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Tug-of-War between Corrugation and Binding 

Energy: Revealing the Formation of Multiple Moiré 

Patterns on a Strongly Interacting Graphene-Metal 

System. 

A. Martín-Recio,a C. Romero-Muñiz,b A. J. Martínez-Galera,a, c, P. Pou,b, d, R. 
Pérez,*, b, d and J. M. Gómez-Rodríguez, *, a, d  

The formation of multidomain epitaxial graphene on Rh(111) under ultra-high vacuum 

conditions (UHV) has been characterized with 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 demostrate 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 cor rugation 

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 corrugate in order to maximize the areas of 

favorable graphene-metal interaction that finally selects the stable configurations. 

 

Introduction 

The growth of graphene is of paramount importance for a 

forthcoming new technology based on this two dimensional 

material.1-4 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.5 Scanning tunnelling microscopy (STM) 

has already played a fundamental role in the characterization of 

these systems. STM confirmed the formation of moiré patterns 

as a consequence of the different lattice parameters 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 G remarkable 

electronic properties.6-10 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),11 Ir(111)12 or Cu(111),13 where the electronic properties 

of graphene remain almost unchanged except for a small charge 

transfer with the metal underneath;7, 9, 11, 14 and those like 

Ru(0001),15 Re(0001)16 and Rh(111),17 in which the 

hybridization of the π 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.7 In 

the first subgroup, and as a consequence of the low interaction 

between graphene and the metal underneath, several rotational 

domains are stable in the surface,10, 14, 18-20 while in the strongly 

interacting systems opposite case, just one orientation, leading to 

only one moiré pattern, has been mainly observed.10, 16, 17, 21, 22 

The highly interacting graphene on Rh(111) system is one of the 

cases where both, experiments and Density Functional Theory 

(DFT) calculations, have shown the formation of a 

commensurate (12 × 12)G on (11 × 11) Rh(111) superstructure in 

which both atomic layers are aligned with the moiré.17, 23, 24 

According to DFT calculations,23, 24 this pattern is highly 

corrugated, with a difference in height among the topmost and 

the bottom C atom larger than 100pm. This variation of the 

graphene-metal distance along the moiré unit cell gives rise to a 

significant change of the interaction between them and a gradual 
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shift of the chemical environment of the C atoms as it was proved 

by photoelectron spectroscopy.7 This pattern of large 

geometrical corrugations seems to be characteristic of the 

strongly interacting systems. On the contrary, 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 calculations11 for the graphene on Pt(111) 

have concluded that the geometric buckling is very low, less than 

3pm. 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 comparison between the real 

geometry and the apparent STM corrugation, where both 

electronic and structural contributions play a role. G/Pt(111) is a 

paradigmatic example where the STM images exhibit an 

anticorrugation 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.11 

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 structures with 

a wide distribution of surface periodicities. Experiments 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 behaviour 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,25 

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 

stabilize the observed moirés. This detailed study sheds light on 

the 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 (C2H4). The surface 

is mostly covered by the already known (12 × 12)G moiré17, 24 -

in which both atomic lattices, carbon and rhodium, are aligned 

with the superstructure (fig. 1a)-, but also some large areas with 

different rotational orientation are found (fig. 1c). Fig. 1a and 1b 

display a combination of STM images and DFT structures (see 

Methods and ESI† 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 distance varies within the moiré unit cell 

depending on the position 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 previous DFT calculations.23, 

24  

The graphene grown on Rh(111) with our CVD method forms 

one complete monolayer. As we could not experimentally 

observe the metallic surface after the graphene growth, the 

orientation of the new moirés was obtained by comparing them 

with the orientation of the aligned (12 × 12)G superstructure. Fig. 

2a illustrates the procedure to identify and characterize the new 

moirés. On the top part, the (12 × 12)G moiré (from now on moiré 

0) has been drawn while on the bottom part, there is an arbitrary 

moiré (X) with lattice parameter L. Due to the alignment of the 

moiré 0 with both the G and the 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 graphene, 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 

Fig. 1. (a) 7.5 × 10.5 nm2 atomically resolved STM image (VS = -0.4 V, IT = 2.0 nA) of 

1ML graphene on Rh(111) where the structure of the (12 × 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 × 96 

nm2 STM image (VS = 0.8 V, IT = 0.9 nA) of 1ML graphene grown by UHV-CVD on 

Rh(111). Two different rotational domains are observed in the same terrace: the 

(12 × 12)G moiré is observed in the top while a different moiré pattern (highlighted 

in green) is resolved in the bottom. 
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be observed. Fig. 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 displayed 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 geometrical 

model, first proposed by Merino et. al.18 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  

Fig. 2. Procedure to determine the new moirés’ parameters: (a) schematic model in which both the “usual” (12 × 12), moiré 0, and a new one (x) are compared. (b) 15 

× 15 nm2 STM image (VS = 0.3V, IT = 18.7 nA) where both the moiré 0 and the new one appear together. The new moirés’ parameters, characterized by the angles  

and  (see text), are obtained comparing them to those already known from the moiré 0. (c-e) 12 × 12 nm2 atomically resolved STM images where five moirés different 

from moiré 0 are shown. The corresponding numbers of these moirés are consistent with table 1. (c) On the bottom part of the image (VS = 38 mV, IT = 11.1 nA), the 

(55)G moiré (labeled as 16 in the figure) is observed; (d) the [(√91√91)-R27°]G moiré is on the bottom-left of the image (named as 8) while the [(6√36√3)-R24.5°]G 

moiré (labelled as 7) is on the top-left (VS = 0.3 V, IT = 18.7 nA); (e) on the bottom part of the image, the moiré number 17 corresponds to the (44)G superperiodicity, 

while number 2, in the top part, corresponds to [(√133√133)-R17.5°]G (VS = 0.7 V, IT = 15.7 nA). (f) Schematic models of the moirés obtained by STM measurements in 

the figures on top. 
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Moiré 

Superstructure L    Mismatch Strain 

Relative to Rh(111) Relative to graphene (Å) (deg) (deg) (deg) (%) (%) 

0 (11x11) (12x12)G 29.6 0 0 0 1.5 0.1 

1* (2√29x2√29)-R13.9° [(√139x√139)-R12.7°]G 28.9 1.1/26.6 13.9 12.7 2.5 0.2 

2 (4√7x4√7)-R19.1° [(√133x√133)-R17.5°] G 28.4 1.6 19.1 17.5 2.7 0.2 

3* (4√7x4√7)-R4.7° [(√133x√133)-R17.5°] G 28.4 22.2/12.7 4.7 17.5 -2.5 -0.2 

4* (6√3x6√3)-R24.5° [(√129x√129)-R22.4°] G 27.9 2.1/13.1 24.5 22.4 4.6 0.4 

5 (2√26x2√26)-R9.8° [(2√31x2√31)-R8.9°] G 27.4 18.7 9.8 8.9 -5 -0.5 

6 (√94x√94)-R21° [(4√7x4√7)-R19.1°] G 26.1 19.8 21 19.1 -4.9 -0.5 

7 (√91x√91)-R27° [(6√3x6√3)-R24.5°] G 25.6 2.5 27 24.5 2.1 0.3 

8 (2√19x2√19)-R23.4° [(√91x√91)-R27°] G 23.4 3.6 23.4 27 -1.7 -0.2 

9* (√66x√66)-R12.2° [(√79x√79)-R17°] G 21.8 29.2/4.8 12.2 17 5.2 0.6 

10* (√61x√61)-R26.3° [(√73x√73)-R5.8°] G 21 20.5/27.8 26.3 5.8 -1.3 -0.2 

11 (2√14x2√14)-R6.6° [(√67x√67)-R12.2°] G 20.1 5.6 6.6 12.2 6.1 0.7 

12* (√53x√53)-R13.9° [(3√7x3√7)-R19.1°] G 19.6 5.2/27 13.9 19.1 -6.1 -0.8 

13* (√43x√43)-R7.6° [(2√13x2√13)-R13.9°] G 17.6 21.5/6.3 7.6 13.9 -4.9 -0.7 

14 (6x6) [(√43x√43)-R7.6°] G 16.1 7.6 0 7.6 -0.4 -0.1 

15* (√31x√31)-R9° [(√37x√37)-R25.3°] G 15 25.7/16.3 9 25.3 -0.2 -0 

16 (√21x√21)-R10.9° (5x5) G 12.3 10.9 10.9 0 0.5 0.1 

17 (√13x√13)-R13.9° (4x4) G 9.7 13.9 13.9 0 -6.2 -1.5 

are related with 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, i.e.,  = 100 ∗

|�⃗� 𝑅ℎ𝑛,𝑚
− �⃗� 𝐺𝑖,𝑗

|/𝑎𝐺 , where �⃗� 𝑅ℎ𝑛,𝑚
 and �⃗� 𝐺𝑖,𝑗

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 Å and 𝑎𝑅ℎ = 3.80 Å. 

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 

ESI†). 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 (|�⃗� 𝑅ℎ𝑛,𝑚
|>|�⃗� 𝐺𝑖,𝑗

|) 

is expressed by a positive sign, while a negative sign indicates its 

compression.  

The 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),18 

but also for the strongly interacting graphene on Rh(111). 

However, it has to be noticed that the physical quantity that 

characterizes the elastic energy associated with the change in the 

Table 1. Table of the different moiré superstructures observed on graphene on Rh(111). The parameters have been obtained with the ge ometric model and are in 

agreement with those observed experimentally. L is the moiré periodicity, Φ the angle between the graphene  layer and Rh(111), Ω the angle between the moiré and 

Rh(111), and γ the angle between the moiré and graphene. The mismatch is referred to the graphene lattice parameter while the  strain is referred to the moiré supercell. 

The Φ 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 Φ compatible with all the other parameters.  
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in-plane C-C distances is not the mismatch  but the strain  =

100 ∗ |�⃗� 𝑅ℎ𝑛,𝑚
− �⃗� 𝐺𝑖,𝑗

|/𝐿, where 𝐿 is the periodicity 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. Furthermore, 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 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 it is well known, the STM topography is a combination of 

geometric and electronic contributions.15, 23, 26-28 This combined 

vertical modulation is called apparent corrugation. During the 

experimental measurements we 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 presenting both the (12 

× 12)G 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: the 

apparent corrugation increases as the moiré periodicity increases. 

This trend could be related to the corrugation energy cost in a 

highly interacting graphene on metal layer, and to its dependence 

on the periodicity. However, as already stated, electronic effects 

could overwhelm geometry in STM measurements.22 Thus, prior 

to extract further conclusions regarding the energetics of 

G/Rh(111), we need to assess the validity of such experimental 

finding by first-principles calculations. These calculations will 

be discussed 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 corrugation 

and the moiré size. This experimental information promotes 

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 

code29 with the PBE30 exchange-correlation potential 

supplemented by van der Waals interactions as described by the 

Grimme D2 approach.31 We have used a plane wave basis set 

with a cutoff of 400 eV and PAW pseudopotentials32, 33 (see the 

Methods section for details). 

We have simulated four moiré patterns: (1212)G, [(√91√91)-

R27.0°]G, [(√43√43)-R7.6°]G and (55)G (see fig. 4) built using 

the theoretical lattice parameters and the experimental strain (see 

ESI†). They correspond to moirés 0, 8, 14 and 16 of table 1. With 

this set, that covers the whole experimental range in system size 

(L = 2.9 nm, 2.3 nm, 1.6 nm and 1.2 nm), we can explore the 

relation between apparent corrugation and 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 pm23, 24). For the smallest 

moiré pattern, we have found a significantly smaller corrugation, 

of 92 pm. Thus the simulations follow the experimental 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 

Fig. 3. Variation of the corrugation with the moirés’ periodicity: (a) 19 x 13 nm2 

atomically resolved STM image of two different moirés; tunnelling parameters, VS 

= 40 mV, IT = 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 bias voltage in the range between -1.1 and -1.8V. See ESI† for more details 

on measurements performed with other tunnelling conditions. 
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of plane deformations on layered materials increases upon 

reduction of the deformation areas.34 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 superperiodicity, stretching for moiré 

0 vs. compression for moiré 8, play a role (see ESI†). 

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 simulations of 

constant current STM profiles. We have used Non Equilibrium 

Green’s Function (NEGF) techniques to calculate the STM 

current25 (see Methods for details). In our calculations we mimic 

the tip apex with an atom with a dz2 orbital and allow the 

electrons to directly tunnel not only to the G layer but also to the 

first metal layer.11 The calculated STM profiles are shown in 

Fig.4 e-h. The apparent corrugation is reduced with respect to the 

real topography for all system sizes with only small variations 

with 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 is not only coming from the 

carbon closer to the tip, but it comes 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. S8)-. The simulated STM apparent corrugation (Fig. 5, 

blue triangles) not only reproduces the behaviour with system 

size but 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 the electronic transport between the tip and 

all the atoms in the sample. The common Tersoff-Hamann 

approximation35 clearly overestimates the corrugation (see Fig 

S8). Furthermore, NEGF simulations that do not include the 

Fig. 4. (top) Colormaps (in Å) of the graphene heights obtained in the DFT simulations for the four different moiré patterns. Notice 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 z0 height above the highest carbon atom.  

 

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 corrugations (blue triangles, extracted from the profiles 

at z0 = 5 Å in Fig. 4) in excellent agreement with the experiments. 
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tunnelling through the Rh atoms still yield slightly higher 

apparent corrugations.  

 

Stability of the Moiré Patterns. 

 
Energy  

(meV/C atom) 
moiré 0 moiré 8 moiré 14 moiré 16 

Ead -131 -127 -128 -129 

ΔE(G)  

(Estrain, Ecorr) 

17  

(< 1, 17) 

18  

(< 1, 18) 

24  

(< 1, 24) 

40 

(< 1, 40) 

ΔE(Rh)  
(Estrain,Ecorr) 

28 
(25, 3) 

29  
(26,3) 

28  
(25,3) 

32  
(25,7) 

Eint -176 -174 -180 -201 

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, Ead = E(GRh) - E(Rhideal) - E(Gideal), the difference in total energies between 

the whole G/Rh system and the two ideal and isolated subsystems, graphene and 

rhodium. The remarkable similarity in Ead for the different moirés results from a 

subtle balance between the deformation energies ΔE(G) and ΔE(Rh), the energies 

needed to corrugate (Ecorr) and to stretch/compress (Estrain) the graphene sheet 

and the rhodium surface respectively, and E int, the interaction energy between the 

metal and the graphene sheet calculated as the difference between the whole 

system and the distorted subsystems. 

 

The agreement between the calculations and the measurements 

provides confidence on our results and allows us to study the 

subtle energy balance that favours some of the possible moiré 

patterns. The stability of the moiré patterns is characterized by 

the adsorption energy, Ead = E(GRh) - E(Rhideal) - E(Gideal), the 

difference in total energies between the whole G/Rh system and 

the two ideal and isolated subsystems, 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/C atom range, with differences of just a few 

meV/C atom and without a clear trend with system size. This 

striking similarity, completely consistent with the multitude of 

experimentally 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 competition 

between the graphene-metal interaction Eint, and the energy 

required to deform both the G layer, and the Rh surface, ΔE(G) 

and ΔE(Rh). These deformation energies include both strain and 

corrugation contributions associated to the necessary 

stretch/compression of the lattice parameter 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 the four moiré patterns. Deformation energies 

can be separated into strain and corrugation contributions, e.g. 

ΔE(G) = Estrain(G) + Ecorr(G), and each of them calculated as 

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 subsystems, i.e. Eint = E(GRh) - E(Rhon 

GRh atomic configuration) - E(Gon GRh atomic configuration). 

 

The values of these energy contributions (collected in Table 2) 

explain the similar stability of all the moiré patterns. The 

deformation energies, ΔE(G) + ΔE(Rh), are significantly larger 

for our two smaller systems (moiré 14 and moiré 16): 7 and 27 

meV/C atom more repulsive than in the moiré 0. These variations 

mainly come from graphene, and in particular, from its 

corrugation energy, as the strain contribution is less than 1 

meV/C atom for all the cases (see ESI†). This energy cost is 

compensated by the G-Rh interaction energy, 4 and 25 meV/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 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 the 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 mismatch, 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, that behave in 

opposite directions with system size, plays the 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 phenomenological 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 interaction to compensate it in this weakly 

coupled system.  

Finally, we address the preference of one particular moiré 

pattern, the (12x12)G in the G/Rh case, frequently observed in 

the experiments. The differences in stability shown by the 

adsorption energies slightly favour the (12x12)G structure but are 

not large enough to justify its dominance. A possible explanation 

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.36 The particular alignment of the (12x12)G moiré with 

the Rh crystallographic directions may be responsible for the 

observed preference.  
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Methods 

Experimental Set-up and Samples Preparation 

All the experiments and sample preparations were carried out 

under ultra-high vacuum conditions (UHV) with a base pressure 

of 1 × 10-10 Torr. The UHV system is equipped with a homemade 

variable temperature scanning tunnelling microscope (VT-

STM)37, 38 and a four-grid LEED/Auger optics. 

Two rhodium single crystals from different companies39, 40 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 in an 

oxygen atmosphere to avoid carbide formation at the surface 

from carbon segregation from the bulk (Tsample= 950°C; Poxygen= 

2 × 10-7 Torr). The graphene monolayer was grown via chemical 

vapour deposition (CVD) of low pressure (P= 3 × 10-7 Torr) 

ethylene (C2H4) 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 

graphene patches. For this reason, this second method was not 

further used and all the results shown here have been obtained 

from samples (of both crystals) prepared with the first method, 

i.e. UHV-CVD (see ESI†). The resulting preparation was 

checked with the LEED equipment before transferring the 

sample to the VT-STM. STM measurements were then 

performed in an ample sample temperature range varying from 

40K to room temperature. STM data acquisition and image 

processing were performed with the WSxM software from 

Nanotec Electrónica S.L.41 

DFT Method  

In this work all DFT simulations have been carried out using 

plane-wave basis sets as implemented in VASP code.29 The 

cutoff for the plane-wave basis was set to 400 eV to ensure 

convergence and the PAW method32, 33 was used to construct the 

pseudopotentials for carbon and rhodium. We have performed 

several ionic relaxations following a conjugate gradient 

algorithm and the convergence criterion was that forces upon 

atoms had to be less than 0.01 eV/Å. The super-cells were 

different for each moiré pattern but always we 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 grids42 with different 

number of k-points according to the size of the cell (see ESI†). 

Our C-C equilibrium distance in free graphene was 1.4248 Å, so 

in all cases we apply the experimental strain to the graphene layer 

and then the parameter of the Rh is fitted to avoid the mismatch 

and get exact periodic boundary conditions. The exchange and 

correlation functional was a Generalized Gradient 

Approximation by Perdew, Burke and Erzenhof (PBE)30 with the 

semi-empirical correction by S. Grimme (D2)31 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.17, 43 Moreover, we have tested the 

results with a more accurate description of the van der Waals 

interaction, DFT+DF(optB86b),44 for the smallest moiré 

patterns, obtaining very similar results, with corrugation 

increases smaller than 0.12 Å. 

 

STM Simulations 

STM profiles were calculated using a NEGF formalism25 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 orbitals basis sets. 

The OpenMX software was employed using single-ζ basis of its 

numerical pseudoatomic orbitals45, 46 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 predictions, 

the coexistence of several moiré patterns on the G on Rh(111), a 

prototypical system for strong graphene-metal coupling. 

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 system size and saturates in the larger structures. 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 graphene, 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 high 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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