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Ubiquitous defect-induced density wave instability

in monolayer graphene

A. C.Qu"? P. Nigge'?, S. Link?, G. Levy"z, M. Michiardi'**, P. L. Spandar®, T. Matthé'?,
M. Schneider'?, S. Zhdanovich'?, U. Starke®, C. Gutiérrez">°*, A. Damascelli'?*

Quantum materials are notoriously sensitive to their environments, where small perturbations can tip a system
toward one of several competing ground states. Graphene hosts a rich assortment of such competing phases, in-
cluding a bond density wave instability (“Kekulé distortion”) that couples electrons at the K/K' valleys and breaks
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the lattice symmetry. Here, we report observations of a ubiquitous Kekulé distortion across multiple graphene
systems. We show that extremely dilute concentrations of surface atoms (less than three adsorbed atoms every
1000 graphene unit cells) can self-assemble and trigger the onset of a global Kekulé density wave phase. Combining
complementary momentum-sensitive angle-resolved photoemission spectroscopy (ARPES) and low-energy electron
diffraction (LEED) measurements, we confirm the presence of this density wave phase and observe the opening of
an energy gap. Our results reveal an unexpected sensitivity of the graphene lattice to dilute surface disorder and
show that adsorbed atoms offer an attractive route toward designing novel phases in two-dimensional materials.

INTRODUCTION

A density wave (DW) is a phase of matter that features a spatially
modulated quantity (charge, spin, or bond order) and, in many
cases, is accompanied by a periodic distortion of the crystal lattice
(1). These spatial modulations break the translational symmetry of
the host crystal, resulting in a reconstruction of the Fermi surface
that can open energy gaps in the electronic spectrum. DW phases
have been found in a myriad of systems and can coexist or compete
with other correlated phases, such as superconducting and Mott in-
sulating states (2-4). In one-dimensional systems, DW formation—
also called the Peierls transition—is thought to be driven primarily
by a divergent electronic response to charge modulations with wave
vector 8q = 2kg that connects (or nests) the two points of the Fermi
surface (1, 5). However, the mechanism for DW formation in higher-
dimensional systems, where Fermi surface nesting is imperfect, is
still highly debated (6-8).

Graphene, the prototypical two-dimensional material, presents
an ideal tunable system for exploring DW formation: (i) At zero
doping, its Fermi “surface” consists of two perfectly nested points
(K/K') at its Brillouin zone (BZ) corners connected by wave vector
8q = K - K'; (ii) it features strong electron-phonon coupling and
soft K-point phonon and plasmon modes (9-12); and (iii) its charge
density, and thus the size of the Fermi surface and the DW nesting
condition, can be tuned with electrostatic gating or substrate charge
transfer. Owing to these unique properties, and the fourfold degen-
eracy of its spin and valley degrees of freedom, graphene has been
shown to host a plethora of ordered electronic phases. One such
phase is the Kekulé distortion (13-17), a bond DW phase that has
been described as a Peierls-like (5) lattice instability intrinsic to sys-
tems with relativistic dispersions (13, 18, 19). Undistorted graphene
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is composed of a honeycomb lattice of carbon atoms that exhibits
sixfold bond symmetry (Fig. 1A). Its low-energy band structure is de-
scribed by two inequivalent and gapless Dirac cones at K/K’ (Fig. 1B).
In the Kekulé phase, the bond symmetry breaks such that the unit
cell is tripled in size (thin/thick bonds; Fig. 1C). The new commen-
surate (V3 x V3 ) R30° bonding pattern can be centered at one of
three equivalent carbon hollow sites—distinguished by the use of
red-gray-blue (RGB) color tiling in Fig. 1C—and reflects the partic-
ular phase of the Kekulé order parameter. This supercell causes the
previously inequivalent Dirac cones at K/K’ to be connected by a
reciprocal lattice vector, which leads to a Fermi surface reconstruc-
tion that folds each cone to the Kekulé BZ center at I" (Fig. 1D).
Different topological Kekulé phases are determined by the specific
broken C—C bond symmetry: The “O”-shaped pattern (Fig. 1C)
opens an energy gap of 2Ax at the Dirac point (13, 14, 20) (Fig. 1D),
while other “Y”-shaped patterns are gapless (21-24) (see the Sup-
plementary Materials). When additionally allowing for a possible
A-B sublattice symmetry breaking term, Aag, the total low-energy
Kekulé dispersion is given by (25) (see Materials and Methods)

e(k)= +\R22k> + A2y + | Al ? 1)

where # is Planck’s constant divided by 2=, vg is the Fermi velocity,
and k is the crystal momentum.

To date, there have been few direct experimental observations
of the graphene Kekulé phase (20, 23, 26-28). In theory, it can
arise through several mechanisms: electron-electron (12, 14, 17)
and electron-phonon interactions (13, 29) at high magnetic fields
(15, 26, 28, 30); from high-density (V3 x V3 ) R30° adatom super-
lattices (22, 27, 31-33); and large biaxial strain (34, 35). The nature
of the Kekulé phase is of fundamental interest as it provides an
example of spontaneous gap formation via K/K’ valley (“chiral”)
symmetry breaking (15, 16, 25, 36), and it has been predicted to host
topological defects with fractionalized charge (14). Most recently, the
Kekulé phase and coupled intervalley states have attracted attention
as candidates for the correlated insulating states in twisted bilayer
graphene (37-41). Here, we report a controllable method for induc-
ing the Kekulé DW phase in graphene through the self-assembly of
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Fig. 1. The Kekulé phase and hidden Kekulé ordering of lithium on graphene. (A) Schematic diagram of pristine graphene. The diamond indicates the primitive unit cell.
All bonds between adjacent atoms are equivalent owing to the same hopping energy, t. (B) Schematic diagram of the graphene band structure composed of two gapless
Dirac cones K/K' located at the corners of the BZ (red hexagon). (C) Schematic diagram of Kekulé distorted graphene. The bond symmetry breaks (thin, thick lines) owing
to new hopping energies (t/t'), forming a (V3 x v3) R30° superstructure and tripling the size of the unit cell (diamond). The tripled supercell can be visualized by the red-
gray-blue (RGB) coloring of the three inequivalent hexagonal plaquettes. (D) The superstructure leads to a smaller BZ (blue hexagon) and the K/K' Dirac cones being
folded to T, as well as a gap opening at the Dirac point. At energies above the Dirac point, the folded trigonal bands intersect, producing a Star of David pattern. The
intensity of folded bands at K/K' is exaggerated for clarity. (E) A single adatom on graphene produces Friedel oscillations with a local (V3 x v/3) R30° structure on a red
site, one of three equivalent colored sites (inset). Bond distortions (thick lines) appear near the adatom. (F to H) Additional adatoms produce their own Friedel oscillations
on out-of-phase sites (blue, gray). The mobile adatoms interact through their Friedel oscillations, preferring to occupy red sites where the oscillations interfere construc-

tively. Hidden Kekulé order occurs when a majority of adatoms occupy one of the RGB sites, inducing the Kekulé distortion globally.

an extremely dilute concentration of lithium adatoms (<0.3% surface
coverage or less than three adsorbed atoms every 1000 graphene
unit cells). Using angle-resolved photoemission spectroscopy (ARPES)
(42), we probe the electronic band structure of this DW phase and
directly image the folded Dirac cones at the BZ center, as well as
observe the opening of an energy gap of 2Ax = 200 meV at the Dirac
point, the two signatures of the Kekulé-O phase in graphene.

We induce the Kekulé-O phase (henceforth simply referred to as
Kekulé) in graphene through electron-mediated self-assembly of
lithium (Li) adatoms. Atomically sharp defects such as adatoms on
graphene can scatter electrons between valleys K and K’, producing
unique long-range Friedel oscillations with a hexagonal (v3 x v3) R30°
pattern and period determined by scattering wave vectors that
satisfy the Kekulé nesting condition 8q = K — K’ (43-49). Each Li
adatom site thus nucleates a local patch of Kekulé DW order of
radius ~2 to 5 nm (47), resulting in symmetry breaking between the
three previously equivalent RGB Kekulé “colors” (Fig. 1, E and F).
Other mobile Li adatoms interact with the long-range (v3 x V3 ) R30°
charge modulations, preferring an arrangement that allows their
Friedel oscillations to be in phase (Fig. 1G). The constructive inter-
ference between several adatom-induced oscillations on a single-
“color” site produces enhanced charge-density modulations and,
through electron-phonon coupling, the emergence of the Kekulé dis-
tortion throughout graphene—even when the adatoms themselves
may be many unit cells apart (Fig. 1H) (45, 46). The adatoms are
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said to observe hidden Kekulé order, since without the RGB color
scheme, the long-range adatom ordering would be obscured (45, 46).

RESULTS

In Fig. 2A, we show ARPES data from pristine monolayer epitaxial
graphene on silicon carbide (Gr/SiC) (50). ARPES energy-momentum
maps are plotted along the yellow cut in momentum space shown in
Fig. 2C, at the graphene K point. Because of charge transfer from the
substrate, the Dirac point is shifted to =430 meV below the Fermi
level Er (50-52). The observed intensity asymmetry of the two branches
of the Dirac cone in Fig. 2A is due to the experimental geometry and
the polarization of the ultraviolet light source (53). Momentum dis-
tribution curves (MDCs) at each binding energy are fit with two
Lorentzians, whose peak positions are indicative of the electronic
dispersions of the conduction and valence bands (thick yellow lines,
Fig. 2A). Close to the Fermi energy, the dispersions are well described
by linear fits (thin yellow lines, Fig. 2A) above and below the Dirac
point at —430-meV binding energy. For massless Dirac fermions,
the extrapolated fits from the two energy bands would cross at the
Dirac point. Such crossing, however, is not observed. The origin of
this apparent energy gap has been attributed to a sublattice symmetry
breaking term (Axp in Eq. 1) (51, 54) or band renormalization due
to electron-plasmon effects (52, 55). As we describe below, the pre-
cise microscopic origin of the preexisting gap in pristine Gr/SiC is
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Fig. 2. Lithium-induced Kekulé bond DW formation in graphene. (A) ARPES spectra of pristine graphene on SiC through the Dirac cone at K [cut indicated by yellow line
in (C)]. The Dirac cone displays electron doping due to charge transfer from the substrate, and one branch appears brighter due to matrix element effects. This is shown in
the MDC at the Fermi level (top). MDC peak positions are indicated by thick yellow lines; linear fits through the top (solid lines) and bottom (dotted lines) indicate the pres-
ence of an energy gap (see text). (B) The same spectra as (A) after dilute Li deposition. No charge transfer doping from Li is detectable. (C) Schematic of the BZs of pristine
graphene (red) and (V3 x V3)R30° Kekulé graphene (blue) superimposed on the Fermi surfaces as observed by ARPES (not to scale, see fig. S11). Locations of the ARPES
cuts in (A) and (B) and (D) and (E) are indicated by the yellow and blue lines, respectively. (D) ARPES spectra at I' [cut indicated by blue line in (C)] after lithium deposition.
The two Dirac cones at K/K' are folded to I'. Both branches are equally bright, indicating the mixed K/K’ character of the bands as shown in the Fermi level MDC (top). (E) MDCs
of the spectra shown in (D). Fits to MDC curves reveal an energy gap at the Dirac point (see the Supplementary Materials). The spectra in red lie inside the gap region.

not crucial to our findings, and in either picture, our results are
qualitatively the same. To extract energy gap values, we use the sub-
lattice symmetry breaking picture, which allows us to model our
experimental data with a simple tight-binding Hamiltonian (see the
Supplementary Materials). This analysis yields an energy gap of 2A =
(292 + 4) meV at the Dirac point. For pristine graphene near Ep,
there is no ARPES intensity at I', the BZ center.

Having confirmed the electronic structure for pristine graphene,
we next decorate its surface with Li adatoms. Because of electron
charge transfer from Li, the Dirac point is expected to shift down-
ward in binding energy with increased Li concentration (31-33, 56)
(see the Supplementary Materials). However, we observe only a
negligible shift of the Dirac point (below our 20-meV energy reso-
lution), as shown by a direct comparison of ARPES intensity before
(Fig. 2A) and after (Fig. 2B) Li deposition. We conclude that an
extremely low Li surface coverage is achieved, with a conservative
estimate of less than 0.3%, corresponding to an average Li-Li dis-
tance of >2 nm (see Materials and Methods). Despite this negligible
change in charge density, we observe that the measured energy gap
at the Dirac point increases by 20% to 2A" = 354 + 2 meV. Since Li
adatoms occupy graphene sublattice symmetric hollow sites (Fig. 1E)
(31), Li cannot further break A-B sublattice symmetry. In addition,
this gap enhancement after ultralow 0.3% Li deposition cannot be
explained by electron-plasmon effects (see the Supplementary
Materials). As we will show below, we attribute this increased gap to
the onset of Kekulé DW order. From Eq. 1, Dirac point energy gaps

from concomitant sublattice symmetry breaking and Kekulé order

add in quadrature, 2A" = 2 \jAf\B + Ai, which in our measurements
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corresponds to 2Ag ~ 200 meV. More notable, and the primary
signature of Kekulé order, is the appearance of new electronic energy
bands centered at the I point and directly observed in Fermi surface
maps (Fig. 2C). These new bands appear as a replica Dirac cone
(Fig. 2D), which we interpret as the Kekulé-induced superposition
of folded Dirac cones at K and K’, as in Fig. 1D. This is supported by
the momentum-symmetric intensity of the Dirac cone centered at I"
(Fig. 2D), which reflects its mixed K/K’ character (Fig. 2B) because
of contributions from Dirac cones at opposite ends of the graphene
BZ (Fig. 2C, red hexagon). By performing a similar MDC analysis
on this new Dirac cone at I', we extract a larger energy gap opening
of 2A’ = 377 + 2 meV in contrast to the gap observed at the BZ
corner. One likely explanation for this discrepancy is the possible
presence of minority areas of the sample with pristine, undistorted
graphene that are measured by our ultraviolet light source (spot size,
~1 mm). While ARPES intensity at the I" point originates exclu-
sively from Kekulé-induced band folding and features a larger energy
gap (2A" = 24Ai; + Ay), the ARPES intensity measured at the K
point contains signal from both Kekulé-distorted and possible un-
distorted graphene regions with smaller energy gap, 2A’” = 2A,p.
Similar band folding and gap opening behavior has been observed
in previous experiments where alkali atoms were intercalated into
bilayer graphene at a high density (33% coverage or 100 times our
estimated Li concentration) (27, 32, 33). However, in these experi-
ments, band folding is naturally expected to occur owing to the pres-
ence of the uniform (V3 x V3) R30° adatom superlattice potential
that explicitly breaks the global translational symmetry of graphene.
The high adatom coverage also strongly electron-dopes graphene,
resulting in a strong (~1 eV) downward shift of the Dirac point
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binding energy (Ep ~ — 1.4 eV) (27, 32, 56, 57) and the appearance
of alkali atom-derived electronic bands at I" (31, 56). We detect no
such Dirac point shift or Li-derived bands. This also allows us to rule
out the presence of rare islands of densely aggregated (V3 x V3) R30°-
ordered Li as such islands would similarly strongly locally dope
graphene and thus produce replica Dirac cones at the I" point with
shifted Dirac point binding energies of ~ — 1.4 eV. In contrast, our
results are well explained by the global onset of an incipient and
phase-coherent Kekulé DW instability driven by the long-range
ordering of an extremely dilute (<0.3%) surface concentration of
mobile Li adatoms (45, 46). This is especially evidenced by the par-
ticular sharpness of the replica Dirac cone at I" (Fig. 2, D and E) over
the large spot size of our ultraviolet light source (~1 mm). This
long-range phase coherence originates from a majority of mobile Li
adatoms occupying a single-colored Kekulé site (Fig. 1H), and it is
confirmed by temperature-dependent measurements (up to 30 K),
which found that the folded I'-point Dirac bands unexpectedly
sharpen further as the sample is warmed, indicative of increased
hidden Kekulé order as more single-colored Kekulé sites are popu-
lated by mobile Li adatoms (see the Supplementary Materials). No-
tably, while natural point defects have been shown to nucleate DW
order in bulk materials (58, 59), this is the first controlled demon-
stration of dilute extrinsic adatoms inducing a global DW phase in
a two-dimensional material.

We note that such direct signatures of DW order in monolayer
graphene are rare (23, 26, 28). As DW order is concomitant with a
periodic lattice distortion (I), a Kekulé distortion of the graphene
lattice (Fig. 1C) should be reflected in diffraction measurements. To
further support our claim of a global Kekulé distorted phase, we
performed in situ low-temperature low-energy electron diffraction
(LEED) measurements (spot size, ~1 mm) (Fig. 3). Before Li depo-
sition, the pristine surface displays sharp diffraction peaks charac-
teristic of epitaxial graphene grown on SiC (Fig. 3A). After dilute Li
deposition, new and sharp diffraction peaks appear corresponding
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to a well-defined and long-ranged (V3 x v3) R30° lattice (Fig. 3B).
Relative to the atomic graphene Bragg peaks (red arrows, Fig. 3C),
the new diffraction peaks (blue arrows, Fig. 3C) have intensities of
~20% with similar peak widths (see the Supplementary Materials).
In light of the ultradilute surface coverage of Li adatoms (<0.3%),
the intensity and sharpness of these new diffraction peaks point
to the presence of a globally well-defined Kekulé lattice distortion
in graphene.

We next present a simple model that captures how the emergence
of Kekulé order depends on the two key control parameters in our
study: sample temperature and Li deposition rate. In our experiments,
we find that Kekulé order occurs only when (i) Li is deposited with
graphene held at low temperature (<10 K) and (ii) Li is deposited at
a slow rate. We use a kinetic hopping model that incorporates the
graphene-mediated long-range interaction between Li adatoms on
graphene (Fig. 1, E to H), which is attractive for Li located on Kekulé
RGB lattices sites of the same “color” and repulsive otherwise (45, 46)
(see the Supplementary Materials for detailed discussion). In the
model (Fig. 4A), Li can hop to neighboring sites with a Boltzmann
probability dependent on temperature and the local Kekulé-modulated
potential energy landscape created by all other surface Li atoms
(Fig. 4C). We quantify the strength of RGB Kekulé order in the
system by calculating the magnitude of the (3 x V3') R30° Fourier
component of the Li lattice positions. In agreement with our find-
ings, slower Li deposition (Fig. 4A) produces coherent long-range
Kekulé order across the entire sample, while faster deposition (Fig. 4B)
only permits order on the scale of a few sites. By performing several
simulations with varying temperatures and deposition rates (Fig. 4D),
we find that long-range Kekulé ordering does not form at high
sample temperatures. The unique combination of slow deposition
at low temperature in our experiments may explain why Kekulé
order in dilute Li graphene systems has not been reported previ-
ously (56). However, starting from the ordered phase, higher tem-
perature can initially improve long-range Kekulé order via increased

Cc
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" H — Lifgrisic
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Fig. 3. LEED of graphene in the Kekulé phase. (A) LEED pattern measured at 66 eV on pristine Gr/SiC. Peaks are highlighted with circles corresponding to graphene
(red), SiC (green), and the graphene/SiC superlattice pattern (yellow). (B) LEED pattern after dilute lithium deposition at low temperature. New diffraction spots corre-
sponding to (V3 x v3)R30° Kekulé bond order (blue) are clearly visible. (C) Line profiles along the black (red) dotted line in (A) [(B)] after subtraction of a smooth back-
ground (see the Supplementary Materials). The horizontal axis is in units of the K-point wave vector, | K| =1.70 A‘1. a.u., arbitrary units. Diffraction peaks are indicated by
arrows using the same color scheme used in (B). The width of the graphene and graphene/SiC peaks are comparable before and after Li deposition. The new Kekulé dif-
fraction peaks (blue arrows) are intense (~20%) and as sharp as the graphene Bragg peaks (red arrows), indicating long-range Kekulé bond order.
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Fig. 4. Kinetic model for hidden Kekulé ordering of Li. (A) Simulation of 120 adatoms (large dots) added randomly one at a time (slow deposition) to RGB hollow sites
that form three (V3 x V3) R30° mosaic Kekulé lattices on graphene. After each Li is added, the adatoms interact through a long-range “ferromagnetic”-like potential, and
the system is evolved thermally (see the Supplementary Materials). The formation of a large unicolor (red) Kekulé order is observed. Left inset: Zoom view. Right inset:
Fourier transform of the simulation, with sharp peaks at the (V3 x v3)R30° Kekulé ordering wave vector signifying long-range order. (B) Final state of a similar simulation
when adatoms are added in a single step (fast deposition) and allowed to evolve thermally. Unicolor patches are much smaller than those from slow deposition in (A), and
the Kekulé peaks in the Fourier transform are broadened, signifying short-range order. (C) Simulated potential energy landscape originating from the superposition of (
V3 x V3)R30° Friedel oscillations from all adatoms. The egg carton-like potential is deepest (dark) near large unicolor regions, where mobile adatoms can become
“trapped” and further enhance the Kekulé order. (D) Intensity of the Fourier peak corresponding to the (V3 x V3)R30° Kekulé lattice (normalized by the intensity at the
graphene Bragg peak) as a function of adatom deposition rate, for different values of J/kgT, where J is the adatom-adatom interaction coupling constant (see the Supple-
mentary Materials), kg is the Boltzmann constant, and T is temperature. At low temperatures (J/kgT > 1), Kekulé order is strongest for slow adatom deposition; at high

temperatures (J/kgT < 1), Kekulé order is weak at any deposition rate.

Li mobility (fig. S12) until the kinetic energy eclipses the Kekulé-
confining potential (Fig. 4C), whence Li hopping becomes random
and destroys the ordered phase (see the Supplementary Materials).

DISCUSSION

Thus far, our results are well explained by the predictions of hidden
Kekulé ordering of adatoms (45, 46). However, a key parameter for
long-range Li order is the graphene electronic doping level: At finite
charge density, the Fermi surface transitions from point-like to ring-
like, and additional long wavelength Friedel oscillations of magni-
tude 2kg (called intravalley scattering) (43, 46-48) contribute to the
total electron scattering wave vector, which disrupts the perfect nesting
condition (figs. S8 and S11), 8q = K — K’ + 2kg. The intravalley con-
tribution has a long spatial period given by 2n/2kg = Ag/2 = n/n,,
which modulates the short wavelength (Aax = 4.26 A) intervalley
oscillations that are commensurate with the Kekulé lattice (fig. S8).
When the charge density, #,, becomes as large as the surface density
of Li adatoms that nucleate the local Kekulé order, n, > ny;, the 2kg
charge modulations effectively randomize the sign of the adatom
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interaction potential, Vj;, between adatoms at the mean Li-Li nearest-
neighbor distance €y; 2 1/kg (fig. S8) (45, 46). Large charge densities
are thus expected to destroy any long-range Li order, preventing the
formation of a global, phase-coherent Kekulé distortion.
Unexpectedly, we find that the Kekulé order we observe in Gr/
SiC (Figs. 2 and 3) occurs at an electronic density larger than the
lithium density (n, = 1.4 x 102 cm™ = 2.3ny,), where ordering is
not expected to occur. To further test the predicted deleterious
effect of electronic density on Kekulé DW formation, we measured
two additional epitaxial monolayer graphene samples with different
doping levels (Fig. 5). Photoemission spectra from hydrogen (H)-
and gadolinium (Gd)-intercalated graphene-SiC measured at the
graphene K point are shown in Fig. 5 (A and C, respectively). The
H-intercalated sample (Gr/H/SiC) is p doped (60), with the Dirac
point shifted to ~100 meV above Eg (nj, = 7.3 x 10" cm™2), while
the Gd-intercalated sample (Gr/Gd/SiC) is strongly n doped (57)
with the Dirac point shifted to ~1.6 eV below Eg (1, = 4.5 x 10 cm™)
(57). Figure 5 (B and D) displays ARPES measurements at I after Li
deposition at low temperature and low deposition rate. We again find
signatures of Kekulé distortion-induced folded K/K’ Dirac cones at I'.
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Fig. 5. Li-induced Kekulé phase in different graphene systems. (A) ARPES spectra taken at the K point (cut indicated by inset) on hydrogen-intercalated graphene
(Gr/H/SiC) (sample schematic is shown above the cut). The Dirac point is located ~100 meV above E. (B) Spectra at I" on Gr/H/SiC after lithium deposition showing the
folded Dirac cone due to Kekulé distortion. (C) Spectra at K on gadolinium-intercalated graphene (Gr/Gd/SiC). Graphene is strongly doped with the Dirac point located
~1.6 eV below Eg. (D) Spectra at I" on Gr/Gd/SiC after lithium deposition showing the folded Dirac cone. The folded Dirac cones in (B) and (D) display bands with symmetric
intensities, signifying a folding of the two Dirac cones at K/K'. (E) Fermi surface of Gr/Gd/SiC at T after Li deposition using s-polarized light. A schematic of the bands ex-
pected to be visible in this configuration is overlaid in yellow and red dotted lines. (F) The same Fermi surface as in (E) using p-polarized light. (G) Difference map between
(E) and (F). A schematic of the trigonal-warped Fermi surfaces folded from K and K’ is overlaid in yellow (K) and red (K') dotted lines.

The folded nature of the bands is especially apparent for Gr/Gd/SiC
at ultrahigh electron density, where we can directly visualize differ-
ent portions of the trigonal-warped Fermi surface using different
light polarizations (61) (Fig. 5, E to G). No ARPES intensity is present
at I before Li deposition.

Despite significant differences in the size and carrier type of the
Fermi surfaces, we observe signatures of Li-induced Kekulé distortion
across all three graphene systems. While understanding the micro-
scopic origin of this Kekulé ordering and its robustness to variation
in the electron density will require more theoretical work, the role
of electronic Fermi surface nesting in the global lattice distortion
can be tentatively ruled out. An alternative, promising mechanism
is momentum-dependent electron-phonon coupling, which has been
found to drive lattice distortions in other two-dimensional systems
(6, 7); electron-phonon coupling is strong in graphene and especially
so for the K-point A “breathing” mode phonon (9-11), which has
the exact symmetry as the Kekulé distortion (Fig. 1C) and its disper-
sion, Q4;(q), displays a strong renormalization (Kohn anomaly) at
the Kekulé wave vector. This hypothesis could be further explored via
time-resolved ARPES experiments, which can extract the mode-
projected electron-coupling value (11) before and after the Kekulé
distortion is induced.

Kekulé order and other coherent valley-coupled states have been
theorized (37-41, 62) to explain the correlated insulating and super-
conducting states in magic angle twisted bilayer graphene (63-65).
However, a microscopic origin of the proposed global intervalley
coupling is yet to be determined. Detailed phonon calculations
on relaxed twisted bilayer structures showed that localized Kekulé
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order can emerge near moiré AA stacking sites, opening unexpectedly
large gaps in the flat band energy spectrum (62). Defect-induced
global Kekulé distortion may thus provide a plausible microscopic
mechanism for the valley coupling in twisted bilayer graphene. Our
results show that even an extremely dilute concentration of atomic-
scale defects can initiate the global onset of an incipient DW insta-
bility in pristine monolayer graphene.

MATERIALS AND METHODS

Sample preparation

Pristine monolayer graphene (Gr/SiC) samples are grown epitaxially
on hydrogen-etched silicon carbide [SiC(0001)] substrates in a radio
frequency-heated furnace under argon atmosphere (50). Hydrogen
intercalated samples (Gr/H/SiC) were prepared by annealing in
molecular hydrogen at a pressure close to 1 bar and temperatures
around 800°C. Gd-intercalated samples (Gr/Gd/SiC) were prepared
by a procedure described in (57). Before ARPES measurements, the
sample surface is cleaned by annealing at 600°C in ultrahigh vacuum
for several hours and allowed to cool. Lithium is deposited in situ
between 5 and 20 K using a commercial SAES alkali metal source
over ~3 to 30 min at low deposition rate, as determined by the
negligible shift in the graphene Dirac point.

Estimate of Li surface coverage

The charge density in doped graphene is given by n, = Ep/(nh’v}),
where Ep, is the Dirac point binding energy in ARPES measurements,
h is Planck’s constant divided by 2m, and v is the Fermi velocity.
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After Li deposition, owing to a charge transfer of o free electrons
per Li adatom, the Dirac point energy shifts to Ep, and the new
charge density, n,, is given by n; = n,+ any; = (El’))z/(nhzvé R
where ny; is the density of Li adatoms and we assume that v is un-
changed for low Li densities. Solving for ny;, we arrive at

’ 2 2
ns = (Ep) - Ep
onh’ v%

Previous experiments (27, 32, 56) on (V3 x V3 ) R30°-ordered Li
adatoms (one-third monolayer coverage) on Gr/SiC have reported
a significant electron doping of graphene. The observed shifts in the
Dirac point energy after Li deposition, Eb — Ep ~1000 meV, allow
us to estimate the coverage in our Li/Gr/SiC system where any pos-
sible shift is undetected within our energy resolution (~20 meV).
From the reported Dirac point shifts and the Li density given by 1 Li
per (V3 x V3)) R30° supercell, one can estimate that each Li adatom
contributes a~ 0.2 free electrons to graphene, in good agreement
with ab initio calculations (31). In our estimate of the Li coverage, we
assume this same value for o. Although we detect no shift in the Dirac
point after Li deposition, we can arrive at a conservative upper
bound from our energy resolution of 20 meV, Ef, < Ep + 20 meV =
450 meV. Using Ep < 450 meV, Ep = 430 meV, and a= 0.2, we
estimate a dilute Li density of ny; < 6 x 10" cm™. This Li density
corresponds to a surface coverage of <0.3% and an average Li-Li
distance of £1; = (TmLi)*l/ 2 > 2 nm, which is on the order of the ra-
dial size of the local intervalley scattering pattern of ~2 to 5 nm (47).
Notably, this estimated Li density is similar to that of point defect-
mediated DW formation in the a phase of Sn/Ge(111) (58) and is
four times more dilute than a similar defect-induced Kekulé distor-
tion reported previously (1.3% or Mgefect = 23.6 X 102 cm™) (23).

Kekulé Hamiltonian
The Hamiltonian for pristine graphene is given by the 4 x 4 valley-
and sublattice-isospin matrix

2)

Ho = hvpt. ® (6 k)= (tho-.k 0, )

0, ~-hvpo - k

expressed in the (Wak, WK, WBK'> Wak’) basis and where % is Planck’s
constant divided by 2m, vg is the graphene Fermi velocity, 3; and G;
are Pauli matrices that act on the valley- and sublattice-isospin de-
grees of freedom, respectively, and Gy (%) is the sublattice (valley)
(2 x 2) identity matrix, ® is the direct (or tensor) product, and 0, is
a 2 x 2 matrix of zeros.

In this basis, the sublattice symmetry breaking term is given by
the matrix (25, 36)

AaBG; 0, ) 3)

Hap = Aapt, ® 6 =( .
AB ABT; ® O, 0, —AnpB.

where Ay is the difference in on-site energies on the A and B graphene
sublattices.

The Kekulé distortion breaks valley symmetry by coupling the K
and K’ valley block off-diagonal subspaces in the pristine graphene
Hamiltonian in Eq. 2. The Kekulé-O gap term, Ak, opens a real
energy gap (2|Ag|), although it is, in general, complex valued
(Ak =| Akl €'®) with a magnitude (| Ag|) related to the change in
bond hopping energy and a phase (¢'?) related to the bond distor-
tion pattern (13-15, 30) and is given by the matrix (14-16, 25, 36)
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0, AKGO)
A8y 0,

4)

Hi = (] Ax|cos @i, — | Ag|sin @%,)® oo = (

where A is the complex conjugate of Ag.

The total Hamiltonian that allows for both an A-B sublattice
symmetry breaking term, Aap, and Kekulé distortion term, A, is
given by

hveo -k + AppG,

ArS
H=H0+HAB+HK=( KGo )

—thO' -k - AABGZ

(5)

NG

expressed in the (Wak, Wek> WBk'> Wak’) basis. The energy eigenvalues
for this Hamiltonian are given by Eq. 1. Together, the sublattice and
Kekulé terms open an energy gap at the Dirac point of total size (25)

20 = 24A2, + AL (6)

ARPES/LEED measurements

ARPES and LEED experiments were performed at the University of
British Columbia in an ultrahigh vacuum chamber equipped with a
SPECS Phoibos 150 Hemispherical Analyzer, a SPECS UVS300
Monochromatized Gas Discharge Lamp, and a SPECS ErLEED 1000A.
The sample temperature was held between 5 and 30 K for all exper-
iments, and the chamber pressure was better than 5 x 107! torr. For
the ARPES experiments, s- and p-polarized 21.2-eV photons were
used, and the energy and momentum resolution were better than
20 meV and 0.01 3, respectively.

SUPPLEMENTARY MATERIALS

Supplementary material for this article is available at https://science.org/doi/10.1126/
sciadv.abm5180
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