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Artificial graphene based on molecular networks enables the creation of novel 2D materials with unique
electronic and topological properties. Landau quantization has been demonstrated by CO molecules
arranged on the two-dimensional electron gas on Cu(111) and the observation of electron quantization
may succeed based on the created gauge fields. Recently, it was reported that instead of individual
manipulation of CO molecules, simple deposition of nonpolar C¢g molecules on Cu(111) and Au(111) pro-
duces artificial graphene as evidenced by Dirac cones in photoemission spectroscopy. Here, we show
that Cep-induced Dirac cones on Au(l11l) have a different origin. We argue that those are related to
umklapp diffraction of surface electronic bands of Au on the molecular grid of Ceg in the final state of
photoemission. We test this alternative explanation by precisely probing the dimensionality of the
observed conical features in the photoemission spectra, by varying both the incident photon energy and
the degree of charge doping via alkali adatoms. Using density functional theory calculations and spin-
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resolved photoemission we reveal the origin of the replicating Au(111) bands and resolve them as deep
leaky surface resonances derived from the bulk Au sp-band residing at the boundary of its surface projec-
tion. We also discuss the manifold nature of these resonances which gives rise to an onion-like Fermi
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1. Introduction

Graphene is one of the most prominent 2D materials with tre-
mendous potential for applications in electronics, optics and
spintronics. In recent years, there has been a significant progress
toward the creation of artificial graphene either in the form of
ultra-cold atoms confined in optical lattices’™ or on the basis of
molecular networks.*™® The latter could set up a pathway toward
engineering synthetic graphene-like systems with unique novel
properties. In particular, it was shown that CO molecules on a
Cu(111) substrate create a network of hollow-site-potentials
imposed onto the 2D electron gas (2DEG) of a metal surface.®
This potential, shaped up by muffin-tin-like spheres of electron
exclusion and induced by the field of adsorbed molecules, is
equivalent to a honeycomb graphene lattice and gives rise to the
formation of topological Dirac cones in the surface band struc-
ture of copper. Using atomic manipulation, artificial graphene
subjected to triaxial strain was created leading to the observation
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of Landau quantization.® Such internal gauge fields are also the
basis for the predicted fractionalization of electron charge’ and
anyon formation® in graphene.

Very recently, the realization of similar Dirac cones was
demonstrated directly by angle-resolved photoemission (ARPES)
for a molecular network of buckyball fullerenes Cq, deposited
on the (111) faces of Cu and Au crystals.’ Dirac-cone-like features
were observed at the corners of the mini Brillouin zone associ-
ated with fullerene superstructures which are (4 x 4) for Cu(111)
and (24/3 x 24/3)R30° for Au(111). It was argued that buckyball
fullerenes, similarly to CO molecules,® can also impose muffin-
tin-like hollow potentials on a 2DEG hosted at the noble metal
surface, hence creating graphene-like band structures. While the
generation of such exclusion potentials enforcing scattering of
2DEG toward honeycomb-confined lattice seems feasible in the
case of strongly polar CO molecules, it can hardly be compre-
hended for non-polar and chemically inert Cgy,.

To tackle this controversy we performed extensive investi-
gations of Cg on Au(111) by angle- and spin-resolved photo-
emission and by density functional theory (DFT). Our results
suggest that the realization of artificial graphene by a fullerene
network may not be the only explanation for the Dirac cones
reported earlier.’ In the following we will demonstrate that the
linear bands are merely mimicking Dirac cones, and instead
derive from umklapp scattering of photoelectrons on the hexag-
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onal and perfectly periodic superlattice of fullerenes - with no
need for involvement of muffin-tin-like hollow potentials and
without the realization of artificial graphene. Ultimately, we
can attribute the formation of false Dirac cones exclusively to
the diffraction in the final state of photoemission from the 2D
surface- or subsurface-localized bands of Au(111) residing at
the boundaries of the surface-projected bulk sp-band.

2. Methods

The band structure of Cgo/Au(111) was studied by angle-
resolved photoemission (ARPES) at BESSY II. Band structure
maps have been acquired at the endstation ARPES 1> at the
beamline UE112-PGM2a using variable energy and polariz-
ation of synchrotron light. Spin-resolved measurements were
conducted at the U125/2-RGBL beamline using the endstation
RGBL-2. The characterization by STM was performed with an
Omicron LT-STM in a separate chamber. We used polycrystal-
line tungsten tips prepared as described elsewhere.'®

The Ceo/Au sample was prepared in vacuo. Initially, clean
Au(111) was achieved by repeated cycles of Ar' sputtering at
1 kV and subsequent annealing of the Au crystal at 800 K,
followed by the deposition of fullerenes from the powder
heated in a molybdenum crucible. Realization of the highly
ordered (21/3 x 24/3)R30° superstructure of Cg, required short
annealing of the deposited sample at 600 K. For brevity, this
superstructure will be referred to simply as (24/3) in what follows.

Density functional theory (DFT) calculations with prelimi-
nary structural optimization were performed using the VASP
package'' with the PAW method in the PBE approximation,
DFT-D2 van der Waals interaction correction'* and dipole cor-
rection. Band unfolding was performed using the
VaspBandUnfolding code.’® For calculation of fullerenes on
gold shown in Fig. 3 a Monkhorst-Pack grid (9 x 9 x 1) was
used, without spin-orbit coupling. For the calculation of
39-layer-thick gold slab reported in Fig. 5 a (5 x 5 x 1)
Monkhorst-Pack grid was used and spin-orbit coupling was
included. For calculation of the 20-layer-thick gold slab shown
in the ESI Fig. S1t a (13 x 13 x 1) Monkhorst-Pack grid was
used and spin-orbit coupling was included. In the layer-
resolved localization analysis of Au(111) bands, the possible
herringbone reconstruction (22 x 4/3) was not taken into
account. The herringbone structure was only included in the
DFT analysis of the effect of its lateral superpotential on the
manifold-like appearance of the Au sp-band (ESI Fig. S2t). It
was modeled as relaxed 1D dislocation imposed on the top
layer of a 4-layer-thick rectangular Au(111) slab with a (22 x 1/3)
supercell. Here, spin-orbit coupling was not included.

3. Results and discussion
3.1. Apparent Dirac cones in Cgo/Au(111)

Fig. 1 shows the structural characterization of Cg, on Au(111).
A large-scale STM image [Fig. 1(a)] shows a sub-monolayer
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Fig. 1 STM characterization of Cgo on Au(111) arranged in the (2\/3 X
2\/3)R30° superstructure at T = 80 K; (a) large-scale image showing a
fullerene island and the bare Au(111) with herringbone reconstruction
(see upper left area of the substrate displayed with enhanced contrast);
(b) zoom-in image of bare Au(111) showing atomic resolution; (c) zoom-
in image of fullerene island resolving perfectly ordered Cgo and inner
structure of their molecular orbitals; bias voltages and tunneling cur-
rents were 2 V/0.1 nA, 0.1 V/3 nA and 1 V/2 nA for (a), (b) and (c),
respectively; (d) LEED pattern revealing spots of Au(111) and fullerene
superstructure at 60 eV beam energy; and (c) Brillouin zones of Cgo
[red] and Au(111) [blue] in mutual correspondence.

amount of Cg, deposited on Au(111) and demonstrates that
Cgo forms well-ordered molecular islands, in which nucleation
seeds are at the zig-zags of the (22 x \/3) herringbone recon-
struction.'? Areas between islands reveal clean Au(111) with a
perfectly resolved atomic lattice [Fig. 1(b)]. Zoom in of a mole-
cular island [Fig. 1(c)] shows the highly periodic arrangement
of fullerenes. Our STM data resolve the inner structure of Cg
formed by molecular orbitals and shows that at low tempera-
ture (80 K) most of the molecules share an identical orien-
tation, thus creating a perfectly periodic lateral superpotential
at the Au surface. Only a minor part of molecules (<30%), seen
as bright protrusions, reveals an inner structure corresponding
to an alternative rotational orientation of the Cq, cage on the
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Au. This, however, is not decisive for the overall coherence of
the superpotential, which is substantially enhanced by freez-
ing-out vibrations of fullerenes, also in lateral directions.
Taken together, our STM results agree with earlier microscopy
studies.’™*® The formation of the (24/3) fullerene super-
structure is also clearly seen in LEED [Fig. 1(d)]. Fig. 1(e)
shows superstructural mini Brillouin zones (mini-BZ) of Cg,
[red] referred to the surface Brillouin zone (SBZ) of Au(111)
[blue].

Fig. 2 reports the effect of the molecular superlattice on the
electronic structure of Au(111) as it appears in the full-photo-
emission mapping of the band structure. Fig. 2(a) and (b)
compare constant energy surfaces (Eg = Er — 0.8 eV, Eg = Ep —
0.45 eV) and Fermi surfaces (Eg = Eg) of bare Au(111) and
Au(111) covered with one molecular layer of Cg, respectively.
One sees that the extremely coherent periodic lateral potential
of Ceo [evidenced by STM in Fig. 1(c)] results in a remarkable
replication of the sp-band of Au [denoted as R in Fig. 2(a)] the
contour of which, for the bare Au surface, adheres to the
border of the Au(111) SBZ (the Au SBZ and mini-BZ of Cg, are
plotted over ARPES data in the rightmost panels of Fig. 2(a)
and (b) as blue and red hexagons, respectively). In the Cgo-
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covered sample the replication of the sp-band R dominates the
whole electronic structure and is perfectly seen in the band
structure sections sliced along the traces 1 and 2 marked in
Fig. 2(b) by magenta and light-blue lines, respectively.
Dispersions sliced along 1 and 2 are displayed in the lower
panels of Fig. 2(c) and (d). One sees that the (21/3) superpoten-
tial of fullerenes causes a repetition of the steeply dispersing
Au sp-band R (see upper panels of Fig. 2(c) and (d) for refer-
ence) along both k, and k;, directions in such a way that the
replicas effectively form a set of bands resembling Dirac cones.
This happens at many particular wavevectors k, though indi-
vidual replica bands do not form cones in the (k. ky, E)
space. Cone-like features within the superstructural mini-BZ
only appear as the superposition of six (in the first order of
diffraction) replicated contours of the sp-band of Au.
Essentially, the formation of such deceptive Dirac cones
underlies the same, but much more pronounced, mechanism
as that acting in silicene on Ag(111) or Au(111).">*° In several
works on Si/Ag(111) and Si/Au(111), linearly dispersing bands
were interpreted as gapped Dirac cones emerging in a honey-
comb silicon lattice,*"*> whereas the generally accepted expla-
nation is that these states are 2D saddle-shaped band split-off
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Fig. 2 ARPES study of Ceo/Au(111) performed at hy = 80 eV; (a) full photoemission mapping of the band structure of bare Au(111). Constant energy
surfaces sampled at binding energies of 0.8 eV, 0.45 eV and at the Fermi level (Ef) are shown. Measurements were performed at T = 300 K; (b) same
as in (a) but with the (24/3 x 24/3)R30° superstructure of Cgo on top and at T = 16 K. Multiple umkiapp replicas of Au bands, denoted in (a) as R,
translated according to the periodicity of superstructural mini-BZ of fullerenes is seen; (c) band dispersions extracted from the full photoemission
maps of Au(111) [upper panel] and Cgo/Au(111) [lower panel] along trace 1 [magenta line in (a) and (b)] and along momentum k. False Dirac cones
formed by the replica of steeply dispersing and almost linear bands R are seen; (d) band dispersions extracted along trace 2 [light-blue line in (a) and
(b)] and along momentum k. Also along this direction the formation of features resembling Dirac cones is observable.
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from bulk sp-states of Ag, residing at the Si-Ag interface.”
Their peculiar saddle shape was ascribed to the effect of elec-
tronic umklapp caused by the silicon superstructure.'®° In the
present case of Cgo on Au(111) the situation seems to be even
more straightforward, since here we deal with the exact repli-
cas of sp-bands of Au, which are copied in k-space exactly by
the highly periodic lateral superpotential of the molecular
network. The importance of good fullerene ordering was evi-
denced by comparative photoemission mapping at low
[Fig. 2(b)] and room temperature [not shown]. Indeed, at T =
16 K the constellation of replicas becomes visible up to much
higher diffraction orders, and their linewidths become sharper
(narrower) by 30%. This evidences the freezing out of mole-
cular vibrational and rotational disorder and enhancement of
lateral superpotential order.

Looking at the constellation of replicas of Au sp-bands in
the constant energy surfaces (CESs) shown in Fig. 2(b), we
argue that Dirac cones reported earlier at K points of the mini-
BZ of the fullerene network® could emerge from the interplay
of the replicas translated toward the center of the Au(111) SBZ
by reciprocal lattice vectors of the fullerene superlattice.
Indeed, one sees pronounced superposition features of inten-
sity at the corners of the mini-BZ [red hexagon in Fig. 2(b)]. To
simulate such a superposition effect we have developed a
simple geometric model of translational replication of the
Au sp-band in the (kj, ky,, E)-space. The intensity of the band
within the CESs was defined empirically in order to fit with
the ARPES experiment. The first panel in Fig. 3(a) shows the
Fermi surface of the reference Au band. The second and third
panels present replica-molded CESs exemplarily sliced at
binding energies Eg = 0.1 eV and Ep = 1.7 €V, respectively. For
specific binding energies one can obtain a CES pattern in reg-
istry with the mini-BZ of Cg, which resemble (though not
exactly reproduce) contours of Dirac cones seen earlier for Cgo/
Cu(111).° We emphasize that the illumination of peculiar arc/
parts of the replica and hence the overall occurrence of conical
contours critically depends on the experimental geometry (the
angle of light incidence, polarization of photons, and orien-
tation of analyzer). One can therefore expect strong variations
in the matrix elements of these features between different
experimental setups.

The absence of Dirac cones and artificial graphene in the
Ceo/Au(111) system is also confirmed by our DFT calculations.
We prefer performing a simulation of the entire Cq, molecule
on Au(111) instead of muffin-tin like exclusion potentials at
molecular sites® (which, strictly speaking, do not reproduce a
honeycomb lattice with its specific hopping integrals). The Au
substrate was approximated as 3 atomic layers of Au. The struc-
tural cluster was selected in such a way that (24/3) periodicity
and orientation of the fullerene network were obeyed. The
system was relaxed allowing for the rotation, displacement and
deformation of Cgo. The cluster used in the calculations is
shown in Fig. 3(b). The calculated band structure along the
directions T-M and T'-K of SBZ is presented in Fig. 3(d). The
electronic structure of pristine Au(111) without Cg, is shown in
Fig. 3(c) for comparison. Apart from energy gaps [red arrows]

This journal is © The Royal Society of Chemistry 2022
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Fig. 3 (a) Constant energy surfaces of Au(111) and Cgo/Au(111) simu-

lated by an empirical model. Replication of the Au sp-band R [left panel]
according to the registry of fullerene mini-BZ (red hexagons) creates a
texture of warped contours resembling Dirac cones at selected binding
energies [middle and right panels]; (b) structural model of Cgo/Au(111)
used in DFT calculations; (c) band structure of bare Au(111) [3ML] calcu-
lated for reference; and (d) band structure of Cgo/Au(111) cluster shown
in (b) with the inclusion of entire fullerene molecule. The result is shown
unfolded. No Dirac cones assignable to artificial graphene are observed.
As compared to bare Au(111) in (c) only band gaps caused by hybridiz-
ation with molecular orbitals occur as new features [red arrows].

caused by hybridization between bulk and surface states of Au
and the HOMO/LUMO of Cg,, there are no noticeable differ-
ences between the band structures of Au(111) and Ceo/Au(111).
One sees that the presence of fullerenes does not lead to the
generation of any new bands resembling Dirac cones. The
band structure of Cgy-covered Au(111) shown in Fig. 3(d) was
unfolded according to the (2\/3) periodicity of the molecular
network.

3.2. Origin of the replicating Au(111) band

At this point we want to discuss the nature of the replicating
Au state R which in the literature is generally acknowledged as

Nanoscale, 2022, 14, 9124-9133 | 9127
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the bulk sp-band. The assumption that apparent Dirac cones
are built of replicas of the bulk bands of the substrate contra-
dicts the observation in ref. 9 that the cones do not disperse
with electron out-of-plane momentum k, (k) upon variation
of the photon energy (hv) in the ARPES experiment. Indeed,
the non-dispersive behavior with k, is naturally considered as
a fingerprint of the 2D surface or interface bands. For Cu(100),
on the other hand, a sharp Fermi surface feature without dis-
persion with k, has been assigned to projected bulk states.>*
To tackle this issue we looked at the origin of the Au band R,
which is the genesis of all fullerene-induced replicas seen in
Fig. 2(b), and studied its dimensionality at the bare Au(111)
surface. Fig. 4 shows a series of dispersions measured for
photon energies hv = 55-85 €V along the direction T-M of the
Au(111) SBZ. The acquired sample spectra of both the Au(111)
surface state (SS) at " as well as the (apparently bulk) sp-band
R near M. Two remarkable observations are made: (1) state R
is a manifold consisting of three sharp and clearly resolvable
bands and (2) there is no measurable dispersion with hv (k)
for any state in the manifold. This allows us to conclude that
manifold R is not just a simple bulk sp-band, as widely
believed, but might be rather a surface resonance. The narrow
linewidth of the manifold bands related to the void group vel-
ocity along k, is an additional confirmation of 2D character.
The MDC width of the peaks from the manifold near the
Fermi level is ~0.025 A~ (FWHM), which is about the same as
the width of each spin-sub-band of Rashba-split Au surface
state SS at I'. The genuine bulk sp-band of Au is also seen in
the measurements: it occurs as a broad and strongly disper-
sing with Av feature denoted in Fig. 4 as B. Since Dirac-cone-
like features ascribed earlier to artificial graphene® are formed
by the replica of band R, it is obvious that they do not disperse
with the photon energy (and k), since the pristine band R
does not disperse itself. This underlines the fact that disper-
sionless behavior of the conical bands with the photon energy,
shown in ref. 9 as argument toward the formation of Dirac
cones, is not a strong supporting evidence.

It is worth noting, that the only survey of the properties of
resonance band R, so far, was based on an atomic-layer-
resolved analysis of spatial local density of states (LDOS) distri-
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bution of the same-type band, but in another noble metal
Cu(111). In the case of the copper localization of state R in a
deep subsurface with leaking to the bulk was shown.>®

Next, we address the nature of the band R and in particular
its unexpected multi-band (manifold) appearance. We will
discuss several possible physical effects (surface projection of
the bulk states in ARPES, umklapp replica bands, spin-split-
ting, etc.) and we will try to find the most plausible origin of
the band R by discounting them one by one.

The simplest explanation would be to consider R as a spec-
tral feature occurring due to a projection of the bulk density of
states (DOS) onto the Au(111) surface. Fig. 5(a) sketches an iso-
metric view of the bulk Brillouin zone (BBZ) and bulk Fermi
surface of a prototypical noble metal (such as Au).*® One can
see that regions of the locally enhanced density of states would
occur around the perimeter of the projected bulk Fermi surface
owing to the contours running nearly perpendicular to the [111]
surface [bold magenta lines in Fig. 5(a)]. Such interpretation
was considered for noble metals.>**”*® A local enhancement of
the LDOS at the borders of the bulk Fermi surface projection
onto Au(111) was also seen in simulations.”® It is, however,
difficult to corroborate the manifold nature and remarkable
sharpness of the R peaks with the effect of a projection, which
should ultimately integrate over the full range of wavevectors
defining the outlines of the Fermi surface, hence causing sub-
stantial broadening along k;. The uncertainty of k; in combi-
nation with non-zero k; (k.) should also prevent umklapp repli-
cation of R by the molecular superpotential as pronounced as it
is seen in the ARPES experiment [Fig. 2(b)].

Fig. 2(a) shows that the intensity of manifold contours is
enhanced near M and M’ points of the SBZ [dashed orange rec-
tangular marks in Fig. 2(a)] ie in the regions where the
L-point necks interconnecting Fermi surfaces of neighboring
bulk Brillouin zones [see Fig. 5(a)] project onto the (111)
surface. Indeed, the projection of the bulk L-point gaps onto
the (111) surface should locally suppress the leakage of the
band R into the bulk at M and M'. Enhancement of the inten-
sity of R at the sites of relative projected band gaps suggests
that R is a surface resonance, albeit deeply leaking into the
bulk of the Au crystal.

hv=85eV

hv=80eV T
i | 0.0

\

1.0 15 0.0 0:5: 1.0 1:5: 0.0 0.5 1.0 1:5.
Wavevector k;; (1/A) Wavevector k; (I/A)

Fig. 4 ARPES measurement of the band structure of bare Au(111) along the direction T—M of the Au surface Brillouin zone conducted at different
photon energies and T = 16 K. Neither surface state SS at T’ nor Au sp-derived band R at M show a dispersion with hv (k,). Band R appears almost
equidistant manifold hence giving rise to an onion-like Fermi surface of Au(111). The direct-transition bulk sp-band is also seen (broad feature B) and

demonstrates pronounced dispersion with hv.
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Fig. 5
Bold magenta lines denote areas of enhanced LDOS in the surface projecti
interaction. Color code denotes localization of the bands. Upper row show

Wavevector k,, along TM (1/A) Wavevector ,, along TM (1/A) Wavevector ,, along TM (1/A)

(a) Bulk Brillouin zone and Fermi surface of a prototypical noble metal [left panel] and their projections onto the (111) surface [right panel].

on; (b) layer-resolved DFT of Au(111) [39 ML] with inclusion of spin—orbit
s constant energy surfaces covering I', M and K points of SBZ, calculated

for energy Er — 1.15 eV. The SBZ border is marked by black dashed line. Onion-like arrangement of bands R (red and blue) around T is seen. Middle
and bottom rows present band structures along '-K and T'—M directions, respectively. Left column reports the LDOS contributions of the first

surface atomic layer (“1°*AL", red) and of 5 central atomic layers of the slab

("bulk”, blue). Middle column shows LDOS projected onto the first (red)

and second (blue) atomic layers (AL). Right column presents subsurface LDOS at the second (blue) and third (green) AL; (c) wide-energy-range spin-

resolved measurement passing through Au d-bands and manifold surface r:

esonance R [green line in the inset]. Rashba-specific spin projection S, is

shown. State R appears spin-degenerate; and (d) 3D spin-resolved measurement of state R shows that the surface resonance is fully spin-

degenerate.

The next important question to answer is why the state R
appears as a split manifold at bare Au(111). Indeed, the mani-
fold states can contribute to the constellation and properties
of the umklapp replica pattern [Fig. 2(b)]. One possible reason
for the manifold appearance can be umklapp of band R on the
herringbone reconstruction (22 x \/3) of Au(111), as was pro-
posed recently.>® The Ak-separation between manifold bands
R observed in ARPES experiment is somewhat comparable to
the reciprocal lattice periodicity of the herringbone dislocation
stripes. We performed DFT simulation of the effect of
(22 x \/ 3) reconstruction on the band structure of Au(111) and
report the results in the ESL{>" Our DFT has in fact demon-
strated replication of the resonance R, however, the spectral
weight of the replica in the unfolded spectra was found to be
low. This suggests faint occurrence of the replica in photo-
emission. Furthermore, the discrepancies between Ak-period-
icities of the replica acquired by DFT and the bands of the
split manifold from the ARPES experiment were found. They
were as large as 20 to 30% depending on the direction of the
electron wavevector (T-K or '-M). Earlier, it was shown for the

This journal is © The Royal Society of Chemistry 2022

Au(111) surface state at T that its umklapp scattering at the (22
X \/ 3) reconstruction leads to the Fermi surface comprising a
trefoil-knot-like texture of overlapping contours of the surface
state.>>>* For the band R we could not confirm such a texture
(though it cannot be fully excluded because of photoemission
intensity effects and complex replica pattern [see ESI
Fig. S21>']): the analysis of the ARPES maps reveals that con-
tours of manifold bands run parallel to each other along the
boundary of the surface projection of the bulk sp-band, and
we do not observe crossings [Fig. 2(a)]. In such a way they
create an onion-like Fermi surface of Au(111). Though we
cannot decisively exclude the (22 x \/ 3) surface reconstruction
as a reason for the manifold structure of the R state, in the fol-
lowing we present yet another possible explanation referred to
the intrinsic properties of the Au(111) band structure.

To shed more light on the nature of manifold we performed
detailed DFT calculations of the band structure of Au(111)
with full inclusion of spin-orbit coupling. In order to elimin-
ate the effects of surface reconstruction from the results, the
herringbone structure this time was excluded from the struc-
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tural model. The layer-resolved band structure calculated for a
39 monolayer-thick slab of Au(111) is presented in Fig. 5(b).
The figure shows both constant energy surfaces, revealing con-
tours of the bands assignable to the resonance R [upper row],
as well as band dispersions sampled along the high-symmetry
directions of the Au(111) SBZ: I'-K [middle row] and I'-M
[bottom row]. Images in the left column plot the density of
states summed for the surface [red] and integrated bulk [blue].
The middle column depicts localization at the first [red] and
second [blue] atomic layers. The right column shows the same,
but for the second [blue] and third [green] layers in the subsur-
face. Layer-resolved band structures calculated for every indi-
vidual atomic layer starting from the 1% and up to the 4™ are
complementary and are shown in the ESIf *! with spin-polariz-
ation depicted. Both calculation schemes promote the same
conclusions.

Our DFT analysis predicts R as a complex state derived from
the bulk sp-band residing at the boundary of its surface projec-
tion. The resonance R comprises two components, one of
which is a pure surface localized [depicted in red in panel
Surface + Bulk of Fig. 5(b)], while another one is more bulk-
like [blue color in panel Surface + Bulk]. The red surface-loca-
lized part of R is exclusively hosted by the first atomic layer,
and its blue resonance-like part leaks into the bulk and resides
deeper in the subsurface. Layer-resolved DFT data presented in
the ESIf>' also show that state R spin-polarized within the
first atomic layer, is greatly suppressed in the second, and
appears again in the third and fourth, but spin-degenerate.
Such localization properties are confirmed also by layer-
resolved DFT shown in Fig. 5(b). Even though in DFT the truly
surface-localized component gradually decays closer to the
Fermi level, for deeper layers it can be identified as the band R
observed in the experiment. It is straightforwardly seen that
both components of the R - surface and resonance bulk-like -
disperse parallel to each other and form a manifold band
structure, albeit comprising only two bands. The calculated
CESs [upper row of Fig. 5(b)] show that contours of both com-
ponents of R disperse parallel to each other and create an
onion-like energy surface, in fair agreement with experimental
CESs shown in Fig. 2(a).

Subsurface localization of R established by our layer-
resolved DFT, corroborates that this state is a deep surface
resonance leaking into the phase space of the bulk Au sp-
band, but is nonetheless a 2D state with negligible dispersion
by k,. Sub-surface localization of R is further supported by
photon-energy-dependent measurements shown in Fig. 4.
Indeed, the overall photoemission intensity of manifold R
grows at higher photon energies due to enhanced bulk sensi-
tivity of photoemission, while the intensity of the surface state
SS drops with increasing hv (k, stays within a single BBZ in
this range of photon energies). It is worth noting that such a
projection-boundary-bound state was observed in several DFT
calculations of Au(111)**® but its nature and properties were
not addressed.

Yet another reason for the band splitting in high spin-orbit
materials (like Au) can be related to electron spin. At the
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surface of a high-Z metal one could, in general, expect Rashba-
type spin-orbit splitting of surface bands caused by breaking
of inversion symmetry. A prominent example of a Rashba
effect is the Au(111) surface state at T°7*® [see also the first
panel in Fig. 6(a)]. When looking into the spin- and layer-
resolved results of our DFT calculations shown in the ESLt 3!
one should not exclude a Rashba-scenario for surface reso-
nance R. In fact, it is slightly spin polarized at the surface of
Au (within the 1% AL), while for deeper layers (e.g. 4™) — where
the inversion symmetry is recovered - it is spin degenerate.
Spin polarization of R at the surface acquired by DFT*' reveals
opposite signs for —k and +k, hence resembling a rather topo-
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Fig. 6 Effect of charge doping on the surface states of Au(111); (a)
control experiment: surface doping of bare Au(11l) with potassium
results in significant energy shift of the Shockley-type surface state at T;
(b and c) dispersions of pristine Cgo/Au(111) (b) and severely doped with
2 ML of K (c) measured along trace 3 [orange line in Fig. 2(b)]. Doping
has no effect on energy position of surface resonance R and their repli-
cas. (d) Concentration of deposited K was monitored by core-level
photoemission. Doping with K also has no effect on HOMO-n molecular
orbitals of Cgg in the valence band VB (inset).
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logical state than a Rashba-split band. Such behavior, however,
could be caused by a giant Rashba effect like that known e.g.
for Bi(111),° or by unconventional mirror-symmetry-driven —
but trivial - Rashba splitting emerging at low-symmetry
points, analogous to that observed for W(110).*° To better
understand the spin character of the surface resonance mani-
fold we performed direct spin-resolved photoemission
measurements of band R. Fig. 5(c) shows the spin-resolved
spectra (energy distribution curves) of the manifold taken in a
wide energy range at ky, = 1.12 A™" (green line on dispersion
shown in the inset). Other wavevectors k;, were also measured
with essentially the same results. The spectrum shown in
Fig. 5(c) represents an in-plane projection of spin S, which is
perpendicular to electron momentum ky,. This is the projec-
tion for which the expected Rashba splitting must dominate
due to spin-momentum locking. One clearly observes spin
polarization of Au d-bands at binding energies >1.5 eV, which
also correlates with the results of our spin-resolved DFT calcu-
lations shown in the ESL{*' The peak from the band R cen-
tered at Eg ~ 0.5 eV, however, reveals no measurable spin
polarization. Fig. 5(d) shows a zoom in image of the region of
the R manifold and reports 3D spin-resolved spectra acquired
for spin projections Sy, S, (in plane) and S; (out of plane) with
enhanced statistics. None of the projections reveal a detectable
spin polarization. The absence of spin polarization in photo-
emission from R confirms that the sp-type manifold is mainly
localized in the subsurface, where structural inversion sym-
metry is obeyed. This result clearly shows that manifold R con-
tains no bands assignable to the spin-splitting.

Having shown that the origin of manifold-like appearance
of the R band is not related to Rashba splitting, we come back
to the results of our DFT analysis and conclude on the most
probable explanation of manifold, which is a localization
effect. In such scenario, the band R is a deep surface reso-
nance forming a quantum manifold of eigenstates localized at
different atomic layers at and below the Au surface. This
interpretation is in line with the results of our layer-resolved
DFT calculations shown in Fig. 5(b). One can clearly see that
in the 1°° AL the surface-localized part of state R resides at a
different (smaller) k; vector than its bulk-leaking resonance
component in a deeper subsurface (e.g. in 3™ or 4™ AL). Ak
difference between the wavevectors extracted from DFT is
about ~0.12 A™" which is in fair agreement with the experi-
mentally observed separation of manifold bands of ~0.1 A™*
(Fig. 4).

Although the manifold does not directly emerge from the
electron spin, the large energy-momentum splitting between
its bands and the onion-like Fermi surface caused by the
specific localization could be indirectly related to the strong
spin-orbit interaction in Au. Though this does not make the
manifold band spin-polarized, it might have an impact on
energetic degeneracy at different atomic layers of the subsur-
face. Indeed, our comparative measurement of the same
surface resonance R in low-Z material Ag(111) [not reported
here] also reveals a manifold, but with a much smaller magni-
tude of Ak-splitting between its sub-bands. A decisive answer
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on whether and to which extent the manifold splitting of R is
in fact related to the spin-orbit interaction in noble metals
requires further theoretical studies and should be a subject of
a separate study.

Finally, we probed how fullerene-induced false Dirac cone
bands shaped by the umklapp replica of surface resonance R
respond to a charge doping. Earlier it was assumed”® that the
occurrence of energy shifts of conical bands upon electron
doping of Cgo/Au(111) samples with alkali metals could serve
as evidence of two-dimensionality of the cones and hence as
proof of realization of artificial graphene. For instance, when
potassium is deposited on bare Au(111), we observe an energy
shift of the SS at T of up to AEg ~ 0.2 eV [Fig. 6(a)]. Though
this is expectable for Shockley-type surface states sensitive to
the shape of the surface potential barrier, such behavior is not
expected for deep-surface-resonance-like manifold R, which is
predominantly localized in the subsurface. Nevertheless, we
tested doping of Cgo/Au(111) with K. The results are presented
in Fig. 6(b) and (c) for the slice of the band structure marked
in Fig. 2(b) as trace 3 (orange line). Increasing concentration of
potassium upon gradual deposition on the sample was moni-
tored by core-level spectroscopy. Fig. 6(d) shows selected over-
view spectra with growing 3s and 3p peaks of K for gradually
increasing concentrations of potassium (0.5, 1 and 2 ML).
Fig. 6(b) and (c) report valence band dispersions of the bare
and K-deposited (with ~2 ML of K) sample, respectively.
Neither energy shifts of conical bands, nor changes in the
umklapp pattern of replicas are seen. No changes (apart from
increasing background) were seen also for any lower concen-
tration of K. Remarkably, no energy shifts of molecular orbitals
(HOMO-n) of Ce, were observed. That, in turn, suggests that
deposited K diffuses to the Ceo/Au interface and affects neither
the charge state nor the muffin-tin potential of fullerene mole-
cules. All in all, these results indicate that surface doping is
not a universally sensitive tool for probing the dimensionality
of novel electronic states induced by (or in) molecular
networks.

One final question to answer is whether the observed
umklapp replicas (forming deceptive Dirac cones) occur in the
ground state of the electronic system or are characteristic of
the final state of photoemission. Here, we understand the final
state exclusively as diffraction of photoelectrons emitted from
the Au(111) substrate on the adsorbed array of fullerene mole-
cules. Our ARPES experiments were conducted at photon ener-
gies between 35 and 110 eV which allows us to assume that
the final-state of photoelectrons has a free-electron-like charac-
ter describable by plane waves and conventional Bragg formal-
ism. There are straightforward arguments supporting the scen-
ario of diffraction on the molecular network. First, when
looking at the multiple band replicas of state R crossing each
other [Fig. 2(c) and (d), lower panels], one sees no energy gaps
at the crossing points. Avoided-crossing minigaps are known
for ground-state replicas and, in particular, for Dirac cones of
graphene (see e.g. for graphene/Ir(111)*"*?) and they are
expected to occur in the ground-state spectrum. Second, Cgo
molecules are bonded to Au(111) covalently but relatively

Nanoscale, 2022, 14, 9124-9133 | 9131


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d1nr07981f

Open Access Article. Published on 23 May 2022. Downloaded on 8/5/2025 9:12:30 AM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Paper

weakly, only through a single unoccupied orbital, the LUMO.*?
It is unlikely that such weak molecular superpotential would
cause a strong superlattice effect on deep subsurface-localized
resonance R. A more probable scenario is that the perfect
pattern of replicas seen in Fig. 2(b) is caused by the diffraction
of photoelectrons from band R at the molecular grid of Cg.

4. Conclusions

In summary, using angle-resolved photoemission we have
shown that the (24/3 x 24/3)R30° molecular network of Cg, on
Au(111) does not electronically turn the Au surface into artifi-
cial graphene, in contrast to a recent report.’ Instead, a highly
coherent pattern of replicated Au bands occurs as a result of
diffraction of the photoelectrons at the fullerene superlattice
adsorbed on the Au surface. The interplay between these mul-
tiple umklapp-replicated Au bands possessing steep and nearly
linear dispersion in the vicinity of the Fermi level causes the
superposition intensity patterns that only resemble Dirac
cones, both in constant-energy surfaces and in band disper-
sions. Moreover, these patterns exist in the final state (diffrac-
tion) of photoemission only.

We also analyzed the origin of Au(111) bands creating false
Dirac cones by coherent replication. By means of extensive
density functional theory calculations, layer-resolved localiz-
ation analysis and spin-resolved photoemission we identify
this state, residing at the boundary of the surface projected
bulk sp-band of Au, as a deep surface resonance leaking into
Au bulk. We examined why this state occur as a band manifold
and gives rise to an onion-like Fermi surface. While superlat-
tice (umklapp) effects imposed on the band structure of
Au(111) by herringbone reconstruction (22 x 4/3), cannot be
excluded decisively, the most feasible explanation comprises
localization effect entailing different energies of the surface
resonance bands at and below Au(111) surface. Spin-resolved
measurements reveal no Rashba-like spin polarization of these
states hence indicating their predominant localization in the
subsurface, where structural inversion symmetry is preserved.
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