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Phase-dependent electronic structure of two-dimensional Ag layers at the graphene/SiC interface
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Intercalation at the graphene/SiC interface provides a controlled route to stabilize atomically thin layers with
properties distinct from their bulk counterparts. In this platform, the structure and stability of the intercalated
phase depend sensitively on the defect landscape of the starting substrate. For intercalated two-dimensional
silver at the graphene/SiC interface, two phases have been observed: a phase epitaxial to the SiC lattice, called
Ag, readily obtained following the conventional intercalation method under ultra-high-vacuum conditions
and extensively characterized, and a more densely packed phase, called Ag,), which has remained largely
unexplored. Here we report an in sifu ultra-high-vacuum preparation method of the second phase intercalated
at the graphene/SiC interface; this phase was previously prepared via high-pressure confinement heteroepitaxy.
Low-energy electron diffraction shows that Ag,, is rotated by 30° relative to the SiC lattice and forms supercells,
in contrast to the (1 x 1) epitaxial relation of Ag, with SiC. High-resolution angle-resolved photoemission
spectroscopy reveals a more complex Ag,, band dispersion compared to Ag,), as a consequence of the modified
Ag-Si interaction in the denser phase. In density functional theory calculations, by defining the unfolding entropy,
which, in a quantified way, finds that the band structure of Ag,, is more suitable to be unfolded to the SiC
primitive cell, the resulting unfolded band dispersion is in great agreement with the experimental data. We further
show that the different intercalated Ag phases tune the electronic properties of the overlying quasi-free-standing
graphene layer differently: compared with Ag,), Ag,, yields an ~1.75 times higher charge carrier density and
modifies the charge-plasmon interaction of the graphene layer, indicating a change in effective screening at the

interface.

DOI: 10.1103/rgn3-rnbh

I. INTRODUCTION

Quantum confinement in reduced-dimensional systems is
a central topic in materials science, driven by both funda-
mental questions [1-5] and technological prospects [6-9].
In particular, reducing the film thickness to the atomic limit
constrains electron motion and reshapes the electronic density
of states, which can markedly modify chemical reactivity,
mechanical response, and optical properties relative to the
bulk [10-12]. From a fundamental perspective, atomically
thin layers can host emergent phenomena absent in their
three-dimensional counterparts, including altered screening,
enhanced many-body interactions, and symmetry-driven elec-
tronic instabilities [13-16]. A key challenge, however, is
achieving and maintaining the structural and chemical sta-
bility of such two-dimensional (2D) phases, which are often
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metastable [17-19] and strongly influenced by the choice
of substrate, interface bonding, and environmental exposure
[20,21]. In this context, intercalating a two-dimensional ma-
terial at the graphene/SiC interface offers a practical way to
improve stability. The SiC substrate can help stabilize an inter-
calated layer by providing interfacial bonding and an ordered
template for growth, while the graphene overlayer acts as a
largely inert, atomically thin cap that shields the intercalated
film from the environment and lowers its chemical reactivity
[21-31].

As noted above, substrate templating—and thus the qual-
ity and defect landscape of the starting substrate—plays a
central role in stabilizing intercalated interfacial layers. In
this context, early studies showed that 2D-Ag and 2D-Ga
intercalated at the graphene/SiC interface using the con-
finement heteroepitaxy (CHet) approach (performed under
elevated pressure) [32] can form two distinct monolayer (ML)
phases [33,34]. Subsequent systematic work on CHet-grown
Ag-MLs demonstrated that the occurrence of these phases
depends extensively on the type and density of defects in the
initial substrate [35]. In particular, substrates dominated by
line and boundary defects tend to yield an Ag-ML, with a
(1 x 1) epitaxial relationship to the SiC lattice, which we refer
to as the Ag,, phase. In contrast, increasing the density of
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sp’-type defects favors the formation of a denser Ag-ML [35].
In this Ag,, phase, Ag adopts a more complex relationship
with the SiC unit cell and is rotated by 30° with respect to SiC
[35]. These two phases of Ag also exhibit significant differ-
ences in the optical responses, visible electronic absorption,
and sensing applications [34-36]. Combined experimental
and theoretical studies further indicate that Ag,) is thermody-
namically more stable, and a time-dependent transformation
from Ag) to Ag,, has been reported [35].

While the CHet method enables the formation of inter-
calated layers over large areas at the graphene/SiC interface
[32,37], the present work focuses on an in situ ultra-high-
vacuum (UHV) route that is directly compatible with stepwise
preparation and immediate surface-sensitive characterization
by low-energy electron diffraction (LEED), angle-resolved
photoemission spectroscopy (ARPES), and x-ray photoemis-
sion spectroscopy (XPS) without breaking vacuum. In this
sense, CHet and UHV intercalation provide complementary
routes: CHet is well suited for scalable synthesis, whereas
UHYV enables the in situ structural and electronic property
measurements to avoid any undesired phase transitions in the
ambient condition [35]. Using standard UHV intercalation
(Ag deposition on zero-layer graphene followed by anneal-
ing), the Ag,, phase is typically obtained [14,24]. To our
knowledge, however, preparation of Ag,, entirely under UHV
conditions has not been demonstrated so far. Here we present
the first UHV preparation route that yields Ag,, intercala-
tion at the graphene/SiC interface, enabled by deliberately
increasing defects through an additional intercalation step
as described in the main text. We then provide a detailed
experimental and theoretical investigation of the structural
and electronic properties of atomically thin 2D-Ag,,. The
structural characteristics are determined by LEED and sup-
ported by density functional theory (DFT) calculations. The
electronic properties are investigated using high-resolution
ARPES in combination with DFT band-structure calculations.
The calculated band structure based on the proposed struc-
tural model for Ag,, [35] reproduces the key features of the
ARPES spectra. As expected, Ag,, exhibits a more complex
electronic structure than Ag;,, accompanied by a clear shift in
the Ag core-level spectrum. We further show that the phase-
selective intercalation of Ag at the graphene/SiC interface
provides a route to tune the n-type doping of quasi-free-
standing monolayer graphene (QFMLG) and modifies the
electron-plasmon coupling in graphene via proximity effects.
Finally, we demonstrate that supercell formation between
Agy) and graphene produces replica features in ARPES, con-
sistent with superstructure signatures observed in the LEED.

II. METHODS
A. Sample preparation

For the preparation of graphene, we start with a mechan-
ically polished and n-doped 6H-SiC (0001) substrate (from
SiCrystal GmbH) with a miscut of <0.1° with respect to the
{0001} plane. Following a chemical HF cleaning, to achieve
an atomically flat surface for homogeneous graphene growth,
the polishing scratches were removed by annealing the sample
in an 800 mbar hydrogen atmosphere at about 1405 °C for

20 min [38,39]. The graphitization of the SiC sample was
performed in the same reactor under an Ar atmosphere (800
mbar pressure) by sublimating the Si atoms [40] through
heating the sample to ~1445 °C for 4.5 min. This technique
results in the formation of a graphene buffer layer [zero-layer
graphene (ZLG)] with terraces a few microns wide [41,42].
The ZLG exhibits the (6\/5 X 6«/§)R30° reconstruction rel-
ative to the underlying SiC substrate originating from the
lattice mismatch [41,43]. Due to the presence of the partial
sp® bonding at the ZLG/SiC interface, ZLG would not show
any Dirac cone dispersion in the ARPES data [41,43].

For Ag, 1ntercalat10n Ag was deposited for 30 min
(nominal rate 1 A/mm) onto a ZLG sample held at 400 °C,
followed by post-annealing at 600 and 650 °C for 30 min at
each temperature. A second deposition step with the same Ag
dose was then carried out at 400 °C, followed by annealing
from 600 to 700 °C in 50 °C steps, holding for 30 min at each
temperature. This two-step preparation protocol follows the
previously reported refined procedure [14] for getting sharper
Ag and graphene bands. Although the annealing tempera-
tures and times were kept essentially the same, the present
samples were prepared in a different preparation chamber
with a modified experimental setup. In particular, we used
electron-beam heating instead of direct sample heating as
the reported one, and the evaporator-to-sample distance also
differed. Nevertheless, the characteristic LEED signatures
and the electronic band structures of both the Ag-ML and
the resulting QFMLG are well reproduced. We observe a
slight shift of the Ag-derived bands to higher BE compared
to Ref. [14].

For Ag,,, Ag was first evaporated for 20 min (nominal rate
1 A/min) onto the ZLG sample held at 450 °C, followed by
sequential annealing at 600, 630, and 650 °C for 20 min at
each temperature. Up to this point, the procedure is essentially
identical to the one-step procedure used in Ref. [24] for Ag ),
intercalation, and the LEED pattern likewise shows the char-
acteristic Ag;,-QFMLG signature: enhanced graphene (1 x

1) spots and suppressed (6+/3 x 6+/3)R30° features [see the
Supplemental Material [44], section A, Figs. S1(a) and (b)].
As mentioned above, to obtain the Ag,, phase in UHV, the
defect landscape of the initial substrate is modified [32,45].
To achieve this, we introduced one cycle of Ag deintercalation
followed by a second round of Ag intercalation. Deintercala-
tion was carried out using Pb, taking advantage of the fact that
the heavier Pb atoms can replace intercalated Ag at the inter-
face. Specifically, Pb was deposited onto the Ag ;- QFMLG
sample at room temperature for 5 min (nominal rate 4 A /min),
followed by annealing at 400 and 500 °C for 30 min at each
temperature [25]. These steps result in complete substitution
of Ag by Pb, yielding Pb-QFMLG [cf. the Supplemental
Material [44], Sec. A, Fig. S1(c)], in agreement with the
established LEED and ARPES signatures reported previously
[25,46]. In the subsequent Ag intercalation step, Ag was de-
posited onto the Pb-QFMLG sample at 450°C for 30 min
(nominal rate 1 A/min), followed by annealing at 600, 650,
and 700 °C for 30 min at each temperature. Note that during
the second Ag intercalation process, Pb deintercalation and
Ag intercalation occur simultaneously (cf. the Supplemen-
tal Material [44], Sec. B, Fig. S2). In separate preparations,
we also found that omitting the initial Ag-intercalation step,
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i.e., starting directly from Pb-QFMLG, still yields the same
final Ag,, phase. The first Ag intercalation/deintercalation
cycle therefore mainly creates additional defects or entry
channels that facilitate subsequent Pb intercalation. Similar
effects of repeated Pb deposition/annealing cycles have also
been reported for Pb intercalation, where it helps to achieve a
homogeneous intercalated Pb layer [25,46]. By including the
initial Ag,, intercalation/deintercalation step, we could avoid
multiple Pb intercalation cycles.

Thus, the key practical difference between Ag,, and
Agp), in UHV is the starting substrate: Ag, is obtained
by intercalating Ag into ZLG, whereas Ag,, is obtained by
intercalating Ag into Pb-QFMLG. Qualitatively, this can be
understood by noting that a higher density of vacancy-type
defects in Pb-QFMLG, from the process of Pb intercalation,
likely provides favorable entry channels and nucleation sites
for stabilizing Ag,, intercalation [46,47]. However, vacancy-
type defects alone are unlikely to be the decisive factor.
In the CHet method, vacancy-rich samples were found to
yield intercalated layers with mixed Ag phases [35]. We fur-
ther note that intercalated Pb forms complex superstructures
with graphene [25,28,46,48]. Consequently, boundary defects
and a strained interfacial environment develop in the Pb-
intercalated graphene/SiC system [48,49]. As observed at the
intermediate stage of Ag re-intercalation [Supplemental Ma-
terial [44], Sec. B, Figs. S2(a) and S2(b)], Ag atoms are likely
introduced into a preexisting strained interfacial environment
created by the intercalated Pb monolayer. This may provide an
additional driving force for Ag,, nucleation. A quantitative
characterization of the defect type or defect density prior to
Ag,, intercalation is beyond the scope of the present work.
Future studies could address this point by exploring whether
other intercalated QFMLG systems or defect-engineered ZLG
substrates can provide alternative starting platforms for stabi-
lizing the Ag,, phase.

B. Characterization

We investigated the initial sample quality and analyzed the
structural information in situ by LEED using an Er-LEED
system (SPECS GmbH). The experimental photoemission
spectroscopy (PES) data of the Ag,, intercalated sample
presented in this work were acquired at the Bloch beamline
of the MAX IV synchrotron facility (Lund, Sweden) [50].
On the Ag, intercalated sample, PES was measured at the
1?2 end-station of UE112 PGM-2a-1? beamline at BESSY
II, Helmholtz-Zentrum Berlin, Germany [51]. To prevent
air exposure during transport, the samples were transferred
in a Ferrovac UHV suitcase with a base pressure below
1 x 107" mbar. All PES measurements were carried out at
a sample temperature &~ 20 K. At the Bloch beamline, PES
measurements were performed using a DA30-L hemispheri-
cal analyzer (Scienta Omicron GmbH). Synchrotron radiation
with photon energies in the range 40-180eV was used for
ARPES, while photon energies of 180-650eV were em-
ployed for core-level XPS. The best overall energy resolution
achieved in ARPES was approximately 18 meV. At the 1°
end-station, ARPES measurements were done using an R§000
hemispherical analyzer (Scienta Omicron GmbH). Measure-
ments were performed with photon energies of 110 and 40 eV,

and the best overall energy resolution achieved was 20 meV.
All PES measurements were carried out using linear horizon-
tal (LH) light polarization.

C. DFT calculation

The calculations are done by the Vienna ab initio simula-
tion package (VASP) [52-55], using the projector augmented
wave (PAW) method [56] and the Perdew-Burke-Ernzerhof
(PBE) exchange-correlation functional [57]. The computa-
tional unit cells have three layers of SiC stacked in the
ABC-form (as an approximation to the Ag-growth side of
6H-SiC) whose lattice constant in the ab-plane is 3.096 A,
and the z-dimension of the cell is 20 A to include enough
vacuum preventing interactions between the periodic images.
The bottom layer is passivated by H atoms and no graphene
cap is included. For Ag), we used the ideal (1 x 1) reg-
istry of Ag on top of the hollow-site of the topmost SiC
layer. For Ag(z), we have (3\/§x 3«/5) (in total 27) Ag
atoms on top of a (5 x 5) SiC supercell. The cutoff energy is
450eV, the self-consistent field (SCF) convergence criterion
is 1.4 x 1078 eV /atom, and the force convergence criterion
is 0.01 eV/f\ with D3 van der Waals correction [58,59]. The
k-point samplings are I'-centered 13 x 13 x 1 (51 x 51 x 1)
for the self-consistent (non-self-consistent) calculations for
Ag(), and I'-centered 3 x 3 x 1 (10 x 10 x 1) for Ag,,. The
band unfolding [60] is done with the VaspBandUnfolding
code [61]. Since we do not have the graphene cap, or take into
account of any charge-transfer effect, the extra electrons from
Ag in Ag,, will be in the conduction band, while experimen-
tally the Fermi level is in the gap. In addition, our calculations
do not include any correction for the underestimated band-gap
problem in DFT [62]. Therefore, we ignore the conduction
bands when comparing with ARPES. A test calculation with
the HSEO6 hybrid functional [63,64] in the Supplemental Ma-
terial [44], Sec. C, Fig. S3, indicates that a hybrid functional
would make a state around VBM more influenced by the SiC
substrate, and therefore would not change the conclusions
from a PBE-level calculation.

III. RESULTS AND DISCUSSION

A. Structural and chemical characterization
of Ag,, intercalated QFMLG

We begin with a structural comparison of the two interca-
lated 2D-Ag phases using LEED. Figures 1(a) and 1(b) show
LEED patterns of the Ag,)- and Ag,,-intercalated samples,
respectively, recorded at the surface-sensitive electron energy
of 70eV [65]. For Ag, [Fig. 1(a)], the pattern is dominated
by graphene (1 x 1) reflections (gray circle), while the SiC
(1 x 1) spots (green circle) are comparatively weak. The 6+/3
spots characteristic of the ZLG buffer-layer reconstruction are
strongly suppressed after intercalation, consistent with decou-
pling of graphene from the SiC surface and the removal of the
interfacial reconstruction [21,24,41].

For the Ag,, sample [Fig. 1(b)], it exhibits, in addition to
the primary diffraction spots [graphene (1 x 1) and SiC (1 x
1) spots indicated by the gray and green circles, respectively],
two distinct sets of replica spots [highlighted by pink and blue
dashed box in Fig. 1(b)] arising from supercells formation.
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FIG. 1. LEED patterns of (a) Ag;,-QFMLG and (b) Ag,-QFMLG at 70eV. The graphene (1 x 1) and SiC (1 x 1) spots are indicated
by gray and green circles, respectively, in (a), (b), and (d). The (6 x 6) graphene replica spots are highlighted by pink circles in the enlarged
view associated with (b), while the (5 x 5) SiC replica spots are marked by blue circles. (c) Top-view schematic of the SiC/Ag, /graphene
stacking sequence. Upper left: complete stack, showing the Si atoms (green spheres) of the topmost SiC, Ag,, atoms (violet spheres), and the
graphene lattice (gray hexagon). Upper right: Ag,) on top of Si(C), including the (5 x 5) SiC supercell (blue rhombus). Lower left: graphene
on Ag,, with the (6 x 6) graphene supercell (pink thombus). Lower right: combined view including all unit cells; the legend is shown at the
bottom. (d) LEED pattern of Ag,, at 94eV; the (5 x 5) SiC replica spots are marked in the corresponding enlarged view. (e), (f) Line profiles
(raw data: pink/blue open circles; fit: gray solid lines) taken through the (e) (6 x 6) graphene replicas and (f) (5 x 5) SiC replicas, along the
directions indicated in (d). (g) XPS survey spectrum of Ag,, acquired at 650 eV inset: Ag 3ds, region measured at 650V (red) and 450 eV
(black). (h), (i) Fits to the Ag,, 3ds/> spectra at (h) 650 eV and (i) 450 €V, with the corresponding fit components shown.

These supercells can be clearly seen in the top-view schemat-
ics of the SiC/Ag, /graphene stacking shown in Fig. 1(c),
based on the structural model of Ref. [35]. The sixfold group
of satellites surrounding the graphene (1 x 1) spot [in the pink
box in panel (b) and the associated enlarged view] is from
an ~(6 x 6) graphene supercell commensurate with a (5 x 5)
Ag) supercell [guided by the pink rhombus in the lower-left
quadrant of Fig. 1(c)]. The second set, highlighted by the blue
circles (in the blue box), is more clearly resolved in a LEED
pattern [Fig. 1(d)] with higher energy (94 eV), which is more
sensitive to the SiC. These spots correspond to an ~(5 x 5)
supercell of the SiC substrate, which is commensurate with

the (3+/3 x 3+/3) supercell of Ag ), as outlined by the blue
rhombus in the upper-right quadrant of Fig. 1(c).

To quantify the supercell periodicities, we performed
Lorentzian fits to line profiles passing through the replica
spots. Figure 1(e) shows a fit to a profile through the graphene
(1 x 1) spot and a diagonally opposite pair of the sixfold satel-
lites [profile direction indicated by the pink line in Fig. 1(d)].
The average separation of the left and right replica spots
from the graphene (1 x 1) reflection corresponds to 0.163 of
the graphene reciprocal-lattice vector (Gy;), indicating an ap-
proximately (6 x 6) periodicity [more precisely, (6.1 x 6.1)]
relative to graphene. A corresponding line profile analysis of
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the second set of replicas [Fig. 1(f), profile direction indicated
by the blue line in the enlarged view in panel (d)] yields a
separation of 0.2 of the SiC reciprocal surface lattice vector
(Gsic), identifying these spots as the (5 x 5) SiC grid spots
[66]. Overall, the LEED signatures agree well with those
reported previously for Ag,, prepared using the CHet method
[35]. The corresponding replica features observed in ARPES
are discussed later in Sec. IITF.

From this LEED analysis we conclude that Ag,) is rotated
by 30° with respect to the underlying SiC lattice and does
not form a simple (1 x 1) epitaxial relation as in Ag,, but
instead adopts the commensurate relation as described above.
Maintaining the (1 x 1) epltaxy in Ag,) implies tensile strain,
with an Ag-Ag distance (3.10 A) larger than that in bulk Ag
(2.88 A) [67]. In contrast, the rotated lattice of Ag, has a
higher areal Ag density and a shorter Ag-Ag bond of length
~2.98 A [35] to help relieve the strain [35,67].

To examine the chemical purity of the prepared sample, an
XPS survey spectrum acquired with 650 eV photon energy is
shown in Fig. 1(g). The survey is dominated by the Ag 3ds,,
and Ag 3d3,, spin-orbit split peak [24,68], together with the
expected C 1s, Si 2p, and Si 2s emissions [68]. In addition,
the Ag MNN Auger features [69] and the valence-band sig-
nal are clearly observed. Importantly, the O 1s [68] signal
is not detectable, indicating the absence of measurable air
contamination. Furthermore, no Pb 4f emission is observed
in the binding energy (BE) window of ~135-143eV [25].
Given that the photoionization cross sections of Ag 3d and
Pb 4f are of comparable magnitude at 650eV [70], the ab-
sence of Pb 4f provides strong evidence that Pb has been
effectively removed during the preparation. We therefore con-
clude that the above-mentioned preparation method, starting
from Pb-QFMLG, yields a chemically clean Ag,,-ML at the
graphene/SiC interface.

A pronounced photon-energy dependence is observed in
the Ag 3d core-level line shape when the excitation energy
is reduced from 650 to 450eV, while keeping the sample
position and all other experimental parameters unchanged. As
shown in the inset of Fig. 1(g) for the Ag 3ds,, region, the
main peak maximum remains essentially unchanged, whereas
the low-BE shoulder is strongly suppressed at 450eV. To
quantify this effect, the Ag 3ds,, spectra acquired at 650
and 450eV were fitted using Voigt functions [71] as shown
in Figs. 1(h) and 1(i), respectively; for the wide-range fit
of the Ag 3d spectra, see the Supplemental Material [44],
Sec. D, Fig. S4 (see also Ref. [72] therein). By comparing
with the literature, we assign the component at ~368.4eV to
an Ag-like contribution previously reported for the Ag,,
phase [35]. The dominant spectral weight is attributed to
Ag?z), i.e., the in-plane Ag-Ag bonding within the Ag,, in-
tercalation layer, while the highest-BE component is assigned
to the Ag—Si bonding at the interface with the SiC substrate
[35]. The presence of two distinct Ag,, bonding components
indicates a nonuniform local electronic environment within
the Ag,, layer, in contrast to the more homogeneous Ag,
phase, which is characterized by a single Ag 3d component
[24]. We note a systematic BE offset of the Ag,, peaks of
approximately ~0.3 eV relative to Ref. [35], which may arise
due to slight variations in the local chemical environment and
screening. Notably, in the more surface-sensitive 450 eV data,

the relative intensity of the peak associated with the Ag,
layer as compared to the Ag,, components is lower than for
650 eV. This trend is consistent with the simplified model of
the exponential attenuation of photoemission intensity with
larger depth [65]. Since transmission electron microscopy
[35] data indicate that Ag ;) resides deeper below the graphene
overlayer than Ag,,, the Ag,, contribution is more strongly
suppressed under surface-sensitive conditions, leading to a
lower relative Ag;, intensity. As a result, the Ag, contri-
bution is more strongly suppressed in the surface-sensitive
measurement, leading to a reduced Ag;,/Ag,, intensity ratio.
The lowest-BE component (BL-Ag) lies close to the reported
value for metallic Ag [24]. One possible origin would be
nonintercalated Ag residing on top of the graphene; however,
such a surface contribution would be expected to increase
markedly in the more surface-sensitive 450 eV measurement,
which is not observed. We therefore ascribe this low-BE com-
ponent to a minor phase (or domains) of intercalated Ag with a
more metallic local environment. This assignment is discussed
further in connection with the last section (Sec. III G).

B. ARPES of Ag;, and Ag,

Figure 2(a) presents the electronic band structure of the
Ag, phase measured along the I'Ms;cKsicI™ direction. The
data were acquired with a photon energy of 110eV. The cor-
responding surface Brillouin zones (BZs) of SiC and graphene
are superimposed in the constant-energy contour (CEC) data
in Fig. 2(b). Consistent with earlier reports (Ref. [24]), the
Ag(y, phase exhibits semiconducting behavior [73] as the
valence-band maximum (VBM) is at a BE of 0.59 4 0.05 eV
below the Fermi level (Ep) at the Ksic point. That ex-
act value of the VBM is confirmed by the fitting of the
energy-distribution curve (EDC) superimposed at Kgic. The
dispersion also displays a saddle point feature at the Ms;c
point at a BE of approximately 1.60eV. Along I'Mg;c, Ag-
derived states show clear hybridization with SiC bulk bands,
which become visible near ~2.5eV BE. The CEC at 1.60eV
BE in Fig. 2(b) highlights the band topology at the saddle
point Mgic, where the contour shows a pronounced hexagonal
shape.

Figure 2(c) shows the electronic band structure of the Ag,,
phase measured with 110 eV light. Similar to the Ag;, phase,
Ag,, exhibits semiconducting character, with the VBM lo-

cated well below Er at the Kgic point. In contrast to Agg),
however, the Ag(z)-derived band near Kg;c splits into three

components, as demonstrated by the EDC extracted at Ksic
and overlaid at the corresponding momentum. From this
EDC fitting, the VBM is found at a BE of 0.57 & 0.05eV
(associated with the y branch), while the component with
the highest spectral weight appears at 0.82 £ 0.05eV (the
B branch). Along MsicKg;c direction, the highest-BE com-
ponent is labeled as «. A gaplike suppression of spectral
weight is observed between the 8 branch and the downward-
dispersing branch along Kg;cI" at the position marked by "x

A saddle-point feature is observed at the Mgic point at a
BE of approximately 1.40eV. The CEC in Fig. 2(d) shows
that, at the saddle point energy, the Ag,, pockets exhibit a
much weaker hexagonal warping as compared to Ag,. A
more detailed inspection also reveals two distinct Ag-derived
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FIG. 2. E-k dispersions of (a) Ag,-QFMLG and (c) Ag,,-QFMLG measured along the I'Ms;cKsicI" direction using 110 eV photons
[with linear horizontal (LH) light, i.e., p-polarization]. EDCs at Kg;c are overlaid in each panel (raw data: red points; Lorentzian fit: black
line). The o, B, and y band splitting and the *-marked opening are discussed in the main text. (b) CEC of Ag,,-QFMLG at a BE of 1.60eV;
the BZs of SiC (blue) and graphene (pink) are indicated. (d), (e) CEC of Ag,,-QFMLG at BEs of 1.38 and 1.15¢V, respectively. The CEC
BEs are indicated in panels (a) and (c); two distinct Ag,, pockets are highlighted in (e).

pockets around Kg;c at a slightly higher BE, which are clearly
resolved in the CEC at 1.15eV BE in Fig. 2(e): the pocket
outlined by the green dash-dotted line corresponds to the y
band, while the inner pocket marked in pink is associated with
the « branch.

C. The periodicity in the k-space of Ag,

Although the Ag,, pockets are more circular overall, the
momentum locations of the VBM and the saddle point remain
the same as those of Ag,. More importantly, the periodicity
in the k-space follows the BZ of the SiC, suggesting a (1 x 1)
epitaxial relationship of Ag,, with the SiC substrate. How-
ever, the structural model from Fig. 1(c) shows that the Ag
unit cell in Ag,, is 30° rotated with respect to the SiC unit
cell, thus, the periodicity in the k-space for Ag-induced bands
is expected to follow the BZ indicated for the Ag (red) in
Fig. 3(d). The apparent (1 x 1)-like symmetry in the ARPES
data can be explained by the Ag-SiC interaction through in-
specting the wave functions of the Ag,, phase. For example,
we can plot and compare the partial charge density at the
VBM of the Ag, phase [Figs. 3(a)-3(c)] and the Ag,, phase
[Figs. 3(e)-3(g)]. Although the wave function in Ag,, has
some charge density in the Ag layer, following the periodicity
of the Ag lattice, the wave function is predominantly localized
on the Si atoms, showing great similarity with that of the Ag

phase, therefore making the wave function more compatible
with the SiC periodicity, meaning the VBM in Ag,, should
be better unfolded to the SiC primitive cell. To confidently
draw similar conclusions for all states near the VBM, we need
a quantitative description of what we observe here, and that is
discussed below.

Computationally, to compare the calculated band structure
of the Ag,, phase [Fig. 3(e)] with the experimental ARPES
data, the bands are first calculated in the BZ of the supercell
[black in Fig. 3(d)], i.e., (3v/3 x 3+/3)-Ag on a (5 x 5)-SiC,
and then unfolded to a primitive cell [60]. Here, we have
two options: the SiC primitive cell and the Ag primitive cell,
and we need to decide which one is more suitable for the
unfolding. For each electronic state Km in the supercell, the
procedure of unfolding it to kjm in the primitive cell [Eqs. (14)
and (15) in Ref. [60]] is essentially to redistribute the spectral
weight

1= GG
G
from the supercell first Brillouin zone (FBZ) to the primitive
FBZ

(1)
Penkj =K +Gj) = [Ckm@+GHP. ()

4
> Prmley) =1, 3)
J
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(a) 1.0

E—Ef (eV)

E—Ef (eV)

FIG. 3. (a) The band structure for the Ag;, phase (with Ag atoms registered at the hollow site of the topmost SiC since it is the configuration
with the lowest energy). (b) Top and (c) side view of the partial charge density (isosurface at 3.77 x 107> A3) of the state at the VBM (the
orange dot) in (a). The orange color shows the shape of the isosurface, while the red-to-blue color in the cross section shows the charge
density distribution from high to low. (d) The Brillouin zones of the supercell for Ag,, (black, marked as “27:25” for the Ag:SiC ratio), and
the primitive Brillouin zones of the SiC (blue) and Ag (red) lattice. (e) The band structure for the supercell of the Ag(,, phase. The blue/red
dots indicate that the corresponding state is more suitable to be unfolded to the SiC/Ag primitive cell, respectively, with a relatively smaller
unfolding entropy as defined in Eq. (4). An example of a red dot would comparatively have more density in the Ag layer, and that part follows
the periodicity of Ag (Supplemental Material [44], Sec. E, Fig. S5). (f) Top and (g) side view of the partial charge density of the state [color

code as in panels (b), (c)] at the VBM (the orange dot) in (e).

where m is the band index, C’s are Fourier coefficients, K is
a wave vector in the supercell FBZ, G’s are reciprocal-lattice
vectors of the supercell, and their noncapital counterparts are
for the primitive cell. For an ideal supercell created simply by
multiplying a primitive cell, the unfolding of a nondegenerate
state would yield a single k; with P,,(k;) = 1. If we choose
another primitive cell not compatible with the original one,
we would have the spectral weight distributed over multiple
k;’s—because the Fourier components are not grouped in
the correct way, and the unfolding would be less meaning-
ful. Therefore, the “concentration” of the unfolded spectral
weights can measure the unfolding quality, as well as the com-
patibility of periodicities between the state and the primitive
cell. To quantify this “concentration” (or “smearing”), instead
of only considering the largest value of the unfolded spectral
weights [max; Px,,(k;)], we can define an unfolding entropy
as

Skm = — Y _ Pxm(k;) In Py (k) @
J

which takes the full distribution into account. Here, a smaller
value indicates a more meaningful unfolding, and the wave-
function is more compatible with the chosen primitive cell,
while a value of zero indicates a perfect unfolding. Applying

this procedure to the Ag,) supercell band structure [Fig. 3(e)],
we find that most of the states near the VBM have a smaller
unfolding entropy for the SiC primitive cell (blue dots) com-
pared to the Ag primitive cell (red dots), indicating that for
these states, they are more compatible with the periodicity of
SiC, and the unfolding to the SiC primitive cell is more suit-
able for comparison with ARPES. The possible reason for this
might be that the high energy dangling bonds of the topmost
Si are more likely to capture most of the bonding electrons
when interacting with the 2D Ag. This could be seen that even
at those red dots, we still have a significant contribution from
the topmost Si (see the Supplemental Material [44], Sec. E,
Fig. S5).

D. Bands comparison between theory and experiment

We now turn to a detailed comparison between the exper-
imental and theoretically calculated band dispersions of the
Ag(y) phase in Fig. 4(a) (the corresponding analysis for Ag,
is presented in the Supplemental Material [44], Sec. F and
Fig. S6, see also Refs. [74,75] therein). The calculated and
unfolded bands are plotted along the I'Mg;cKgicI" direction.
Experimental data in the same direction were measured at
180 eV and show essentially the same dispersion as the 110 eV
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FIG. 4. Comparison of DFT and ARPES data. (a) DFT band structure of Ag,, unfolded to SiC primitive cell (blue points) together with
the corresponding folded supercell bands (transparent gray) along the I'Mg;cKsicI" direction; the ARPES spectrum measured at 180eV is
overlaid (in brown scale) for comparison. (b) Comparison of (left) the calculated CEC of the unfolded Ag,, bands at 0.05eV below the
saddle point at Mgic and (right) the experimental CEC at a BE of 1.35 eV. (c) DFT band structure of Agg, on SiC shown in the same
format as in Fig. 3(a), stacked with the Ag(z) ARPES data along the I'Mg;cKsicI" direction. The experimental Fermi level is marked by
the green dashed line in (a) and (c). The left and right y axes in (a) and (c) correspond to the calculated and experimental energy scales,

respectively.

data in Fig. 2(c) but have higher intensity. Overall, the DFT
results reproduce the key experimental features with good
agreement, including the dominant weakly dispersive (flat) S
band and the downward-dispersing « branch in the vicinity of
Ksic. We note that experimental intensities can vary depend-
ing on the momentum position of the measurement, e.g., first
or repeated BZ (see the Supplemental Material [44], Sec. G,
Fig. S7). As mentioned in the Methods section, we ignore
the conduction bands and the position of the Fermi level in
the calculated bands. By comparing with the unfolded DFT
band structure [Fig. 4(a)], the “opening” (marked by "x" in the
figure) is not really the breaking of a single band, it is rather
the intensity change of two bands in the supercell: Along the
direction from Kgic to T, the B band loses intensity at the
“opening,” while another band (downward branch) starts to
show strong intensity there. This intensity suppression is a
good example showing that the bands in ARPES are strongly
influenced by matrix element effects. In the calculation, the
matrix element effect is partially captured by “absorbing the
additional structure factor (kn|Km)” between the supercell
and primitive cell wave functions [76] through unfolding the
supercell band structure properly to the SiC primitive cell. In
Fig. 4(b), we compare the experimental CEC map at 1.35eV
BE with the CEC calculated from the unfolded Ag,, DFT

band structure at 0.05 eV below the saddle point at Mg;c. The
calculated contour reproduces the nearly circular Ag,, pocket
shape in good agreement with the experiment. To make the
CEC better match the experimental data, the DFT CEC is
broadened using a Lorentzian energy smearing of 0.1eV and
a Gaussian smearing of 0.06 A~! along the momentum axes,
followed by adjusting the intensity threshold. The calculated
CEC with no smearing in the momentum plane and no inten-
sity truncation is shown in the Supplemental Material [44],
Sec. H, Fig. S8(d). In that representation, an additional small
circular feature appears in the calculated contour, which is
discussed in the Supplemental Material [44], Sec. H, Figs. S8
and S9 and later in Sec. III G.

The uppermost y branch at Kg;c and its continuation along
KsicI' [better seen in Fig. 2(c)] are not captured by the
Agy)-only calculation. Notably, these additional experimental
features closely resemble the DFT band structure of the Ag,
phase [see Fig. 4(c)]. Supplemental Material [44] Sec. I and
Fig. S10 further analyze the Ag,-like contribution observed
in the experimental Ag,, CEC. These observations suggest
a residual mixture of the two phases in the sample, consistent
with the phase coexistence inferred from the Ag 3d line-shape
analysis in XPS. Nevertheless, the relative spectral weight of
the Ag-derived states indicates that Ag,, remains the predom-
inant phase in the probed region.

E. Dirac cone dispersion of Ag ;) and Ag,,-QFMLG

The denser lattice arrangement of the Agg,, phase com-
pared to Ag(,) not only produces a distinct electronic structure
within the Ag monolayer itself, but is also expected to modify
the electronic properties of the overlying graphene layer via
proximity effects [77,78]. To examine this, Fig. 5 compares
the w-band dispersion of the QFMLG layer for samples in-
tercalated in the Ag., and Ag,, phases. Figures 5(a) and
5(b) show energy-momentum cuts through the graphene Dirac
cone for Ag(;,-QFMLG and Ag,-QFMLG, respectively. The
spectra were recorded at the graphene Kgr point along a
momentum direction perpendicular to ﬁgr using 40 eV pho-
tons. In both cases, the Dirac cone exhibits a characteristic
renormalization near the Dirac point, often referred to as
a “diamondlike” dispersion [13]. This behavior can be de-
scribed by the intertwining of an additional lower branch
(at higher BE) with the bare graphene Dirac cone (at lower
BE), resulting in a diamond-shaped renormalization at the
Dirac point (see the Supplemental Material [44], Sec. J,
Fig. S11). This additional branch has often been associated
with plasmaron-like excitations arising from coupling be-
tween Dirac fermions and plasmons in graphene [13,79]. We
note, however, that the microscopic interpretation of such
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FIG. 5. (a) and (b) E-k cuts through the graphene Dirac cone at fg, for (a) Ag;,-QFMLG and (b) Ag,,-QFMLG, measured with photon
energy 40 eV. MDC fits (red markers) and their linear extrapolations (white dashed lines) are used to determine the Dirac-points Ey and E,. The
measurement direction is indicated in the inset Brillouin zone map. The momentum value k., at which the 7-band crosses the Fermi level, is
marked. (c) and (d) Fermi pockets associated with the Dirac cones of (c) Ag;,-QFMLG and (d) Ag,,-QFMLG; radial MDC fits are shown by
the red curves. (¢) Normalized (reduced-axis) representation of the Ag,)-QFMLG Dirac-cone dispersion for analyzing the plasmaron-related
“diamond” feature. (f) EDC (red dotted line) at Kgr with Lorentzian fit (black line); the fitted components (gray dashed line) identify the bare
and plasmaronic Dirac-points, Ey and E,, respectively for Ag,-QFMLG.

features is strongly debated. Previous studies have shown that
substrate screening can give rise to satellite features [80].
In addition, apparent anomalies near the Dirac point may
arise from substrate-induced breaking of graphene sublattice
symmetry, combined with lifetime and momentum broaden-
ing, leading to an elongated spectral feature at the Dirac
point [81-83]. In the present case, the quasi-free-standing
nature of Ag,- and Ag,-QFMLG strongly reduces the
direct graphene-substrate interaction [79]. In other words,
after intercalation of an atomic layer at the graphene/SiC
interface, the topmost graphene layer behaves nearly as a
defect-free quasi-free-standing sheet, so the contribution from
substrate-induced anomalies is expected to be weak [79]. We
therefore interpret the observed feature predominantly as a
plasmaron-related, diamondlike anomaly involving an addi-
tional conelike branch, similar to what has been observed
for graphene with other semiconducting intercalated layers
[13,14,23,79]. To extract the relevant energy scales, the dis-
persions of the upper 7* and lower 7 bands were fitted
independently using momentum-distribution curves (MDCs);
the resulting fits are shown by the red lines. Linear extrapo-
lations of these fitted dispersions (white dashed lines) were
then used to determine the Dirac-point energies associated
with the bare Dirac cone, Ey, and the plasmaronic branch, E;.
For Ag;)-QFMLG [Fig. 5(a)], the bare Dirac-point energy is
Ep = 0.66 £0.02 eV below Ef, whereas for Ag,,-QFMLG
[Fig. 5(b)] it shifts to Ep=0.77 £0.02 eV, indicating
stronger n-type doping in the Ag,,-intercalated sample.

A quantitative estimate of the carrier concentration was
obtained from the Fermi surface contours shown in Fig. 5(c)

(Ag)-QFMLG) and Fig. 5(d) (Ag(,)-QFMLG), which cor-
respond to the m* band pocket around Kgr. Radial MDC
fitting of the pocket was performed (red curve) to determine
the enclosed area A. Using Luttinger’s theorem [84,85], the
electron density was evaluated from the Fermi surface area
(for a spin- and valley-degenerate Dirac cone) as

A
w2’

_ 8s&vA
n = =
(2m)?

&)

where gy =2 and g, = 2. This analysis yields n ~ 3.38 x
10" em=2 for Ag)-QFMLG and n ~ 5.92 x 10 ¢cm~2
for Ag(;)-QFMLG, confirming the higher electron doping in
the Ag,)-intercalated graphene. The enhanced n-type doping
for Ag)-QFMLG is presumably caused by a more efficient
charge transfer from the intercalated Ag layer to graphene.
In particular, the reduced graphene-Ag,, separation (as sug-
gested by the XPS analysis and previously reported TEM
results [35]) would strengthen the interfacial interaction and
increase the net electron transfer into the graphene 7 * states,
thereby shifting the Dirac point to higher BE. Note that the
gray dashed cone in Fig. 5(b) and the extra faint inner pocket
in Fig. 5(d) correspond to monolayer graphene from the over-
grown area of the sample.

We now analyze the “diamondlike” renormalization of
the Dirac-point in Ag,)-QFMLG, shown in Fig. 5(e). For
analysis and comparison, the BE and momentum axes are
normalized. The BE is scaled relative to the upper Dirac point,
Ep = 0.68 +0.02 eV, obtained from the EDC at Ky of
Fig. 5(b) [86] [the EDC data are shown in the Supplemental
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Material [44], Fig. S11(b)]. The momentum axis is normal-
ized by kr, [see Fig. 5(b)]. Here, kr, = 0.18 A~ denotes the
ky value at which the graphene 7 band crosses the Fermi level,
here k, = Ky, and the cut is taken perpendicular to the TKg,
direction. To improve the visibility of the crossing, Fig. 5(e)
is displayed over the 0.5-2.2 eV energy window. From the
scaled energy separation between the Dirac points of the bare
and plasmaronic bands, §E = | EZE;OE" |, we determine the effec-
tive coupling constant, o of the graphene layer, following the
one-particle Green’s-function analysis within the GoW-RPA
framework [79]. In simple terms, a larger ag corresponds to
stronger electron-plasmon coupling in graphene. From the re-
sulting plasmaron “diamond,” we extract 6E = 0.49 £ 0.04,
which corresponds to an effective coupling constant of ag ~
0.5 for Ag(;-QFMLG. This value is larger than that obtained
for Ag(;,-QFMLG [14], indicating stronger electron-plasmon
coupling in the Ag,)-intercalated system. Within this picture,
the enhanced coupling is associated with a reduced dielectric
screening provided by the Ag,,/SiC environment. Using o,
the effective dielectric constant of the Ag,)/SiC medium can
be estimated as €pg, ~ % — 1, which yields €pq, ~7.8.
This value is smaller than the corresponding estimate [87]
for Ag(l)—QFMLG, €agy, ~ 10, as shown in Ref. [14]. The
reduced €pq,, suggests weaker overall effective screening at
the interface, which can be attributed to a more effective pas-
sivation of polarizable Si dangling-bond [13] states after Ag,,
intercalation on SiC compared to the Ag,,/SiC interface.

F. Signature of band replicas in the Ag,, intercalated QFMLG

The supercell periodicity in the Ag,,-QFMLG is also evi-
dent in replicated Dirac cone pockets, as shown in Fig. 6(a)
by a wide-range Fermi surface map revealing such repli-
cas surrounding the main graphene 7* pocket. This map is
measured with 180 eV photon energy. The replica pockets
are displaced relative to the main pocket along the graphene
reciprocal-lattice directions by a small momentum separation,
indicative of umklapp scattering of the graphene -bands by
the superlattice reciprocal vector, Ggp. To quantify the mo-
mentum separation, Fig. 6(b) shows a two-dimensional E-k
cut extracted from Fig. 6(a) through Kgr along a momentum
direction perpendicular to ﬁgr. From the MDC in Fig. 6(c),
obtained by integrating over the 0.85-0.95 eV BE window,
we extract a supercell reciprocal-lattice vector magnitude of
|Ggupl & 0.49 A-!. This implies a real-space supercell lattice
constant of approximately six times that of graphene, con-
sistent with the (6 x 6) coincidence supercell between Ag,,
and graphene inferred from the LEED data. Notably, no such
replica pockets are observed for the Ag,,-intercalated sample.

G. Spatial dependence of Ag,,

Finally, we address the origin of the lowest-BE shoulder
observed in the Ag 3d core-level spectrum of the Ag,-
intercalated sample [Figs. 1(g)—1(i)]. As argued above, this
component likely originates from a distinct, spatially localized
region within the intercalated Ag layer. To further test this
interpretation, Fig. 7(a) compares the Ag 3ds/, spectra mea-
sured at two different sample positions (Pos1 and Pos2) using
650 eV excitation. A pronounced reduction of the shoulder in-
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FIG. 6. (a) Fermi surface map of Ag,-QFMLG measured at
180 eV, highlighting replica pockets surrounding the main graphene
Dirac-cone pocket. (b) E-k cut at Kg, along a momentum direction
perpendicular to 'K, showing Dirac-cone replicas on both sides of
the primary dispersion. (c) MDC integrated over the energy window
indicated in (b), resolving the intense main peak of the Dirac cone at
Kg, and the replica features at KSUP.

tensity (BE position is marked by the dashed line) is observed
when moving from Posl (the initial measurement position)
to Pos2. We further compare ARPES spectra at the same
positions using 46 eV photon energy, as shown in Figs. 7(b)
and 7(c), respectively. At Posl, an additional band crossing
the Er is clearly observed at the I point, whereas this feature
is absent at Pos2. A closely related behavior has been reported
for Au intercalation at the graphene/SiC interface, where in-
tercalated monolayer Au yields a semiconducting dispersion,
while intercalated bilayer Au produces an additional metallic
band crossing Er[23]. By analogy, we tentatively assign both
the low-BE Ag 3d shoulder and the I'-centered metallic band
to regions containing a bilayer (or locally thicker) intercalated
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FIG.7. (a) Ag 3ds;; XPS spectra of Ag,-QFMLG measured
at 650 eV at two sample locations (Posl and Pos2). (b), (c)
ARPES spectra measured using 46 eV light (LH polarized) along
the KgicI'K'sic direction at (b) Posl and (c) Pos2, highlighting the
additional band crossing E at T in (b) that is absent in (c).
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Ag phase. This assignment is also consistent with the mag-
nitude of the core-level shift: the extra Ag 3d component is
displaced by nearly ~1 eV to lower BE relative to the main
Ag ) 3d peak, comparable to the low-BE shift reported for
Au. Note that in Figs. 7(b) and 7(c), the band near 1 eV BE at
T corresponds to Ag replica bands, as discussed in detail in the
Supplemental Material [44], Sec. H (Figs. S8 and S9). A ques-
tion might arise whether such bilayer-like regions should also
produce an observable change in the graphene doping level
like Au-QFMLG. Here it is important to note that the spectral
weight of the “bilayer” component is small: at Pos] its inten-
sity is below 15% of the total Ag,, 3d intensity and appears
confined to a highly localized region (of order ~10 um) where
both the strongest I'-crossing band and the enhanced low-BE
shoulder are detected. At other locations—representative of
most of the sample—this fraction is even smaller, as indi-
cated by Figs. 7(a) and 7(c). It is therefore likely that the
majority of the ARPES data discussed above were acquired in
regions where the bilayer contribution is negligible, consistent
with the observation of a single Dirac cone characteristic of
Ag,-QFMLG with predominantly monolayer Ag intercala-
tion. Enhancing and controlling the bilayer-like intercalated
Ag contribution, and exploring the associated electronic prop-
erties, remains an open topic for future work.

IV. CONCLUSION

In summary, we show that changing the starting sub-
strate from ZLG to Pb-QFMLG enables the formation of two
distinct phases of intercalated 2D-Ag at the graphene/SiC
interface under UHV conditions, and we provide a detailed
structural and electronic property study of the second phase.
LEED demonstrates that the Ag,, layer is rotated by 30° with
respect to the SiC substrate and forms supercells with both
SiC [(5 x 5) periodicity] and graphene [(6 x 6) periodicity].
Despite the rotated Ag,, lattice, high-resolution ARPES re-
veals a semiconducting Ag,, band structure with the VBM at

Ksic and a saddle point near Mg;c, i.e., at momentum positions
similar to those of the Ag, phase. The apparent similarity
of the periodicity in the k-space between Ag, and Ag,
is rationalized by DFT: By defining the unfolding entropy,
we find that, in a quantified way, for Ag(z), the SiC unit
cell, instead of the Ag unit cell, is more suitable for most
of the electronic states near VBM to be unfolded to. This
means that those electronic states have a major part with the
periodicity compatible to the SiC substrate, therefore making
the unfolded bands have the Ag, (or SiC) periodicity in
the k-space. The calculated unfolded band structure based
on the Ag,, structural model is in good agreement with the
experimentally observed dispersion. Importantly, we also find
that these two Ag phases tune the electronic properties of the
overlying graphene layer differently. Ag,, produces stronger
n-type doping in QFMLG and enhances the plasmaron-related
renormalization of the Dirac point, reflected in an increase
of the effective coupling constant from ag~0.4 (Ag,)) to

ag~0.5 (Ag,)), consistent with a smaller effective dielectric
constant of the Ag,)/SiC layers. In addition, ARPES re-
solves (6 x 6) Dirac-cone replica pockets for Ag,,-QFMLG,
providing a more precise quantitative confirmation of the
graphene/Ag,, supercell inferred from LEED.

More broadly, our results demonstrate that modifying the
defect density of the initial substrate can stabilize different
intercalated phases under UHV conditions. This provides a
practical pathway to access and compare multiple 2D phases
for other intercalants as well. Since the graphene doping level
and many-body renormalizations depend strongly on the spe-
cific intercalated phase, controlling the phase of the confined
layer is not only essential for fundamental studies but also
critical for applications that rely on reproducible electronic
tuning.
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