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A B S T R A C T   

New opportunities for structural and electronic properties engineering of graphene can be achieved by tuning the 
interfacial interaction, which is ruled by the interplay between d-band filling and geometry of the support. Here, 
is demonstrated the growth of graphene, featuring Dirac cones around the Fermi level, on the rectangular (110) 
surfaces of Rh, a half-filled 4d-band transition metal element. The analysis of the structural properties by low 
energy electron diffraction (LEED) and scanning tunneling microscopy (STM) shows that domains with a con
tinuum of possible graphene-substrate orientations with angular scatter of around 10◦ coexist in graphene/Rh 
(110) surfaces. Within each domain, surface structure is characterized by a distinct stripe-like moiré pattern. The 
interfacial chemistry analysis, by microprobeX-ray photoelectron spectroscopy (μ-XPS), of all the rotational 
domains studied, demonstrates the existence of two main levels of interfacial interaction strength, similar to 
previously reported graphene-metal systems characterized by the absence of Dirac cones around the Fermi level. 
However, the band structures of these domains probed by micro angle resolved photoelectron spectroscopy 
(μ-ARPES) present Dirac cones, with Fermi velocities comparable with those previously reported on weakly 
coupled graphene layers. Both the unique properties of graphene/Rh(110) surfaces and the prospect to obtain 
novel graphene-metal interfaces through the interplay between d-band filling and geometry, are expected to 
open new opportunities to study phenomena up to now masked behind the interaction with the substrate.   

1. Introduction 

More than fifteen years after the demonstration of isolated graphene 
layers [1], the number of substrates that allow a direct growth of this 
prototypical 2D material is still rather small. The supports that are more 
frequently used are SiC [2] and few transition metals (TMs) [3,4]. As a 
matter of fact, the range of metal substrates onto which graphene 
monolayers preserve its pristine band structure featuring Dirac cones in 
the vicinity of the Fermi level, is limited to only Ir [5–8], Pt [9], Au [10] 
and Cu [11,12]. In contrast, 3d and 4d TMs exhibiting partially-filled 
d-bands, such as Ni [13,14], Rh [15,16], or Ru [15,17,18], generally 
permit the growth of graphene monolayers with high interfacial hy
bridization, which results in the destruction of the Dirac cones and the 
loss of the well-known electronic properties of graphene [13,17,18]. It is 
due to the fact that in strongly interacting systems, the C-substrate dis
tance appears to be significantly reduced, accompanied by a significant 

overlapping between the π band and metal states [15]. In these systems 
with a high interfacial interaction, it is only possible to have Dirac cones 
around the Fermi level in few layer graphene films grown on the metal 
support [19]. 

Beside the d-band filling, other key parameter affecting the interac
tion between graphene and its substrate is the lattice and orientation 
mismatch. Focusing on graphene monolayers on TMs, the crystallo
graphic relation with the substrate results in the formation of a rich 
variety of moiré patterns [3,4]. The lattice and orientation mismatch 
between adlayer and support often determines the formation of large 
moiré unit cells, where graphene exhibits regular corrugations, that is, 
periodical modulations of the graphene-metal separation distance [3,4]. 
Recently, it has been predicted, by geometrical arguments, that the 
crystallography of the metal substrate, which in turn, determines the 
geometry of the atomic arrangement of the surface below the graphene 
layer, could be used to control the corrugation of these periodical 
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modulations [20]. According to that work, in absence of surface re
constructions, while on (111) surfaces of fcc elements, on (110) planes of 
bcc ones, and on (0001) terminated hcp supports, highly corrugated 
moiré modulations would be found, on any other low index surfaces, the 
graphene layer is expected to be rather flat. Consistently, high moiré 
corrugations have been found on graphene on Rh(111) [15,21], Ru 
(0001) [15,17], and on Fe(110) [22], whereas rather flat graphene 
layers have been reported on Cu(001) [23], as well as on Ag(001) [24]. 

Then, on the basis of all the above mentioned, the interplay between 
both parameters, d-band filling and lattice geometry mismatch, could 
provide a platform for structural and electronic engineering of gra
phene. To explore this possibility, the present work is aimed to provide 
the experimental demonstration of the existence of Dirac cones in the 
vicinity of the Fermi level on a half-filled 4d-band TM by choosing the 
adequate surface crystallography. In particular, we address the case of 
graphene grown on (110) surfaces of Rh, a TM with fcc crystal structure. 
As will be demonstrated below, graphene monolayers are able to keep 
their Dirac cones close to Fermi level, even in presence of a moderately 
strong interaction with the Rh(110) substrate. It proves that the crys
tallographic relation between graphene and a support with non- 
hexagonal symmetry provides a further means to control the effects of 
the interfacial interaction strength on the band structure. 

2. Experimental 

Experiments were performed in two different ultrahigh vacuum 
(UHV) set-ups. One of them comprises two chambers with independent 
pumping systems, separated by a gate valve, being one of them 
employed for sample preparation, which is equipped with a LEED optics 
for a first quality assessment, and the other for the nanoscale charac
terization by means of a home-built variable temperature scanning 
tunneling microscope (VT-STM) [25,26]. The other UHV system was 
that available at Nanospectroscopy beamline at the Elettra Synchrotron 
Light Laboratory [27], composed also of one chamber, for sample 
preparation, and other one, allowing for the characterization by low 
energy electron microscope (LEEM) and microprobe LEED, XPS and 
ARPES measurements. 

Sample preparation was performed by Ar+ sputtering at 1 keV of the 
Rh(110) single crystal, and annealing at 950 ◦C at an oxygen partial 
pressure of 2 × 10− 6 Torr, followed by annealing to also 950 ◦C but 
without supplying O2. Two different techniques for the growth of gra
phene were employed. For STM measurements, graphene was grown by 
(Chemical Vapor Deposition) CVD at an ethylene partial pressure of 3 ×
10− 7 Torr during 180 s, with the Rh(110) substrate at 900 ◦C. For 
microprobe characterization at Nanospectroscopy beamline, the study 
was focused on single-domain isolated graphene islands grown over the 
Rh(110) surface, to avoid spurious contributions coming from adjacent 
flakes displaying different rotational variants. To this end, graphene was 
grown in a two stages process. First, C atoms were dissolved into the Rh 
(110) subsurface layers by ethylene exposure at high temperatures. 
Then, sample was cooled down at lower temperatures, without sup
plying ethylene, to allow for C segregation towards the surface. This 
procedure was monitored by LEEM to ensure the growth of isolated 
micrometer-sized graphene islands scattered over the Rh(110) surface. 

STM measurements were performed at the constant current mode 
with the bias voltage applied to the sample, by using electrochemically 
etched W tips. STM data acquisition and analysis were performed by 
using the WSxM software [28]. LEEM measurements were carried out at 
the bright field mode. In the Nanospectroscopy set-up, the kinetic energy 
of the, either scattered or emitted electrons, was controlled by a bias 
voltage (start voltage) applied to the sample. For the acquisition of the 
spectroscopy data, the kinetic energy of the photoemitted electrons was 
filtered, with a resolution below 0.3 eV, by means of an electron 
analyzer with multichannel detector. Microprobe LEED, XPS and ARPES 
measurements were performed through an aperture of 2 μm diameter. 

3. Results and discussion 

3.1. Structural characterization of graphene/Rh(110) 

Fig. 1 summarizes the main structural features of graphene mono
layers grown on Rh(110) surfaces. Specifically, Fig. 1a shows a LEED 
pattern, which is characterized by a rectangular array of spots, that can 
be associated to the Rh(110) surface, and six angularly equispaced arcs 
with identical radii, which can be ascribed to the graphene periodicity 
(see also a simplified schematic of this pattern in Fig. 1b). In turn, each 
of these arcs exhibits three intensity maxima placed at equidistant 
angular positions. For simplicity, the internal structure of these arcs will 
be described in detail by using, as a reference, the one placed at the top 
right region of the pattern. As observed, one of its intensity maxima is 
aligned with the [110] direction of Rh(110), while the others are, 
respectively, rotated by angles of around +10◦ and − 10◦ with respect to 
that crystallographic orientation of the metal substrate. To provide a 
real space view of the sample, a representative large scale STM image is 
displayed in Fig. 1c, whose inset shows a STM image, acquired in the 
region delimited by a black square, exhibiting a quasi-one-dimensional 
modulation. 

The stripe-like superperiodicity, observed in the STM topograph 
shown in the inset of Fig. 1c, is a moiré pattern associated to the lattice 
mismatch between graphene and the Rh(110) surface. This geometry of 
moiré patterns is characteristic of the superposition of the graphene 
lattice with that of a metal substrate exhibiting an atomic arrangement 
with either square or rectangular symmetry. This stripe-like geometry 
has been also observed for graphene monolayers grown on alloys with 
non-hexagonal unit cells [29]. According to the LEED pattern shown in 
Fig. 1a, there is coexistence of graphene rotational domains with a 
continuum of angular orientations between +10◦ and − 10◦, as referred 
to the [110] direction in the reciprocal space of the Rh(110) surface. 
According to the intensity within the arcs, it is evident, that the pre
dominant rotational variants are those, in which one direction of the 
atomic lattice of graphene is aligned or nearly aligned, in the reciprocal 
space, to the [110] Rh(110) direction, as well as those, in which they 
exhibit relative angles of around +10◦ and − 10◦. Note that orientations 
with angles of the same magnitude but with opposite signs are specular 
reflections and, hence, correspond to fully equivalent domains. Also, it 
should be taken into account that a rotation, by a certain angle, of a high 
symmetry direction of graphene with the [110] one of Rh in the recip
rocal space, corresponds to a rotation angle of the same magnitude with 
the [001] direction of the metal substrate in the real space. 

The atomic scale geometry for orientations around the intensity 
maxima in LEED patterns, as that shown in Fig. 1a, has been studied, by 
means of STM, on samples with a partial coverage of graphene to have 
Rh(110) bare areas as a reference. Fig. 1d shows a STM image acquired 
on a region around the boundary between a graphene flake (left) and a 
bare Rh(110) area (right). A stripe-like moiré pattern is observed on the 
graphene flake. Likewise, on the bare Rh(110) region, the atomic rows 
along the [110] direction are resolved. From Fig. 1d it can be inferred 
that the moiré stripes (see the guidance provided by the yellow arrow) 
and the [110] direction of Rh (parallel to the green arrow) are either 
perpendicular or nearly perpendicular, taking into account the intrinsic 
uncertainty of RT-STM imaging. Fig. 1e shows a STM image revealing 
the atomic periodicity of graphene, which appears superimposed to the 
moiré pattern, in a certain area within the same flake imaged in Fig. 1d. 
It can be concluded that one of the high symmetry directions of the 
graphene lattice (black arrow) is either parallel or nearly parallel to the 
moiré stripes, which, according to Fig. 1d, are, in turn, either perpen
dicular or nearly perpendicular to the [110] direction of Rh. In principle, 
one could think in a unit cell as that indicated by the red parallelogram. 
Nevertheless, the periodicity of that motif is gradually missing along the 
direction parallel to the stripes, which is a clear evidence that the su
perstructure indicated by the red dashed contour is incommensurate, at 
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least along that direction. 
On the basis of these experimental findings, a schematic represen

tation of a plausible atomic arrangement for the rotational variant 
analyzed in Fig. 1d and e, is proposed in Fig. 1f. According to this 
schematic, the superposition of the Rh(110) lattice and that of graphene 
with a relative angle of exactly 0◦, as referred to the [001] Rh direction, 
would reproduce fairly well the measured structural parameters. Based 
on it, the moiré fringes would be separated by ~1.08 nm, roughly 
matching with four times the atomic spacing of the Rh substrate along 
the [110] direction. This atomic registry would imply that the atomic 
periodicity of graphene must be increased by ~2.4%. Under these 
conditions, the incommensurate structure indicated in Fig. 1f, by the red 
dashed parallelogram, would be consistent with that experimentally 
observed in STM images (see Fig. 1e). It is, however, noteworthy to 
mention that, almost identical incommensurate structures would be 
obtained not only for a rotation angle of exactly 0◦, as represented in 
Fig. 1f, but also for any small angle of a high symmetry direction of the 
graphene lattice with respect to the [001] direction of Rh. 

Fig. 1g shows a STM image acquired around the edge of a graphene 
flake, where the atomic rows along the [110] direction in the adjoining 
Rh(110) bare area are clearly resolved. As observed, the resulting moiré 

pattern is rather complex, and two kinds of features can be distin
guished. On the one hand, there is a set of equispaced stripes, which are 
not straight, but they exhibit a periodic or nearly periodic modulation. 
One of these stripes is indicated in Fig. 1g by a yellow arrow. On the 
other hand, there is also another set of stripes with a larger separation. 
One of them is indicated in Fig. 1g by a brown arrow. The angle between 
these stripes with larger separation and the atomic rows along the [110]
Rh(110) direction is ~27◦. Fig. 1h displays a STM image acquired on a 
region, within the same flake observed in Fig. 1g, where the atomic 
periodicity of the graphene structure (black arrow) is observed together 
with the two kinds of stripes (indicated by yellow and brown arrows) 
comprising the moiré pattern. The angle between the stripes with 
larger/shorter separation and one of the high symmetry directions of the 
graphene atomic structure is ~14◦/26◦. According to the image, the red 
dashed parallelogram, with lateral dimensions of around 5.5 and 0.9 
nm, could be a possible unit cell. 

From the STM images shown in Fig. 1g and h a schematic repre
sentation of a plausible atomic arrangement for this rotational variant is 
presented in Fig. 1i. The superposition of the graphene lattice and that of 
the Rh(110) surface, under a relative orientation between one of the 
high symmetry directions of the former and the [001] one of the latter of 

Fig. 1. Structure of graphene monolayers grown on 
Rh(110). a) LEED pattern acquired on a CVD grown 
graphene monolayer on Rh(110) (electron energy 62 
eV). b) Schematic of the LEED pattern shown in a). 
The spots coming from the Rh(110) surface are rep
resented in green, those of the graphene lattice for a 
relative angle of 0◦ with respect to the Rh [110] di
rection, in black, and those, associated to a relative 
angle of around 10◦ between the graphene lattice and 
the Rh [110] direction, in red (its specular reflection is 
represented in blue). The arcs connecting these three 
spots represent the continuum of possible orientations 
of the graphene layer with respect to the Rh(110) 
surface. c) Large scale STM image of graphene grown 
on Rh(110). Inset: STM topograph acquired in the 
area indicated by the black square. d) STM image 
simultaneously resolving both, a fraction of a gra
phene flake with a relative orientation of around 0◦ as 
referred to the [001] substrate direction, and a region 
of the Rh(110) surface in its vicinity. e) Atomically 
resolved STM image, acquired on a region of the same 
graphene flake imaged in Fig. 1d f) Tentative sche
matic representation of the atomic registry of C atoms 
over the Rh(110) surface for that rotational domain. 
g) STM image acquired at the boundary of a graphene 
flake and the Rh(110) surface in the surroundings, 
with a relative rotation between the atomic lattices of 
both of around 10◦, as referred to the Rh[001] di
rection. h) Atomically resolved STM image acquired 
on a region of that rotational variant. The red dashed 
parallelogram indicates a possible unit cell. i) Tenta
tive schematic of the atomic positioning of graphene 
over the Rh(110) surface for that rotational domain. 
The red dashed parallelograms displayed in f) and i) 
indicate nearly coincident structures, which could be 
an approximation of the actual atomic arrangements 
of both rotational variants. In f) and i), C atoms of the 
graphene layer are represented by blue spheres and 
those of the Rh(110) surface by grey ones. The moiré 
stripes are indicated by red dashed lines. Tunneling 
parameters: c) IT = 0.7 nA, Vs = +0.42 V; size: 400 ×
400 nm2. Inset: IT = 1.7 nA, Vs = +0.32 V; size: 20 ×
20 nm2. d) IT = 8.1 nA, Vs = +1.0 V; size: 15 × 15 
nm2. e) IT = 8.1 nA, Vs = +1.0 V; size: 5 × 5 nm2. g) 
IT = 1.0 nA, Vs = +1.0 V; size: 10 × 10 nm2. h) IT =

2.9 nA, Vs = +1.0 V; size: 7 × 7 nm2. (A colour 
version of this figure can be viewed online.)   
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around 9.3◦, results in a nearly commensurate superstructure (see the 
red dashed parallelogram). This nearly coincidence of the atomic net
works of graphene and of the Rh(110) support would require that the 
lattice of the former to be expanded by ~ 2%. The length of the shorter 
side of this nearly commensurate structure is 0.9 nm and it is rotated 
with respect to the Rh [110] direction by 25.2◦ and with the graphene 
lattice by 14.1◦. The length of the larger side is of 5.6 nm, and the 
rotation angle between both sides is of 73.1◦. The larger side is rotated 
with respect to the Rh [110] direction by 48◦ and with the graphene 
lattice by 27.3◦, in good agreement with the experimental values. 

3.2. Interfacial chemistry characterization of graphene/Rh(110) 

In the previous paragraphs, the structure of graphene monolayers 
epitaxially grown on Rh(110) surfaces has been analyzed, having 
demonstrated that the graphene lattice can adopt any orientation rela
tive to the substrate with angles between 0◦ and ~±10◦, as referred to 
the [001] ([110] in the reciprocal space) direction of Rh(110), being 
predominant orientations of around 0 and ± 10◦. Next, a detailed 
microprobe XPS study of the bonding chemistry at the graphene/Rh 
(110) interface will be provided, analyzing possible differences between 
different orientations. Fig. 2a–c shows LEEM images, displaying single 
domain graphene islands grown on Rh(110) surfaces. Within each 
image, the specific island employed for the XPS characterization is 
indicated by a red arrow. Fig. 2d collects C1s XPS spectra acquired on 
the respective island of each image. As observed, these spectra exhibit 
important common features, since each of them can be deconvoluted 
into three components with binding energies of 283.6, 284.4 and 284.9 
eV, which are plotted in green, blue and red, respectively. The two 
components with higher binding energies dominate these spectra, while 
the presence of the other one (green traces) is nearly residual. 

Because for each C atom within the moiré structure the chemical 
environment is different, the fitting model proposed in Fig. 2, with only 
three components, is an oversimplification, although it allows to obtain 
a qualitative view. Specifically, the splitting of the C1s spectra into 

various components could be ascribed to different degrees of C hybrid
ization over the Rh(110) surface. The component with the smallest 
binding energy, whose contribution to the spectra is nearly marginal in 
the majority of the cases, was found to present a variable intensity 
during the experiments (see subheadings A2 and A3 in the supplemen
tary information). C1s components in XP spectra with similar binding 
energies have been previously reported for different carbides on metal 
surfaces [7,22,30,31]. Hence, in the present case, this component could 
be associated to the presence of an almost residual amount of carbidic C 
trapped under the graphene layer, and/or to C chemisorbed to the Rh 
(110) surface in the vicinity of the flakes, as well as, dissolved into the 
first subsurface layers below the flakes and their surroundings. The other 
two components confer the spectra an overall appearance, exhibiting a 
good accordance with previously reported spectra, acquired on various 
metal supported graphene monolayers, with highly differentiated 
chemical environments for C atoms [15]. Interestingly, the binding en
ergies of both components exactly coincide with these of their coun
terparts in the spectrum reported for the graphene/Rh(111) interface, by 
Preobrajenski et al., which were interpreted by these authors as the 
result of differences in interfacial orbital mixing between moiré sub
regions with different graphene-metal distances [15]. A similar splitting 
into two components was also reported for graphene monolayers grown 
on Ru(0001) surfaces, which were interpreted by these authors also as 
the result of the coexistence of two clearly distinguished degrees of 
interfacial interaction between C and Ru [15]. Therefore, the two 
components with binding energies of 284.4 and 284.9 eV observed in 
the XP spectra, acquired in the present work, could be associated to C 
atoms with different orbital mixing with atoms in the Rh(110) surface 
below. Consistently, a C1s component with a binding energy of also 
284.9 eV has been previously reported for sp3 diamond-like C [32]. Also, 
there is a dominant component at the very same binding energy in 
spectra previously obtained for graphene/Fe(110) and graphene/Ni 
(111), for which a strongly graphene-substrate interaction was reported 
[22]. Likewise, the energy positioning of the other component in the 
spectra shown in Fig. 2d, is closer to that of the single component in the 
spectra previously reported for graphitic C [15]. It could imply that C 

Fig. 2. XPS study of the graphene/Rh(110) surface. 
a)-c) Bright field LEEM images showing the graphene 
islands (indicated by red arrows) on which the 
respective XP spectra shown in the lower panel were 
acquired. The field of view of the three images was 
20 μm and the acquisition electron energy 16 eV. d) 
C1s XP spectra acquired with a photon energy of 430 
eV on the flakes, indicated in the upper panels, with 
relative angles of 0◦, 7.6◦ and 9.6◦ between the gra
phene lattice and the [001] direction of the Rh(110) 
surface beneath. The experimental points are repre
sented in black, while the red, blue and green traces 
represent the three components, with respective 
binding energies of 284.9, 284.4 and 283.6 eV, giving 
rise to the fit trace represented in yellow. (A colour 
version of this figure can be viewed online.)   
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atoms giving rise to the component with higher binding energy in the 
spectra shown in Fig. 2d, would present a stronger chemisorption to the 
Rh(110) surface than those responsible for that at 284.4 eV. To finish 
with the issue of the interfacial chemistry, as observed in Fig. 2d, there 
are significant similarities between the C1s spectra acquired on flakes 
with relative orientations of 0◦, 7.6◦ and 9.6◦ of a high symmetry di
rection of the graphene lattice with respect to the [001] substrate di
rection. For this reason, similar bonding chemistries are qualitatively 
expected in these rotational variants. 

It is interesting to pay attention to the mentioned similitude between 
the C1s spectra acquired on graphene on rectangular Rh(110) surfaces, 
with these measured when a Rh(111) surface with hexagonal symmetry 
is employed as a support. It suggests that although substrate symmetry 
decides the spatial distribution of the moiré subregions, this configura
tional parameter of the support would not play, at least in this case, a 
significant role in the overall degrees of interfacial orbital overlapping. 
Thus, the XPS data summarized in Fig. 2 suggest that the interfacial 
chemistry of graphene/Rh(110) must be somehow analogous to that of 
graphene/Rh(111), despite the different symmetry of the metal sup
ports. However, the typically measured apparent corrugations on both 
graphene/metal systems are markedly different, being significantly 
smaller for graphene grown on the rectangular Rh(110) surfaces. It 
suggests that the existence of two marked levels of hybridization does 
not necessarily implies a high interfacial corrugation. 

3.3. dI/dz mapping on graphene/Rh(110) 

The possible correlation between the two levels of orbital mixing at 
the interface, evidenced by XPS measurements, and the differences in 
the graphene-metal distances, arising from the moiré patterns, has been 
investigated by means of STM barrier height mapping. These maps have 
been obtained by applying a modulation to the z piezo (typically 40–60 
pm peak to peak) of high frequencies compared to the feedback loop 
response, but below the low-pass filter cut-off integrated in the STM 
preamplifier. The resulting variations in the tunneling current were 
registered by a lock-in amplifier, whose output was connected to one 
input channel of the digital signal processor governing the operation of 
the STM. Simultaneously to the acquisition of the dI/dz maps, the 

corresponding topography image has been also obtained in the same 
sample region. Fig. 3a shows a STM topography image acquired on a 
region of graphene grown on Rh(110). Fig. 3b displays a dI/dz map 
acquired together with the STM image shown in Fig. 3a. A periodic 
modulation in registry with the moiré stripes, observed in the STM 
topograph (Fig. 3a), is present in the dI/dz maps (Fig. 3b). To guide the 
eye, a red arrow is shown over one of the stripes observed. 

Similarly, Fig. 3e shows a dI/dz map, acquired simultaneously to the 
STM image shown in Fig. 3d, where a different moiré pattern from that 
associated to the rotational variant analyzed in Fig. 3a–c, is resolved. As 
indicated by the red and yellow arrows, the tunneling barrier map 
shown in Fig. 3e exhibits a stripe-like pattern correlated with the moiré 
periodicity (compare to topograph observed in Fig. 3d). 

An essential issue to allow for a correct interpretation of STM barrier 
height maps is that they result from local variations of both the inter
facial chemistry and the geometry [33,34]. The geometric component 
influencing these maps arises, mainly, from the misalignment between 
the direction of the modulation, applied to the z piezo, and the local 
normal surface vector in each point of the scanning area [34]. It was 
reported that this geometric contribution, in each point of STM barrier 
height maps, is related to the cosine of the angle between the modula
tion direction and the vector normal to the surface at that point [34]. To 
this end, the cosine of the angle between the modulation direction, 
which is parallel to the z axis, and the gradient vector of the surface in 
each point, as obtained using as approximation the geometry given by 
the STM topography image displayed in Fig. 3a, is represented in Fig. 3c. 
Accordingly, the corresponding cosine map extracted from the topog
raphy image shown in Fig. 3d is provided in Fig. 3f. As observed in both 
data sets, the brighter/darker areas across the fringes observed in the 
respective cosine maps match also the brighter/darker ones in the cor
responding STM barrier maps shown in Fig. 3b,e. Then, a possible 
interpretation could be that the local variations observed in the STM 
barrier maps shown in Fig. 3b,e could be, at some extent, induced by 
geometric contributions rather than by local variations in the interfacial 
chemistry across the moiré stripes. Nevertheless, one could argue that 
significant differences in the bonding chemistry across the moiré fringes 
could still exist, having certain influence on the STM barrier height maps 
together with the contribution associated to geometrical issues. It would 

Fig. 3. Tunneling barrier height study on graphene 
monolayers grown on Rh(110). a) STM topograph 
and b) dI/dz map, simultaneously acquired on the 
same region of graphene grown on Rh(110). c) Map 
of the cosine of the angle between the modulation 
direction and the gradient vector of the surface in 
each point of the STM image displayed in Fig. 3a. Red 
arrows indicate the direction of the moiré stripes. d), 
e), f) Respective STM topograph, dI/dz map and 
cosine map for a rotational variant different from that 
analyzed in Fig. 3a–c. Red and yellow arrows indicate 
the direction of the moiré stripes. Lock-in parameters: 
b) Modulation frequency: 3.2 kHz; Modulation 
amplitude: 57 pm peak to peak; e) Modulation fre
quency: 3.2 kHz, Modulation amplitude: 45 pm peak 
to peak. Tunneling parameters: a) IT = 1.2 nA, Vs =

+0.18 V; d) IT = 1.1 nA, Vs = +0.16 V. Size: 9.6 ×
9.6 nm2 for all the panels. (A colour version of this 
figure can be viewed online.)   

A.J. Martínez-Galera et al.                                                                                                                                                                                                                   



Carbon 205 (2023) 294–301

299

be consistent with the existence of two degrees of interfacial orbital 
overlapping suggested by the XPS study. Work function variations across 
moiré patterns, have been previously reported for graphene monolayers 
grown on various metal substrates as Pt(111) [35,36], Ir(111) [37], and 
Ru(0001) [38], by means of STM barrier height maps and, also, of single 
I-z curves. However, for none of these works the above mentioned 
geometric issues were taken into account. 

3.4. Band structure of graphene/Rh(110) 

Following the study, at the nanoscale, of graphene monolayers 
epitaxially grown on Rh(110) surfaces through tunneling barrier height 
maps, provided in the previous paragraphs, the electronic properties of 
this system will be analyzed from the perspective offered by μ-ARPES. 
Fig. 4 shows the band structures obtained for two rotational variants 
denoted as R-0 and R-9.6, corresponding to graphene-substrate orien
tations around the two non-equivalent intensity maxima observed in 
LEED patterns (see also Fig. 1a), projected along the K′-K direction 
connecting opposite sites of the first Brillouin Zone. Additionally, to 
provide a wider perspective, the band structure, obtained for the R-7.6 
rotational variant, with an intermediate graphene-substrate angular 
orientation, is also provided. According to previous works, the diffuse 
background featured in the respective three LEED patterns could be a 
signature of a high structural quality of the graphene flakes [39,40]. As 
observed, the three band structures, projected along the above 
mentioned direction in the reciprocal space (see also the second column 
in Fig. 4) exhibit the characteristic linear dispersion of graphene around 
the K and K′ points. In all the three cases, a change in the slope of the 
projected dispersion relationship of graphene is found at the crossing 
points with the 4d band of the Rh(110) surface. The Fermi velocities, as 

extracted from the projected band structure above/below the crossing 
points with the 4d band of the Rh(110) substrate, are of (1.3 ± 0.3) ×
10− 6/(1.1 ± 0.2) × 10− 6, (1.4 ± 0.3) × 10− 6/(1.2 ± 0.2) × 10− 6 and 
(1.4 ± 0.3) × 10− 6/(1.2 ± 0.2) × 10− 6 m/s, respectively, for the R-0, 
R-7.6 and R-9.6 rotational variants. These values have been obtained by 
fitting the energy versus the k value for which the intensity is maximum 
for each value of the energy. For these three rotational domains, the 
respective band structures evidence graphene doping. The subheading 
A1 in the supplementary information shows the band structures of these 
rotational variants projected along a different direction in the reciprocal 
space. Moreover, the subheadings A2 and A3 show the complete analysis 
of other different rotational variants. As a reference to allow for a better 
interpretation of the ARPES data, the experimental Rh(110) bands are 
provided, which are comparable with previous experiments [41]. A 
direct identification is not however possible due to the different exper
imental parameters. The Rh(110) bands are then identified by com
parison with the expected Fermi surface contour [42] and theoretical 
calculations [43]. 

Fig. 4 demonstrates the coexistence of rotational domains, whose 
band structures present Dirac cones, in graphene monolayers grown on 
Rh(110) surfaces (see also Figs. A1 and A3 in the supplementary infor
mation). This is the first graphene-metal system, reported till now, with 
a support being a metal with the d band only half-filled, and different 
than a 5d transition one, for which Dirac cones are found at the vicinity 
of the Fermi level, without decoupling by intercalation of species at the 
interface. Even more, the Dirac cones observed for the three rotational 
variants analyzed in Fig. 4, although they are shifted with respect to the 
Fermi level, and mildly distorted at the crossing points with the d band 
of Rh, evidencing weak hybridization, they are characterized by Fermi 
velocities comparable to those reported on weakly coupled graphene 

Fig. 4. ARPES spectra acquired at a photon energy of 
120 eV on the graphene flakes indicated in Fig. 2a–c 
a), b) and c) Band structures of the R-0, R-7.6 and R- 
9.6 domains (left column), projected along the 
reciprocal space directions indicated by the red line 
in the respective LEED patterns acquired at 45 eV 
(second column). Light blue dashed lines indicate the 
projection of the Dirac cones above and below the 
crossing with the d band of Rh. The crossings between 
π bands of graphene and the d band of Rh are indi
cated by white arrows. In the LEED patterns, the spots 
associated to the periodicity of the underlying Rh 
(110) surface are encircled in orange, these of the 
graphene periodicity in blue, these of the periodicity 
of the moiré stripes in white, and the first Brillouin 
Zone of graphene is indicated by a blue hexagon. As a 
reference, the third column shows the band structure 
of the pristine Rh(110) surface, projected along the 
same directions in the reciprocal space as these 
indicated in the second column when the graphene 
layer is placed on top. This set of ARPES measure
ments was acquired in exactly the same sample lo
cations as the XPS spectra shown in Fig. 2. (A colour 
version of this figure can be viewed online.)   
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systems [9,12,44–47]. In fact, the Fermi velocities extracted from the 
projected band structures above the crossing points with the 4d band of 
Rh are between the highest reported to date in graphene. The existence 
of band structures featuring Dirac cones at the vicinity of the Fermi level 
is, in principle, rather surprising for substrates of Rh, which is a 4d TM 
with the d band half-filled. Here is noteworthy to mention that, in 
analogy with the d band model, employed to predict trends in the 
binding of molecular adsorbates on metal surfaces [48], the 
graphene-metal interaction tends to be stronger for 3d and 4d TMs with 
the d bands half-filled than for 5d ones [3]. Indeed, they have been 
proven to give rise to graphene adlayers showing significant chemi
sorption, which are generally characterized by the absence of Dirac 
cones near the Fermi level [3,4]. In the case of Rh, previous works have 
demonstrated that the π band of epitaxial graphene on Rh(111) surfaces, 
is strongly hybridized with the d band of the metal substrate [15,16,21]. 
Thus, the crystallographic orientation of the underlying metal surface 
seems to play a decisive role in the electronic properties of the graphene 
layer grown on top. A plausible explanation is based on the fact that the 
interfacial bonding landscape must depend on geometrical concerns as 
lattice parameter and symmetry mismatches. In this regard, on most 
hexagonal surfaces, which exhibit a symmetry matching with the atomic 
arrangement of graphene, the resulting moiré superstructures can be 
subdivided into different subregions with a certain spatial extension. 
Around the central part of each of these moiré subdivisions, the atomic 
lattices of graphene and support are somehow nearly coincident, giving 
rise to a specific atomic registry, which is different from that of the other 
subdivisions. However, that nearly coincidence of the atomic lattices is 
not possible for supports with non-hexagonal atomic packing, which is 
translated into rather different spatial distributions of the interfacial 
chemistry. Thus, on the basis of the experimental results summarized in 
Fig. 4, these differences could play a decisive role in the band structure. 

4. Conclusion 

Here, the first graphene monolayers, grown on a half-filled 4d band 
TM, with band structure featuring Dirac cones at the vicinity of the 
Fermi level, are reported. This success has provided a deeper view of the 
graphene-metal interaction, highlighting that the interplay, between 
d band filling and geometry of the support, affects the properties of the 
2D material supported on it. From the structural point of view, the 
graphene/Rh(110) surface is characterized by the coexistence of do
mains, whose possible graphene-substrate orientations lie within a 
continuum between 0◦ and 10◦ as referred to the [001] direction of Rh, 
being preferred, orientations around the ends of that angular interval. 
STM images have demonstrated that these domains exhibit quasi one- 
dimensional stripe-like moiré patterns. From a chemical point of view, 
the analysis by μ-XPS has demonstrated that, within these moiré su
perstructures, there are mainly two different degrees of interfacial 
orbital mixing. It is similar to what was previously reported for various 
strongly interacting graphene monolayers with metal substrates, being 
generally characterized by the absence of Dirac cones around the Fermi 
level. Nevertheless, the electronic structure of graphene/Rh(110) sur
faces as probed by μ-ARPES, is characterized by Dirac cones with Fermi 
velocities between the highest measured on weakly coupled graphene 
systems. It demonstrates that the marked differences in the interfacial 
chemistry within each moiré pattern, revealed by XPS, do not neces
sarily imply chemisorption involving the absence of Dirac cones in the 
vicinity of the Fermi level, which is opposite to what was previously 
believed. The combination of an interfacial chemistry characterized by 
essentially two degrees of orbital intermixing, an electronic structure 
dominated by the presence of Dirac cones around the Fermi level, as well 
as a relatively low corrugation makes the graphene/Rh(110) surface a 
unique system. It demonstrates that the interplay between d-band filling 
and geometry of the atomic arrangement of the metal substrate, can be 
exploited for graphene engineering. 
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Investigation. Mariano D. Jiménez-Sánchez: Investigation. Enrique G. 
Michel: Methodology, Conceptualization, Formal analysis, Writing – 
review & editing, Validation. José M. Gómez-Rodríguez: Methodol
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