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Experimental facts
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approach combining structure-sensitive low energy electron microscopy and diffraction, with energy-filtered 
x-ray photoemission electron microscopy and microprobe angle-resolved photoemission spectroscopy, which we 
use to characterize the local stoichiometry and electronic structure, respectively.

Results and Discussion
To optimize the relative coverage and the size of the rotational domains, we grew graphene on clean Ni(111) by 
exposing the sample to ethylene at 540–610  °C. Subsequently, the sample was cooled to RT with a cooling rate of 
about 1 K/s. Following this procedure, graphene displays coexisting EG, RG and RGC domains. Our microprobe 
low energy electron diffraction (µ -LEED) data show that in micron-sized RG domains, the lattice is preferentially 
oriented ±  17° from one of the Ni main crystallographic directions, even though domains with different rotation 
angles are also observed. A statistical analysis of the distribution of rotational orientation of RG regions can be 
found in the Supplementary Information online. In the following, we will focus on RG domains with 17° orien-
tation but we stress that the behaviour described hereafter is intrinsic to the RG phase, regardless of the specific 
rotation angle (see Supplementary Information online).

The brightfield (BF) LEEM image in Fig. 1(a) illustrates the typical mesoscale morphology of the graphene 
layer at RT. As the primary diffracted beam is employed, here the image contrast does not distinguish between 
equivalent rotational domains. Analysis of the image intensity reveals the presence in the film of three coexisting 
phases, distinguished by different grey levels and labelled I, II and III respectively. Characteristic electron reflec-
tivity (LEEM I-V curve) of each phase is shown in the Supplementary Information. Notably, laterally averaged 
LEED data over the whole area (see Fig. 1b) show only two patterns corresponding to EG and RG, which cannot 
be readily assigned to the three distinct regions in the real-space images. The spots closely surrounding the (00) 
beam are ascribed to double scattering processes between the Ni and RG lattices. Similar diffraction features are 
also found around the first order RG spots, but become clearly visible only at higher electron energies.

To resolve each phase in real space, we imaged the film using darkfield (DF) LEEM, a method that uses sec-
ondary diffracted beams to map the lateral extent of a given surface phase. As shown in Fig. 1(c,d), the images 
obtained using the first-order diffraction of epitaxial and rotated graphene readily identify region I (II) with EG 
(17° RG).

Figure 1. Co-existing graphene domains at the mesoscale. (a) BF-LEEM image at Vstart =  12 V; three 
different graphene phases, appearing in light, neutral and dark grey, can be distinguished as regions I, II and 
III, respectively. A few typical patches of region III are highlighted by red contours. (b) µ -LEED on the same 
surface, Vstart =  55 V; coexisting epitaxial and 17° rotated graphene spots are indicated. (c) DF-LEEM obtained 
using one of the 17° rotated spots in (b), Vstart =  50 V. (d) DF-LEEM using one of the spots aligned with the 
Ni(111) lattice directions in (b), Vstart =  50 V.

1) Coexistence of EPITAXIAL Graphene (EG) and ROTATED Graphene (RG) on Ni(111)
2) Carbide (Ni2C) can form only under RG (not EG !) through surface segregation of C atoms 

dissolved in Ni bulk, and temperature controls its formation/dissolutionwww.nature.com/scientificreports/
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The identification of the small patches labelled III is less straightforward. Their localization within the RG 
phase, small lateral size ( ≤  250 nm) and irregular shape suggest that they correspond to RGC areas, as previously 
imaged by STM15,24. To verify this hypothesis, we performed laterally resolved X-ray photoemission electron 
microscopy (XPEEM) measurements on the same region (see Supplementary Information for further details).  
C 1s core level spectra extracted from a sequence of XPEEM images as a function of photoelectron energy are 
shown in Fig. 2. Here, each data point represents the average image intensity within well-defined areas located 
inside regions I, II, and III (top, central and bottom panel, respectively). Data were fitted according to the pro-
cedure described in ref. 15, using four components which were attributed to specific carbon species, as follows: 
CA (green component, 283.2 eV) - surface nickel carbide; Cdis (light blue component, 283.8 eV) - interstitial car-
bon dissolved into the near surface Ni layers; Cgr (blue component, 284.4 eV, i.e. the same energy as for HOPG 
graphite) - weakly-interacting graphene, identified with the RG domains; and CB (purple, 284.8 eV) - epitax-
ial graphene, used as binding energy scale reference. We note that both components originating from below 
graphene (Cdis and CA) have very low intensity, limited by the low effective photoelectron attenuation length 
(~4.4 Å) at the kinetic energy used25. Surprisingly, the C 1s spectrum of both the EG and RG phases is fitted by 
a single peak corresponding to CB, thus indicating that carbon has a similar interaction with the substrate in the 
two cases. The apparent larger width of the CB peak (~28%) in RG regions is to be expected, considering that, 
while only two distinct sites contribute to the EG phase14, a larger number of adsorption sites is involved when the 
epitaxial match is lost due to rotation. Conversely, the spectrum extracted from region III is remarkably different. 
It still shows a spurious CB peak, originating from the adjacent RG regions, which contribute to the spectrum due 
to the limited lateral resolution of the microscope. However, the main peak is of Cgr type, with a small but evident 
(see inset) carbide component (CA) on the low-binding energy side. Such a component, absent in the spectrum 
from region II (see inset), confirms that region III corresponds to the RGC phase. Notably, the lower value of the 
CGr binding energy with respect to CB is typical of systems characterized by a weak interaction between graphene 
and the metal support26.

The present results correct our previous indication of a different binding energy for C atoms in the EG and RG 
phases15. This inconsistency can be explained considering that our previous experiments were performed at RT 
with a conventional X-ray source in a laboratory set-up, thus integrating over large areas (~ 30 mm2) comprising 
domains of both RG and RGC phases.

The π  band dispersion of the three different graphene phases was investigated by microprobe angle-resolved 
photoelectron spectroscopy (µ -ARPES). Since our data are collected from a region measuring about 2 microns 
in diameter, the contributions of the RG or RGC phases in the rotated regions cannot be separated. In Fig. 3 

Figure 2. C 1s core level spectra of the different graphene phases extracted from laterally resolved 
XPEEM measurements (hν = 400eV). Top panel: region I, corresponding to EG phase; mid Panel: region II, 
corresponding to RG phase; bottom panel: region III, corresponding to RGC phase.
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Why carbide form only under RG?
=> investigate and compare EG/Ni2C/Ni(111) and RG/Ni2C/Ni(111) 
     (if existing) by quantum mechanical numerical simulations 
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the graphene lattice is indicated with green circles and
Ni(111) with black circles. The rotated region has a
moiré unit cell with a periodicity of 6 Å, which corre-
sponds to a rotation of 23.8 ! (larger than found in
Figure 2c). Figure 3e shows two line profiles taken over
the hexagonal features in Figure 3b. The red line profile
shows an initial decrease in the apparent height of
1.5 Å, followed by a further dip to 2.5 Å below the
graphene surface. The blue line profile shows a differ-
ent behavior by initially bulging away from the surface,
then dropping sharply by 2 Å. As the interplane

distance on Ni(111) is 2 Å, these line profiles indicate
that nickel has been removed from under the gra-
phene sheet. For the red line profile, two nickel layers
have been removed or partially removed because the
step is greater than 2 Å. The blue line profile indicates
removal of one nickel layer.
We have used DFT calculations to gain additional

insight on the stability of Ni2C. Figure 4 gives an
overview of the calculated free surface energies of
Ni(111), the surface carbide Ni2C/Ni(111), graphene/
Ni(111), and graphene/Ni2C/Ni(111) using LDA. At the

Figure 2. (a) Morphology of graphene grown on the surface in Figure 1b (illuminated from the left). Three distinct regions are
found in this image and are marked in panel b for clarity. (b) Red indicates 1 ! 1 epitaxial graphene on Ni(111); yellow
represents graphene rotated away from 1! 1 epitaxy; blue marks graphene residing on Ni2C. (c) Zoom in on the boundary,
marked with a black box in panel a. (d) Graphene adsorbed on the Ni2C reconstruction (blue in panel b). (e) FFT of the upper
half of panel c; green circles indicate the graphene lattice, black circles indicate the Ni(111) substrate, and yellow circles
indicate themoiré unit cell. (f) FFT from the lower half of panel c; green circles indicate the graphene lattice, while purple and
blue are nonhexagonal elements. The nonhexagonal features are the same as observed in Figure 1c.
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with carbide

FIG. 5: Structural model of a) EG/Ni(111) and b) RG/Ni(111). In a) the surface and the

subsurface sites of Ni(111) are represented by green and gold spheres, respectively, and three

di↵erent adsorption sites on graphene are labeled with black circles. In b) the structural details of

the unit cell are denoted: length the unit cell vectors and the angle of the rotation with respect to

h110i crystalographic directions of nickel. In the middle, the graphene’s rotation angle of 16.2� is

emphasized.

three-fold hollow sites. However, from the di↵erences in total energies of top-fcc, top-hcp,

and fcc-hcp EG adsorption geometries, we are able to extract the contribution of each CG

atom to the graphene binding on Ni(111). We found that each of CG atoms adsorbed in top,

fcc, and hcp sites contribute to total energy �0.23, �0.11, and �0.08 eV, respectively. Much

larger contribution of top site is a firm clue that the number of graphene’s atoms siting in top

sites is crucial for the stability of G/Ni(111) structure – the higher the number of occupied

16
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Figure 1a that in one direction the axis of the clock-reconstruc-
tion is rotated by ∼3! relative to the Æ1-10æ direction of the
Ni(111) substrate.

The growth experiments reported here were performed on a
Ni(111) single crystal. Carbide and/or graphene surfaces were
formed by exposing the Ni(111) surface to 10-5 Torr ethylene in
an ultrahigh vacuum (UHV) chamber. At a sample temperature
below 460 !C, a surface carbide is formed. This carbide is
identified by LEED as well as by Auger electron spectroscopy
(AES). The line shapes of the C-KVV Auger electron peak
are quite different for carbon in a Ni2C and a graphene sp2

hybridized environments.18-20 Therefore, AES can be used to
discriminate between graphene and a surface carbide phases. The
Auger spectra for monolayers of carbide and graphene are shown
in Figure 2a,b, respectively. It was found that above 460 !C the
phase stability temperature for the surface carbide is reached and
the carbide peak in AES disappears due to diffusion of carbon
into the bulk, leaving a clean Ni(111) surface. Keeping the
sample at ∼480 !C in vacuum, the nucleation and growth of
graphene on pure Ni is eventually observed. It may seem
counterintuitive that carbon atoms first dissolve into the bulk
and then resegregate to the surface after some time delay. This
can be explained by a combination of thermodynamic and kinetic
factors. Carbon atoms in graphene are in a quite different
chemical environment then carbon atoms dissolved in bulk Ni,
and therefore possess different chemical potentials. In the
absence of graphene, carbon atom diffusion is driven by the
chemical potential of carbon in Ni. However, once graphene is
nucleated, a carbon sink at the surface is created with a lower
chemical potential. This reverses the carbon diffusion resulting
in carbon segregation to the surface and growth of graphene.
The fact that graphene is not formed instantaneously and grows
slowly indicates significant kinetic barriers for graphene nuclea-
tion and growth. These slow nucleation and growth processes
enable monitoring of graphene growth by AES as shown in

Figure 2c. The carbon peak intensity in AES is proportional to
the area covered by graphene. Therefore, the change in intensity
can be used to track the changes in the graphene growth rate
(Figure 2d). Initially the growth rate increases, which suggests
that the growth rate is proportional to the circumference of the
graphene grains. In other words, the growth rate is determined by
the attachment of carbon to the graphene and not by the rate of
carbon segregation to the surface. This is in agreement with
studies on other transition metal surfaces and indicates a barrier
for carbon attachment to the edge of graphene islands supported
on top of the metal.11 Therefore, our studies indicate that in a
temperature range of 460 to 650 !C graphene grows on Ni in a
similar way as on other transition metals.

Below 460 !C, the single layer of surface carbide that initially
forms upon hydrocarbon exposure does not dissolve into the
bulk, but slowly transforms into graphene. This is evident from
the time sequence of Auger spectra, shown in Figure 2e. The
decrease in the carbide and the increase in the graphene con-
tributions to the C-KVV AES peak are plotted in Figure 2f as a
function of annealing time. The intensities of the carbide and
graphene C-peaks indicate that the surface is covered completely
by carbide and graphene during the transformation process and
no bare Ni surfaces are ever exposed.

To obtain atomic-scale information on themechanisms of carbide
transformation into graphene, STM was used to characterize the

Figure 1. Surface structure of the Ni2C surface carbide on Ni(111).
(a) The ((39)1/2 R16.1!! (39)1/2 Rh16.1!) Ni2C unit cell that matches
the Ni(111) substrate. The large unit cell, indicated in green, is a
consequence of the coincidence structure of a quasi-square Ni2C lattice
(black dashed lines) with the hexagonal Ni(111) substrate (blue lines).
The structure of the Ni2C clock-reconstruction is indicated at the
bottom of (a). Importantly, one axis of the Ni2C clock-reconstructed
surface is rotated by 3! relative to the Æ1-10æ direction of the Ni(111)
substrate. An STM image of this Ni2C structure is shown in (b). In STM
the carbon atoms are imaged dark, thus allowing for an identification of
the quasi-square Ni2C sublattice (black dashed lines). The large coin-
cidence unit cell between the Ni3C and the Ni(111) substrate is
indicated by the green lines.

Figure 2. Auger electron spectra used for monitoring of graphene
growth. The carbon KVV Auger line exhibits characteristic line shapes
for the Ni-carbide surface phase (a) and graphene (b). The variation of
the Auger line with annealing time is shown for a sample temperature of
480 !C (c). Right after annealing to 480 !C the carbide peak disappears
and the graphene carbon peak develops only slowly. The variation of the
carbon peak intensity with time is shown in (d). The change in the peak
shape for samples at 400 !C is shown in (e). At this temperature the
surface carbide remains at the Ni(111) surface and only converts slowly
into graphene. The contribution of the graphene and carbide compo-
nents to the carbon peak intensity is shown in (f) as a function of
annealing time.

Figure S1. 39 R16.1o u 39R16.1o   unit cell of surface carbide Ni2C on Ni substrate. 
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Models matching Ni2C/Ni(111) have been proposed, 
also valid for  EG/Ni2C/Ni(111) (EG has a (1x1) matching with Ni(111))

but not valid for RG/Ni2C/Ni(111)

Models for numerical simulations

Lahiri, NanoLett 11 (2011) 518 
  

● Graphene growth on Ni(111) by transformation of a 
surface carbide, Lahiri, NanoLett 11 (2011) 518 

● An STM study of carbon-induced structures on 
Ni(111): evidence for a carbidic-phase clock 
reconstruction, Klink, SurfSci 342 (1995) 250-260

● Role of Precursor Carbides for Graphene Growth 
on Ni(111), Rameshan, SciRep 8 (2018) 2662

● Patera’s PhD thesis, Ch. 6

Carbide (Ni
2
C) formation on Ni surface

Supercell (39)1/2 R16.1° x (39)1/2 R16.1° used 
in Lahiri’s paper can accommodate EG 
because Gr and Ni(111) have small lattice 
mismatch, but it cannot accommodate rotated 
Gr. 

Exp. results of Patera suggest that Gr is 
rotated 17° w.r.t. Ni(111) in regions where 
carbide exist. We need new supercell. Rameshan et al., Sci Rep. 2018



A big challenge:
a coincidence 
moiré cell 
matching three 
different lattices 

A large cell to be 
investigated using 

ab-initio density 
functional theory 

(DFT)

Matching three lattices
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RG/Ni2C/Ni(111):

Rot. (RG) ?



State-of-the-art

Simulating and comparing                                          
(epitaxial & rotated)-graphene/carbide/Ni(111)

      ● Structural models & thermodynamics
      ● Electronic properties

From graphene/Ni interface towards carbide 
formation

 7

Outline

Simulating and comparing                                          
(epitaxial & rotated)-graphene/carbide/Ni(111)

      ● Structural models & thermodynamics
      ● Electronic properties



cell 6x( √43 R7.6) accommodating all the three different lattices (RG rotated by ~17o)
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Structural models
RG/Ni2C/Ni(111)  and  EG/Ni2C/Ni(111):

2

CHARACTERIZATION OF G/Ni
2
C/Ni(111) 

  simulation cell:  6x( √43 R7.6) 
  matching three different lattices
  Ni

2
C is stable both EG and RG 

 

 small charge transfer
 Dirac Cones preserved → G nearly free-standing, very small n-doping
 E

F
 shift  -0.1 eV

Why Ni2C is not experimentally 
detected under EG?

EG RG

 Binding Energies 
(BE) of C 1s 

 agreement th./exp.

EG (top-fcc registry w.r.t. Ni) — 222 atoms: 
Ni(111):  42 Ni / layer (2 layers)
Ni2C:     18 C + 36 Ni  
EG:        84 C

RG — 226 atoms: 
Ni(111):  42 Ni / layer (2 layers)
Ni2C:     18 C + 36 Ni  
RG:        88 C (slightly compressed)
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=> Open question:
if Ni2C is stable under both EG and RG, what makes the difference? 

Structural properties & thermodynamics

From DFT simulations:

Ni2C is thermodynamically stable under both EG and RG
Ni2C detaches both EG and RG from the substrate:

    h(Gr-Ni2C) = 3.08 Å       ( h(Gr-Ni(111)) = 2.10 Å ) 

    Eads = -0.10 eV/Cgr   

RG/Ni2C/Ni(111)  and  EG/Ni2C/Ni(111):
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Also very similar for EG and RG:

2

CHARACTERIZATION OF G/Ni
2
C/Ni(111) 

  simulation cell:  6x( √43 R7.6) 
  matching three different lattices
  Ni

2
C is stable both EG and RG 

 

 small charge transfer
 Dirac Cones preserved → G nearly free-standing, very small n-doping
 E

F
 shift  -0.1 eV

Why Ni2C is not experimentally 
detected under EG?

EG RG

 Binding Energies 
(BE) of C 1s 

 agreement th./exp.

Electronic properties
small electron transfer from G to substrate 

(differential density plots: whole system - constituents)Graphene DOS suggests a weak 
interaction with the substrate 

FIG. 2: a) Two di↵erent coordinations of carbon atoms in Ni2C. C atoms represented by green (or-

ange) spheres and labeled with 1 (2) have fivefold (sixfold) coordination of Ni atoms; b) schematic

representation of binding energies (in eV) of di↵erent carbon species.

C atom of graphene (Eads). In both structures the Eads of �0.10 eV is obtained, which

is substantially less than �0.16 eV reported for graphene adsorption on Ni(111) in top-fcc

configuration (what to cite, Patera phD thesis?). This indicates that (1) the graphene-nickel

interaction is much weaker when carbide is present and (2) that the change in graphene’s

orientation does not alter the structural stability. After the structures are fully relaxed,

the distance between graphene and carbide is 2.97 Å and 3.02 Å in EG/Ni2C/Ni(111) and

RG/Ni2C/Ni(111), respectively. For comparison, the height of graphene when it is adsorbed

on Ni(111) in top-fcc configuration is reported to be 2.10 Å31. Hence, contrary to adsorption

of graphene on Ni(111) where both features of chemisorption and physisorption occur33,

very small adsorption energy and the vast increase in graphene-metal distance suggest that

the adsorption of graphene on Ni2C/Ni(111) can be undoubtedly characterized as a weak

physisorption.
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 Calculated C1s binding energies 
(core level shifts: fingerprints of different C configurations) 
allow to interpret the experimental XPS peaks

“dissolved” C

FIG. 4: Atom projected density of states of s- and p-orbitals (pDOS) of EG, RG and free G,

averaged over all atoms. Fermi levels of the corresponding structures are aligned to zero of the

energy scale.

to that of G, as depicted in Fig. 4. Although the DC cannot be easily located in Fig. 4 as

pDOS calculations require very dense k-grid to smoothen numerical oscillations, from the

plot can be rationalized that the DC in both EG and RG structures is located within the

⇠ 0.1 eV interval of EF . The higher DOS values near EF of EG and RG as compared to free

G are most likely due to the accounting of p-states of carbide C atoms in the projections.

Therefore, the appearance of DC at the energies close to EF is a clear fingerprint of free

graphene, while the striking similarity between the pDOS of EG to that of RG indicates

that the change in graphene’s orientation does not alter its electronic properties, proving

that the semi-metallic nature of graphene is completely restored upon carbide formation.

D. Towards carbide formation at graphene-Ni(111) interfaces

The reconstruction of nickel upon exposing it to hydrocarbons is not distinctive only to

fcc(111) surface. For instance, an increase in local concentration of C atoms on Ni(100) up

to 0.5 ML leads to the reconstruction process and the subsequent formation of an alternate

13

similar to free G 
(Dirac cone 
restored); 
consistent with 
exp. observation 
of switching 
from metallic to 
semi-metallic 
behaviour

with Ni2C

RG/Ni2C/Ni(111)  and  EG/Ni2C/Ni(111):
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Structural models and properties
RG/Ni(111)  and  EG/Ni(111):

FIG. 5: Structural model of a) EG/Ni(111) and b) RG/Ni(111). In a) the surface and the

subsurface sites of Ni(111) are represented by green and gold spheres, respectively, and three

di↵erent adsorption sites on graphene are labeled with black circles. In b) the structural details of

the unit cell are denoted: length the unit cell vectors and the angle of the rotation with respect to

h110i crystalographic directions of nickel. In the middle, the graphene’s rotation angle of 16.2� is

emphasized.

three-fold hollow sites. However, from the di↵erences in total energies of top-fcc, top-hcp,

and fcc-hcp EG adsorption geometries, we are able to extract the contribution of each CG

atom to the graphene binding on Ni(111). We found that each of CG atoms adsorbed in top,

fcc, and hcp sites contribute to total energy �0.23, �0.11, and �0.08 eV, respectively. Much

larger contribution of top site is a firm clue that the number of graphene’s atoms siting in top

sites is crucial for the stability of G/Ni(111) structure – the higher the number of occupied

16
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TABLE II: Binding energy (EB) of an individual C atom on di↵erent surface and subsurface sites

of pristine Ni(111), EG/Ni(111), and RG/Ni(111). The unstable adsorption sites are denoted with

arrows pointing the final position of C atom.

surf. site top fcc hcp

pristine - 6.90 6.96

EG 2.69 5.30 -

RG - 5.99* 6.12*

subsurf. site oh thu thd

pristine 7.46 6.41 -

EG 7.18 5.98 5.52

RG 7.39 - -

1. Individual C atom adsorbed on pristine Ni(111), and Ni(111) under EG and RG

By applying the same procedure used to construct the supercell for carbidic structures,

we found that the cell denoted by (
p
19 ⇥

p
19)R 23.4� is the most suitable to describe

graphene on Ni(111), rotated by an angle close to the value of 17�, reported in experiments

of Africh and co-workers13. The structural models of EG/Ni(111) and RG/Ni(111) interfaces

are depicted in Fig. 5. Both structures contain three layers of Ni(111) with 19 Ni atoms per

layer and 38 C atoms of graphene. The bottom Ni layer was kept fixed in all calculations.

The angle between graphene and principal nickel axis in RG/Ni(111) is 16.2� (Fig. 5b).

Firstly, we discuss how the graphene’s orientation determines its stability on Ni(111) and

a↵ects graphene binding on nickel. To clearly distinguish between C atoms intercalated

between graphene and Ni(111) and C atoms of the graphene layer, we lebel the later as the

CG. The same number of atoms in the simulation cells used to model two structures in

Figure 5 allows the direct comparison of their total energies. The di↵erence of 1.48 eV in

favor of EG/Ni(111) is a clear proof that graphene prefers to align with Ni(111). We argue

that this di↵erence mainly originates from the di↵erent number of short CG-Ni bonds in two

systems, i.e. from di↵erent number of CG atoms adsorbed in or near top sites.

As stated in Subsection IIID the most favorable EG adsorption geometry is top-fcc35,

where all CG atoms are either on top of Ni atoms from Ni(111) surface or above the fcc

15

Smallest coincidence cell for RG/Ni(111) (RG rotated by ~17o) 

Starting from these structures, investigate the segregation of C atoms
dissolved in Ni bulk towards different surface/subsurface positions:
- oh : the most stable subsurface
- fcc: the most stable on surface  
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FIG. 7: Barriers for segregation of C atom from oh to fcc site under EG (blue squares) and RG

(red circles) as calculated via NEB method. The initial and the final image of segregation under

RG is depicted in the inset.

increase in the subsurface concentration under RG is preferable. If not, we will keep this

explanation as it is.

To further inspect the stability of C atom in oh site of EG/Ni(111) and RG/Ni(111), we

used the NEB method to calculate the barriers for C segregation to surface fcc site. The fcc

site is chosen as the only surface site which is stable both under EG and RG. The calculated

barriers of 2.23 and 1.51 eV indicate that the segregation of C atoms is very unlikely to occur

as long as Ni(111) surface is intact, i.e. as long as the process of the surface reconstruction

has not started. However, much smaller barriers of 0.36 eV and 0.17 eV for the dissolution

of C atom under EG and RG, i.e. for the di↵usion from fcc to oh site, indicate that C

atoms are not stable on the surface. Under RG, high barrier for surface segregation and low

barrier for dissolution together with high EB of shallowest oh sites are clear indications that

the increase in subsurface C concentration is to be expected. On the other hand, from the

comparison of segregation below RG and EG, the higher barrier under EG can be explained

by the fact that the migration of C atom to the subsurface must be followed by the local

displacement of closest Ni atoms, which are held tight by EG. This is another consequence

20

Segregation of one 
individual C atom at a 
time:

subsurface oh sites 
are the most stable for 
dissolved C in Ni both 
under RG and EG 
(compatible with Ni2C 
formation !)
for small dissolved C 
concentration, surface 
segregation is an 
activated process with 
high energy barriers 
(higher for EG, but 
this does not make a 
big difference)
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Segregation of further 
C atoms:

C concentration < 
0.35 ML: similar 
chemical potential in 
RG and EG

C concentration > 
0.35 ML (towards the 
characteristic C 
concentration of 0.5 
ML in Ni2C): 
segregation much 
easier under RG than  
EG - this does make 
the difference!
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The peculiar graphene(G) properties are very sensitive to its coupling with the substrate. In case of G grown on Ni(111) surface, 
this is strongly affected by the formation of an intercalated carbide (Ni

2
C) layer, which, remarkably, occurs only under rotated 

graphene (RG) and not under epitaxial graphene (EG) domains [1,2]. We performed first principles simulations based on density 
functional theory to explain the preferential surface segregation of the Ni-dissolved C atoms under RG domains [3]. Furthermore, a 
complete description of the electronic properties of G with and without carbide, in RG and EG domains is obtained. Finally, we 
obtained the specific C1s core level shifts that are the fingerprints of different G/Ni

2
C/Ni(111) configurations in good agreement with 

the experimental results.

ABSTRACT

STRUCTURE

 simulation cell: 6 x(√43 R 7°.6)
 matching three different lattices (and 
G with two different orientations)

TOWARDS CARBIDE FORMATION

 subsurface oh sites are the most stable 
both in RG and EG for dissolved C

 Surface segregation is an activated 
process (higher energy barrier under EG)
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ELECTRONIC PROPERTIES

C1s CORE LEVEL SHIFTS

fingerprint of different chemical environment
two different CLS for carbide are found
agreement th./exp.

 Ni
2
C is stable under both EG and RG

 Ni
2
C detaches both EG and RG from Ni

 C added one-by-one on oh 
sites

 concentration < 0.35: 
similar chemical potential in 
EG and RG

 concentration > 0.35: 
opposite behaviour,
under EG further 
segregation is more difficult 
 

CONCLUSIONS

 EG and RG detached by Ni
2
C from the surface (~ free-standing features) 

 Ni-dissolved C atoms prefer subsurface octahedral sites
 Carbide formation favored only under RG for thermodynamics and kinetics 
arguments

SURFACE SEGREGATION OF Ni-DISSOLVED C INCREASING THE CONCENTRATION OF SUBSURFACE  C

Dirac Cones 
preserved

G nearly free-
standing

E
F
 shift: 0.1 eV 



Conclusions
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From thermodynamics, Ni2C should be stable at the interface 
graphene/Ni(111) both under EPITAXIAL and ROTATED G domains, 
but it is observed only under RG
Calculated structural and electronic properties of graphene/Ni2C/
Ni(111) are also very similar for both EG and RG domains  (G 
detached by Ni2C from the surface, recovering ~free-standing 
features)
Kinetics arguments for surface segregation of individual C atoms 
dissolved in Ni bulk do not explain the difference between EG and RG 
domains for blocking/favouring Ni2C formation
Substantial differences between the chemical potentials for high 
concentration of C atoms segregated on Ni surface under EG and 
RG explain the observed Ni2C formation only under RG
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