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Intensive research has focused on harnessing the potential of graphene for
electronic, optoelectronic, and spintronic devices by generating a bandgap at
the Dirac point and enhancing spin-orbit interaction. While proximity to heavy p
elements is promising, their interaction in graphene heterostructures remains
underexplored compared to ferromagnetic, noble, or heavy metals. This study
demonstrates the effective intercalation of Te atoms in a graphene/Ir(111) het-
erostructure. Using low-energy electron diffraction and scanning tunneling mi-
croscopy, two distinct structural phases are identified as a function of Te cover-
age. Angle-resolved photoemission spectroscopy reveals a 240 meV bandgap at
the Dirac cone at room temperature, preserving linear dispersion, along with a
pronounced n-doping effect confirmed by quasiparticle interference maps. No-
tably, reducing Te coverage tunes the Dirac point toward the Fermi level while
maintaining the bandgap. Spin-resolved measurements uncover a non-planar
chiral spin texture with significant splitting in both in-plane and out-of-plane
components, as well as evidence of an emerging edge state from scanning tun-
neling spectroscopy. These findings highlight Te-enhanced intrinsic spin-orbit
coupling in graphene, surpassing the extrinsic Rashba effect and promoting

a spin-orbit-induced bandgap. This system offers a promising platform for
spin-dependent transport phenomena, such as the quantum spin Hall effect.

o

1. Introduction

Since the discovery of the unique prop-
erties of graphene (Gr) such as its high
electron and hole mobilities,[?] the long
spin lifetime and long-distance spin prop-
agation at room temperature (RT),] or its
high electrical conductivity,[*! research into
its properties has experienced a great in-
crease. The Gr electronic structure is char-
acterized by its n valence band, which is
half filled and degenerate at the K¢, point
exactly at the Fermi level (E), the so-
called Dirac point (DP). In the vicinity of
the DP its band structure follows a lin-
ear relativistic-like dispersion described by
the Dirac equation. In spite of these ex-
ceptional features, the application of Gr
to electronic, spintronic or spinorbitronic
devices>8 has been jeopardized by the fact
that pristine Gr lacks a bandgap, which
makes it difficult to control certain tech-
nologically relevant processes such as on-
off switching operations in transistors.[’!
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Three main mechanisms have been explored to induce the de-
sired bandgap in Gr, namely: i) the imposition of a superperiod-
icity on the Gr lattice, leading to confinement effects;1%-14l ii) the
breaking of the sublattice symmetry and the subsequent gener-
ation of a lattice mismatch;[">-2) and iii) the development of a
sufficiently strong spin-orbit interaction (SOI).[21-24]

In this regard, some technologically significant quantum
states,] such as the quantum spin Hall (QSH) effect,!?®! require
not only the opening of a gap, but also the sublattice symmetry
not to be broken, thus preserving time-reversal symmetry (TRS).
The QSH phase is a two-dimensional (2D) topological insulator
state, which has been predicted to be achievable in Gr.?-?! In
this context, the SOI must be taken into account for the gener-
ation of a bandgap. When the SOI is strong enough, the bulk
bandgap of Gr is inverted, allowing for the realization of a topo-
logically non-trivial state. If the strength of the intrinsic SOI is
larger than the Rashba SOI, according to Kane and Mele’s pre-
diction, a bandgap appears at the Gr DP. Nevertheless, the in-
trinsic spin-orbit splitting of pristine Gr is extremely weak and,
unavoidably, overcome by the Rashba SOIL3%34 resulting in an
insignificantly small energy gap.!*3¢]

Different routes have been pursued to enhance the SOI
in Gr and, therefore, to promote the spin-orbit gap. For in-
stance, proximity effects with layered 2D SOI materials, such
as transition metal dichalcogenides (TMDs), topological insu-
lators, or magnetic layers, have been explored.’’*%1 Another
prominent example of significant relevance involves attempts
to induce strong hybridization with an intercalated heavy metal
(HM).*1#2] Particularly, much research has been devoted to 5d
HM intercalation.[****] However, these kind of metals (such as
Au or Ir) only increase the Rashba spin splitting of the electronic
states.[¥’~*] Hybridization with 4f intercalated magnetic layers,
such as Eu, can also induce a significant bandgap in the free-
standing Dirac cone dispersion, accompanied by a lifting of spin
degeneracy due to the mixing of Gr and Eu states.!")

One of the most successful cases for enhancing the SOI and
generating the spin-orbit gap has been the intercalation of p
outer shell HMs,! as Pb on Gr/Pt(111)?!) or Gr/Ir(111).122] In
Gr/Pb/Ir(111) the extrinsic SOI continued to overcome the in-
trinsic one, and no gap opening was observed. In the case of
Gr/Pb/Pt(111), a surpassing of the extrinsic SOI was achieved,
resulting in the opening of a spin-orbit gap. On the contrary, simi-
lar p orbital HMs intercalation, as Bi on Gr/Ir(111),['® do not pro-
mote any sizeable SOI effects in Gr and the observed gap opening
at the DP has been related to the breaking of the sublattice sym-
metry, which prevents this system to be used as a platform for
the implementation of the QSH effect.

Thus, while 5d or 4/ HMs have been extensively studied, the in-
fluence of the last p-filled shell elements remains less explored.
Continuing the trend of previously investigated elements such
as Pb and Bi, as well as SnP°? and Sb,*3] this work focuses on
the electronic structure of Te-intercalated Gr/Ir(111) heterostruc-
tures, following the band filling sequence of outer p shell ele-
ments. Moreover, Te is well-known for introducing significant
SOI in 2D layered materials.®* Exploring this pathway offers
valuable insights into the interactions between chalcogen atoms
and Gr supporting substrate, paving the way for engineering
novel 2D materials, such as TMD monolayers (ML) and other van
der Waals (vdW) heterostructures with tailored properties.[3855-57]
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In the first part of this work, low energy electron diffraction
(LEED) and scanning tunneling microscopy (STM) are used to
demonstrate how the Te intercalation process can be success-
fully performed in Gr/Ir(111). Two long-range ordered structural
phases are unveiled depending on the intercalated Te coverage. In
the second part, the effects induced in the Gr electronic structure
by the intercalated Te phases are also elucidated by means of scan-
ning tunneling spectroscopy (STS), angle-resolved photoemis-
sion spectroscopy (ARPES), spin-resolved ARPES (SR-ARPES)
and density functional theory (DFT) calculations. Particularly sig-
nificant is the emergence of a substantial bandgap at the DP at
RT extending up to 240 meV and its tuning with the Te cover-
age. Interestingly, at low Te coverage the bandgap persists, and
Gr becomes nearly charge neutral, in such a way that the E; is
tuned into the gap. The SR-ARPES measurements reveal a sig-
nificant energy spin-splitting, while STM measurements demon-
strate the emergence of an edge state, both supporting the intrin-
sic SOI as the origin of the induced bandgap and suggesting that
transport properties near the DP are dominated by charge car-
riers with a single spin component. These findings open viable
routes for the development of electronic and spintronic devices
based on Gr/Te heterostructures.

2. Results and Discussion

2.1. Structural Characterization

The samples were prepared in three steps, as described in more
details in the Experimental Section. First, a Gr ML was grown on
an Ir(111) single crystal by chemical vapor deposition. The LEED
pattern, exhibiting the expected moiré structure, is presented in
Figure Sla (Supporting Information). Second, different amounts
of Te were evaporated on Gr/Ir(111), promoting the formation
of Te islands. As a result, the moiré spots were suppressed, and
several concentric circles indicating the multiple domains of the
Te islands appear at the selected electron beam energy (80 eV,
Figure S1b, Supporting Information). Finally, annealing the sam-
ples at 473 K resulted in the effective intercalation of Te between
Gr and the underlying Ir(111) substrate.

Two distinct samples were prepared, each leading to a differ-
ent Te-coverage-dependent phase, obtained by controlling the Te
evaporation and exposure time. The LEED patterns correspond-
ing to these phases are shown in Figure 1a,e. Both images display
different spot distributions compared to those in Figure Sla,b
(Supporting Information), indicating complete Te intercalation
and the formation of a superstructure of Te on Ir(111). Notably,
the LEED pattern in Figure 1a exhibits a residual moiré pattern,
suggesting a slight reduction in the decoupling of Gr from the
substrate. This can be attributed to the lower concentration of Te,
as opposed to the higher coverage phase, where no moiré pat-
tern is observed. Also, models of the real space structures associ-
ated with such patterns are presented in Figure 1b,f, correspond-
ingly. Thus, two different regimes are identified, namely, a (\/5 X
\/g)R30° phase (Figure 1a,b), and a series of alternated periodic
repetitions of a ¢(4 X 2) reconstruction in which the maximum
number of Te atoms is accommodated (Figure 1ef).

In a preliminary estimation of the density of Te atoms extracted
from the real space structure, Te/Ir ratios of 1/3 ML and of 4/9
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Figure 1. LEED and STM characterization of the Te-intercalated Gr/Ir(111) heterostructures revealing two different structral phases depending of the
amount of intercalated Te. Top panels: 1/3 ML phase. a) LEED pattern showing a pure (\/g X \/§)R30° reconstruction. Graphene, Ir, and Te spots are
highlighted by yellow squares, white squares and red circles, respectively. The corresponding real space model is provided in (b). c) 9 nm crop of a 15 nm
side HR-STM image (V,=2V, 1;=0.35 nA). The moiré pattern unit cell and the one created by the Te structure are depicted in blue and red, respectively.
d) FFT of the complete image presented in (c), showing the Te (\/5 X \/g)" structure (red circles). The atomic lattice of Gr and the Gr/Ir moire pattern
are indicated by black squares and a blue circle, respectively. Bottom panels: 4/9 ML phase. e) LEED pattern and f) associated real space model showing
a reconstruction (whose three different domains are superimposed in blue, magenta, and orange on top of the LEED) consisting in a series of alternated
periodic repetitions of a c(4x2) reconstruction in which the maximum number of Te atoms is accommodated. The c(4x2) unit cell is highlighted in
purple in the model presented in (f), where the yellow rectangles indicate the areas which give rise to the quasi-one dimensional stripes observed in the
STM experiments, separated by 4.5 Ir atomic units (a.u.). g) 25 nm crop of a 45 nm side HR-STM image (V,=0.57 V, I, =0.5 nA). The stripe pattern is
highlighted by the pair of yellow lines. h) FFT corresponding to the complete image presented in (g), showing simultaneously a single domain of the
c(4x2) periodicity present in the LEED pattern of panel (e) (here highlihted in purple), as well as the stripe pattern described in (f) (highlighted in yellow).
LEED patterns have been acquired at E = 80 eV. In the real space models, grey circles represent Ir atoms and green ones stand for Te in (b), where the
red rhomboid depicts the unit cell of the structure. In (f), both red and blue circles represent Te in fcc and hcp positions with respect to the Ir surface,
respectively (see Section SV, Supporting Information).

ML are found, which is the notation we will refer to from here  Figure 1c and its corresponding fast Fourier transform (FFT) im-
onwards. In all reconstructions, Te atoms (in green in Figure 1b  40e (Figure 1d) reveal how the Te atoms are arranged in a (\/E

and 11n b;)lth redand bll ue in Figure lff,lsee ﬁ%lurﬁe capt.ion for. more \/E) R30° reconstruction, in agreement with the LEED pattern
details) have been placed at threefold on-hollow sites with re- 4 " . Figure la.

spect to the Ir lattice since these are the most energetically favor- In the 4/9 ML sample, most of the surface shows a set of quasi-
able adsorption sites (see Sec“?’n SV, SuPPomnS Info'rma_ttlc?n). one dimensional stripes oriented in three preferential directions
The same structural configuration has been predicted in similar (see Figures S2b and S3b, Supporting Information). A HR-STM

[58-60]
syste}r:.l S}'l luti hici fih image recorded on one of such domains and its corresponding
Ahigh-resolution (HR-) STM topographicimage of the 1/3ML gy pattern are shown in Figure 1g,h, respectively. The absence

sample acquired in one of the Te-intercalated areas is shownin ey o~ pattern and the fact that the Gr can be clearly re-

F%gure le. A characteli'istic large sc§le STM image is included in 14 indicate that the Te is intercalated. The separation between
Figure S2a (Supporting Information), whose profile along the the stripes is of (1.3 + 0.1) nm = 4.5 Ir atomic units (a.u.). This

black line (displayed in the lower panel) reveals different flatar- .. good agreement with the real space model represented

eas with a step heig}.lt associ.ated to Ir attomic terraces (22 4) in Figure 1f. The same consistency is found between the remain-
and smal{ patches with a height compatible with Te intercala- ing STM findings, as compared to the conclusions previously
tion (1.6 A), in the latter of which Figure 1c was acquired. Both 4 -« VEED characterization
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Figure 2. QPIs analysis. a) HR-STM image (V=200 mV, 1,=0.5 nA) corresponding to a Te-intercalated area in the 4/9 ML sample, revealing intervalley
scattering signatures around the point defects (see red circle), appearing as a consequence of the decoupling induced by the Te intercalation. b) FFT
image of an dI/dV map taken at 0.44 V. The spots from Gr atomic lattice are highlighted by black squares, and the corresponding SBZ is marked with
black lines (halve of it). In addition to the c(4x2) and stripe signals already explained in Figure 1 (highlighted here in purple and yellow, respectively), a
clear inter-valley signal can be appreciated at the corners of the SBZ (see red square). c) Zoom in to the SBZ corner highlighted in red in (b), presenting
four energy slices from a dl/dV bias series ranging from 0.14 to 0.54 V. The bias voltage of each slice is presented in the top right corner, in volts. d)
Dispersion relation obtained from the complete bias series by performing a radial average of the inter-valley signal centered at the SBZ corner. The red

line is a linear fit yielding a DP energy of —0.23 eV. All measurements have been taken at 1.2 K.

2.2. Electronic Structure Characterization

The Gr layer remains completely decoupled from the Ir metal-
lic substrate once the Te has intercalated, regardless of the
Te intercalation coverage. This decoupling is evidenced by the
observation of scattering patterns around defects in HR-STM
images.[°!'%2] Figure 2 shows a region of the 4/9 ML phase, where
the previously described stripe pattern and several defects are
visible. Notably, a flower-shaped defect (marked with a red cir-
cle in Figure 2a) and several point defects stand out. The flower
defects, featuring a central ring surrounded by a six-fold symmet-
ric structure, are likely induced by the heating during the inter-

calation process.[®] Surrounding the defects, a (v/3 x V/3)R30°
pattern appears relative to the Gr lattice, which is attributed to
intervalley scattering between the K and K’ states.[®*] As reported
beforel®265%61 and shown in Figure 2, the analysis of these modu-
lations provide detailed information on the electronic structure of
the material under study. The scattering vector ¢ is energy depen-

Adv. Funct. Mater. 2025, 2425154 2425154 (4 0f12)

dent and can be extracted from the FFT of spectroscopic dI/dV
maps of the STM images as in Figure 2, the so-called quasiparti-
cle interference (QPI) maps. In the case of Gr, intervalley scatter-
ing results in a ring centered at the corners of its surface Brillouin
zone (SBZ), with a radius of 2k, as observed in the Figure 2b.

This ring arises from scattering between states at ky and —k;.
Figure 2c depicts the energy dispersion from the analysis of the
q vector in a series of FFT from 120 mV to 580 mV. From the fit-
ting of the experimental data (red line in Figure 2d), is concluded
that the DP energy is at (—230 =+ 80) mV and the Fermi velocity
is (1.0 £ 0.1) - 10° m s71. A clear n-doping of the system is then
observed as a result of a charge transfer between Gr and Te, how-
ever, from the electronic point of view, Gr can be considered close
to quasi-free-standing.

A systematic ARPES study using He I radiation was conducted
to characterize the evolution of the band structure of the two
Gr/Te/Ir(111) phases at RT. HR-ARPES spectra of the two rep-
resentative samples (1/3 ML and 4/9 ML) at the Dirac cones, just

© 2025 The Author(s). Advanced Functional Materials published by Wiley-VCH GmbH
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below the Eg, are displayed in Figure 3a,c. The measurements
were acquired at the K., point along the perpendicular direction
to TK (as schematically depicted in the insets). ARPES spectra
showing the Dirac cone band dispersion of the Gr/Ir(111) refer-
ence system are provided in Figure S10 (Supporting Informa-
tion) for comparison. The overall band structures in an energy
range spanning from the E; to the bottom of the Gr n band are
included in Figure S5 (Supporting Information), in which the
band structure of an even lower Te coverage sample can also be
found. Gr & bands are sharp and intense, which indicates an op-
timal structural and interfacial quality. No signs of the Gr = band
replicas arising from the moiré pattern can be appreciated (ex-
cept from the bandmap corresponding to the lower coverage in
Figure S5c.f, Supporting Information), something that, in con-
junction with the subsequent absence of avoid-crossing mech-
anism bandgaps, confirm an effective Gr decoupling from the
Ir(111) substrate due to the Te intercalation. Most importantly,
the ARPES bandmaps in Figure 3a,c reveal the emergence of a
bandgap at the DP in both of the studied phases.

To characterize such a bandgap opening and the induced n-
type doping, the energy distribution curves (EDCs) are presented
in Figure 3b,d. Here, the opening of a bandgap at the DP, as well
as its shifting towards higher binding energies (BE) with respect
to Gr/Ir(111) are evident. Also, the quasi-free-standing charac-
ter of the Gr = band is proved with an estimated group velocity,
obtained from 1/#7(0E/dk),I®] of (0.98 + 0.04)- 10° m s~! in agree-
ment with the STM data and comparable to the reported values
for Gr/Ir(111), of 0.95- 10° m s71,I%%] or free-standing Gr, of 10°
ms

The width of the bandgap E, estimated as the difference
between the two maxima associated with the = and n* bands,
amounts to (240 + 80) meV and (180 + 80) meV for increasing
Te coverage. Notably, the energies of the DP are (260 + 80) meV
and (340 + 80) meV, respectively, for the same Te coverage in-
crease. Within the experimental error, this agrees with the value
extracted from the FFT analysis for high Te coverage, demonstrat-
ing that controllable n-type doping of the system can be achieved
while, most importantly, preserving the bandgap and the linear
dispersion for both studied phases.

In order to investigate whether the bandgap is tunable up to
the Eg, an even lower Te coverage sample was studied after re-
ducing the Te evaporation dose. This sample exhibits the same
LEED pattern as in Figure 1a. Figure S5¢,f (Supporting Informa-
tion) demonstrate how this sample is almost charge neutral, with
the DP close to the E;. The bandgap can be better revealed by a
small n-type doping through Na alkali deposition on top of Gr.
As shown in Figure S6 (Supporting Information), the bandgap
is preserved and its energy can be consequently tuned backwards
by such an electronic charge transfer.

A DFT adsorption study of Gr on several partially Te covered Ir
surfaces was performed. In order to keep the size of the compu-
tations manageable, a stretched Gr layer was placed on two differ-
ent Te covered Ir(111) surfaces so that the Gr lattice vectors match

the Ir(111) lattice vectors, namely the (\/5 X \/5)", characterized
by a 1/3 ML Te coverage; and the perfectly 2D periodic c(4 X 2)
reconstruction, characterized by a 1/2 ML Te coverage (see the
Experimental Section, and Section SV, Supporting Information,
for more details). In both cases, the structural optimizations ev-
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idence that the Gr-substrate interaction has a dispersive nature,
with the C atoms stabilized ata ~3.5 A vertical distance from the
Te atoms. As for the electronic properties, upon inspection of the
band-unfolded and Gr projected band structure in Figures S8 and
S9 (Supporting Information), the Gr band dispersion is found to
be almost unaffected by the presence of the substrate that, how-
ever, induces a significant n-type doping. A closer look shows that
Gr-substrate band hybridization is present in several places, as
shown by the band splitting of the Gr derived bands, even though
the linear dispersion of the n bands is preserved in the vicinity of
the K, point. In Figure 4a zoom-in close to the K, point and
the E; for the band structure of the two investigated intercala-
tion regimes is reported. Here, the vertex of the Dirac cone is
clearly downward shifted by ~470 meV and ~520 meV for the

(\/E X \/g)" and c(4 X 2) reconstructions, respectively, in fairly
good agreement with the experimental results. A small band gap

is opened at the Dirac cone in both cases. For the (\/E \/§)° a
very small ~6 meV gap is found, not visible in Figure 4a. For the
c(4 X 2) a =28 meV gap is spotted in Figure 4b Additional con-
siderations on the bandgap opening from calculations with spin-
orbit coupling can be found in Section SV (Supporting Informa-
tion). Thus, while DFT calculations account for electronic effects
such as the n-type doping and electronic hybridization states, the
bandgap magnitude is not fully reproduced. The gap observed in
the DFT calculations arises from sublattice symmetry breaking
effects introduced by the structural approximation used in the
model, resulting in a value that is an order of magnitude smaller
than the SOi-induced experimental bandgap.

2.3. Spin-Resolved Electronic Characterization

SR-ARPES measurements (see Experimental Section) on the 4/9
ML Te phase near the DP were performed with a mini-Mott de-
tector to investigate potential energy spin-splitting and explore
an SOl-related origin of the bandgap opening. Measurements
were acquired with hv = 21.2 eV and at RT at an emission an-
gle slightly off the K., point of the Gr SBZ, corresponding to
the Fermi wave vector denoted as K, as indicated in the ex-
perimental Fermi surface (FS) in Figure 5a and in the ARPES
bandmap in Figure 5c by the purple dashed vertical and slant-
ing lines, respectively. The FS exhibits the characteristic trigonal
symmetry of quasi-freestanding Gr on Ir(111) with pronounced
matrix element effects. The spin-up and spin-down components
(Figure 5e—g) were extracted from the raw spin-resolved energy
distribution curves (SR-EDCs) (see Figure S7, Supporting Infor-
mation) using Equations (2) and (3) in the Experimental Section.
The accuracy of the energy spin splitting estimated is limited by
the acquired statistics, not the instrumental resolution, with a sta-
tistical error of + 10 meV from the SR-EDC fitting.

Two orthogonal in-plane spin components, Sx’ and Sy’, were
measured using the incorporated spin rotator lens system, which
rotates the in-plane spins by + 45° (see Figure 5b, Figure S7, Sup-
porting Information, and Experimental Section). The S, out-of-
plane spin component was measured in both configurations. Re-
markably, the Sx’ in-plane and Sz out-of-plane spin components
(Figure 5e,g) exhibit energy spin splittings larger than the fitting
error, amounting to 30 and 50 meV for the & and n* bands in Sx/,
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Figure 3. ARPES study on the Te-coverage dependence of the Dirac cone in the DP vicinity (hv = 21.2 eV and RT). ARPES bandmaps measured at the
K¢, point along the I'K perpendicular direction for the a) 1/3 ML and c) 4/9 ML Te samples, as indicated by the SBZ sketches in panels (a) and (c).

EDCs for the b) 1/3 ML and d) 4/9 ML Te samples obtained from (a) and (c), respectively. Dark red EDCs correspond to the K¢, point. An energy shift
of the DP away from the E¢ as the Te coverage is increased is observed with values of, accordingly, (260 + 80) meV and (340 + 30) meV. The width of
the bandgap Eg amounts for (240 + 80) meV and (180 + 80) meV for the 1/3 ML and 4/9 ML Te phases, respectively.
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Figure 4. DFT Computed Band Structure near the DP. a) Band-unfolded and Gr-projected band structure near the K¢, point and the Fermi level for the

(\/3)( \/3)0 geometry, corresponding to a 1/3 ML Te coverage. A 6 meV (not visible) gap is found at the K¢, point. b) Same as (a) for the perfectly
periodic c(4 X 2) geometry, corresponding to a 1/2 ML Te coverage. A double point with high weight, which shows that a 28 meV gap (black arrows)

is opened at the vertex of the Dirac cone, can be observed at the K¢, point.

and 40 meV for both bands in Sz. In contrast, the S,, in-plane spin
component (Figure 5f) shows an energy splitting comparable to
the fitting error.

These experimental findings are, to a first approximation, con-
sistent with a non-planar quasi-chiral spin texture at the FS and
the vicinity of the DP, as schematically depicted in Figure Sb.
The spin texture combines a positive out-of-plane spin polar-
ization (blue) with an anticlockwise quasi-chiral in-plane spin
component (fuchsia arrow). This observation aligns with previ-
ous studies on similar heterostructures, such as p outer shell
HMs as Pb intercalated between Gr and Pt or Ir(111).2122] In
these systems, Pb intercalation promotes both extrinsic Rashba
and intrinsic Kane-Mele SOI, leading to comparable energy spin
splittings for in-plane and out-of-plane spin components near
the DP. Similarly, the in-plane and out-of-plane spin splittings
observed in Te-intercalated Gr suggest the induction of Rashba
(extrinsic) and Kane-Mele (intrinsic) SOI, respectively. Since a
bandgap is observed at the DP in both Te-intercalated phases, it
is likely that the intrinsic SOI contribution dominates over the
Rashba effect, resulting in a SOI-induced bandgap, as seen in Pb-
intercalated Gr/Pt(111).12!) Similarly, the spin-resolved measure-
ments reveal both in-plane and out-of-plane spin polarizations in
Te-intercalated Gr. This observation is consistent with the pres-
ence of both Rashba-type (extrinsic) and intrinsic SOI contribu-
tions: Rashba SOI typically leads to in-plane spin splitting, while
intrinsic SOI, such as that described by the Kane-Mele model, re-
sults in out-of-plane spin polarization near the Dirac point. Since
a bandgap is observed at the DP in both Te-intercalated phases,
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it is likely that the intrinsic SOI contribution dominates over the
Rashba effect, resulting in a SOI-induced bandgap, as seen in Pb-
intercalated Gr/Pt(111).12!)

The experimental band dispersion, bandgap, and energy spin
splitting can be modeled using the Hamiltonian describing rela-
tivistic Dirac electrons in Gr near the K, point (Figure 5d). While
the full Hamiltonian for proximized Gr is complex and challeng-
ing to handle (see, e.g., refs. [37,40]) it can be simplified for the
studied Te-intercalated systems (and similarly for Pb)?!l due to
the preservation of linear dispersion, Fermi velocity, and the sub-
monolayer coverage of intercalated Te. Thus, a Hamiltonian in-
cluding only the low-energy term (H,), intrinsic SOI (H,,,, Kane
and Mele),[?’! and extrinsic SOI (H,,,, Rashba)l*%! serves as a re-
alistic approximation(®®”°! (see Equation S1 in Section SVI, Sup-
porting Information, for details).

The eigenvalues of the considered Hamiltonian (Equation S1,
Supporting Information) near the K, point are given by:

Ep,v = EDP(V) +p- }\ext+

1)

+U - AV (AVEK) + (Ao — 1)

where p,v = +1 correspond to different spin chiralities and to
valence and conduction bands, respectively; Ep; (v) to the energy
of the DP, which depends on the chiral channel v; and the wave
vector k is given relative to the K, point. In accordance with Kane
and Mele’s model, a bandgap can be developed if the intrinsic
SOI is larger than the Rashba one, i.e., [A,,| > [A

ext|'
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Figure 5. ARPES and SR-ARPES study of the 4/9 ML heterostructure at RT: gap opening and non-planar quasi-chiral spin texture of the gapped Gr
Dirac cone. a) Experimental FS around K, point. The inset indicates the measured portion of the SBZ. The vertical purple dashed line corresponds to
the momentum at which SR-ARPES measurements were recorded and is coincident with the quantization axis for in-plane spin measurements, while
the horizontal one indicates the direction for the ARPES bandmap shown in panel (c). b) Schematic of the FS illustrating the SR-ARPES measurement
process using the spin rotator lens system (red and yellow arrows, see Experimental Section). The quasi-chiral in-plane spin component (fuchsia arrow)
and positive out-of-plane spin polarization (blue) are consistent with the energy spin splitting detected in the SR-EDCs shown in panels (e-g). c) ARPES

bandmap along the T'K direction. (d) Band dispersion modeled using equation 1 (see main text for details). e-g) SR-EDCs for: €) in-plane Sx’ (red
arrow in panel (b)); f) in-plane Sy’ (yellow arrow in panel (b)); and g) out-of-plane Sz (blue arrow in panel (b)). Spin-up and spin-down components are
represented by blue and red curves, respectively. Energy spin splittings, obtained from SR-EDC fitting, are indicated by dashed blue and red ticks.

Equation 1 has been parameterized to reproduce the experi-
mental band dispersion, bandgap (Figures 3c and 5c¢), and in-
plane energy spin splitting around K, (Figure 5e). Using the
experimentally determined Ej, = — 340 meV and SOI strengths
of Ay, =10 meV and A, = —100 meV the model reproduces
the observed electronic structure. The resulting band dispersion
from this semi-empirical approach is displayed in Figure 5d. This
model considers the higher energy spin splitting of ©* states as
compared to 7 states. The parametrization yields a spin split-
ting of 60 meV for the n* states, close to the experimental data
(Figure 5e). As a larger intrinsic SOI is considered, A, | > [Aeyl,
the resulting nontrivial energy gap is 2(|A,| — [Aegel) = 2 - (100 —
10) = 180 meV. Therefore, both the bandgap and the energy spin
splitting are well described by the model, and are consistent with
previously reported systems such as Pb intercalated between Gr
and P(111).121]

Gr sublattice symmetry breaking, as mentioned in the Intro-
duction section, can lead to a bandgap opening. However, in such
a case, neither in-plane nor out-of-plane spin dependence should
be observed, as in the case of Bi intercalation on Gr/Ir(111).[8
From the structural analysis based on LEED and STM (Figure 1)
and assuming that the Gr lattice constant remains unchanged
upon Te intercalation, the superstructures of intercalated Te are
found to be commensurate with the underlying Ir(111) but not
with the Gr layer. This rules out sublattice symmetry breaking
as the origin of the bandgap emergence, unlike Gr/Bi/Ir(111)
systems.18191 Accordingly, the sublattice symmetry should be
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preserved, as in Pb-intercalated systems.[?1:22] This conclusion is
further supported by the absence of an intravalley backscattering
signature (a central ring with a radius of 2k; at the I" point) in the
FFT images shown in Figure 2b.[%]

It is also important to consider the possible role played by
the substrate in this case. The interaction between Ir(111) elec-
tronic states, mediated by states from the intercalated layer, and
the Gr = bands may contribute to the emergence of SOI effects
in the Dirac cone.’! Nevertheless, the central role of Te inter-
calation must be emphasized, since Gr/Ir(111) alone exhibits
nearly charge-neutral, quasi-free-standing Gr characteristics (see
Figure S10, Supporting Information).l%71]

A direct comparison with related intercalated systems based
on outer-shell p elements highlights the distinctiveness of the
Gr/Te/Ir(111) heterostructure. In the case of Sn and Sb inter-
calation, the resulting structures behave as quasi-free-standing
Gr, without evidence of bandgap opening, SOI induction, or
significant doping.>*7%! Bi intercalation does lead to a gap and
doping, but SR-ARPES measurements show no spin splitting,
indicating a sublattice symmetry breaking origin rather than
SOL[l For Pb, an SOl-induced gap has been reported in
Gr/Pb/Pt(111), although the structural interface suffers from ro-
tational disorder;*!l meanwhile, in Gr/Pb/Ir(111), no measur-
able gap is observed, as intrinsic and extrinsic Rashba SOI are
comparable.l??] In contrast, the Gr/Te/Ir(111) system uniquely
combines high-quality epitaxial growth, a tunable SOI-induced
bandgap with spin splitting, robust doping control. These results
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Figure 6. Edge states measured by STS. a) STM image taken at the boundary between Gr/Te/Ir and Te/Ir regions. b) 2D d//dV plot averaging the area
indicated in yellow in (a). ) dI/dV map taken at —200 mV. d) STS spectra taken at the different regions of (a).

suggest that the full heterostructure plays a cooperative role in
enabling the observed phenomena.

2.4. Edge State

The emergence of a spin-orbit induced bandgap suggests the po-
tential for the formation of a QSH phase. To investigate this, the
presence of topologically non-trivial edge states within the bulk
insulating gap is analyzed. STM has been employed to probe the
topological behavior in several predicted QSH insulators, includ-
ing WTe,,’* WSe, [ bismuthene,”* and Bi;,Rh,1,.">]

For this experiment, a sub-monolayer of Gr was grown on
Ir(111), and a low coverage of Te (1/3 ML phase) was interca-
lated, following the same procedure used for a full Gr ML (see
Experimental Section and Figure S4, Supporting Information).
After Te intercalation, the Te atoms formed a (\/5 X \/5)" struc-
ture on the Ir patches. Figure 6a shows an STM image taken at
the boundary between a Gr/Te/Ir region and a Te/Ir region, with
the corresponding STS spectra at different positions depicted in
Figure 6d. As expected for the low Te coverage regime, a decrease
in the dI/dV signal is observed close to the Fermi level. In addi-
tion, an increase in the dI/dV signal appears at the edge under
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negative bias. This increase is more evident in the dI/dV maps
taken at —200 mV and the 2D STS plot as a function of energy,
taken along the yellow window marked in Figure 6a—c. In the
plot, the enhancement of conductance within the gap at the edge
is more evident, extending from the Fermi level to negative bias.

The observation of edge conductance alone does not suffice to
confirm the presence of a QSH phase. However, the combination
of several experimental findings—namely the conservation of sub-
lattice symmetry, the observation of a significant bandgap, and
the dominance of intrinsic SOI over Rashba-type SOI-strongly
suggests the existence of a QSH phase in the Gr/Te/Ir(111)
system.

3. Conclusion

In this work, Te has been effectively intercalated in Gr/Ir(111).
Depending on the Te coverage, two distinct phases have been
structurally resolved, both commensurate with the underlying
Ir(111) substrate. Remarkably, a bandgap opens at the DP of Gr
at RT, independent of the structural phase, while the relativistic
dispersion of Gr remains unaffected. The origin of the bandgap
has been attributed to a substantial intrinsic SOI that exceeds the
extrinsic Rashba contribution. The DP has also been shown to
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be tunable towards the Fermi energy by controlling the amount
of intercalated Te, while preserving the bandgap. These findings
pave the way for the development of innovative electronic and
spintronic devices, as Te intercalation in Gr/Ir(111) provides a
promising platform for tailoring spin-orbit coupling properties,
including the possibility of generating a bandgap or inducing
electronic doping. Finally, our work suggests that, in this system,
transport properties near the DP are dominated by charge carri-
ers of a single spin component. This indicates the potential of this
system as a platform for realizing spin-dependent transport phe-
nomena, such as the QSH effect. Replicating these structures and
preserving their electronic properties on insulating substrates is
therefore crucial for realizing their full application potential.

4. Experimental Section

Growth and Preparation Methods: Samples were prepared onto a Ir
(117) monocrystal subjected to several sputtering-annealing cycles prior
to the Gr deposition. A Gr ML was grown on Ir(111) by ethylene chem-
ical vapor deposition at 1450 K with a total dose of 108 L followed by a
post-annealing at 1443 K for 1 min. As a result, a high quality Gr layer of
a single rotational phase was obtained as indicated by the LEED and STM
images in Figures Sla, S2, and S3, Supporting Information. Sub-ML Gr
was grown by exposing the Ir(111) surface to 36 L of ethylene with the sub-
strate at RT, followed by an annealing at 1443 K for 10 min, see Figure S4,
Supporting Information. Tellurium was deposited onto Gr/lIr(111) at RT
using a Knudsen cell heated to Ty, = 613 K, with deposition times ranging
from 4 to 10 min. After that, an annealing at 483 K for 5 min was applied
in order to promote the intercalation process, confirmed by the recorded
LEED patterns in Figure 1a,e. The characterization by LEED and STM re-
vealed equivalent structures for the low (1/3 ML) and medium Te (4/9
ML) coverage samples, whereas different doping levels were observed in
the ARPES experiments.

STM Experiments: STM measurements were performed in two UHV
systems equipped with a low temperature STM (LT-STM) and a Joule-
Thompson STM (JT-STM), respectively. STM images were recorded in con-
stant current mode at RT, 77 K, 4.2 Kor 1.2 K. The QPI maps were taken us-
ing a lock-in amplifier (f= 763 Hz) and their corresponding Fourier trans-
forms have been symmetrized to improve the signal to noise ratio. The
data were processed using the WSxM software.l”¢]

ARPES Experiments:  ARPES experiments were carried out at the Spin-
ARPES laboratory at IMDEA Nanociencia. Samples were previously char-
acterized by STM and then transferred to the ARPES chamber by means
of a UHV suitcase, being always kept at pressures better than 1078 mbar.
The analysis chamber was at RT and at a base pressure better than 10710
mbars. ARPES measurements were performed with a He lamp with pho-
ton energy hv = 21.2 eV and a Specs Phoibos 150 hemispherical energy
analyzer, with an acceptance angle of +10° at Medium Angle Mode and
+ 15° at Wide Angle Mode, providing an angular resolution better than
0.05° (0.002 A=) and 0.075° (0.003 A~"), respectively for the short and
long energy range maps, and an energy resolution of 80 meV.

SR-ARPES Experiments: ~ SR-ARPES experiments were carried out at the
Spin-ARPES laboratory at IMDEA Nanociencia. SR-ARPES measurements
were recorded with a Combined Out-of-plane Specs 3D Micro-Mott/2D-
CCD detector analyzer, which allows for the simultaneous measurement
of the three spin components. Two orthogonal in-plane spin components
can be measured by an implemented spin rotator lens system, which ro-
tates +45° the in-plane spins: with rotator lens +45‘(’+1) channels 1 and

2 measure one in-plane component (e.g., S,/), and channeltrons 3 and 4
detect the out-of-plane one (S,); whereas for the —45° _ ;) rotator lens it
was the remaining in-plane component (S,/) the one which was detected
in channels 1 and 2, while channels 3 and 4 redundantly detect the out-
of-plane (S,) signal. A circular aperture for the spin-transfer lens of 3 mm,
and a pass energy of 10 eV were used, which gave rise to energy and an-
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gular (momentum) resolutions of 75 meV and 2.25° (0.06 A=1).77] The
spin up and spin down components were calculated from the results ob-
tained from the normalized spectra in Figure S7, Supporting Information,
by means of Equations (2) and (3):

Iin(out)

IT =+ Pin(out)) ' 2 (2)
Iin(out)

Iy = (1= Pinouy) - — @)

where Pj, ) is the spin polarization, defined as:

A
P. — _meas (4)
in(out) Seff

being A,.as the measured spin asymmetry, and S g the Sherman function,
which in this experimental setup amounts for 0.16.

DFT calculations:  Density functional theory calculations were carried
out within the projector augmented wave (PAW) approach,!’® as imple-
mented in the VASP code,[”°-8] using the Perdew-Burke-Ernzerhof (PBE)
exchange correlation functionall®?] and the Tkatchenko-Scheffler!33] cor-
rections, to account for weak dispersion forces. A 400 eV plane wave cut-off
and a total energy threshold of 107> eV for the self consistent field calcu-
lations were adopted. Depending on the size of the in-plane unit cell, the
BZ sampling was carried out using unshifted Monkhorst-Pack grids,[84]
ensuring a Ak 0.1 A. The Ir surface was modeled by 6-layer-thick Ir(111)
slabs. Different amounts of intercalated Te were studied (see Supporting
Information for further information) by placing the Te atoms on one side
of the slab and a flat and stretched (so that the Gr lattice vectors matched
the Ir(117) lattice vectors) Gr layer on top of it. In all cases a vacuum re-
gion of, at least, 20 A in the out of plane direction was adopted. The final
geometries were obtained relaxing the coordinates of the Gr atoms, the Te
atoms, and the topmost two Ir layers until the maximum force was less
than 0.01 eV A~". The band plots shown in Figures S8 and S9 (Supporting
Information) were obtained calculating the Kohn-Sham one electron en-
ergies and wavefunction over the usual BZ path of Gr. Each electron state
was assigned a weight calculated as its overlap with the the wave function
of a perfectly flat and accordingly stretched Gr layer. This procedure, in one
go, singled out the Gr derived states and allowed to get rid of the replicated
band due to the band folding, typical of the supercell calculations.[#%]

Supporting Information

Supporting Information is available from the Wiley Online Library or from
the author.
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