N = S
: R A
. g vonehinned

L=y

Showcasing research from Departamento de Fisica de la Materia 4 As featured in: D
Condensada, Departamento de Fisica Tedrica de la Materia
Condensada and Condensed Matter Physics Center (IFIMAC),
Universidad Autonoma de Madrid, Madrid, Spain.

Tug-of-war between corrugation and binding energy: revealing
the formation of multiple moiré patterns on a strongly
interacting graphene—metal system

A theoretical and experimental study of the corrugation
dependency with the moiré patterns formed on graphene on
Rh(111). An interesting and exhaustive study of the roles played by
corrugation and binding energy to stabilize each superstructure
in this system that could be extended to other graphene—metal
substrates. See R. Pérez, J. M.

Gomez-Rodriguez et al.
Nanoscale, 2015, 7, 11300.

A& /)

S o
OF CHEMISTRY www.rsc.org/nanoscale

Registered charity number: 207890



Open Access Article. Published on 01 May 2015. Downloaded on 12/5/2025 12:53:55 AM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

[{ec

Nanoscale

ROYAL SOCIETY
OF CHEMISTRY

View Article Online
View Journal | View Issue

CrossMark
& click for updates

Cite this: Nanoscale, 2015, 7, 11300

Received 4th February 2015,
Accepted 29th April 2015

DOI: 10.1039/c5nr00825¢

www.rsc.org/nanoscale

Introduction

Tug-of-war between corrugation and binding
energy: revealing the formation of multiple moiré
patterns on a strongly interacting graphene—metal
systemt

A. Martin-Recio,? C. Romero-Mufiz,® A. J. Martinez-Galera,i® P. Pou,?© R. Pérez*><
and J. M. Gomez-Rodriguez***©

The formation of multidomain epitaxial graphene on Rh(111) under ultra-high vacuum (UHV) conditions
has been characterized by scanning tunnelling microscopy (STM) measurements and density functional
theory (DFT) calculations. At variance with the accepted view for strongly interacting graphene—metal
systems, we clearly demonstrate the formation of different rotational domains leading to multiple moiré
structures with a wide distribution of surface periodicities. Experiments reveal a correlation between the
STM apparent corrugation and the lattice parameter of the moiré unit cell, with corrugations of just
30-40 pm for the smallest moirés. DFT calculations for a relevant selection of these moiré patterns show
much larger height differences and a non-monotonic behaviour with the moiré size. Simulations based
on non-equilibrium Green's function (NEGF) methods reproduce quantitatively the experimental trend
and provide a detailed understanding of the interplay between electronic and geometric contributions in
the STM contrast of graphene systems. Our study sheds light on the subtle energy balance among strain,
corrugation and binding that drives the formation of the moiré patterns in all graphene/metal systems and
suggests an explanation for the success of an effective model only based on the lattice mismatch.
Although low values of the strain energy are a necessary condition, it is the ability of graphene to corru-
gate in order to maximize the areas of favourable graphene—metal interactions that finally selects the
stable configurations.

(STM) has already played a fundamental role in the character-
ization of these systems. STM confirmed the formation of

The growth of graphene is of paramount importance for a
forthcoming new technology based on this two dimensional
material."™* Among all the different techniques, the epitaxial
growth of graphene (G) on transition metals has been swiftly
developed as a quick method for the large scale production of
high quality graphene.” Scanning tunnelling microscopy
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moiré patterns as a consequence of the different lattice para-
meters of the graphene and the metal underneath and the
relative angle between them. The G-metal interaction not only
induces structural changes but also can modify and tune the
remarkable electronic properties of G.°'° According to the
strength of the interaction between the carbon layer and the
metallic substrate, two subgroups were defined: those systems
in which the graphene is barely coupled to the substrate, like
graphene on Pt(111),"" Ir(111)"* or Cu(111),"* where the elec-
tronic properties of graphene remain almost unchanged
except for a small charge transfer with the metal under-
neath;”*'"'* and those like Ru(0001),"> Re(0001)'® and
Rh(111),"” in which the hybridization of the n band of the
graphene with the d band of the metal leads to a strong
coupling that dramatically modifies the electronic structure
from that of free-standing graphene.” In the first subgroup,
and as a consequence of the low interaction between graphene
and the metal underneath, several rotational domains
are stable on the surface,'®'*'®2° while in the strongly inter-
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acting systems, the opposite case, just one orientation,
leading to only one moiré pattern, has been mainly
0bserved.10,l6,17,21,22

The highly interacting graphene on the Rh(111) system is
one of the cases where both experiments and density func-
tional theory (DFT) calculations have shown the formation of a
commensurate (12 x 12)g on a (11 x 11) Rh(111) superstructure
in which both atomic layers are aligned with the moiré.'”>*>*
According to DFT calculations,”*** this pattern is highly corru-
gated, with a difference in height among the topmost and the
bottom C atom larger than 100 pm. This variation in the gra-
phene-metal distance along the moiré unit cell gives rise to a
significant change in the interaction between them and a
gradual shift in the chemical environment of the C atoms as it
was proved by photoelectron spectroscopy.” This pattern of
large geometrical corrugations seems to be characteristic of
the strongly interacting systems. In contrast, the buckling of
the graphene sheet in the weakly coupled graphene/metal
group is much lower and the distances between both layers are
higher in every region. DFT calculations'" for the graphene on
Pt(111) have concluded that the geometric buckling is very
low, less than 3 pm. STM experiments seem to confirm these
trends, with apparent corrugations of ~100 pm for highly
interacting systems and one order of magnitude lower, ~10
pm, for systems with weak G-metal coupling. However, care
must be taken when attempting a direct quantitative compari-
son between the real geometry and the apparent STM corruga-
tion, where both electronic and structural contributions play a
role. G/Pt(111) is a paradigmatic example where the STM
images exhibit an anticorrugation of one order of magnitude
larger than the height difference among the C atoms due to
subtle changes in the electronic structure induced by the
metal interaction."!

In this study, we report on the growth of graphene on Rh-
(111) under ultra-high vacuum conditions and challenge some
of the main ideas assumed so far for strongly interacting
G-metal systems. We clearly demonstrate the formation of
several rotational domains and therefore different moiré struc-
tures with a wide distribution of surface periodicities. Experi-
ments reveal a monotonous correlation between the STM
apparent corrugation and the lattice parameter of the moiré
unit cell, with corrugations of just 30-40 pm for the smallest
moirés. The structure of a relevant selection of these moiré
patterns has been determined with DFT. These calculations
show much larger height differences and a non-monotonic be-
haviour with the moiré size. Simulations of the STM current
based on non-equilibrium Green’s function (NEGF) methods,
in which the electronic current between the tip and the
sample is correctly addressed,> reproduce quantitatively the
experimental trend and provide a detailed understanding of
the interplay between electronic and geometric contributions
in the contrast formation of the graphene systems. Finally,
based on this agreement between theory and experiment, we
discuss how the balance between the relative contributions of
strain, corrugation and G-metal binding energies stabilizes
the observed moirés. This detailed study sheds light on the
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general understanding of the lattice-mismatched graphene/
metal systems.

Results

Growth of graphene on Rh(111) and characterization of the
new moirés

We have grown high quality graphene monolayers on Rh(111)
under ultra-high vacuum conditions via in situ chemical
vapour deposition (CVD) of low pressure ethylene (C,H,). The
surface is mostly covered by the already known (12 x 12)g
moiré’”** in which both the carbon and rhodium atomic lat-
tices are aligned with the superstructure (Fig. 1a), but some
large areas with different rotational orientations are also found
(Fig. 1c). Fig. 1a and b display a combination of STM images
and DFT structures (see Methods and the ESIf for details) in
which the “usual” moiré is characterized. It is formed by 11
per 11 rhodium atoms aligned with 12 per 12 carbon atoms.
DFT calculations clearly show that the graphene-metal dis-
tance varies within the moiré unit cell depending on the posi-
tion of the carbon atoms with respect to the rhodium atoms
underneath, giving rise to a geometrical corrugation from the
lowest carbon atom to the highest one of about 121 pm, in
agreement with the previous DFT calculations.>***

The graphene grown on Rh(111) by our CVD method forms
one complete monolayer. As we could not experimentally

Fig. 1 (a) 7.5 x 10.5 nm? atomically resolved STM image (Vs = —0.4 V,
I+ = 2.0 nA) of 1 ML graphene on Rh(111) where the structure of the (12 x
12)g moiré is observed. The DFT calculated atomic positions are overlaid
on the bottom part of the image. (b) Ball and stick model of the DFT
structure for the same moiré pattern. This side view highlights the large
corrugation of the graphene layer (121 pm). (c) 63 x 96 nm? STM image
(Vs = 0.8V, I+ = 0.9 nA) of 1 ML graphene grown by UHV-CVD on
Rh(111). Two different rotational domains are observed in the same
terrace: the (12 x 12)g moiré is observed in the top while a different
moiré pattern (highlighted in green) is resolved in the bottom.

Nanoscale, 2015, 7, 11300-11309 | 11301
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observe the metallic surface after the graphene growth, the ize the new moirés. On the top part, the (12 x 12); moiré
orientation of the new moirés was obtained by comparing (from now on moiré 0) has been drawn while on the bottom
them with the orientation of the aligned (12 x 12)g superstruc-  part, there is an arbitrary moiré (X) with a lattice parameter L.
ture. Fig. 2a illustrates the procedure to identify and character- Due to the alignment of the moiré 0 with both the G and the

x»

(5x5), [(V91xv91)-R27°], [(6V3x6V3)-R24.5°], (4x4), [(V133xv133)-R17.5°],

Fig. 2 Procedure to determine the new moirés’ parameters: (a) schematic model in which both the “usual” (12 x 12), moiré 0, and a new one (X) are
compared. (b) 15 x 15 nm? STM image (Vs = 0.3 V, It = 18.7 nA) where both the moiré 0 and the new one appear together. The new moirés’ para-
meters, characterized by the angles 2 and @ (see text), are obtained by comparing them with those already known from the moiré 0. (c—e) 12 x
12 nm? atomically resolved STM images where five moirés different from moiré 0 are shown. The corresponding numbers of these moirés are con-
sistent with Table 1. (c) On the bottom part of the image (Vs = 38 mV, I+ = 11.1 nA), the (5 X 5)g moiré (labeled as 16 in the figure) is observed; (d) the
[(1/91 x 1/91) — R27°] moiré is on the bottom-left of the image (named as 8) while the [(61/3 x 61/3) — R24.5°]¢ moiré (labelled as 7) is on the top-
left (Vs = 0.3V, It = 18.7 nA); (e) on the bottom part of the image, the moiré number 17 corresponds to the (4 x 4)g superperiodicity, while number
2, in the top part, corresponds to [(1/133 x 1/133) — R17.5°lg (Vs = 0.7V, I = 15.7 nA). (f) Schematic models of the moirés obtained by STM measure-
ments in the figures on top.

11302 | Nanoscale, 2015, 7, 11300-11309 This journal is © The Royal Society of Chemistry 2015
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Table 1 Table of the different moiré superstructures observed on graphene on Rh(111). The parameters have been obtained with the geometric
model and are in agreement with those observed experimentally. L is the moiré periodicity, @ the angle between the graphene layer and Rh(111), Q
the angle between the moiré and Rh(111), and y the angle between the moiré and graphene. The mismatch is referred to the graphene lattice para-
meter while the strain is referred to the moiré supercell. The @ angles of the moirés marked with * could not be determined from the corresponding
experimental STM images. They were obtained from the geometrical model. In these cases, there are two different values of @ compatible with all

the other parameters

Superstructure
Moiré L(A) D (°) Q(°) 7 (°) Mismatch (%) Strain (%)
Relative to Rh(111) Relative to graphene

0 (11x11) (12 x 12)g 29.6 0 0 0 1.5 0.1
1* (2v/29 x 24/29) —R13.9°  [(1/139 x 1/139) - R12.7°]g  28.9 1.1/26.6 13.9 12.7 2.5 0.2
2 (44/7 x 44/7) — R19.1° [(v/133 x 4/133) - R17.5°];  28.4 1.6 19.1 17.5 2.7 0.2
3% (44/7 x 44/7) —= R4.7° [(v/133 x 1/133) - R17.5°];  28.4 22.2/12.7 4.7 17.5  -2.5 —0.2
4x (6/3 x 64/3) — R24.5° [(v/129 x /129) — R22.4°];  27.9 2.1/13.1 24.5 22.4 4.6 0.4
5 (24/26 x 2\226) R9.8° (24/31 % 2\)/31) R8.9°]g 27.4 18.7 9.8 89 -5 -0.5
6 (1/94 x 1/94) — R21° [(44/7 x 44/7) — R19.1°] 26.1 19.8 21 191 —4.9 -0.5
7 (1/91 x 1/91) — R27° j(ei)/s x ?)/3) R24.5°] 25.6 2.5 27 24.5 2.1 0.3
8 (24/19 x 2\/19) R23.4°  [(+/9 91) — R27°]g 23.4 3.6 23.4 27 -1.7 —0.2
9% (1/66 x 1/66) — R12.2° [(v/79 x 1/79) - R17°]g 21.8 29.2/4.8 12.2 17 5.2 0.6
10* (v/61 x 1/61) — R26.3° [(v/73 x 1/73) = R5. 8°] 21 20.5/27.8  26.3 58  -1.3 —0.2
11 (24/14 x 2\/14) R6.6° [(v/67 x 1/67) — R12.2°]4 20.1 5.6 6.6 12.2 6.1 0.7
12% (v/53 x 4/53) — R13.9° [(3v/7 x 3/7) — R19.1°] 19.6 5.2/27 13.9 191 —6.1 -0.8
13* (v/43 x 1/43) - R7.6° [(24/13 x 2\/)13 R13. 90 17.6 21.5/6.3 7.6 13.9  —4.9 —0.7
14 (6 x 6) [(v/43 x \/43) = R7.6°]g 16.1 7.6 0 7.6  —0.4 -0.1
15% (\/31 x 1/31) — R9° [(v/37 x \/37) — R25. 30] 15 25.7/16.3 9 253  —0.2 -0
16 (v/21 x y/21) - R10.9° (5% 5)g 12.3 10.9 10.9 0 0.5 0.1
17 (\/13 x 1/13) — R13.9° (4 x 4)g 9.7 13.9 13.9 0 —6.2 -1.5

Rh atomic lattices, the characteristic angles, £ and @, could be
easily obtained for the new superstructure: £ is the angle
between the Rh(111) lattice and the moiré pattern and was
extracted by measuring the rotation between both moirés. @ is
the angle between both atomic lattices, i.e. Rh(111) and gra-
phene, and was obtained by either comparing the relative
orientation of the graphene atomic lattice in each domain or
by measuring the angle between the new graphene flake and
the moiré 0. In order to do so, we needed STM images (like
Fig. 2b) where the two superstructures could be observed. Figs.
2c-e show three different atomically resolved STM images
where five new moiré patterns and the aligned moiré 0 can be
observed. Models for each of these five new moirés are dis-
played in Fig. 2f. Below each model, their parameters are
described with respect to the graphene layer using Wood’s
notation. Table 1 shows the relevant data for all the observed
moiré patterns.

Geometric analysis of the moiré patterns

Once the superstructures were experimentally characterized,
all the resulting data have been compared with a purely geo-
metrical model, first proposed by Merino et al.'® to identify
the possible moiré patterns in G/Pt(111) and other weakly
interacting graphene/metal systems. In ref. 18 they argued that
the lattice parameter and the orientation of the observed
moiré structures are related to the values that minimize the
mismatch, §, between the G and the metal atomic lattices.

We have applied this model to our graphene on Rh(111).
The mismatch, §, is defined as a percentage of the difference
vector between the graphene and Rh(111) lattices, ie.,

This journal is © The Royal Society of Chemistry 2015

8 =100 x |drn,,, — da,l|/ac, where dgy,, and dg,, are vectors of
the Rh(111) and graphene lattices, respectively, and ag is the
undistorted graphene lattice parameter. We have used the
experimental lattice parameters ag = 2.46 A and ag;, = 3.80 A.

Our results show that this model seems to work also on this
strongly interacting G-metal system, as the experimentally
found moiré patterns correspond to those superstructures
in which the mismatch between both atomic lattices is a
minimum value (see the ESIf). The experimental results with
their corresponding mismatch values are shown in Table 1.
Here we follow the commonly employed sign convention
(opposite to the one used in ref. 18) for §: the stretching of the
graphene (|d@gn,, | > |dg,|) is expressed by a positive sign, while
a negative sign indicates its compression.

A good agreement between the model and the experimental
data indicates that the energy cost of deforming the G lattice
to match it with the metallic substrate plays a relevant role not
only in the case of weakly coupled systems as graphene on
Pt(111),'® but also for the strongly interacting graphene on
Rh(111). However, it has to be noticed that the physical quan-
tity that characterizes the elastic energy associated with the
change in the in-plane C-C distances is not the mismatch &
but the strain & = 100 x |dgn,,, — da,;|/L, where L is the period-
icity of the corresponding moiré unit cell. Values of the strain
for the observed moiré patterns can also be found in Table 1,
using the same sign convention as for the mismatch. Further-
more, due to its two-dimensional character, graphene easily
deforms in the normal direction, changing the corrugation of
the layer. Based on our DFT calculations, we show below how
the interplay of the energy cost associated with strain and

Nanoscale, 2015, 7, 11300-11309 | 11303
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corrugation is balanced by the G-metal binding interaction
in order to stabilize the observed moirés, and suggest an
explanation for the success of the effective model based on the
lattice mismatch.

Changes in the experimental apparent corrugation of the
moiré patterns

As is well known, the STM topography is a combination of geo-
metric and electronic contributions.'>*****® This combined
vertical modulation is called apparent corrugation. During the
experimental also observed relevant
changes in the moirés’ apparent corrugation as a function of
the moiré periodicity. The profile taken from the STM image
in Fig. 3a shows how the corrugation amplitude significantly
decreases from a larger moiré to a smaller one. In order to
confirm this first evidence, large data sets of STM images pre-
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Fig. 3 Variation of the corrugation with the moirés’ periodicity: (a) 19 x
13 nm? atomically resolved STM image of two different moirés; tunnel-
ling parameters, Vs = 40 mV, I+ = 11 nA; inset: profile taken from the
STM image where the difference in the corrugation amplitude in both
moirés can be easily observed. (b) Plot of the apparent corrugation of
several moirés as a function of their periodicity parameter (L). The
apparent corrugations have been taken from measurements performed
with the bias voltage in the range between —1.1 and —1.8 V. See the ESI}
for more details on measurements performed under other tunnelling
conditions.
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senting both the (12 x 12); and another different moiré were
acquired and from these data, the apparent corrugations were
measured. In Fig. 3b, the apparent corrugations as a function
of the moirés’ periodicities are plotted. An important trend
emerges from this plot: apparent corrugation increases as the
moiré periodicity increases. This trend could be related to the
corrugation energy cost in a highly interacting graphene on a
metal layer, and to its dependence on the periodicity.
However, as already stated, electronic effects could overwhelm
the geometry in STM measurements.*” Thus, prior to extract-
ing further conclusions regarding the energetics of G/Rh(111),
we need to assess the validity of such experimental findings by
first-principles calculations. These calculations will be dis-
cussed in detail in the following sections.

Discussion

DFT and STM simulations: real topography and STM apparent
corrugation

Although graphene is considered to be strongly coupled to Rh,
our STM measurements presented above have uncovered the
existence of large rotational domains. Furthermore, we have
characterized the dependency between the measured corruga-
tion and the moiré size. This experimental information pro-
motes G/Rh as an ideal system to investigate the underlying
mechanisms that control the formation of moiré patterns on G
on metals. To tackle this goal we have combined the above
experimental results with DFT calculations using the VASP
code*® with the PBE®® exchange-correlation potential sup-
plemented by van der Waals interactions as described by the
Grimme’s D2 approach.?! We have used a plane wave basis set
with a cutoff of 400 eV and PAW pseudopotentials®*** (see the
Methods section for details).

We have simulated four moiré patterns: (12 x 12)g, [(\/91 X
V/91) — R27.0°]g, [(v/43 x 1/43) — R7.6°]g and (5 x 5)g (see
Fig. 4) built using the theoretical lattice parameters and the
experimental strain (see the ESIT). They correspond to moirés
0, 8, 14 and 16 of Table 1. With this set, that covers the whole
experimental range in the system size (L = 2.9 nm, 2.3 nm,
1.6 nm and 1.2 nm), we can explore the relationship between
apparent corrugation and the moiré size unveiled in the
experiments. These results are shown in Fig. 5 (red dots). The
largest system, moiré 0, yields a geometrical corrugation of
121 pm (similar to previous results of 107 pm****). For the
smallest moiré pattern, we have found a significantly smaller
corrugation of 92 pm. Thus the simulations follow the experi-
mental trend - an increase in the corrugation with the system
size - but, at variance with the experiments, the behaviour is
not monotonous and the geometrical corrugation saturates for
large moirés. The corrugation for moiré 8 (L = 2.3 nm) is
126 pm, slightly larger than the 121 pm of the largest pattern,
moiré 0 (L =2.9 nm).

This general trend can be understood in terms of the
elastic properties of 2D materials like graphene: the energy
cost for out of plane deformations on layered materials

This journal is © The Royal Society of Chemistry 2015
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Fig. 4 (top) Color maps (in A) of the graphene heights obtained in the DFT simulations for the four different moiré patterns. Note that all images
have the same dimensions and color scale. (bottom) Constant current profiles along the high symmetry path marked in the corresponding top
panels for different values of the current (different average heights). Profiles are calculated using a NEGF formalism at a voltage of —1.0 V and taking
as reference the current calculated in the initial position with the tip placed at a zo height above the highest carbon atom.
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Fig. 5 Variation of the corrugation with the moirés’ periodicity: both
the experimental and the theoretical results have been plotted in this
figure. Despite the fact that geometrical values for the corrugation are
higher (red circles) than the apparent corrugation measured in the STM
experiments (black squares), accurate transport simulations of constant
current STM profiles using a NEGF formalism yield apparent corruga-
tions (blue triangles, extracted from the profiles at z, = 5 A in Fig. 4) in
excellent agreement with the experiments.

increases upon reduction in the deformation areas.** For the
largest system sizes (moiré 0 and moiré 8), this general effect
saturates and subtle differences associated with the nature of
the strain induced on the G to fit with the moiré superperiodi-
city, stretching for moiré 0 vs. compression for moiré 8, play a
role (see the ESIY).

This journal is © The Royal Society of Chemistry 2015

Although we can explain the observed trend, Fig. 5 clearly
shows that the absolute value of the corrugation is always
underestimated in the STM measurements. It is well known
that STM experiments are not a direct measure of the real
topography of the sample as electronic and tip effects control
the electronic current. We have unveiled the effects that rule
the apparent corrugation measured by STM carrying out simu-
lations of constant current STM profiles. We have used Non-
Equilibrium Green’s Function (NEGF) techniques to calculate
the STM current® (see Methods for details). In our calcu-
lations we mimic the tip apex with an atom with a d,. orbital
and allow the electrons to directly tunnel not only to the G
layer but also to the first metal layer.'" The calculated STM pro-
files are shown in Fig. 4 (bottom). The apparent corrugation is
reduced with respect to the real topography for all system sizes
with only small variations in the tip-G distance.

The reduction of the apparent corrugation measured by the
STM comes from two main effects: (i) the spatial distribution
of the current density — on G the current not only comes from
the carbon closer to the tip, but also from an area around the
tip position, therefore non-planar layers yield smaller
measured corrugations; and (ii) the effect of the metal - at the
areas where the G is closer to the metal, a significant fraction
of the current flows through the Rh, further reducing the
measured corrugation (see Fig. S8t). The simulated STM
apparent corrugation (Fig. 5, blue triangles) not only repro-
duces the behaviour with system size but also yields absolute
values in quantitative agreement with the experimental
measurements. We have to stress that this agreement requires
an approach, like our NEGF method, that correctly addresses
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the electronic transport between the tip and all the atoms in
the sample. The common Tersoff~Hamann approximation®®
clearly overestimates the corrugation (see Fig. S87). Further-
more, NEGF simulations that do not include the tunnelling
through the Rh atoms still yield slightly higher apparent
corrugations.

Stability of the moiré patterns

The agreement between the calculations and the measure-
ments provides confidence on our results and allows us to
study the subtle energy balance that favours some of the poss-
ible moiré patterns. The stability of the moiré patterns is
characterized by the adsorption energy, E,q = E(GRh) —
E(Rhjgeal) — E(Giqeal), the difference in total energies between
the whole G/Rh system and the two ideal and isolated subsys-
tems, graphene and rhodium. The results in Table 2 from DFT
simulations show that adsorption energies for moirés with
quite different sizes are all in the 127-131 meV per C atom
range, with differences of just a few meV per C atom and
without a clear trend with the system size. This striking simi-
larity, completely consistent with the multitude of experi-
mentally observed moirés (see Table 1), is at odds with the
dominance of a single moiré¢ expected for a strongly interacting
G-metal system.

The stability of the G on metals is determined by the com-
petition between the graphene-metal interaction Ej,., and the
energy required to deform both the G layer, and the Rh
surface, AE(G) and AE(Rh). These deformation energies
include both strain and corrugation contributions associated
with the necessary stretch/compression of the lattice para-
meter and the out-of-plane deformations - that, for G, include
all the deformations in the layer different from the stretching/
compression of the flat layer — respectively. With the help of
DFT simulations we can determine each of these quantities
and analyse the corresponding energy balance for each of

Table 2 Energy balance in the formation of the moiré patterns from
the DFT simulations: the stability of the moiré patterns is characterized
by the adsorption energy, E,q = E(GRh) — E(Rhigeal) — E(Gigeal), the differ-
ence in total energies between the whole G/Rh system and the two
ideal and isolated subsystems, graphene and rhodium. A remarkable
similarity in E,q for the different moirés results from a subtle balance
between the deformation energies AE(G) and AE(Rh), the energies
needed to corrugate (E.o.) and to stretch/compress (Egyain) the gra-
phene sheet and the rhodium surface respectively, and Ej., the inter-
action energy between the metal and the graphene sheet calculated as
the difference between the whole system and the distorted subsystems

Energy

(meV per

C atom) moiré 0 moiré 8 moiré 14 moiré 16
Eaa —131 —127 —128 —129
AE(G) 17 (<1,17)  18(<1,18)  24(<1,24) 40 (<1, 40)
(Estraim Ecorr)

AE(Rh) 28 (25, 3) 29 (26, 3) 28 (25, 3) 32 (25, 7)
(Estraim Ecorr)

Eine -176 —174 —-180 —201
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the four moiré patterns. Deformation energies can be separ-
ated into strain and corrugation contributions, e.g. AE(G) =
Egtrain(G) + Econr(G), and each of them is calculated as the
differences in total energy between the atomic configuration in
the G/Rh system, the strained flat layer, and the ideal structure:
Estrain(G) = Estrain(Gflat,strained) - Estrain(Gideal); Ecorr(G) = Ecorr
(Gon GRh atomic configuration) - Ecorr(Gflat,strained)~ Finally; Eint,
the G-Rh interaction energy between the metal and the
graphene sheet, can be obtained from the total energy
difference between the whole system and the distorted sub-
systems, i.e. Ein = E(GRh) — E(Rhyn Grh atomic configuration) -
E(Gon GRh atomic configuration)~

The values of these energy contributions (collected in
Table 2) explain a similar stability of all the moiré patterns.
The deformation energies, AE(G) + AE(Rh), are significantly
larger for our two smaller systems (moiré 14 and moiré 16): 7
and 27 meV per C atom more repulsive than in the moiré
0. These variations mainly come from graphene, and in par-
ticular, from its corrugation energy, as the strain contribution
is less than 1 meV per C atom for all the cases (see the ESIf).
This energy cost is compensated by the G-Rh interaction
energy, 4 and 25 meV per C atom more attractive than in the
moiré 0. The large absolute value in moiré 16 is particularly
surprising. The results shown in Fig. 4 help to understand this
behaviour: smaller moirés show a larger percentage of C atoms
in “low”, attractive, areas than the larger moirés, increasing
the average interaction (see the ESI}). Therefore, our results
show that the existence of several moiré patterns in G on Rh is
possible as the G-Rh interaction balances the energy required
to corrugate small size moirés.

We are now in a position to discuss the main driving force
for the formation of the moiré patterns and the ability of the
simple model proposed in ref. 18, based on the lattice mis-
match, to predict the structures observed in the experiments.
The extremely low values of the strain energy confirm that this
is a necessary condition. However, it is the ability of graphene
to corrugate in order to maximize the areas of favourable G-
metal interaction that finally selects the stable configurations.
Thus, the interplay between corrugation and binding, behav-
ing in opposite directions with the system size, plays a key role
in the moiré stability.

A model that minimizes the lattice mismatch &, and not the
strain ¢ (related through & = ¢L/ag), favours moirés with
smaller sizes, effectively capturing the trend of larger binding
energies found for the small moirés. However, this phenomen-
ological model has its limitations. For example, in ref. 18, it
was reported that the structures with large compressive strains
predicted for G/Pt(111) were not observed in the experiments.
We speculate that this is due to the fact that compression
would induce a corrugation of the G layer that is particularly
unfavourable because of the lack of a strong G-metal inter-
action to compensate it in this weakly coupled system.

Finally, we address the preference of one particular moiré
pattern, the (12 x 12)g in the G/Rh case, frequently observed in
the experiments. The differences in stability shown by the
adsorption energies slightly favour the (12 x 12)g structure but
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are not large enough to justify its dominance. A possible expla-
nation comes from boundary effects associated with the
growth process. Recent work on G on Pt has shown that the
interaction of the G edges with Pt steps plays an important
role in the moiré pattern formation.>® The particular align-
ment of the (12 x 12); moiré with the Rh crystallographic
directions may be responsible for the observed preference.

Methods

Experimental set-up and sample preparation

All the experiments and sample preparations were carried out
under ultra-high vacuum (UHV) conditions with a base
pressure of 1 x 10~"° Torr. The UHV system is equipped with a
homemade variable temperature scanning tunnelling micro-
scope (VT-STM)*”*® and a four-grid LEED/Auger optics.

Two rhodium single crystals from different companies
were used for this experiment and both gave similar results.
The sample preparation was carried out following two
different methods on both crystals. In the first method, the Rh-
(111) surface was cleaned by cycles of argon sputtering at room
temperature and annealing while keeping the sample under
an oxygen atmosphere to avoid carbide formation at the
surface from carbon segregation from the bulk (Tsampe =
950 °C; Poxygen = 2 X 1077 Torr). The graphene monolayer was
grown via chemical vapour deposition (CVD) of low pressure
(P =3 x 1077 Torr) ethylene (C,H,) while flashing the sample at
850 °C. As a result, we always obtain one monolayer of high
quality graphene mostly aligned with the Rh(111) surface
highest symmetry directions together with some other
rotational domains leading to different moiré patterns. The
second method to grow graphene was just annealing the
sample at 900 °C for several minutes with neither oxygen nor
ethylene in order to segregate carbon atoms from the bulk. As
a result, the metallic surface was covered by imperfect gra-
phene patches. For this reason, this second method was not
used further and all the results shown here have been obtained
from samples (of both crystals) prepared by the first method,
i.e. UHV-CVD (see the ESIf). The resulting preparation was
checked with the LEED equipment before transferring the
sample to the VI-STM. STM measurements were then per-
formed in an ample sample temperature range varying from
40 X to room temperature. STM data acquisition and image
processing were performed with the WSxM software from
Nanotec Electronica S.L.*

39,40

DFT method

In this work all DFT simulations have been carried out using
plane-wave basis sets as implemented in the VASP code.”® The
cutoff for the plane-wave basis was set to 400 eV to ensure con-
vergence and the PAW method**** was used to construct the
pseudopotentials for carbon and rhodium. We have performed
several ionic relaxations following a conjugate gradient algor-
ithm and the convergence criterion was that forces upon
atoms had to be less than 0.01 eV A™". The super-cells were
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different for each moiré pattern but we always considered a
four-layer metallic slab. Atoms belonging to the two deepest
layers were kept fixed while all of the rest were allowed to relax
in order to find their equilibrium positions. The reciprocal
space was sampled using Monkhorst and Pack grids** with
different number of k-points according to the size of the cell
(see the ESIt). Our C-C equilibrium distance in free graphene
was 1.4248 A, so in all cases we apply the experimental strain
to the graphene layer and then the lattice parameter of the Rh
is fitted to avoid the mismatch and obtain exact periodic
boundary conditions. The exchange and correlation functional
was a Generalized Gradient Approximation by Perdew, Burke
and Ernzerhof (PBE)*® with the semi-empirical correction by
S. Grimme (D2)*' in order to take into account van der Waals
interactions. In this particular system, if these interactions are
neglected misleading results are obtained in the corrugation
values.'”*® Moreover, we have tested the results with a more
accurate description of the van der Waals interaction, DFT+DF-
(optB86b),** for the smallest moiré patterns, obtaining very
similar results, with corrugation increases smaller than 0.12 A.

STM simulations

STM profiles were calculated using a NEGF formalism® in
which the electronic current between the tip and the sample is
correctly addressed. In this case the moiré patterns were
characterized using DFT but with localized orbital basis sets.
The OpenMX software was employed using single-{ basis of its
numerical pseudoatomic orbitals*>*® with cutoff radii for
carbon and rhodium of 6.0 and 7.0 au respectively.

Conclusions

In summary, we have reported, in contrast to earlier predic-
tions, the coexistence of several moiré patterns on the G on Rh-
(111), a prototypical system for strong graphene-metal coup-
ling. Combining DFT calculations, STM simulations and STM
experiments we have unveiled the atomic structure of these
patterns and found that the corrugation of the G sample
increases with the system size and saturates in the larger struc-
tures. Our results also show that the STM apparent corrugation
underestimates the real deformation of the graphene layer due
to electronic effects. We have also shown that the stability of
the different moiré patterns is the result of a subtle energy
balance between the energy required to corrugate the gra-
phene, that increases upon system size reduction, but it is
compensated by the interaction energy between the G and the
metal allowing the coexistence of multiple patterns even in the
case of highly interacting G-metal systems. This suggests that
the preference of some of the energetically possible patterns
should be governed by the growth process or boundary effects.
We deem that these conclusions can be extended to G grown
on different metals including both weak and strong interacting
G-metal systems.
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