaxy [20,21] in the form of thin films as listed in Table 1.

One of the promising approaches for the fabrication of 3D, TI com-
posite micro-/nanostructures is based on the directional solidification of
eutectic composites (ECs). During the directional solidification of a one-
phase liquid, with a eutectic composition, two or more phases grow
cooperatively forming natural heterostructures. Previously, ECs have
been investigated mainly due to their favourable mechanical properties,
such as forming strong ceramics [43]. However, recently they have been
used in thermoelectric and thermophotovoltaic systems [44,45],
solid-oxide fuel cells [46], photoelectrochemistry [47], photonic

Table 1

Examples of topological insulator based heterostructures and fabrication
methods. Abbreviations: MBE = molecular beam epitaxy, RFS = Radio Fre-
quency Sputtering, VPD = Vapor Phase Deposition, MS = Magnetron co-
Sputtering, MB = Modified Bridgman method, PLD = pulsed laser deposition.

Type Method Components Ref.

1 Thin MBE Sb,Tes/BizTes [22]
film

2 Thin MBE (Bio.sSbo.s)2Tes/ [23]
film (Cro.08Bio.54Sbo.38)2Tes

3 Thin MBE + RFS BiySe3/GdN [24]
film

4 Thin MBE Cry(BixSby.)2.yTes/CrSb [25]
film

5 Thin VPD BiyTes/BiySes/BisSs [26]
film

6 Thin MBE (Bi,Sb),Te3/CoFeB & Bi,Ses/ [27]
film CoFeB

7 Thin MBE (Bi1.xSby)2Tes/CraGe,Teg [28]
film

8 Thin MBE GeTe/Sb,Tes [29]
film

9 Thin MBE Cr:(Bi,Sb),Te3/Cry03 [30]
film

10  Thin MBE Bi,Tes/MnBi,Te4 [31,
film 32]

11  Thin MS Bi,Tes/Te [33]
film

12 Thin MB + MBE Bi/TIBiSe, & Bi/TIBiS, [34]
film

13 Thin MBE YsFes012/ (Bi, Sb),Tes [35]
film

14 Thin MBE Bi,Tez/FeTe [36]
film

15  Thin MBE (Bi1_Sby)»Tes/InP [37]
film

16  Thin MBE Sb,Tes/V:SbyTes & SbyTes/Cr: [38]
film Sb,Tes

17  Thin Exfoliation +Dry  CryGesTeg/BiSbTeSe, [39]
film transfer

18  Thin MBE Bi,Tes/BisSes [40]
film

19 Thin PLD +MBE BaFe;,0,9/BisSes [41]
film

20  Thin MBE (Bi,Sb)1.74Cro.26Tes/(Bi,Sb),Tes/ [42]

film (Bi,5b)1.74Cro.26Te3
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crystals [48], optical materials/metamaterials [49-51] and plasmonic
materials [52-54]. Therefore, ECs exhibit exceptional potential for
fabricating a wide variety of self-organized functional materials. There
are many advantages in utilizing eutectic growth for fabrication of 3D TI
heterostructures: i) almost any type of material can be used to inter-
weave with the TI phase in the heterostructure, including semi-
conductors, metals, other TIs, and materials with special properties
(with magnetic or electronic order, optically active, etc.); ii) the heter-
ostructure refinement can be controlled from the micro- to the nanoscale
by changing the growth rate; iii) sharp interfaces between adjacent
phases can be obtained; and iv) engineering by doping, annealing or
etching can also be introduced (Fig. 1a). This possibility of combining
different phases in a eutectic heterostructure with controlled dimensions
may lead to the observation of novel phenomena, such as Majorana
fermions [55], magnetic proximity effects [56], giant spin-orbit
coupling [57] or perhaps other hitherto unobserved proximity effects,
as well as to the first structures for applications.

Here, we demonstrate a new approach for producing TI layered
heterostructures in a bulk form, namely eutectic solidification from TI
alloy. This approach constitutes a promising pathway towards over-
coming the limitations of TIs, such as easy oxidation and the necessity of
junction formation. Additionally, this method increases the surface-to-
volume ratio by extending the internal surface; and the remaining
volumetric sample preserves the SSs against degradation by covering
every surface with a second phase. A significant advantage of the new
eutectic solidification approach over top-down methods for
manufacturing heterostructures is the provision of a highly-crystalline
biphasic material with controllable microstructure dimensions in a
single-step process. To demonstrate the potential of this approach uti-
lizing directional solidification, we manufactured a BipTes-Te hetero-
structure in which two crystalline phases are combined in a structured
form with joined interfaces. The material exhibits a lamellar (layered)
microstructure with atomically smooth BisTeslITe interfaces and TI
quintuplet layers parallel to the mentioned interfaces. Moreover, we
report the existence of conducting SSs and the formation of p-n junctions
in the obtained natural bulk eutectic heterostructure.

2. Results

2.1. Growth of 3D topological insulator BisTes-Te eutectic
heterostructures

To produce a volumetric TI phase heterostructure, we chose a
bismuth-tellurium system exhibiting a eutectic point at which the 3D
topological insulator - BipTes and Te - should form a eutectic mixture
(Fig. 1b). We directionally solidified the Bi;Te3-Te EC by the modified
vertical Bridgman (VB) method (Fig. 2a) which has previously been
successfully applied by us to the growth of various TI single crystals
[58]. The as-grown BiyTes-Te eutectic boule inside the quartz ampoule
and a sample cut perpendicular to the growth direction are shown in
Fig. 2b. The synthesized material composed of 85 wt% Te and 15 wt%
Bi, equivalent to 90 mol.% Te and 10 mol.% Bi, resulted in a mixture of
31 wt% BiyTes and 69 wt% Te. That meant around 27% BiyTes and 73%
Te volume fractions in the grown composite.

The obtained bulk composite exhibits a layered/lamellar micro-
structure which is formed by the Bi;Tes lamellae embedded in the Te
matrix, as demonstrated by scanning electron microscopy (SEM) and
energy dispersive spectroscopy (EDS) (Fig. 2c-e). The composition of the
phases is also confirmed by the micro-Raman spectroscopy (Fig. 2f) and
X-ray diffraction spectra (Fig. 3b-c). The unpolarized Raman spectra
taken separately from the BiTes lamellae and the Te matrix, with the
respective eigenpeaks, are highlighted in Fig. 2f,. The four Raman peaks
of the BisTeg layers correspond to the Raman-active oscillation modes
(E (TO), Aj, (LO), E2 (TO), A3, (1O)), where LO and TO correspond to
longitudinal and transverse optical modes, involving quintuple layers
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Fig. 1. Eutectic heterostructures - solution to TI challenges. (a) Advantages of ECs as natural TI heterostructures. (b) Phase diagram for the Bi,Tes-Te eutectic
system, demonstrating one of the eutectics containing a TI phase, which is discussed in this article.
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Fig. 2. Bi;Te3-Te TI natural eutectic heterostructure. (a) Schematic representation of the modified VB method, enabling manufacturing of volumetric ECs. (b) As-
grown eutectic boule and a polished sample cut perpendicular to the growth direction. (¢, d) Composite microstructure observed by scanning electron microscopy. (c)
Composite, intentionally cracked to show the phase arrangement throughout the sample thickness - 45° tilted view. (d) Lamellar structure of the composite; white
lamellae - Bi;Tes, black matrix — Te. Inset — close-up. (e, f) Phase identification on the microscale. () EDS map demonstrating the atomic content (red — Te, green —
Bi). (f) Micro-Raman spectra of Bi,Tes lamella and the Te matrix with their respective Raman-active modes. The Bi,Te; spectrum was scaled by a factor of 2

for clarity.

[59]. Te, on the other hand, has three Raman-active modes: two doubly
degenerate E modes and one nondegenerate A; mode [59]. These results
confirm that the directional solidification of eutectics enables the pro-
duction of bulk/volumetric layered TI-based heterostructures.

The eutectic micro/nanostructure can be controlled by the crystal-
lization rate, resulting in smaller elements and shorter distances be-
tween them when applying a higher crystallization rate, according to the

formula A2y = const. (where v is the growth velocity and A is the lamellar
spacing) [60]. In order to prove the possibility of controlling the
thickness of the TI layers in the BiyTes-Te heterostructure, we have
grown these materials applying different pulling rates (from ~1.2 mm/h
to 20 mm/h). In the micro-pulling down method, pulling rates corre-
spond to the crystallization rates of the grown material. We tuned the
width of the BiyTes layers from ~85 pm to < 1pm and their separation
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Fig. 3. Sharp, atomically smooth, |I-to-Bi,Te3 quintuplets interfaces between Bi,Te; and Te lamellae in the Bi,Tes-Te eutectic heterostructure. (a) Visu-
alization of the BiyTes layered crystal structure formed by Te-Bi-Te-Bi-Te quintuplets. (b, c¢) Identification of (b) phases and (c) their growth direction by X-ray
diffraction demonstrating single orientation for the BiyTe3 phase. (d) SEM image of a cracked sample demonstrating the layered structure of the Bi;Te; phase and
smooth boundaries between phases. (¢) HRTEM image of the TellBi,Tes interface. Visible quintuplet layers are parallel to the interface, marked in red.

distance in the Te matrix from ~180 pm to ~4 pm (Supplementary
Table 1). By varying the growth rate further, the microstructure of the TI
phases containing the eutectic could be controlled to a much larger
extent, as has been shown for other ECs [61].

2.2. Atomically smooth BiyTesl|Te interfaces

BiyTes has a layered structure which is formed by Te-Bi-Te-Bi-Te
sheets [62] called quintuple layers (quintuplets) and it crystallizes in
the thombohedral structure with the D3; —R3m space group (Fig. 3a).
The planar, covalently bonded quintuplets are held together by weak
van der Waals interactions along the c axis of the hexagonal lattice, so
the BipTes crystal can be easily exfoliated along the top or bottom
quintuplet Te layer, thus perpendicular to the c axis [63].

The growth of the BiyTes phase in the BipTes-Te heterostructure is
distinct in the [110] direction, as demonstrated by X-ray diffraction of
the sample cut perpendicular to the growth direction (Fig. 3c). For the
Te phase, in contrast, more than one growth orientation is observed
(Fig. 3c); but [101] is the dominant orientation. The BiTe3 [110] crystal
direction is perpendicular to the c axis, which is consistent with our
observation that exfoliation in the BiyTes-Te composite occurs only
parallel to the crystal growth direction. The tendency for exfoliation can
be seen at the surface, especially for the cracked perpendicular-to-the-
growth direction sample (Fig. 3d), as observed with SEM. The layered
structure of the eutectic with the layered BisTes phase partly exfoliated

from the Te phase during cracking is revealed. The BiyTes-Te eutectic
heterostructure also exhibits atomically smooth Bi;TeslITe interfaces
(Fig. 3e) with the quintuplet layers perfectly parallel to them, as
revealed by high-resolution transmission electron microscopy (HRTEM).
The atomically smooth interface here is a combined result of the natural
eutectic tendency for sharp interfaces between adjacent phases of an EC
and the layered structure of the TI resulting from the quintuplets. This
explains the fact that exfoliation occurs only along the growth direction,
as the quintuplets lay parallel to it. Additionally, at the interfaces, no
precipitates or discontinuities are exposed, which is essential for the
investigation of the proximity effects [34]. In summary: we have shown
in the obtained BiyTes heterostructures: (i) an atomically smooth
BiyTeslITe interface; (ii) TI quintuplets parallel to BiyTeslITe interface;
(iii) that the BiyTeslITe interface is perpendicular to BipTeg c-axis, which
is normally the exfoliated TI surface. Consequently, the typically
investigated TI surface is here protected by the adjacent phase. Thus,
when used in spintronic devices, the polarized spin current [64] could
flow along the heterostructure interfaces and hence be shielded from
atmospheric effects.

2.3. Surface states in BizTes-Te heterostructure

Having understood the stoichiometry of the obtained hetero-
structure, in the next step we needed to confirm that the metallic surface
states are preserved within the BiyTes phase, which is commonly
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realized using an angle-resolved photoemission spectroscopy (ARPES).
In our case, micro-angle-resolved photoemission spectroscopy (HARPES)
measurements were essential to study the SSs due to the micron-sized TI
BisTes lamellas. The sample was cleaved under vacuum along the
growth direction of the Bi;Tes phase to expose an oxidation-free surface
for the measurement. By using the core level of Bi (5d3/2/5d5/2), the
bright Bi,Tes layers could be easily distinguished from the Te matrix in
the real-space mapping, as shown in Supplementary Figure S1. Thus
using PARPES, the area of interest which is the BiyTe3 could easily be
distinguished to study the surface states of the TI. The 3D spectral in-
tensity plot in (kx, ky, E) space (Fig. 4a) probed on the Bi,Tes lamellae
illustrates, as usual, the bulk band dispersions: the bulk conduction band
(BCB) and bulk valence band (BVB). Additionally, the topological SS
with Dirac band structure is observed, confirming the topological nature
of the material. The high symmetry cut of the surface Brillouin zone,
Fig. 4b, and the constant energy contours, Fig. 4c-d, clearly reveal the
evolution of the band structure with the change of the binding energy.
The obtained results match well with the previously reported data for
the BiyTes single crystal [11]. Notably, the low quality of the band
structure is a result of the sacrifice in the energy resolution in the high
spatially resolved pARPES measurement, which was necessary to take
the measurements of the micron-scale Bi;Teg precipitates. In summary,
we have proven that the topological surface states are preserved in the
obtained material.

2.4. p-n junctions at BiyTesl|Te interfaces

An additional important aspect for TI-based devices is the ability to
form various heterojunctions which will enable control over the trans-
port of spin and charge. For instance, formation of junctions with
ferromagnetic material or a p-n/Schottky junction is necessary in order to
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Fig. 4. Surface states (SSs) in the Bi,Te3-Te eutectic heterostructure
observed by pARPES. (a) Band structure probed on the Bi;Te3 lamellae with a
photon energy of 74 eV, illustrating the dispersions of the topological SSs, bulk
conduction band (BCB) and bulk valence band (BVB). (b) High symmetry cut of
the band dispersions along the K-I'-K direction, clearly revealing the gapped
bulk state and the Dirac-cone shape of the topological SS in the gap. (c¢) Con-
stant energy contours extracted at different binding energies from the full
ARPES mapping, showing the evolution of the band structure. (d) Slice plot of
the constant energy contours.
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control spin or charge transport, respectively [65]. It can be noticed in
the ARPES spectrum of the Bi;Tes lamellae, Fig. 4a, that the ‘0’ binding
energy level, which represents the Fermi level, crosses the conduction
band. This means that the Bi;Tes lamellae have a n-type nature. On the
other hand, to check the electronic nature of the Te matrix, the
current-voltage (I-V) characteristics using conductive atomic force mi-
croscopy (CAFM) have been obtained (Supplementary Figure S2). When
a positive bias is applied to the sample, the Te-AFM tip junction starts
conducting; but with a negative bias, it does not. That clearly shows that
the Te matrix behaves as a p-type semiconductor with the rectifying
behaviour of a Schottky junction. To understand the band alignment, we
used Kelvin probe force microscopy (KPFM), an effective tool that allows
the determination of junction properties with high spatial resolution.
KPFM measures the contact potential difference (CPD) between a con-
ducting AFM tip and a sample, which is induced based on the difference
between the work functions of the metal tip and the sample surface. The
work functions of the materials is the most important aspect to under-
stand the potential of them in future electronic devices. In the 3D plot of
the CPD (Fig. 5a), we observe a sharp contrast between the p-type (dark)
and n-type (bright) regions, correlated with the Te matrix and BisTes
lamellae, respectively. The CPD value increases from the p- to the n-type
phase following the fact that in our experiment, the compensating DC
bias that induces the CPD is applied to the tip [66]. The real work
function of the materials was calculated from the CPD values and is
plotted in Fig. 5b, using tip work function (¢4p) = 4.7 eV as an offset. In
the absence of surface band bending, the difference in the potentials
between the n- and p-sides corresponds to the built-in potential (Vyy),
which is ~ 0.11 V in the present case. The diffusion of charges near the
junction builds up the depletion region, the width of which varies from
1.5 to 2 pm, obtained from the experimental data by fitting the potential
profile with a sigmoid curve. Since the KPFM measurements have been
performed in air, the measured values may vary from the real one due to
the oxidation of the surfaces. While the conclusive evidence for the
formation of p-n junction is to show the diode rectification across the
single interface using micron-scale transport measurement, in the pre-
sent study we take the sigmoidal curve as evidence for the formation of
the p-n junction between the Te and BiyTe3 phases. The positions of the
Fermi energies of the materials with respect to vacuum and the forma-
tion of the p-n junction are illustrated in Fig. 5c. Thus we have
demonstrated that using directional solidification of eutectic compos-
ites, functional heterojunctions of TI materials can be produced to be
readily used in future topological electronic devices.

3. Discussion and outlook

In conclusion, eutectic natural heterostructures can provide an
answer to several issues which formerly prevented the use of TIs in
applications. The example of the BisTe3-Te EC revealed that we have
obtained a volumetric topological insulator heterostructure: (i) with
many parallel TI layers embedded in another phase; (ii) with atomically
sharp interfaces between these two phases along with the quintuplet
layers parallel to the interfaces; and (iii) with a micro/nanostructure
refinement controlled by the growth rate (i.e. for Bi;Tes-Te EC applied
slow pulling rate of 1.2-20 mm/h resulted in 90 pm - 700 nm width of
the BiyTez lamellae).

Such a multilayered structure increases the surface-to-volume elec-
tron concentration ratio, while the surface states are protected at the TII
(other material) interfaces. The atomically sharp interfaces with the
quintuplets parallel to them could enable applications as well as
observation of proximity effects. Gapless SSs should exist at any surface
of the TI [67]; thus, the occurrence of dissipationless transport of elec-
trons with ordered spins is expected at the solid-solid interfaces in the
eutectic heterostructures. We have shown that the combination of a TI
with another material through eutectic transition enables the develop-
ment of novel three-dimensional (3D), standalone, self-organized TI
heterostructures such as materials with the following properties: (i) a
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respect to the vacuum energy (Ey,.) levels are shown along with the built-in potential (V},;) of the junction.

high surface-to-volume ratio; (ii) favourable gapless topological surfaces
protected against air exposure by a second phase; and (iii) the ability to
forming heterojunctions. This approach can be used for various material
combinations as long as they form a eutectic mixture.

Several unusual properties can arise due to the control of multiple
interfaces by altering the second phase material, which can be an or-
dinary semiconductor, insulator, metal, superconductor, ferromagnet,
antiferromagnet or other kind of material. These unique properties
might include unusual phenomena such as massive Dirac fermions [68],
exotic Majorana states [55] and the creation of an ideal thermoelectric
material [15]. In principle, eutectic materials can be grown in the form
of bulk, layers as well as being printed and sprayed. Notably, the eutectic
geometry can also be engineered during the growth. For example, by
applying rotation, straight lamellae/layers/interfaces can be turned into
curved lamellae/layers/interfaces [69]; and changes in the geometry
can be induced by growing the material inside a periodic template [70].
ECs can also be engineered after growth by etching the non-TI phase and
covering the remaining expanded surface with other materials, as shown
for other ECs [49,71]. This might also enable the production of material
junctions that do not form eutectic mixtures. Owing to new technolog-
ical developments such as direct EC ink writing [72], spintronic device
printing based on TI eutectic heterostructures could be an avenue for
future studies. Up to now, TI heterostructures were obtained only by
top-down methods including physical vapour deposition and molecular
beam epitaxy [20,21], where these kinds of engineering methods and
such wide material combinations are not available.

4. Methods
4.1. Synthesis

The BiyTes-Te eutectic was grown by a modified vertical Bridgman
method (VB) in a vacuum-sealed quartz ampoule according to the binary
phase diagram described in Abrikosov et al. [73] The structure of the
eutectic was controlled by the pulling rate and by adjusting the diameter
of the ampoule. The starting materials, bismuth (Bi) chunks and tellu-
rium (Te) granules (Sigma-Aldrich) of 5N5 purity were sealed in a quartz
ampoule under ~ 10”> mbar vacuum. To avoid inhomogeneity in initial
mixture, which can lead to localized variations in composition, the
ampoule was heated above 450 °C and was shaken to achieve uniform
distribution of components. After achieving homogeneous melting of the
material, the ampoule was pulled to the lower temperature region of the
furnace at a constant rate. Volumetric boules of eutectic composites with
different microstructure refinements were obtained by varying the

pulling rate.

4.2. Scanning electron microscopy (SEM) and energy dispersive
spectroscopy (EDS)

SEM and EDS measurements were performed on an AURIGA 60
CrossBeam Workstation from Carl Zeiss. SEM images were collected
using both secondary and backscattered electron detectors at different
electron accelerating voltages.

4.3. Micro-Raman spectroscopy

Raman spectra were collected at room temperature by means of a
LabRAM HR Evolution spectrometer (Horiba Jobin Yvon) equipped with
an Olympus BXFM-ILHS confocal microscope working in the backscat-
tering geometry, using a 532 nm excitation laser source (Nd:YAG laser,
Torus Laser, Laser Quantum, U.K.). Measurements were performed over
the spectral range of 20-200 cm’’; the scattered signal was acquired
with a 100x objective (NA = 0.9); the diameter of the confocal hole was
200 pm; and the diffraction grating was 1800 lines/mm. In the mapping
mode, the spectra were acquired with an accumulation time of 10 s and
three measurements were averaged.

4.4. High-resolution transmission electron microscopy (HRTEM)

HRTEM measurements were performed using a 300 kV JEM 3010
Ultrahigh Resolution Analytical Electron Microscope from JEOL.

4.5. X-ray diffraction (XRD) spectroscopy

XRD data were collected with use of a Rigaku SmartLab® 3 kW
powder X-ray diffractometer, with reference radiation of Cu K, =
1.540 Aatan operating voltage of 40 kV, and analysed using the PDF4+
2018 database. A mechanically-polished crystalline sample was used to
analyse the crystal plane directions with respect to the composite growth
direction. A freshly cut sample was ground using a mortar to investigate
the presence of all the phases in the composite.

4.6. Micro-angle-resolved photoemission spectroscopy (u-ARPES)

u-ARPES measurements were carried out at the end station of the
SpectroMicroscopy-beamline 3.2 L of the Elettra Synchrotron Light
Source utilizing a 74 eV photon beam. The size of the beam was focused
down to 1 pm by using the multilayer coated optics from Schwarzschild
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objectives. The overall energy and angular resolutions were 50 meV and
1°, respectively. The sample was kept in a vacuum of 1x1071? mbar with
a temperature of 100 K during the measurement. A ceramic rod was
used to cleave the sample inside the chamber to expose a fresh surface.

4.7. Kelvin probe force microscopy (KPFM)

A CombiScope™-1000SPM from AIST-NT was used for KPFM mea-
surement. An Au-coated cantilever from p-Masch (HQ:NSC14/CR-AU,
~5 N m'! force constant, resonance frequency ~160 kHz) was used for
the experiment. Topography measurements were carried out in semi-
contact mode using the oscillation amplitude as a feedback parameter.
The measurement of the contact potential difference (CPD) between the
tip and sample proceeded in noncontact mode (the tip-sample distance
was maintained at 30 nm) by applying a fixed AC voltage of 4V at
154 kHz to the atomic force microscopy (AFM) tip while the sample was
held at ground potential. A second feedback was used to adjust the DC
bias between the tip and sample to nullify the electrostatic interaction
between them, in order to determine the CPD (amplitude modulation
mode). To calibrate the work function of our Au-coated cantilever, a
highly oriented pyrolytic graphite (HOPG) freshly cleaved in ambient
atmosphere was used as the reference sample. Previous work has re-
ported that the work function of HOPG immediately after cleavage in air
is ¢gopg = (4.475 + 0.005) eV [74]. Measurements of the reference
HOPG sample using the Au-coated cantilever found A¢pope =
¢HOPG—rip ~ 0.23 eV, corresponding to ¢, = 4.7 eV, in agreement with
earlier works [74] on the work function of Au in air.
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