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The formation of moiré superstructures between graphene and its underlying substrate has attracted
significant attention because it significantly influences the morphology and properties of graphene.
Through the density functional theory (DFT) calculations conducted on graphene/Re(0001) and
graphene/Ir(111) moiré superstructures, we found that in contrast to the strain-driven moiré
superstructure of graphene on weak van der Waals interacting Ir(111) substrate, the interfacial interaction
dominates in the moiré superstructure of graphene on the covalently interacting Re(0001) substrate.
A large strain is exerted on graphene to facilitate the interfacial interaction between graphene and
Re(0001) substrate, which markedly reduces the interfacial interaction energy and stabilizes the
graphene/Re(0001) moiré superstructure. The strong covalent interaction between graphene and
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1. Introduction

Graphene grown on transition-metal substrates forms various
moiré superstructures due to the lattice mismatch between
graphene and the substrates. Moiré superstructures are
important for the occurrence of novel electronic, mechanical,
and catalytic properties in graphene; thus, their growth, struc-
ture, and stability have been extensively studied.® To date, the
formation of moiré superstructures of graphene epitaxially
grown on different transition-metal substrates, such as Ir,”®
Pt,>'° Au,"* Ru,”™ and Re,"”*® showing different periodicities
and orientations, has been reported and usually more than one
configurations have been reported for a certain substrate. Moiré
superstructures of graphene on Ir(111) with different orienta-
tions have been systematically studied by experimental obser-
vations and theoretical calculations to show that the weak van
der Waals interactions between graphene and the Ir(111)
substrate lead to the coexistence of multi-oriented moiré
superstructures.” The appearance of a particular periodicity of
moiré superstructure in the multi-domain epitaxial graphene
on Pt(111) substrate is found to be driven by the minimization
of the absolute value of the strain between graphene and the
substrate lattice.’ In contrast, the moiré superstructure shows
perfect alignment between graphene and the Ru(0001)
substrate.”® The strong interaction between C atoms and Ru
atoms results in the stable configuration of a 3 nm moiré
superstructure, which maximizes the interfacial C-Ru bonding
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is absent in the weak van der Waals interacting graphene/Ir(111) moiré superstructure.

and interfacial adhesion, whereas minimizes the lattice
mismatch.” Recently, the atomic structure of graphene on
Re(0001) substrate has also been experimentally studied,
showing two stable moiré superstructures of (8 x 8) graphene
unit cells over (7 x 7) Re(0001) unit cells (8 x 7 model) and (10
x 10) graphene unit cells over (9 x 9) Re(0001) unit cells (10 x 9
model).'”*® To elucidate the driving force for the various moiré
superstructures, the interplay or competition between the strain
energy and interfacial interaction should be studied in depth.

In this study, density functional theory (DFT) calculations
were carried out to investigate the two experimentally reported
stacking of graphene/Re(0001) moiré superstructures to reveal
the effects of interfacial interaction on the structure and energy
stability of graphene on the Re(0001) substrate. On comparing
with the graphene/Ir(111) moiré superstructure, we found that
the intensive covalent interaction between graphene and the
Re(0001) substrate can impose a much larger strain on gra-
phene to facilitate the interaction between graphene and the
Re(0001) substrate. The strong covalent interfacial interaction is
closely related to the hybridization between the C 2p, orbital
and Re 5d,: orbital in the flat region.

2. Calculation methods

The DFT calculations were implemented using the Vienna ab
initio simulation Package (VASP).*° The projector-augmented-
wave (PAW) method was utilized to model the core electrons.
A non-local optB86b-vdW exchange-correlation functional**>>
was used due to its ability to approximately describe the
dispersion interaction (van der Waals forces) and it has been
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demonstrated to be currently the most accurate functional
among the vdW functionals.”® The plane wave basis kinetic
energy cut-off was set at 400 eV.

All the graphene/Re(0001) (both the 8 x 7 supercell and the
10 x 9 supercell) and graphene/Ir(111) supercells contain three
layers of substrate lattices and a graphene layer with a vacuum
slab of more than 21 A. Previous DFT calculations indicated
that three layers of substrate lattices are adequate to describe
the moiré superstructures of graphene on transition-metal
substrates,”*>'® providing computational efficiency, whereas
slightly sacrificing accuracy while describing the electronic
properties as compared to the calculations for more layers of
substrate lattices.>*** Graphene and first substrate layer were
allowed to relax until the forces on all the relaxed atoms were
less than 0.02 eV A, All the calculations were carried out using
relaxed Re lattice constants (@ = 2.767 A and ¢ = 4.466 A), Ir
lattice constant (@ = 3.865 A), and graphene lattice constant (a =
2.464 A). To accommodate the monolayer graphene and
Re(0001) substrate in one commensurate calculation supercell,
compulsive compressive (1.75%) and tensile (1.06%) strains
were applied on graphene in the 8 x 7 model and in the 10 x 9
model, respectively. Due to the large sizes of the considered
calculation supercells, the Brillouin zone was sampled with
a single k-point at I" during the geometrical relaxation; then, the
density of states was calculated with a dense 6 x 6 x 1
k-sampling to describe a more accurate electronic structure.

3. Results and discussion

Fig. 1 shows the atomic stacking of graphene and the top layer of
the Re(0001) substrate in the 8 x 7 and 10 x 9 models after
relaxation. The color on the C atoms reflects the morphology
corrugation of graphene. In Fig. 1, the formation of moiré
superstructure in both the 8 x 7 and 10 x 9 models can be
clearly observed. The periodicities of the moiré superstructures
in the 8 x 7 model and in the 10 x 9 model were 1.94 nm and
2.49 nm, respectively. Moreover, the vertical humps were formed
in the moiré superstructures and were surrounded by the flat
regions, where the C atoms and Re atoms couple with the head to
head stacking. Comparing the morphologies of graphene in the
8 x 7 model and in the 10 x 9 model, it can be observed that the
corrugation of the hump in the 8 x 7 model is larger than that in
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the 10 x 9 model, whereas the proportion of the flat region in the
8 x 7 model is obviously smaller than that in the 10 x 9 model.
The calculated morphologies of the two moiré superstructures
are consistent with the previous experimental observations."”*®
To investigate the stability of the two moiré superstructures, the
interaction energy between graphene and Re(0001) substrate and
the strain energy in graphene were analyzed.

As an indicator to reflect the interaction strength between
graphene and the Re(0001) substrate, the distances between C
atoms in graphene and the Re(0001) substrate were calculated
in the 8 x 7 model and in the 10 x 9 model and are shown in
Fig. 2a. In the 10 x 9 model, nearly half of the C atoms in
graphene have a smaller distance to the Re(0001) substrate,
ranging from 2.2 to 2.3 A; however, there is a lack of a certain
preferential distance between graphene and the Re(0001)
substrate in the 8 x 7 model. The interaction energies between
graphene and the Re(0001) substrate in the two models were
calculated using eqn (1) and indicated that the interaction
energy in the 10 x 9 model is indeed lower than that in the 8 x
7 model, as shown in Fig. 2b.

Einteraction = (EGr/Re — Egre — EGr)/S (1)

where Egyre, Fre, and Eg; are the energy of the graphene/
Re(0001) moiré superstructure, and configuration energies of
the separated Re(0001) substrate and graphene with the same
configurations as that of their structures in graphene/Re(0001)
moiré superstructure, respectively. S represents the area of the
interface between graphene and the Re(0001) substrate.

The charge-transfer distributions between graphene and the
Re(0001) substrate could help to reveal the causes of the
stronger interfacial interaction intensity in the 10 x 9 model.
Fig. 2c and d show the charge-transfer distributions in the (001)
planes of the 8 x 7 and 10 x 9 models, and the charge-transfer
intensities at the flat region in the two models confirm that their
interactions are in the range of covalent interactions.
Comparing Fig. 1, Fig. 2c and d, we found more intensive
charge-transfer sites in the 10 x 9 model than those in the 8 x 7
model, which is due to the larger proportion of the flat region
where the C atoms and Re atoms couple in a head-to-head
stacking fashion in the 10 x 9 model.

Besides the interfacial interaction energy, as suggested by
the observation of giant vertical humps in the graphene/

Gr/Re(0001) 8X 7

Gr/Re(0001) 10X 9

Fig.1 Comparison of the morphologies of graphene on the Re(0001) substrate in the 8 x 7 model and the 10 x 9 model. (a) and (b) Illustrate the
geometrical atomic stacking between graphene and the top layer of the Re(0001) substrate in the 8 x 7 model and the 10 x 9 model. The color

on the C atoms reflects the corrugation of graphene.
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Fig.2 Comparison of the interfacial interaction intensities between graphene and the Re(0001) substrate in the 8 x 7 model and 10 x 9 model.
(a) The distribution of distances between C atoms in graphene and Re(0001) substrate in the 8 x 7 model and 10 x 9 model. (b) The interaction
energy between graphene and the Re(0001) substrate in the two models. (c) and (d) The charge transfer distributions in the (001) planes of the

two models.

Re(0001) moiré superstructures, the strain energy in graphene
should also significantly influence the moiré superstructure
stability. Although the hump height of graphene in the 8 x 7
model (1.91 A) is larger than that in the 10 x 9 model (1.55 A), as
shown in Fig. 1, the graphene strain energy in the 8 x 7 model is
a bit smaller, as shown in Fig. 3a; herein, the graphene strain
energy was obtained from the following equation:

Egtrain = (EGr - EGr-ideal)/S (2)

where Eg, is the configuration energy of the separated graphene
in the graphene/Re(0001) moiré superstructure without relaxa-
tion, Egr.iqeal 1S the energy of ideal graphene, and S represents
the area of the interface between graphene and the Re(0001)
substrate.

From Fig. 3a, we found that the strain energies are quite
large in the two models. The surprising larger graphene strain
energy in the 10 x 9 model relative to that of the 8 x 7 model
could be attributed to the relatively larger C-C bond lengths, as
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Fig. 3

(a) A comparison of the strain energies in graphene in the 8 x 7 modeland 10 x 9 model. (b) The C-C bond length distribution percentage

in the two models. (c) and (d) are the detailed C-C bond length distributions in the two models.
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illustrated in Fig. 3b. In the 8 x 7 model, the macro-strain in
graphene prior to relaxation was 1.75% compressive. After
relaxation, the hump formed and elongated the C-C bond
lengths in graphene to compensate the previous compressive
strain; thus, most of the C-C bond lengths resided around the
C-C bond length of graphene (1.42 A). However, in the 10 x 9
model, the macro-strain in graphene prior to relaxation was
1.06% tensile. After relaxation, most of the C-C bond lengths
were further elongated, leading to the larger strain energy in
graphene. The detailed C-C bond length distributions are
shown in Fig. 3c and d.

Interestingly, we found that with the existence of large strain
in the graphene, the C-C bond length distributions spatially
varied in the two models. At the flat region, the interaction and
stacking between C atoms and Re atoms dominated the bond
length distributions. The C-C bonds tended to be stretched to
facilitate the stacking of the C atoms and the Re atoms in head-
to-head fashion at the fcc and hcp regions of graphene, as
defined in previous reports, to lower the interaction energy
between graphene and the Re(0001) substrate, whereas the C-C
bond length evolutions at the hump of graphene in the two
models were opposite. Since the interaction between graphene
and the Re(0001) substrate was much weaker at the hump, the
C-C bonds tended to be close to that in free graphene. Due to
the different compulsive strains imposed on the two models,
the evolution of C-C bond lengths will be opposite. The rest
regions were the bridges between the hump and flat region and
the bridges between the hcp and fcc regions, which were both
compressed in the two models.

Previous experimental study has interpreted that the
discrepancy in the 8 x 7 model and 10 x 9 model could origi-
nate from the different methods used to grow graphene in the
two experiments.”” Our calculation results indicate that the
interaction energy and strain energy in the two models change
in the opposite tendency, which might explain the occurrence of
both models in the experiments. The direct relationship
between the growth conditions and atomic structure still
requires further study.

Considering both the interaction energy between graphene
and the Re(0001) substrate, and the strain energy in graphene,
we found that they are deeply influenced by the interfacial
interaction between graphene and the Re(0001) substrate in the
two models. The deviation of C-C bond lengths from ideal
graphene will introduce a large strain in graphene; however, the
strong covalent interaction can greatly reduce the interfacial
interaction energy to compensate the increase in the strain
energy in graphene. In our calculations, the difference in the
interaction energy is more marked than that in the strain
energy, and the overall energy of the 10 x 9 model is 4.66 meV
A~2, which is more favored than that of the 8 x 7 model due to
its superior geometrical stacking to enlarge the flat region.

With respect to the weak van der Waals interaction domi-
nating in the graphene/Ir(111) moiré superstructure, the height
of the hump in the graphene/Ir(111) moiré superstructure
(Fig. 4a) is much lower than that in the graphene/Re(0001) moiré
superstructure, as shown in Fig. 1. Moreover, Fig. 4b shows that
the interaction energy between graphene and the Ir(111)
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substrate is much higher than that in the graphene/Re(0001)
moiré superstructure (Fig. 2b) due to weak charge transfer
between them, as shown in Fig. 4c. However, the strain energy in
graphene (Fig. 4b) is extremely lower than that in the graphene/
Re(0001) moiré superstructure (Fig. 3a); moreover, with the lack
of strong interaction from the substrate, most of the C-C bonds
lengths in the graphene/Ir(111) moiré superstructure are close to
those in the ideal graphene, as shown in Fig. 4d.

Comparing the graphene/Re(0001) and graphene/Ir(111)
moiré superstructures, it is the interfacial interaction (namely
the charge transfer) that determines the morphology and
stability of graphene on the Re(0001) substrate. The charge
transfer distributions in the (110) plane of the graphene/
Re(0001) and graphene/Ir(111) moiré superstructures are
shown in Fig. 5a and d, respectively. In Fig. 5a, it can be observed
that the C atoms tended to interact with the Re atoms in the
substrate; however, due to the atomic stacking difference in
graphene, only the C atoms at the flat region could intensively
interact with the Re(0001) substrate, whereas the region con-
taining hexagonal holes of graphene over the Re atoms corru-
gates upwards to form the hump. In Fig. 5d, it can be seen that
the charge transfer intensities between C atoms and Ir atoms are
quite weak at both the hump and the flat region, leading to the
flattened morphology close to that of ideal graphene.

Previous studies illustrated that the strong interfacial inter-
actions between graphene and transition metal substrates
involve hybridization between C 7 orbitals and metal d orbitals,
especially the hybridization between the C 2p, orbital and the
metal d,: orbital.’>'®**?8 The partial density of states (PDOS) of C
atoms (2p, orbital) and Re atoms (5d,: orbital) at the flat region
and hump (labeled in Fig. 5a) helped to understand the charge
transfer behavior between C atoms and Re atoms in the flat
region. Fig. 5b confirms that the charge transfer behavior is due
to the hybridization between the C 2p, orbital and Re 5d,
orbital, which is reflected in the correspondence of the PDOS
curves (peak positions) between the two orbitals, as shown in
Fig. 5b, indicating that the covalent interaction dominates at the
flat region. However, at the hump, the PDOS curves of the C 2p,
orbital and Re 5d,> orbital are independent, as shown in Fig. 5c,
which indicates hybridization did not occur. For the PDOS
curves of the C atoms (2p, orbital) and Ir atoms (5d,: orbital) at
both the flat region and the hump in the graphene/Ir(111) moiré
superstructure, the hybridization is not observed, as shown in
Fig. 5e and f. Thus, the hybridization between the C 2p, orbital
and the transition-metal d,» orbital corresponds to the strong
covalent interaction between graphene and the substrate. This
strong interfacial interaction further dominates the moiré
superstructure of graphene on the substrate. Even for the weak
van der Waals interacting Pt(111) substrate, a recent study
indicated that at the pinning-points, migration of the electronic
charges from the s towards the d, orbitals in the Pt atoms
increases the orbital directionality, facilitating the hybridization
with the p, orbitals of the buckled graphene C atoms.>® By the
proper selection and control of the interfacial interaction
between graphene and the transition-metal substrate, a variety
of moiré superstructures could be synthesized to meet the
requirements of the practical applications.

This journal is © The Royal Society of Chemistry 2017
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(@) The geometrical atomic stacking between graphene and the top layer of the Ir(111) substrate; (b) the interaction energy between

graphene and the Ir(111) substrate, as well as the strain energy in graphene; (c) the charge transfer distribution in the (001) plane of the graphene/
S.
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(a) The interfacial charge-transfer distribution between graphene and Re(0001) substrate in the 10 x 9 model. (b) and (c) are the partial

density of state (PDOS) for the labeled C atoms (2p, orbital) and Re atoms (5d,: orbital) in (a). (d) The interfacial charge-transfer distribution
between graphene and the Ir(111) substrate. (e) and (f) are the partial density of states for the labeled C atoms (2p, orbital) and Ir atoms (5d,2

orbital) in (d).

4. Conclusions

In summary, we performed DFT calculations to study the
graphene/Re(0001) and graphene/Ir(111) moiré superstruc-
tures. By comparing the interaction energy between graphene
and the Re(111) substrate, as well as the strain energy of
graphene in the two experimentally reported graphene/Re(0001)
moiré superstructures, we found that they are deeply influenced
by the covalent interfacial interactions. Compared to the strain-
driven weak van der Waals interacting graphene/Ir(111) moiré
superstructure, we found that interfacial interactions dominate

This journal is © The Royal Society of Chemistry 2017

the moiré superstructure of graphene on the covalently inter-
acting Re(0001) substrate. The strong interfacial interaction
causes the deviation of C-C bond lengths from those of ideal
graphene, but with significant gain in the interfacial interaction
energy. The strong covalent interaction between graphene and
the Re(0001) substrate is closely related to the hybridization
between the C 2p, orbital and Re 5d,» orbital. This study,
therefore, provides a deeper understanding of the moiré
superstructures between graphene and the transition-metal
substrates.
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