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Intercalant-induced Kekule ordering and gap opening in quasifreestanding graphene
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We present a comprehensive investigation of the structural and electronic properties of Sn-intercalated buffer
layers on SiC(0001) using low-temperature scanning tunneling microscopy and spectroscopy (LT-STM and LT-
STS), spot-profile analysis low-energy electron diffraction, and density functional theory (DFT) calculations.
Sn intercalation effectively decouples the buffer layer, yielding quasifreestanding monolayer graphene while
introducing local lattice distortions. Bias-dependent STM imaging revealed the coexistence of conventional and
Kekule-ordered graphene domains, governed by the underlying Sn(1 x 1) reconstruction at the SiC interface. The
measured STS spectra exhibit good agreement with DFT results. However, achieving homogeneous Sn(1x1)
domains remains challenging, apparently, due to strain within the Sn monolayer, which drives the emergence of
Kekule distortions and the associated electronic band-gap opening homogeneously in graphene. These findings
highlight the crucial role of intercalant homogeneity and strain in tuning graphene’s structural and electronic

properties.
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I. INTRODUCTION

Graphene stands out for its exceptional electronic and
structural properties [1]. Its peculiar crystal structure com-
prises two symmetric carbon sublattices that cause linear band
dispersion, where the conduction and valence bands touch at
the Dirac point [1,2]. This feature results in zero band gap
and high carrier mobility and electrical conductivity, mak-
ing graphene a promising material for nanoelectronics [3-5].
However, the intrinsic lack of a band gap limits the use of
pristine graphene in optoelectronic, transistor, and spintronic
devices. Consequently, tailoring graphene’s electronic prop-
erties has become a central research topic to enable broader
applications.

Several strategies have been explored to induce a band
gap in graphene, which can be classified according to the
underlying mechanism: (i) quantum confinement in graphene
nanoribbons [6—8] and quantum dots [9]; (ii) breaking of the
sublattice symmetry by interfaces [10-12], chemical func-
tionalization of graphene [13,14], intercalation [15], or strain
engineering [16]; (iii) stacking of multiple graphene layers
[17,18]; and (iv) electronic proximity effects via spin-orbit
coupling (SOC) from heavy-elements or electronically corre-
lated systems [19-22].
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In this context, lattice distortions in graphene have
been shown to give rise to novel electronic phases, most
notably Kekule graphene [23]. This structurally modified
phase of graphene is characterized by the formation of a
(v/3x~/3)R30° superlattice, which folds the Dirac cones from
K and K’ points into the I' point of the Brillouin zone
[15,24,25]. The resulting band structure leads to remark-
able electronic features, including a gap opening [15,24,26],
charge fractionalization [27,28], and valley-momentum lock-
ing [29] depending on the coupling strength of the K and
K’ valleys. Thereby, two distinct types of Kekule ordering
were identified. The Kekule-Y phase, observed in epitaxial
graphene grown on Cu substrates [30], and hydrogen-adatom-
absorbed graphene/SiC [28] still preserves the gapless nature
as pristine graphene. By contrast, the Kekule-O phase involves
a threefold symmetric distortion of the graphene honeycomb
lattice (O-shape pattern), which opens an energy gap at the I’
point [26].

To date, the emergence of Kekule phases in graphene
has not been systematically explored. Epitaxial graphene
growth on the Si-terminated surface of silicon carbide (SiC)
is a promising approach for producing scalable, high-quality
graphene layers, which can be further functionalized by
adsorption and intercalation [31,32]. Pronounced local per-
turbations of the carbon bonding environment, for instance
through lithium adsorption and intercalation, can induce
effective sublattice coupling [15,26,33]. In contrast, for homo-
geneously intercalated systems, the situation remains ambigu-
ous: although many exhibit well-ordered periodic intercalant
structures, including hydrogen-intercalated quasifreestanding
monolayer graphene (QFMLG), there have been no prior re-
ports of Kekule-type distortions. For instance, Pb-intercalated

Published by the American Physical Society


https://orcid.org/0009-0005-9948-7123
https://orcid.org/0000-0003-1971-2860
https://orcid.org/0000-0002-2607-4986
https://orcid.org/0000-0002-5579-2231
https://orcid.org/0000-0003-0453-0765
https://ror.org/00a208s56
https://ror.org/00fbnyb24
https://ror.org/00g30e956
https://ror.org/0149pv473
https://crossmark.crossref.org/dialog/?doi=10.1103/ktj3-t5qk&domain=pdf&date_stamp=2026-02-19
https://doi.org/10.1103/ktj3-t5qk
https://creativecommons.org/licenses/by/4.0/

NGO, MAMIYEYV, WITT, WEHLING, AND TEGENKAMP

PHYSICAL REVIEW B 113, 085426 (2026)

QFMLG exhibits a moiré superstructure accompanied by a
small band-gap opening at the K point, which is primarily
attributed to a symmetry breaking between the graphene sub-
lattices [12,34]. In case of Sn, Mamiyev et al. reported more
recently the emergence of Kekule-O graphene in the Sn inter-
calated buffer layer [25]. However, the atomic structure and
details of the electronic properties of the Kekule-O graphene
in the heavy-element-intercalated buffer layer remained fully
unexplored.

In this work, we intercalate Sn into the buffer layer/SiC
interface under ultrahigh vacuum (UHV) conditions. The
structural and electronic properties of the Sn-intercalated
buffer layer on SiC were comprehensively investigated us-
ing low-temperature scanning tunneling microscopy and
spectroscopy (LT-STM and LT-STS), supplemented by spot-
profile analysis, low-energy electron diffraction (SPA-LEED),
and density functional theory (DFT) calculations. SPA-LEED
and LT-STM are used to monitor the intercalation process and
to identify Sn-intercalated phases. Our STM results clearly
show that a monolayer of intercalated Sn gives rise to two
distinct electronic phases: Kekule-modulated graphene with
an energy gap and metallic, charge-neutral pristine graphene.
Our findings provide insight into how Sn intercalants modify
the graphene/SiC interface and the local electronic band struc-
ture of graphene at both micro- and nanoscales.

II. METHODS AND EXPERIMENTAL DETAILS

Buffer layers (BL) on SiC were epitaxially grown by
thermal sublimation on the Si-terminated surface of a 4H-
SiC(0001) substrate, followed by adsorption of Sn and
subsequent annealing for intercalation under UHV conditions
and elevated temperatures. For further details, the reader is
referred to Refs. [25,35-37]. The intercalation process was
controlled and monitored by SPA-LEED. Afterward, the sam-
ple was transferred via a UHV suitcase into the STM chamber,
where its structural and electronic properties were investi-
gated at cryogenic temperatures (T = 77, 4.5 K) under UHV
conditions. The STM tips used were made from Ptlr wires,
which were calibrated on a Au (111) substrate. The STM
measurements were performed in constant current mode. Tun-
neling spectroscopy (STS) was conducted using an SR830
DSP lock-in amplifier with a modulation frequency of 860 Hz
and modulation voltages of Vi, = 7 and 50 mV.

We studied the electronic structure of the graphene/Sn/SiC
heterostructure using density functional theory (DFT) as im-
plemented in the Vienna ab initio simulation package (VASP)
[38—40]. We employed the Perdew—Burke—Ernzerhof gener-
alized gradient approximation [41] together with projector
augmented-wave basis sets [42,43] and a plane-wave cutoff
energy of 400 eV. Long-range dispersion effects were in-
cluded via DFT-D3 van der Waals corrections [44].

We relaxed the heterostructure using a conjugate-gradient
scheme until all residual forces were below 0.005 eV A~! and
applied a vacuum region of approximately 12 A to avoid spu-
rious interactions between periodic images. Self-consistent
calculations were performed on a 30x30x1 k& mesh, while
densities of states (DOS) were evaluated using a denser
60x60x1 mesh and the tetrahedron method with Blochl
corrections [45].

To capture the key experimental features at manageable
computational cost, we adopted an approximate /3 x~/3 sur-
face supercell, with graphene commensurately strained into a
2x2 arrangement relative to the substrate, following the ap-
proach commonly used for graphene/SiC systems [22,46,47].
The spectrum obtained from theory was shifted so that the
Dirac point coincides with the charge neutrality measured
by angle-resolved photoemission spectroscopy (ARPES) and
STS [47]. The DFT data underlying this work are available
in Ref. [48]. The DFT calculations do not explicitly include
a structural Kekule modulation of the graphene lattice, which
would require substantially larger supercells and is computa-
tionally very expensive. While Kekule-type bond modulations
are known from prior studies to generically open a gap in
graphene [49,50], the gap magnitude depends sensitively on
microscopic structural details and may lie within the intrinsic
accuracy limits of semilocal exchange—correlation function-
als; furthermore, electronic correlations tentatively beyond the
capabilities of DFT can lead to Kekule patterns and gap open-
ing in graphene derived structures [51,52]. For this reason, we
refrain from using DFT to model the Kekule-distorted phase
and instead limit the discussion of the experimental Kekule
observations to a qualitative level.

III. RESULTS AND DISCUSSIONS

After room-temperature Sn deposition and subsequent an-
nealing at 1120 K, the sample homogeneity was examined
on larger scales by means of LT-STM. This intercalation pro-
cedure has previously been shown to yield a Sn-monolayer
interface structure with a long-range-ordered graphene sheet
on top [37,53]. The STM image shown in Fig. 1(a) reveals a
Sn-intercalated surface with an apparent height of 3.2 A with
respect to the buffer layer (BL), corresponding to quasifree
monolayer graphene (QFMLG) [Fig. 1(b), red curve]. To clar-
ify this height value, we extracted a height profile across a
SiC step hosting only BL, as shown in Fig. 1(b) (blue curve).
The measured SiC step height is 2.6 A [54], while the spacing
between two nearest peaks is approximately 1.8 A, corre-
sponding to the SiC(6x6) lattice constant [55]. Additionally,
we also observed bubble-like features with various shapes and
sizes, similar to the phase reported recently [25]. Despite the
qualitative agreement, the measured height of a bubble is 0.5
A relative to QFMLG is slightly smaller, as well as the lateral
size and distribution, which is apparently due to a longer
annealing time. A statistical analysis of the cluster heights can
be found in the Supplemental Material [56].

The atomically resolved STM images shown in Figs. 1(c)
and 1(d) display the graphene lattice along with the bubble-
like features, indicating a Sn(1x 1) phase formed at the inter-
face. In fact, the use of high-temperature annealing (1120 K)
in this study leads to full desorption of the deposited Sn atoms
and forms slightly smaller clusters at the interface, compared
with our previous study [25]. As shown in Figs. 1(a)-1(c) and
the corresponding line scan [see also Supplemental Material,
Figs. 1(b)-1(d)], the Sn clusters randomly occupy positions
on the SiC(6x6) supercell grid, similar to the case of Eu-
intercalated graphene on SiC (see Supplemental Material for
additional details [56]) [57]. Apparently, the former bonds
of the BL to SiC trigger the random arrangement of Sn
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FIG. 1. (a) STM topographic image of a large Sn-intercalated area, showing bubble-like features (41.5 V, 250 pA). (b) Height profile
extracted along the red line in panel (a), in comparison to the height profile across a SiC step with buffer layer (blue). (c) Atomically resolved
STM image of a 7x7 nm? area outlined by the green dashed rectangle in panel (a) (+1.2 V, 300 pA). (d) A enlarged STM image of the area
marked by the blue dashed rectangle [panel (c)], exhibiting the graphene and O-shape Kekule structure. More details are shown in Fig. 2.
(e) Corresponding FFT image of panel (c) , showing the diffraction spots of the graphene (blue circles, a = 2.46 A) and Kekule-O (green
circles, a = 4.25 A). SPA-LEED images of (f) the clean BL and (g) after the Sn intercalation, recorded with 100 eV primary energy at 300 K.
The pink circles represent the diffraction spots of the intercalated Sn(1x 1) phase. All STM images were acquired at 77 K.

intercalants on the SiC substrate and are in line with our previ-
ous insights on the Sn intercalation forming Mott phases [22].
Furthermore, close inspection of the high-resolution STM im-
ages revealed the coexistence of two distinct graphene lattices,
including the conventional graphene lattice and the Kekule-
modulated graphene [Fig. 1(d)]. This finding is confirmed by
the corresponding FFT image, where (+/3x+/3)R30° spots
appear with respect to the graphene lattice [Fig. 1(e)] and is in
good agreement with the SPA-LEED results.

Figure 1(f) presents a high-resolution SPA-LEED image
of the BL on 4H-SiC(0001), acquired at 100 eV primary
energy. The diffraction pattern exhibits sharp SiC(1x 1) and
ZLG(1x1) spots, along with distinct spots corresponding to
the (6+/3x6+/3)R30° reconstruction. A 6x6 quasiperiodic-
ity is also observed, arising from the broken symmetry of
the topmost SiC layer relative to the bulk. In Fig. 1(g),
we show the diffraction pattern after Sn intercalation, in-
dicating the transformation of the BL into freestanding
graphene, e.g., evinced by the brighter Gr(1x1) diffraction
spots and an intense, coherent background [36,58]. Also,
the SPA-LEED pattern measured at room temperature re-
veals (+/3x+/3)R30° spots with respect to the graphene
lattice.

To obtain further insights into the structural proper-
ties, we performed bias-dependent STM measurements for
the two characteristic Sn-intercalated regions. In region I
[Figs. 2(a)-2(d)], the STM images show the graphene honey-
comb structure superimposed by bubble-like features even at
low biases, demonstrating the robust presence of the Sn(1x 1)
phase at the buffer layer/SiC interface. The corresponding
FFT images display the hexagonal graphene lattice with a
corresponding lattice parameter of 2.46 A [Figs. 2(e)-2(f),
blue circles]. In region II [Figs. 2(g)-2(j)], we also observed a
hexagonal graphene lattice and bubble-like features associated
with underlying Sn atoms at comparably high bias voltages
[Fig. 2(g)], in good agreement with previous observations.
However, in this region, Kekule-distorted graphene emerges
when the bias voltage is lowered to +0.02 V [Fig. 2(h)]. This
distorted graphene structure is clearly visible in [Fig. 2(j)],
where the bond symmetry breaking manifests as an ordered
arrangement of (v/3x~/3)R30° unit cells, as obvious from
the FFT image [Fig. 2(1), green circles]. See Supplemental
Material for additional details [56].

In the following, we discuss the electronic structure mea-
sured in both regions. To better understand the influence of Sn
intercalants on the electronic properties measured with STS,
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FIG. 2. Bias-dependent STM images showing the topography of two different Sn-intercalated BL regions. (a)—(d) Region I: STM images
of Sn-induced free-standing MLG. (a) +0.1 V, 380 pA, (b) +0.05 V, 360 pA, (c) —0.1 V, 370 pA. (d) A closed-up STM image of the area
marked by the red dashed rectangle in Fig. 2(c), showing the graphene honeycomb lattice. (e), (f) Corresponding FFT images of panels (a)—(e)
and (b)—(f). Region II: STM images of Sn-induced distorted graphene structure. (g) +1 V, 300 pA, (h) +0.02 V, 280 pA, (i) —0.12 V, 300 pA.
(j) Enlarged STM image of the area marked by the purple dashed rectangle in panel (h), showing the Kekule-O graphene lattice (+0.05 V,
400 pA). Corresponding FFT images of panels (g)—(k) and of panels (h)—(1). Blue and green circles represent the diffraction spots of graphene
and Kekule-graphene (+/3Gr). Schematic representations of the graphene and Kekule-O graphene lattices are also shown in panels (d)—(j). The
green lines represent the distorted C—C bonds. All STM images were acquired at 4.5 K.

density functional theory (DFT) calculations were carried
out for Sn(1x 1)-intercalated buffer layer on SiC (0001). As
shown in Fig. 3(a) (left panel), the graphene-derived 7 bands
(blue) retain their linear dispersion near the Fermi energy
level, confirming the effective decoupling of the buffer layer
after Sn intercalation. The apparently small overlap between
the Sn p,, and p, orbitals results in rather flat bands, giv-
ing rise to three characteristic orbital-projected DOS (pDOS)
features termed S;, S,, and S3. The S3 band has the largest
spectral weight, about 0.5 eV below the Dirac point of
graphene. A strong hybridization with the 7 band of graphene
is seen only for the S, state in the vicinity of the Dirac point,
while the other Sn bands show almost no hybridization with
graphene.

In Fig. 3(b), we compare the DFT results with STS mea-
surements performed in the two regions. The spectrum shown
in the middle panel can be reasonably explained by adopting
the peak structure obtained from the DFT calculations, shown
at the top, together with a linear increase in the DOS arising
from the presence of graphene. Please note that the graphene
layer sits atop the Sn layer, i.e., the electron transmission
across the tunneling barrier from the tip into the graphene is
more likely than a tunneling directly into the Sn layer. As a
result, the graphene DOS contribution to the d//dV spectrum
is not fully captured in the DFT calculations. Nevertheless,
from the fit of the data, the ratio of the spectral weights is

reproduced reasonably well within the expected limits
[Fig. 3(b), blue curve].

The formation of the Kekule phase is clearly reflected in
the opening of a band gap of about 90 meV [Fig. 3(b), green
curve]. In addition, the peaks that were previously assigned
to the Sn states appear to undergo significant changes. The
emergence of the Kekule structure is accompanied by the
back-folding of the graphene band structure to the I' point
and the opening of a band gap, fully consistent with our
observations. If we assume that significant amounts of low-
energy graphene spectral weight are folded to the I" point and
that there is significant hybridization between graphene and
Sn, the spectral changes can be understood as follows: Based
on the calculations for the unreconstructed graphene phase,
the back-folding of the graphene bands should be associated
with strong modifications of the §; and S, Sn bands. Some
spectral signatures of the original S5 state, however, appear
to participate only minimally in the new hybridization. In
addition, STM probes states preliminary at the I' point, i.e.,
the spectral weight of the Sn states appears weaker compared
with graphene-related states in the Kekule phase. A simi-
lar observation of the hybridization and coupling with the
folded Dirac bands at the I'" point has also been reported in
Eu-intercalated graphene/SiC [59]. This study suggests the
essential role of metal intercalants in stabilizing and modu-
lating the electronic states of Kekule-O graphene. Moreover,
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FIG. 3. (a) DFT calculations of the band structure (left) and density of states (right) for Sn-intercalated BL/SiC. (b) Comparison between
the calculated (DFT) and experimental (STS) electronic structure of EG/Sn(1x 1)/SiC. (top) Calculated DOS within an energy range (—1 eV
to +0.5 eV) extracted from panel (a). (middle) STS of the Sn-induced QFMLG recorded at V,, = 1 V, I, = 350 pA (blue curve). The spectrum
was fitted with a Gaussian function. (bottom) STS of the Sn-induced Kekule-O graphene recorded at V, = 1V, I, = 400 pA (green curve).
S+ and S represent the modification of the Sn electronic bands. The brown dashed lines represent the zero DOS. The inserted STM images
display the probed positions. (c) Structural model for EG/Sn(1x 1)/SiC with (V/3%+/3) supercell: top view (left) and side view (right). The

STS data were recorded at 4.5 K.

both dI/dV spectrums show a finite DOS offset at zero bias,
implying the metallic characteristic of the Sn(1x 1) phase, as
deduced by the DFT calculation.

To further elucidate the influence of the inhomogeneity
of the Sn intercalants, STS measurements were performed at
various positions across the Sn-intercalated QFMLG regions,
indicated in Fig. 4(a). The acquired dI/dV spectra exhibit
the characteristic V-shaped profile with the Dirac point lo-
cated at zero bias [Fig. 4(c)], consistent with charge-neutral
graphene and in agreement with photoemission results [47].
Notably, the acquired spectra exhibit a finite offset in the
dI/dV intensity at zero bias, demonstrating the formation of
a metallic Sn(1x 1) phase at the interface, in agreement with
DEFT calculations and ARPES results [47].

The dI/dV spectra show only minor variations in the peak
intensities among the probed positions, and no shifts in the po-
sitions. The two broad peaks at +0.12 eV in Fig. 4(c) marked
by red arrows are related to the S, bands seen in Fig. 3(b).
The variation in the S state intensity shown in Fig. 4(c) likely
reflects changes in the relative coupling between the graphene
layer and the underlying Sn interface layer. In addition, the
STS curves in Fig. 4(c) exhibit a series of peaks around Vp
most likely related to the Sn electronic states, in qualitative
agreement with the DFT calculations, revealing a complex
hybridization scheme of the states close to the Fermi energy.

Furthermore, we studied the spectra as a function of the
set-point current. The results shown in Fig. 4(d) reveal a

gradual increase in the overall d//dV intensity with increasing
current. In particular, the features at £0.12 eV, attributed to
the S,-Sn states show an enhanced intensity due to the higher
probability of tunneling into these states localized beneath the
graphene layer.

To visualize the intercalation of Sn modified electronic
structure, we mapped the spatially resolved DOS distribu-
tion along the probed positions, as shown in Fig. 4(b). The
measured DOS on the bubbles of the Sn-related states is
significantly higher than the surrounding regions, indicating
a higher coverage of Sn-atoms or smaller distances of the
Sn-layer to graphene.

An elevated local Sn coverage can generate lattice strain in
graphene, which in turn facilitates the formation of Kekule-
O patterns [25,60]. Electronically, such an inhomogeneous
Sn distribution leads to spatial variations in charge transfer
and to a modified electronic coupling between the Sn and
graphene layers. In case that this interaction becomes suffi-
ciently strong, it may promote coupling between the K and K’
points in graphene, thereby stabilizing the Kekule-O patterns
in graphene. In this context, the bubbles seem to act as sites
where the graphene—Sn interaction is most intense, provid-
ing favorable conditions for modulating the C—C bonds in
graphene, e.g., as seen for region II in Fig. 2(j), coming along
with the opening of an electronic gap [Fig. 3(b), green curve].
This behavior contrasts sharply with the intercalation of other
metals beneath the buffer layer—such as In [61], Bi [62],
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FIG. 4. (a) Topographic STM image of a Sn-intercalated BL/SiC (region I) (V, = 0.1 V, I, = 380 pA). (b) Line scan of d//dV (V,, x)
spectra measured at different positions along the black dashed line in the STM image (V, = 0.2 V, I, = 400 pA). (c¢) Corresponding d//dV
spectra (STS) extracted from the specific position as indicated by the colored circles in the STM image. (d) Set-point current-dependent d/ /dV
spectra recorded at V, = 0.2 V and I, = 450, 550, 650, 750 pA. The inserted STM image shows the probed position. All STM and STS data
were acquired at 7= 4.5 K.

Pb [12,34], Pt [63], and Eu [57]—where Kekule-distorted exhibit an energy gap of approximately 90 meV around the
graphene has not been observed. Fermi level. Interestingly, while the background appears in-

To gain deeper insight into the electronic properties, the =~ homogeneous, the band gap in graphene develops uniformly.
tunneling spectra shown in Fig. 5(b) were measured at the = Although the unoccupied and occupied states around the gap
positions indicated in Fig. 5(a). The dI/dV spectra clearly vary slightly between different positions, no in-gap states are

(b) 45K (d) — MLG/SIC (77 K)
— Kekulé-O (77 K)
— Kekulé-O (4.5 K)
— Buffer layer (4.5 K)
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FIG. 5. (a) (top) STM image of a Sn-intercalated BL/SiC (region II) showing the appearance of Kekule-O ordered graphene at a bias
of +0.02 V, as presented in Figs. 2(g)-2(i). (bottom) d//dV line scan (V,, x) taken along the black dashed line (V, = 0.4 V, [, = 350 pA,
T = 4.5 K). (b) The corresponding d//dV spectra extracted from the positions marked by the colored circles in the STM image in panel (a).
(c) Current-dependent d//dV spectra of the Kekule-O graphene, exhibiting a band gap of 90 meV(V, = 0.4 V, I, = 350, 450, 550 pA). The
inserted STM image shows the probed position. (d) Tunneling d//dV spectra of monolayer graphene (MLG) at 77 K (blue, 0.4 V, 350 pA),
buffer layer at 4.5 K (red, 0.4 V, 350 pA), and Kekule-O graphene at 77 K (pink, 0.5 V, 300 pA) and at 4.5 K (green, 0.4 V, 350 pA). See
Supplemental Material for additional STS spectra [56].
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observed at any of the probed locations [Fig. 5(b)]. Likewise,
the tunneling spectra display a finite offset in the d//dV in-
tensity, consistent with the conclusions drawn from Fig. 3.
Furthermore, the d//dV intensities measured directly on the
bubble (purple, pink, and green circles) are higher than at
other positions, particularly on the negative bias side of the
STS map [Fig. 5(a), bottom panel]. This behavior is consistent
with the metallic character of the Sn(1x 1) intercalated phase.
The minor intensity variations are also clearly visible in the
d//dV map shown in Fig. 5(a) (bottom panel).

The band edge features increase in intensity as the set-point
current is raised [Fig. 5(c)]. Moreover, the positions of the
valence band (VB) and conduction band (CB) peaks roughly
correlate with the splitting of the S, state observed in Fig. 3(b).
In the case of distorted graphene, these positions may vary
slightly due to a different hybridization of the S, state with
the graphene bands backfolded to the I" point.

In our case, the observation of the electronic gap is ac-
companied by a Kekule distortion in graphene. Nevertheless,
several other mechanisms could, in principle, account for
the formation of an electronic gap. To rule out alternatives,
we performed measurements on other graphene-like phases.
In Fig. 5(d), we present a spectrum measured in a region
exhibiting the BL structure on our 4H-SiC(0001) substrate.
The gap size is around 600 meV, in reasonable agreement
with DFT calculations that report 700 meV [64]. It should
be noted that the BL in this case is formed by Sn deinter-
calation, and therefore, the structure may not be perfectly
ordered as for a pristine BL. Furthermore, we measured the
tunneling spectrum on MLG, which also exhibits a gap-like
feature, an inelastic tunneling gap, reminiscent of that ob-
served in free-standing graphene [18]. In MLG, the gap size
of around 125 meV has been attributed to phonon excitation
[65]. In contrast, the peak-to-peak separation in our spectra
is significantly larger (240 meV), suggesting that a different
mechanism is responsible for the observed band gap. One
should also bear in mind that inelastic-scattering channels, as
known for monolayer graphene, play only a secondary role in
Kekule-ordered graphene, since the relevant electronic states
are situated near the I" point.

Moreover, the tunneling spectra of Kekule-O graphene
measured at 4.5 and 77 K exhibit identical electronic fea-
tures, indicating the temperature insensitivity of the band gap
[Fig. 5(d), green and pink curves]. In particular, the d//dV
spectra at both temperatures show a pronounced suppression
of the density of states around the Fermi level, demon-
strating the Kekule distortion—induced energy gap opening
in graphene. At 77 K, the spectral feature appears slightly
smoother due to thermal broadening but retains the same gap
width, confirming the robust existence of the Kekule-O order
over a wide temperature range, even at room temperature, as

seen in SPA-LEED [cf. Fig. 1(g)]. This behavior contrasts
with the phonon-induced gap in MLG, which is known to
be sensitive to temperature variations [66]. Previous studies
have shown that the Kekule O-type sublattice symmetry is
associated with an energy gap in graphene of 260 meV on SiC
[11], 320 meV on SiO, [24], and 380 meV in Li-intercalated
graphene/SiC [15]. Although the graphene appears to be free-
standing, our observations suggest that the local Sn(1x1)
phases act as a scattering center. In contrast, such variations
of the surface corrugation were not observed in the case of Pb
intercalation. Unlike Sn, Pb forms long-range ordered mono-
and multilayer phases [12,34]. The interaction with graphene
appears to be significantly weaker in this case. Nevertheless,
a band gap has also been detected in graphene for this system,
where the moiré structures induce a symmetry breaking in the
graphene on mesoscopic length scales [12].

IV. SUMMARY AND CONCLUSION

We investigated the structural and electronic proper-
ties of Sn-intercalated buffer layers on SiC(0001) using
LT-STM/STS, SPA-LEED, and DFT calculations. Sn inter-
calation decouples the buffer layer into quasifreestanding
monolayer graphene while inducing lattice distortions. Bias-
dependent STM revealed the coexistence of conventional and
Kekule-O graphene domains, governed by Sn(1x 1) at the SiC
interface. The STS spectra are in very good agreement with
the DFT calculations within the accuracy of the underlying
model. However, the Sn(1x 1) structures cannot be produced
homogeneously, and strain within the Sn monolayer appears
to be a limiting factor. This is likely also the reason for the
formation of Kekule distortions in graphene, which are clearly
associated with the opening of a band gap. In the case of
much more homogeneous intercalants such as Pb, we did
not observe such instabilities. In contrast, adatoms such as
Li appear to induce significantly stronger perturbations, as
directly reflected by the pronounced band gap in graphene.
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