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Abstract

Graphene-metal nanopatrticle hybrid materials paiytdisplay not only the unique properties
of metal nanoparticles and those of graphene, Isot @dditional novel properties due to the
interaction between graphene and nanoparticles Jthidy shows that gold nanoislands can be
used to tailor the local electronic properties obpipene. Graphene on crystalline gold
nanoislands exhibits moiré superlattices, whichegate secondary Dirac points in the local
density of states. Conversely, the graphene covgoddi regions undergo a polycrystalline
Au(111) phase transition upon annealing. Moreotbe nanoscale coexistence of moiré
superlattices with different moiré periodicitiesshalso been revealed. Several of these moiré

periodicities are anomalously large, which canretkplained by the standard lattice mismatch
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between the graphene and the topmost Au(111) laienssity functional theory and molecular
dynamics simulations show for the first time thatsuch cases the graphene and the interfacial
metallic layer is strained, leading to distortettit®@ constants, and consequently to reduced
misfit. Room temperature charge localization indlibg a large wavelength moiré pattern is also
observed by scanning tunneling spectroscopy. Thed®gs can open a route towards the strain
engineering of graphene/metal interfaces with wegimoiré superlattices and tailored electronic

properties for nanoscale information coding.

1. Introduction

Tailoring the atomic and electronic structure chgrene [1-3] e.g. via strain engineering [2]
has been a subject of intense research, due postble applications in nanoelectronics. Ultra-
narrow graphene nanoribbons fabricated by scantingelling lithography have electronic
bandgaps up to 0.5 eV [4] and can show electroctrele interaction-induced spin ordering
along their edges, depending on the nanoribbon estgecture [5]. Recent theoretical
investigations [6]and scanning tunnelling microscopy (STM) experirmenin supported
graphene [7] revealed that the local density afestdDOS) can be also modified by periodic
potentials which create secondary Dirac points (SBBch periodic potentials can be induced in
graphene by moiré patterns using crystalline sategtrlike h-BN [8,9]. The lattice mismatch and
relative rotation between graphene and the cryséadiubstrate determine the period of the moiré
pattern, and consequently the energy at which BlesSappear. A similar effect is observed also
for twisted bilayer graphene, where van Hove siagtiks appear as a function of the rotation

angle between the two layers [10,11]. Moiré supkcks develop on metal supported graphene



as well [12]. Depending on how strongly the graphkayer interacts with the metal substrate, its
band structure can be strongly modified (e.g. Ry [DB,14]or it can keep the linear dispersion
characteristic (e.g. Ir, Pt) [15,168TM and tunnelling spectroscopy (STS) studies @plgene
on Ru(0001) — corresponding to strong interactioshewed spatial modulation in the LDOS
[17,18] and electron localization [18] imposed bhg formation of a moiré pattern. On the other
hand, it has been shown by angle-resolved photoetespectroscopy of the weakly interacting
graphene on Ir(111) [15] system, that the perigaitential associated with the moiré pattern can
give rise to Dirac cone replicas and the openingnofigaps in the graphene band structure.
Recently it has been shown that graphene grownofl®ansferred [20] onto Au(11&)so forms
moiré structures. Convex and concave graphene nsojpérlattices can coexist on Au(111),
although the concave (depressions) morphology mimknt [21]. Gold is commonly used to
electrically contact graphene for device fabricatibhese contacts are made by sputtering or e-
beam evaporation and consist of polycrystallinengtal he interaction of graphene with such a
polycrystalline gold layer was investigated recgnbly transferring graphene flakes on a
sputtered, 8 nm gold layer [22]. Based on STS nreasents, it was concluded that the gold
substrate is the mixture of (111) crystallites amdorphous-type regions. The graphene-gold
interaction, and generally the metal-graphene actesn in previous works, was defined by the
growth or transfer process. Here we show that trength of graphene-gold interaction can be
tuned by annealing graphene-covered gold nanoislahthoderate temperatures (well below the
graphene growth temperatures) and that graphege al&ey role in the formation of crystalline
gold surfaces, i.e. in the recrystallization of aptmus-type Au. The observed large wavelength
moiré patterns involve (111) gold surfaces with ified lattice parameter, which enable spatial

modulations and the emergence of secondary Diractgpdn the LDOS of gold-supported



graphene. We demonstrate that in such strainedénmiperlattices the convex (protrusion)

morphology dominates.

2. Methods

2.1 Preparation of graphene-gold hybrid nanostruetu

Graphene-gold hybrid nanostructures were prepasefblbows: gold grains of 99.99% purity

were applied as source material for evaporationchviivas carried out from an electrically

heated tungsten boat, at a background pressurel6f Snbar. Thin gold films of 5 nm and 8 nm

were evaporated onto a graphite (HOPG) substragerate of 0.1 nm/s. After evaporation the
samples were annealed in argon atmosphere &G 1 hour, which resulted in the formation
of gold nanoislands with heights of 15-20 nm anerkl dimensions of several hundreds of
nanometers.

Large-area graphene was grown on a mechanicallyebeutro-polished copper foil (25
pm thick, 99.8% purity, Alfa-Aesar), which was ingel into a thermal chemical vapour
deposition furnace. The furnace was evacuated & fibar and the temperature was raised to
1010 °C with H, gas flow (~1G mbar). When the temperature became stable, both(2H
sccm) and K (5 sccm) were injected into the furnace for 8 esuo synthesize the graphene.
After the growth, we cooled down the furnace wittoaling rate of 56C/min.

The graphene sample was transferred onto the gotdisiands using thermal release
tape, and an etchant mixture consisting of G@gueous solution (20%) and hydrochloric acid
(37%) in 4:1 volume ratio. After the etching proaes] the tape holding the graphene was rinsed

in distilled water, then dried and pressed onto H@PG surface covered by the gold. The



tape/graphene/gold/HOPG sample stack was placedhmt plate and heated to 35, slightly
above the release temperature of the tape. Themapeemoved, leaving behind the graphene on
top of the gold nanoislands (and on the HOPG). doisd annealing was performed at £4Q0in
argon atmosphere for 30 minutes, to improve theesidh of graphene to the nanoislands. The
graphene-covered gold nanoislands were investigate®TM and STS, using a DI Nanoscope E
operating under ambient conditions. The STM measeants were performed in constant current

mode. Finally, a third annealing was also performed50°C for two hours.

2.2Density functional theory (DFT) and classical malkee dynamics (CMD) simulations

In order to reproduce the experimentally found #agihases, density functional theory (DFT)-
adaptive classical molecular dynamics (CMD) simatet were performed. CMD has been used
as implemented in the LAMMPS code (Large-scale Atdwiolecular Massively Parallel
Simulator) [23]. Periodic triclinic (rhombic) simulations cells hav®een constructed with
different sizes ranging from 100 x 100 up to 34840 graphene honeycomb unit cells. In the
largest case the simulation cell includes few omlé of atoms. 20-30 layers of Au(111) were
used underneath the graphene overlayer togethler3Wiked bottom layers which are necessary
to avoid the waving of the support as well as thtatron and the translation of the system. The
systems are carefully matched at the cell bordeosder to give rise to perfect periodic systems.
Non-periodic structures have also been optimizedsibyple minimizers which also provide
moiré patterns. Further refinement of the perigaittern can be obtained by time-lapsed CMD.
Isothermal constant volume (NVT) and isobaric-igothal (NPT ensemble) simulations (with

Nose-Hoover thermostat and a pressostat) wereedaout at 300 K. Vacuum regions were



inserted above and below the slab of the graphebstimte system to ensure the periodic
conditions not only in lateral directiong,y) but also in the direction perpendicular to the
graphene shee)( which is required by the NPT scheme as implesem LAMMPS. The
variable time step algorithm has been exploitecde DVITO code has been used to display the
obtained structures and to plot the colour-codegogoaphic images [24]. The AIREBO
(Adaptive Intermolecular Reactive Bond Order) ptitdrhas been used for the graphene sheet
[25]. For Au(111), the modified embedded-atom mdtiiBIEAM) is employed [26]. For the
cross-interactions at the interface (C-Au) a newl2Haptive bond order potential has been
developed in a similar way as it has been doneCf@u [27,28]. Essentially an Abell-Tersoff
angular dependent force field [29,3@4s been fitted to accurate van der Waatsn DFT
calculations [31]. The fully periodic SIESTA cod82] has been used for DFT calculations
together with the DF2 nonlocaldw functional. DFT calculations have also been used f
geometry optimization of small model graphene/Ad(14ystems in order to demonstrate that

distorted lattices survive DFT geometry relaxafioocesses.

3. Results and Discussion

Graphene-covered gold nanoislands were fabricatedhighly oriented pyrolytic graphite

(HOPG) substrates, as described above. The obtgolednanoislands are irregularly shaped,
with heights of 15 — 20 nm. Their lateral dimensiorary from 100 nm to about 400 nm in
width, and from 150 nm to 1.2 um in length (Fig).1@raphene wrinkles develop and connect
neighbouring nanoislands (Fig. la, white arrows),ohserved by atomic force microscopy

(AFM).
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Fig. 1. Fabrication of graphene-covered gold nanostructur@ AFM image of graphene-
covered gold nanoislands prepared on HOPG substi@m@phene wrinkles are marked with
white arrows. Scale bar is 1 unb)(STM image of a graphene-covered gold nanoparticle
Tunneling parameters: U = 0.5 V, | = 1 nA. Thredfelient regions can be distinguished: 1 —
graphene on HOPG, 2 — graphene on crystalline gaid] 3 — graphene on non-recrystallized
gold grains. The line section corresponding to tpeen solid line is shown inc) (d)
Unreconstructed Au(110) surface measured in re@igd = 0.1 V, | = 1 nA). Scale bar is 4 nm.
(e) dl/dV spectra measured in the regions marked 3 i (b) and €). Graphene loses its
electronic properties and shows metallic charactes (red line) when lies on Au(110). The less
ordered, polycrystalline gold only increases thdgping of graphene (blue line), compared to

graphene on HOPG (black line).

STM measurements performed on graphene-coveredidodi nanoislands after annealing at
400°C reveal two distinct regions (Fig. 1b): a smoabion (marke®), with surface root mean
square roughness comparable to that of HOPG (RM®6 nm), and a rougher region (marked

3) with RMS of 0.35 nm (see also the line sectiorFig. 1c), typical for as-deposited metallic



films consisting of small grains. A higher resatutiSTM image acquired in the smooth region is
shown in Fig. 1d, where we observe parallel linéh weriod of 0.41 nm. This corresponds to
the distance between the atomic rows of an unréeamted Au(110) surfacedl/dV spectra
measured in this region (Fig. 1e, red line) showattie density of states, and the onset of a
Shockley surface state appears at -350 meV. Thenadxs surface state is upshifted compared to
the clean, unreconstructed Au(110) [33inilarly to the case when a monolayer of Ag atasns
adsorbed onto the Au(110) [38Jote that the spectra are measured on grapheneecbygeld,
and the characteristics of crystalline gold areeold through the graphene. This indicates
strong graphene-gold interaction in this regionemehgraphene characteristics are lost due to the
hybridization of carbom-states with the metallic substrate [34]. In costiravhen on top of non-
recrystallized gold grains (regi®), graphene is sufficiently decoupled and the kndaOsS is
preserved (Fig. le, blue curve), reflecting a wegakphene-gold interaction. Here, the
electrostatigp-doping from gold is the dominant effect. The Digmnt of graphene is shifted
with 130 meV compared to the Dirac point of HOP@surted graphene (Fig. 1le, black curve),
measured on the region markketh Fig. 1b-c. We note that reconstructed Au(11kjaces were
also observed on graphene-covered gold nanoiskEmusaled at 408C (not shown). However,
these crystalline surfaces were less than 20%seofatial graphene-covered gold areas.

The formation of crystalline gold domains undearene is an intriguing phenomenon
which should be related to the reconstruction afame gold atoms during annealing. To
investigate this hypothesis, we further annealedgttaphene-covered gold nanoislands at higher
temperatures (650C), in order to increase the size of crystallingioas. Surprisingly,
subsequent STM investigations revealed that alD¥d)0of the observed graphene-covered gold

surfaces became (111) crystalline domains durimgaling at 656C. This is illustrated in Fig.



2, with STM images measured on a graphene-covesktrnoisland. More details about the
shape and dimensions of the nanoislands formeshglamnealing at 658C are shown in the

supplementary data (Fig. S1).

Fig. 2. STM image of a hybrid graphene-gold nanocrystaérafinnealing at 650°C. All

graphene-covered gold surfaces are crystallineradtenealing (U = 0.5 V, | = 1 nA). The areas
denoted 1 — 4 are separated by graphene grain banesl (dashed line, blue line, and black
solid line, respectively). Moiré superlattices dffetent wavelengths are observed. Area 1:
moiré of 1.9 nm superimposed on Au(111) surfacen®tcuction (see inset). Area 2: moiré of

7.7 nm. Area 3: moiré of 5.1 nm. Area 4: moiré &f2m (see Fig. 4).

The light-coloured areas denotgd- 4in Fig. 2 correspond to gold-supported graphertglew

areas with darker contrast correspond to bare githces. Several graphene grain boundaries



are observed at the junction between afieds2-3, and3-4, which are emphasized with dashed
line, blue line, and black solid line, respectiveloiré patterns are formed on all numbered
areas, while in each area the moiré pattern héarelift wavelength. In arela the “herringbone”
surface reconstruction of Au(111) is observed (ueof ~6.3 nm) [35{see the inset in Fig. 2),
which has its origin in a uniaxial contraction af.4% of the surface layer with respect to the

bulk. A high resolution STM image measured in déashown in Fig. 3a.

Fig. 3. High resolution STM imagey) of area labelled 1 in Fig. 2 (U=0.1V, | =1 iAb) 2D

Fourier-transform image of (a). Bright maxima arelated to the atomic periodicity (the six
most distant spots from image centre, one is hagldid by white arrow), moiré pattern (the six
spots closer to the image centre, one is highlighty red arrow), and the herringbone
reconstruction (two brighter spots closest to ttkage centre, one highlighted by green arrow).
(c) Fourier-filtered image of (a) showing the moindperlattice of 1.9 nm and the atomic lattice

of graphene. A moiré angle of 28 measured.

The two-dimensional Fourier-transform of this img@#g. 3b) reveals the atomic periodicity

(white arrow), the moiré period (red arrow), and tierringbone reconstruction as well (green

arrow). Fig. 3c is a Fourier-filtered image whehe tatomic lattice of graphene and a moiré

10



pattern with periodicity of 1.9 nm is clearly vikbHere, a moiré angle of 25 1°is measured
between the zig-zag orientation of graphene andiribedetermined by the moiré humps. In area
2 and3, large wavelength moiré patterns of 7.7 nm anchflare formed, respectively, while in
aread a moiré of 2.5 nm is observed. The correspondigly resolution STM images performed

in these areas are shown in Fig. 4.

Fig. 4. High resolution STM images measured in the areasotkd 2 — 4 in Fig. 2, showing
moiré superlattices of different wavelengths (U.2 ¥, | = 1 nA). §) Area 2: moiré of 7.7 nm.
dl/dV spectra measured at the positions marked dig dre presented in Fig. 6b)(Area 3:

moiré of 5.1 nm.d) Area 4: moiré of 2.5 nm. Scale bars are 5 nm. Tsets show the

honeycomb graphene lattice.

Although there is no herringbone reconstructioraiaas2-4, the hexagonal symmetry of the
moiré superlattices imply that Au(111) surfaceseleped on these areas as well. Note, that the
gold surfaces not covered with graphene do notlaspingle-crystalline surface, but rather a
disordered one (Fig. S2b). This shows very cletréit the recrystallization of gold surfaces is

induced by the graphene overlayer.
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The various experimentally found moiré patterns evsuccessfully reproduced by
classical molecular dynamics (CMD) simulations shewn with the colour coded topographic

images in Fig. 5.

Fig. 5. Topographic images of moiré superlattices witlfiedént periodicity as obtained by DFT-
adaptive classical molecular dynamics simulatioftge misfit in various gr/Au(111) systems has
been tuned systematically in order to approachedkperimentally obtained moiré periodicity.
(@) moiré of 1.8 nm on Au(111)del= 2.46 A, dua, = 2.82 A). The simulated moiré angle of
25%s shown in the insetb) moiré of 2.4 nm superlattice dgl = 2.49 A, duau = 2.74 A). €)
moiré of 5.2 nm (€ = 2.55 A, duau= 2.68 A). ) moiré of 7.8 nm gt = 2.5 A, Guau= 2.61

A). The lattice constants of the graphene layer #me topmost Au(111) layer are given in

parenthesis.
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A new DFT-adaptive interface interaction potentiat been developed which is able to describe
adequately the weak van der Waals forces at thghgree/Au(111) interface, as it has already
been demonstrated for the graphene/Cu(111) sys2@2d]. The overall performance of this
force field is superior to pairwise potentials swhthe simple Lennard-Jones one [@7the
interface. According to the rigid lattice approxiioa [36], the moiré periodicity is inversely
proportional to the lattice misfit between the dager graphene and the support. Several
experimental moiré periodicities and the corresjrogéhttice misfits are summarized in Fig. S6,
for various graphene/support systems: graphene/hBIN graphene/Cu(111) [37,38],
graphene/Ru(0001) [39¢raphene/Rh(111) [40fgraphene/ir(111) [41l]graphene/Pt(111) [16],
graphene/SiC [42]. Using the equilibrium interatondistances of bulk Au (2.88 A) and
graphene (2.46 A), a maximum moiré period of on8/im can be formed in graphene/Au(111)
(at zero rotation angle), due to the significansfihi This implies that large moiré periodicities
(5.2 nm, 7.7 nm) can only be explained by constaeréattice distortions both in the graphene
and in the support layers. The larger the moirdogeity is the smaller lattice misfit is
necessary. These in principle are serious distwstiespecially in the support. However, we find
that the graphene/Au(111) system is peculiar, beeédwcan adjust itself relatively easily in order
to build up such an unexpected superlattice arraegé with non-equilibrium interatomic
distances. Our CMD simulations support the rigitida approximation [364nd provide moiré
phases (Fig. 5) with periodicities similar to thatind in STM experiments (Fig. 3 and Fig. 4).

In particular, we are able to reproduce the mo@éaglicity and the convex (protruding)
topography. We showed recently, that both the comvel concave (hanomesh) graphene moiré
morphologies are stable [21], and that graphen@wi1l) generally favours the formation of

nanomesh-like morphology [21]. The unexpected crnwmeiré patterns observed in this work
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are related to strain appearing in both graphemktla@ top gold atomic lattices, as discussed
below. In Fig. 5a we are able to reproduce the exmntally observed periodicity of 1.8 nm and
moiré angle of 25° (see inset) using standardckattionstants. Furthermore, the anomalously
large wavelength moiré superlattices are also tepred, as shown in Fig. 5b-d. However, CMD
simulations reveal that in these cases the stand#tide constants do not apply, the crystal
lattices are considerably distorted. In particwa, find that if the graphene layer expands by 1-3
% (from 2.46 A up to 2.55 A) while the topmost layé Au(111) shrinks by 6-7 % (from the
herringbone 2.82 A down to 2.61 A). The misfitésluced from 12.8 % to 4.2 % and the moiré
periodicity increases from 1.8 nm up to 7.8 nm. Bbtained lattice constants and other moiré

characteristics are summarized in Table 1.

A moiré anglel  dcc davau lattice misfit | rotation angle
(nm) ) (A) (A) (%0) )
Area 1 19+0.1 251 2.46 2.82 12.8 3.9
(Fig. 2)
Area 4 25+0.1 281 2.49 2.74 9.1 3.1
(Fig. 2)
Area 5 3+0.1 24+ 1 2.47 2.65 6.8 0.9
(Fig. S2a)
Area 3 51+0.1 28+1 2.55 2.68 4.8 1.5
(Fig. 2)
Area 2 7.7+0.1 281 2.5 2.61 4.2 1.3
(Fig. 2)

Table 1. Moiré characteristics: experimental moiré waveldn¢l) and moiré angles,«d and
dauau — graphene and gold lattice constants, respegtjvabtained from CMD simulations. The
rotation angles are calculated according to Eq.(S4e supplementary data).

The energy cost of this non-equilibrium processusprisingly small and amounts to
0.1+£0.03 eV/atom, which can be provided by thermation. The considerable contraction of

the topmost layer of Au(111) requires as small &05 eV/atom energy investment. Therefore

we find that the graphene/Au(111) system buildssigble non-equilibrium moiré superlattices

14



during annealing, with considerably distorted tatconstants. The mechanism that we propose
for the formation of anomalously large wavelengtioind phases is related to the cooling
process. Gold atoms are mobile at ®€@nd reorganize on the surface. The hexagonaitstau
of graphene acts as a template and facilitatesfaheation of Au (111) surfaces. As the
temperature decreases, the top gold layer compresgethe herringbone surface reconstruction
appears. Further compression of the gold occurggluhe cooling process, while graphene
expands due to its negative thermal coefficien].[ABlomalously large moiré patterns form as
the misfit between graphene and gold lattice cantstbecomes sufficiently small. Additionally,
covalent bonds can develop at graphene edges and lgyundaries between carbon and gold
atoms, which stabilize the anomalous moiré phagédsralering further rotation or translation.
DFT geometry optimization supports the stretchimghe graphene layer (Fig. S4 and
Fig. S5). Moreover, DFT calculations also show tthet Au-Au interatomic distances in the
topmost Au(111) layer contract to ~2.65 A, in agneat with CMD simulations. Additionally,
we show that the Au(111) topmost layer reconstract®rding to the moiré pattern (see Fig. S4b
and Fig. S5b). This agrees with our previous figdion nanomesh-type moiré superlattices [21].
It is important to note that the topography of Huperlattice is extremely sensitive to strain. In
the case of a slightly stressed system (the rmse$oof the entire system is ~0.001 eV/A) the
convex morphology occurs. In the fully relaxed syst(rms forces < 0.0001 eV/A) the purely
convex pattern turns into a mixed morphology, whi@plays both convex and concave features
(Fig. S3b). We find that the energy difference lestw the two morphologies is less than 0.005
eV/atom, and the mixed morphology is slightly méaeourable. Therefore, tiny distortions in
the lattice can transform the most stable concaperattice into a convex one. In the case of

larger moiré wavelengths of 2.5 and 3.1 nm (FigaBd Fig. S5) the convex morphology seems

15



to be the unique morphology after geometry relaxaprocedure. In these cases the crystal
lattices are distorted: graphene is stretchingau@.49-2.56 A and the topmost Au(111) layer
becomes contracted with lattice constants of 2.6532

Tunnelling spectra were acquired on the moiré pate graphene/Au(111) areas. The
corresponding dI/dV curves display secondary Dpamts (SDP) in the LDOS. The energy of
SDPs depends on the moiré wavelength, as showig.iG&b.
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Fig. 6. Local density of states of graphene on Au (11bwahg superlattice Dirac pointsa)

Experimental dI/dV curves for five different moivévelengths: 1.9 nm (green, area 1 in Fig. 2),
2.5 nm (blue, area 4 in Fig. 2), 3.0 nm (magentg, 52a), 5.1 nm (orange, area 3 in Fig. 2),
and 7.7 nm (area 2 in Fig. 2). For this latter, spa measured on both topographically high
(black) and low (red) positions are shown. Thesgtmms are marked in Fig. 2b with black and
red dots, respectively. The vertical line marks dapproximate position of the main Dirac point.
The secondary dips in the spectra are marked bgvesr Each spectrum is an average of 8

measurementsb) Energy of the secondary dips measured from thacoint, as a function of
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moiré wavelength. The black symbols are experinigntaeasured values, while the red line is

the theoretical fit to the data.

The experimentally measured values are fitted whth expected theoretical dependence [8]
Espp = 2mhvr/(\/314), wherel,, is the moiré wavelength. Best fit is obtained tloe Fermi
velocity v = 0.54 x 10° ms~1. Note, that for the moiré wavelength of 1.9 nm (Fg, green
line, areal in Fig. 2) the expected SDP (0.68 eV) falls ofé thias voltage range used for
spectroscopy, and thus is not observed.

As already mentioned above, lattice distortions raeeessary to produce large moiré
wavelengths, and hence SDPs in the 0.5 eV range fthe Dirac point. It should be
emphasized that if any finite rotation angle betmvgeaphene and Au(111) is to be considered,
then even more significant lattice parameter chenge needed in order to reproduce the
experimentally found superlattices, since the m@eéiod decreases with increasing rotation
angle [28,36]. Moreover, further lattice distortsoare energetically unfavourable.

Finally, for the moiré of 7.7 nm, not only SDPs,tbwom-temperature charge
localization is also observed on the topographychigh positions (Fig. 6a, black line) of the
moiré pattern. Until now, similar localization neidwe Dirac point was only observed at low
temperatures for twisted graphene layers [10,14¢ TMD simulations of this large wavelength
moiré (Fig. 5d) result in a maximum geometric cgation ofh = hygy — Amim = 0.5 A, where
hmax and h,,;,, are the highest and lowest carbon atom positimspectively. On the other
hand, the maximum corrugation of the 7.7 nm moisasared by STM (Fig. 4a) is= Z,,4x —
Zmin = 2 A, with z,,,, andz,,;,, the height values of topographically high and Ipesitions,

respectively. The STM image was measured at U =m1@0which is in the bias range where the

17



charge localization was observed. Here, the LDOStapiographically high positions is
significantly higher than the LDOS of topographigadbw positions (Fig. 6a, black and red
spectra, respectively), which implies additionavapdsz-movement of the STM tip in order to
keep the current constant. This gives an electroomtribution to the measured corrugation of
about1.5A (z — h). Thus, the observed charge localization suppibxsconvex (protrusion)
character of the moiré superlattice. Furthermoaseld on the geometric corrugation determined
by CMD simulations, the strain in this moiré sturetish/l = 1.3%, with [ = 39 A the half
moiré wavelength. This is a relatively low stramdave think that the effect of possible strain-

induced pseudo-magnetic fields [44, 4B]the LDOS is negligible.

4. Conclusions

In summary, we demonstrated that the superlattmeénperiodicity — and the graphene LDOS —
can be tuned not only by rotation (misorientaticeg, shown previously [8, 28put also by
tuning the lattice mismatch between graphene aadogpmost layer of the support. Annealing of
graphene/gold nanostructures gives rise to the gtom of genuine graphene-gold hybrid
nanocrystals where graphene is stretched and téeaoe gold layer is considerably contracted.
We revealed that graphene induces the recrystiadiizaf the polycrystalline Au-surface into
reconstructed Au(111) surface. Moreover, the graphenoiré pattern induces additional
reconstruction of the Au(111) surface, as demotestray large scale DFT calculations. Using
DFT-adaptive CMD simulations we developed a simpledel with which the observed
anomalously large moiré periodicities could be akmd. We revealed that the moiré periodicity

can be tuned by the formation of discrete graphepejold layer lattice parameter pairs. The
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topography of the moiré superlattices shows somditiadal peculiarities: instead of the
expected concave curvature [21] (depressions) cor(peotrusion) morphology has been
identified, which is attributed to the built-in &&s in the superlattice. Even in the fully relaxed
graphene/Au(111) system with equilibrium supentattive find that the morphology is extremely
sensitive to small distortions in the crystal 8. Our findings open up new avenues for the
nanoscale modulation of the electronic propertiegraphene by strain engineering, and for the

controlled recrystallization of Au hanostructures.
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