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A B S T R A C T

Tailoring the electronic properties of graphene is crucial for a variety of applications. In this study, we investigate 
the graphene growth on the high Miller-index, anisotropic Ir(311) surface, where it self-organizes into one- 
dimensional ripples accompanied by a short-wavelength, two-dimensional wave pattern that is spatially 
confined between them. By employing a combination of spectroscopy- and microscopy-based techniques, we 
show that carbon atoms on the ripples interact weakly with the substrate, whereas those in the flatter region 
between two ripples experience stronger interaction with iridium atoms, leading to a partial rehybridization of 
carbon orbitals towards sp3 character. Complementary density functional theory calculations identify at least 
three distinct families of non-equivalent carbon atoms within the graphene layer and reveal that atoms on ripples 
are subjected to compressive strain. Since both compressive strain and corrugation are key factors in influencing 
graphene’s chemical reactivity, the coexistence of two different wave pattern on graphene/Ir(311) system points 
to a region-specific reactivity. This spatial modulation of properties offers exciting potential for the design of 
bifunctional catalysts, particularly for hydrogen storage applications and for advanced materials in spintronic.

1. Introduction

Since its initial isolation via mechanical exfoliation, graphene has 
emerged as a promising material for applications in various fields, 
including electronics and sensing, due to its unique properties, such as a 
large surface area, high thermal stability, exceptional mechanical 
strength, and excellent electron mobility [1–4]. Graphene has also been 
widely explored in catalysis, both as a support and as a catalyst itself 
[5–7]. However, pristine graphene in its ideal form, due to its stable, 
delocalized π-electron system, is considered chemically inert but it can 
be activated or functionalized for applications in catalysis. To achieve 
this, defects, strain, and doping atoms have been introduced to 
strengthen the interaction between graphene and catalytic species, 
thereby improving adsorption stability [8,9]. For instance, Zhou et al. 

demonstrated that the adsorption energy of gold nanoclusters increases 
on strained graphene [10], while nitrogen-doped graphene has been 
shown to act as an effective metal-free catalyst for the oxygen reduction 
reaction [11–13].

Another approach to modify the properties of graphene while 
enabling high-quality synthesis is its growth on different metallic and 
non metallic substrates [14,15]. It is known, for example, that the 
interaction of graphene with Cu depends on both crystallographic 
orientation and oxidation of the surface [16]. For example, Burton et al. 
identified Cu(168) as an ideal surface for high-quality growth and sub
sequent transfer of graphene [17]. On the other hand, depending on the 
lattice mismatch and the degree of hybridization between the carbon 
lattice and the substrate, graphene can adopt distinct structural con
figurations, ranging from a quasi-freestanding form - such as on Pt(111) 
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and Ir(111) [18–21] - to highly corrugated geometries, as observed on 
Re(0001) [22], Rh(111) [23] and Ru(0001) [24,25]. These 
graphene-metal interfaces can also serve as templates for the growth of 
two-dimensional periodic arrays of atoms, molecules and nanoparticles 
[26–34]. Among substrates that lack C3v symmetry, Ir(100) is particu
larly notable, as graphene grown on this surface exhibits two distinct 
and spatially separated structures, as determined by low-energy electron 
microscopy and theoretical calculations [35,36]. In most regions, the 
carbon layer remains nearly flat and interacts weakly with the Ir atoms. 
However, in certain areas, periodic two-dimensional ripples form, where 
small rows of carbon atoms exhibit strong interactions with the substrate 
[37]. This strong interaction is reflected in the C 1s core-level spectrum, 
where an additional component—accounting for approximately 2.1 % of 
the total spectral weight—appears at a higher binding energy (BE) 
(+0.90 eV) compared to the peak associated with weakly interacting 
carbon atoms, a feature commonly observed in graphene-metal systems 
with strong substrate interactions [38,39].

Among the various metal substrates, anisotropic and high Miller- 
index surfaces offer an alternative strategy for producing unique tem
plates. Their periodic arrays of atomic steps provide an excellent plat
form for inducing one-dimensional modulations in graphene. On Cu 
(410)-O, for example, graphene forms a quasi-one-dimensional super
lattice with a periodicity matching that of the substrate steps (7.4 Å), 
similar to observations on Cu(311) and Cu(210) [40]. On Fe(110), 
strong carbon-iron interactions give rise to one-dimensional wave-like 
structures with a periodicity of 4 nm [41]. Conversely, graphene growth 
on Ir(332) modifies the original step structure, resulting in the formation 
of wider (111) terraces and step bunching [42,43]. On Ir(110), graphene 
adopts a wave-like pattern with a nanometer-scale wavelength and an 
apparent corrugation of only 0.4 Å [44]. However, in all these 
graphene-metal systems, the formation of one- or two-dimensional 
patterns occurs either on different metal substrates or in different but 
macroscopically separated regions of the same substrate.

In this work, we report on the growth of graphene on the vicinal Ir 
(311) surface, where the carbon layer simultaneously exhibits both a 
long-wavelength one-dimensional corrugation and a short-wavelength 
two-dimensional pattern, spatially confined between the ripples 
formed by the first morphology. Using a combination of spectroscopy- 
and microscopy-based experimental techniques, complemented by 
density functional theory (DFT) calculations, we demonstrate that gra
phene can be synthesized on this surface, forming periodic one- 
dimensional ripples where carbon atoms interact weakly with the sub
strate (maximum C–Ir distances of 3.41 Å). In addition, we identify 
flatter regions between the ripples where carbon atoms chemisorb onto 
surface Ir atoms. Within these flatter regions, we reveal an additional 
modulation in the C-substrate distance, with C–Ir distances in the range 
2.12–2.7 Å, attributed to alternating stronger and weaker interactions 
between carbon and iridium atoms—particularly where carbon atoms 
are positioned directly above second-layer Ir atoms of this highly open 
surface. The formation of these combined one- and two-dimensional 
corrugation patterns introduces a novel template for region-defined 
catalysis, as different graphene curvatures are known to strongly influ
ence adsorption, dissociation, and reactivity of graphene [45–47].

2. Methods

2.1. Experimental methods

Low Energy Electron Diffraction (LEED) and Spot-Profile Analysis 
LEED (SPA-LEED) images were acquired in an Ultra High Vacuum 
(UHV) chamber at the Nanoscale Materials Laboratory at Elettra – Sin
crotrone Trieste. The Omicron SPA-LEED system allows the measure
ment of the diffraction spots line shape, with a transfer width of the 
instrument which is better than 700 Å at electron kinetic energy of 115 
eV. The base pressure was always below 2 × 10− 10 mbar. High Reso
lution Core Level Spectroscopy (HR-CLS) experiments were carried out 

at the SuperESCA beamline of the Elettra synchrotron radiation facility. 
The measurement chamber is equipped with a SPECS Phoibos 150 
electron energy analyzer, provided with a delay line detector developed 
in house, LEED and mass spectrometer. The overall energy resolution 
was better than 80 meV for the chosen photon energies and acquisition 
parameters. The HR-CLS spectra were acquired by tuning the photon 
energy such to have a photoelectron kinetic energy of about 100 eV for 
the different core levels, enhancing surface sensitivity.

Scanning Tunneling Microscopy (STM) and ARPES (Angle Resolved 
Photoemission Spectroscopy) measurements were performed at the 
SGM3 end-station of the synchrotron radiation facility ASTRID2 in 
Aarhus (DK), equipped with a home-built Aarhus STM at room tem
perature, a Phoibos 150 spectrometer, a LEED unit and mass spec
trometer [48]. ARPES data were collected at room temperature using 
different photon energies between 44 eV and 110 eV with a combined 
energy and angular resolution better than 30 meV and 0.2◦ respectively. 
The sample was prepared in similar way in all the experimental set-ups, 
always crosschecking for consistency either the LEED pattern or the 
characteristics Ir core levels.

Ir(311) crystal was cleaned by repeated cycles of Ar+ sputtering and 
annealing up to 1373 K. All the core level spectra were analysed using a 
Doniach-Šunjič function (DS) convoluted with a Gaussian distribution. 
The DS profile combines a Lorentzian width L, which is related to the 
finite core-hole lifetime, with the Anderson singularity index, which 
reflects the occurrence of electron-hole pair excitations near the Fermi 
level. The Gaussian width G accounts for phonon broadening, instru
mental resolution, and any inhomogeneous broadening. The back
ground was assumed to be linear. The BEs scale was calibrated with 
respect to the Fermi energy, which was measured under the same 
experimental conditions on the very same sample.

2.2. Theoretical methods

The DFT calculations were performed as implemented in the Vienna 
Ab-initio Simulation Package (VASP) code [49]. The system was 
described with a slab composed of 8 layers of Ir, with a layer of graphene 
placed on top (see below for details). The bottom five layers of Ir were 
kept frozen at their bulk geometry, with a lattice parameter of 2.74 Å, 
and the rest of the system was fully relaxed using the rev-vdwDF2 
functional [50] until the largest residual force was less than 0.015 
eV/Å. We employed the projector augmented method (PAW) [51,52] 
using PBE potentials [53]. The plane wave cutoff was set to 400 eV, and 
the relaxations were performed by sampling the Brillouin zone using the 
Γ point only.

Core level BEs are obtained as the difference in energy from two 
calculations. The first is a standard calculation, and the second is a 
calculation in which a core electron is removed from an atom and placed 
in valence. This can be achieved by creating a new pseudo potential for 
the atom with the core hole and adding one electron to the total number 
of valence electrons. In the PAW formalism employed in VASP this is 
done during the calculation, without the need to explicitly generate a 
separate PAW for the atom with the hole in the core. In both calculations 
the total charge density is driven to self-consistency, thereby considering 
the relaxation of the valence electrons around the hole. The other core 
electrons are kept frozen, and so their screening is neglected. This is 
commonly known as the ‘final state’ approximation. The absolute values 
of the core level BEs obtained in these calculations cannot be related to 
measurable quantities, but differences in core level BEs can usually be 
obtained with accuracies of a few tens of meV. In order to align the 
measured and computed core level BEs we used a single offset param
eter. Considering Ir 4f7/2 core level as example, the offset parameter has 
been chosen in a way that the theoretically computed core level BEs for 
bulk Ir atoms were aligned with the bulk peak in the core level spectrum 
of iridium, located at 60.84 eV.
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3. Results and discussion

3.1. Structural characterization

Ir(311) is an open surface composed of two-atom-wide (111) terraces 
separated by monoatomic (100) steps, as illustrated in Fig. 1(a). The 
LEED pattern shown in Fig. 1(b) indicates that the surface does not 
undergo any reconstruction, in contrast for example to Pt(311) where a 
(1 × 2) missing-row reconstruction is observed [54].

The presence of an oblique unit cell is evidenced by the reciprocal 
unit vectors, labelled as Ir→1* and Ir→2*. The norm ratio of these vectors is 
1.69 ± 0.04, and the angle between them is 73.3◦ ± 0.8◦, in close 
agreement with the corresponding expected values of 1.73 and 73.2◦

respectively.
A monolayer of graphene was grown via the thermal decomposition 

of C2H4. The growth process involved annealing cycles, while exposing 
the Ir surface to ethylene at successively increasing pressures. For each 
cycle the crystal was maintained at the lower temperature (550 K) for 
120 s to facilitate ethylene adsorption, then the temperature was grad
ually increased up to 1373 K to promote molecular decomposition and 
carbon surface diffusion for graphene formation, as for Ir(111) [55]. For 
the first 4 cycles the pressure was set to 5 × 10− 8 mbar, then increased to 
3 × 10− 7 mbar for the final 3 cycles, for a total of seven cycles.

Following this procedure, upon cooling the sample to 300 K, addi
tional diffraction spots appeared in the LEED pattern. The characteristic 
hexagonal diffraction pattern of graphene, confirming its symmetry, is 
highlighted by the two reciprocal lattice vectors, G→1* and G→2* that 
exhibit equal magnitudes, with an angle of approximately 60◦, as 

expected for graphene (see Fig. 1(c)). Notably, the direction of G→1* is 
aligned with Ir→1*, indicating that in real space, one of the graphene unit 
cell vectors is oriented along the [011], which corresponds to the di
rection of the shortest vector of the Ir(311) primitive cell. This alignment 
is further validated by LEED pattern simulations performed using 
ProLEED Studio software, as shown in Fig. 1(d) [56].

A comparison between the simulated and experimentally measured 
electron diffraction patterns reveals additional diffraction spots. The 
presence of these extra spots, as revealed by the SPA-LEED image shown 
in Fig. 1(e), suggests the formation of two distinct superstructures, 
whose unit cell vectors are denoted as M→1* and M→2*, and P→1* and P→2*, 
respectively. The ratio between their moduli is 1.40 ± 0.1 and 1.02 ±
0.1, respectively. The angle between M→1* and M→2* is 93◦ ± 2◦, while the 
angle between P→1* and P→2* is 41◦ ± 1◦. It is important to note that M→1* 
is aligned with Ir→1* with the ratio between their moduli being 0.13 ±
0.02. The large value of the uncertainty in this ratio is caused by the 
broadening of the diffraction spots. By superimposing an ideal graphene 
lattice onto the Ir(311) surface (see Fig. 1(f)), we can observe that (i) 
along the [011] direction, 10 graphene unit cells correspond to 9 Ir cells, 
similarly to what is observed for Ir(111) [39], and (ii) the lattice 
matching along the direction orthogonal to [011], defined by the M1 
vector, is achieved after 7 Ir periodicities, in reasonable agreement with 
the experimental results. The second periodicity, related to P→1* and P→2* 
vectors, however, is more difficult to be identified at a first glance.

To gain further insight into the dimensions and symmetry of the 
graphene/Ir unit cell, we acquired STM topographs. As shown in Fig. 2

Fig. 1. Structural model and electron diffraction patterns of graphene/Ir(311). (a) Structural model of Ir(311). (b) LEED pattern of Ir(311) surface acquired at 
E = 158 eV. (c) LEED pattern of graphene/Ir(311) acquired at E = 120 eV. (d) Simulated LEED pattern of graphene/Ir(311). Red circles and vectors represent 
graphene lattice; Light blue circles and vectors are associated to Ir lattice. (e) SPA-LEED pattern of graphene/Ir(311) acquired at E = 85.5 eV M→1* and M→2* are 
depicted in blue, while P→1* and P→2* in orange. (f) Top view of the structural model with superposition of an ideal Ir(311) surface (first-layer Ir atoms in grey) and a 
graphene monolayer (red balls) oriented according to LEED findings. The M→1 and M→2 real space vectors are shown in blue. (For interpretation of the references to 
color in this figure legend, the reader is referred to the Web version of this article.)
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(a), large, flat terraces of Ir(311) are uniformly covered with graphene, 
exhibiting an ordered and periodic series of ripples oriented along the 
[011] direction. A zoom on a flat terrace, shown in Fig. 2(b), reveals the 
distinctive periodic structure formed by graphene between the main 
ripples, characterized by alternating rows of dark and bright features 
running parallel to the ripples.

Line profiles taken perpendicularly to the ripples provide measure
ments of their average apparent height and periodicity, which are 1.47 

± 0.34 Å and 33.73 ± 1.09 Å, respectively (see Fig. 2(c) and (d)). In the 
regions between the ripples, the bright features exhibit a periodicity of 
2.71 ± 0.02 Å along [011] direction, corresponding to the atomic 
spacing of Ir in the (111) terraces of Ir(311). While the hexagonal gra
phene lattice is clearly visible on the ripples (see Fig. S1 in Supple
mentary Material), the flatter regions in between are likely dominated 
by electronic effects arising from graphene-substrate interactions. This 
observation suggests that the main corrugation can be associated with 
weakly interacting C atoms, whereas in other regions, the graphene- 
substrate interaction is stronger. The line profile along the [011] di
rection (Fig. 2(e)) reveals an additional atomic buckling with an average 
corrugation amplitude of 0.3 Å. The highest parts of the corrugation 
along the [011] direction are found in a running bond arrangement as 
can be seen in Fig. 2(b). This characteristic periodic pattern between the 
ripples gives rise to the P→1* and P→2* vectors in Fig. 1(e). The real space 
vectors, P→1 and P→2, derived from the STM image of Fig. 2(b), present a 

modulus equal to 14.2 ± 0.3 Å, while the angle between them is 37.5◦ ±

2◦, comparable within the error bars with the results obtained from SPA- 
LEED imaging.

To investigate the properties of the non-equivalent carbon atoms in 
graphene, which give rise to the observed 1D and 2D corrugations, we 
performed DFT calculations. On the basis of STM and LEED results, we 
chose a unit cell that minimizes strain in the graphene lattice. The 
shortest vector of the supercell is aligned along the [011] crystallo
graphic direction and has a length of 24.66 Å, corresponding to 9 Ir 
interatomic spacings. The second vector is tilted by 2.45◦ relative to the 
perpendicular direction and has a length of 31.94 Å. The ratio between 
Ir1 and the latter vector of the supercell is 0.15, consistent with the ratio 
between M1* and Ir1* derived from LEED and SPA-LEED data analysis. 
The graphene lattice parameters deviate only slightly from those of free- 
standing graphene: 2.458 Å along the [233] direction, representing a 
0.18 % contraction, and 2.466 Å along the [011] direction, corre
sponding to a 0.12 % elongation. Notably, no initial corrugation was 
imposed on the graphene structure in the original DFT input cell.

Upon relaxation, the buckling of carbon atoms gives rise to the for
mation of ripples at the edges of the supercell, which closely resembles 
those observed in STM. The DFT structural model and calculated C–Ir 
distances in the supercell are displayed in Fig. 3. In this figure, small 
circles stand for C atoms, while Ir atoms are displayed with bigger cir
cles. Specifically, first layer Ir atoms are colored in light grey, while 
second layer Ir atoms are colored in dark grey. The maximum C–Ir 

Fig. 2. STM topographs and line profiles. (a) STM image (70 × 91 nm2) of large Ir terraces covered with graphene. (b) STM image (13 × 17 nm2) with higher 
resolution. (c) Enlarged region defined by the dashed rectangle shown in panel (b), where the vectors P1 and P2, corresponding to the reciprocal lattice vectors P→1* 
and P→2* shown in Fig. 1(e), are reported. The lower part of the panel serves as a visual guide to highlight the two-dimensional corrugation present between the one- 
dimensional ripples. (d) Line profile of the STM image in panel (a) along the black line. (e) Line profile of the STM image in panel (b) along the black line. (f) Line 
profile of the STM image in panel (b) along the blue line. Tunneling parameters are (a) Vt = − 42.1 mV, It = − 330 pA. (b) Vt = − 50.4 mV, It = 190 pA. (For 
interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.)
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distance of carbon atoms on ripples is 3.41 Å, a value close to the C–Ir 
height in graphene/Ir(111) [57], for a maximum corrugation of 1.29 Å.

A closer inspection of the relaxed cell shows, besides the ripples, also 
the presence of a 2D corrugation. This 2D corrugation is highlighted by 
P→1 and P→2 vectors in the flatter part of the cell, in between two ripples. 
The average periodicity of this wave pattern along the [233] direction is 
8.64 Å with a vertical displacement of 0.43 Å. Along the [011] direction 
of the cell, the graphene lattice parameter remains almost unchanged 
with respect to the unrelaxed slab. However, another corrugation is 
present. C atoms placed on top of second-layer Ir atoms are in turn 
vertically displaced by 0.43 Å and this wrinkling presents the same 
periodicity of the supercell in the [011] direction. These two corruga
tions give rise to the running bond bright-dark spots pattern which was 

imaged by STM (Fig. 2(b)). The modulus of the P1 and P2 vectors, shown 
in Fig. 3(a), that define these corrugations and the angle between them, 
i.e. 14.06 Å and 39.2◦, are consistent with the ones of P→1* and P→2* 
vectors revealed by SPA-LEED analysis and the corresponding real space 
vector derived from STM.

3.2. Chemical and electronic properties of the Gr/Ir interface

HR-CLS measurements confirm the presence of non-equivalent car
bon atoms on the surface. The C 1s core level spectrum, shown in Fig. 4
(a), initially appears to consist of two peaks. However, fitting the 
spectrum using only two components resulted in a poor-quality fit (blue 
line in Fig. 4(a)). In contrast, incorporating a third component with the 
same Lorentzian width and singularity index significantly improves the 

Fig. 3. DFT calculated C–Ir distances. (a) Top and side views of the DFT structural model of graphene/Ir(311). Color scale reflects the separation between C atoms 
and the Ir substrate beneath. P1 and P2 vectors are shown with white arrows. (b) Histogram of the carbon atomic population as a function of C–Ir distance. (For 
interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.)

Fig. 4. C 1s core level spectrum and DFT computed C core levels distribution. (a) C1s core level spectrum of graphene/Ir(311) measured at normal emission and 
hυ = 400 eV (empty circles). Red line represents the fit obtained with three components, while the blue one identifies the fit done using two components. Colored 
lines are used to identify the three carbon atom families used in the approximation. The superimposed histograms display the C atomic population as a function of the 
DFT calculated core-levels. (b) Structural model of the supercell where the color scale used for non-equivalent C atoms reflects the DFT-calculated C 1s core electron 
BEs. First- and second-layer Ir atoms are shown in light and dark grey, respectively. (For interpretation of the references to color in this figure legend, the reader is 
referred to the Web version of this article.)
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fit, accurately reproducing the experimental spectrum (red line in Fig. 4
(a)). The BEs of the three identified components are 284.19 ± 0.03 eV, 
284.48 ± 0.03 eV, and 284.81 ± 0.03 eV. We would like to point out 
that fitting with three components constitutes a simplified picture as 
each inequivalent carbon atom has its own core level, as supported by 
DFT-calculated core electron BEs and illustrated in Fig. 4(b). In this 
figure, carbon atoms exhibiting different C 1s BEs are color-coded 
accordingly. This differentiation appears also in the histogram shown 
in the lower part of Fig. 4(a) where, besides the peaks at high and low 
BEs, a non-negligible population of carbon atoms is associated with in
termediate BEs (about 284.5 eV).

The lowest BE component originates from C atoms located on the 
ripples, which interact weakly with the underlying Ir atoms. Conversely, 
the highest BE component corresponds to C atoms in the flattest regions 
of graphene on top of Ir first layer atoms, where the average C–Ir dis
tance is 2.12 Å, indicating a strong interaction with the substrate. The 
intermediate component is associated with C atoms placed on Ir second 
layer atoms, where the C–Ir bonding is not as strong as the one with Ir 
first layer atoms, but not as weak as on ripples.

The strong C–Ir interaction in the flatter region is further evidenced 
by the Ir 4f7/2 core level spectrum, which, unlike the case of graphene on 
Ir(111) [58] where the interaction is dominated by van der Waals forces 
[57], is significantly affected by graphene growth. Eventually, as in the 
case of Ir(111), also for this surface the carbon layer consists of a 
monolayer. This is evidenced by the reduction of the Ir 4f7/2 core-level 
signal (see Fig. S2 in the Supplementary Materials), which is very 
similar in both cases. In fact, for graphene grown on Ir(111) the overall 
reduction amounts to 37 ± 5 %, which is very close to the value obtained 
for Ir(311), namely 29 ± 5 %. For Ir(311), the spectrum of the clean 
surface can be fitted using three components, as shown in Fig. 5(a). The 
peak at 60.84 eV (IrB) is attributed to bulk Ir atoms, while the other two 
components, shifted by − 750 ± 30 meV and − 410 ± 30 meV, corre
spond to first- (Ir1) and second-layer Ir atoms (Ir2), respectively [59]. 
Upon graphene growth, the spectral weight of the lowest BE component 
is significantly reduced, while its BE remains unchanged (Fig. 5(b)). In 
contrast, the second-layer Ir component exhibits a slight additional en
ergy shift to − 40 meV relative to the clean surface (total BE shift of 450 
± 30 meV relative to IrB) and its spectral weight increases. This apparent 
contradiction—an increase in the spectral weight of second-layer Ir 
atoms—is explained by the emergence of a new component at a similar 
BE, as confirmed by the DFT-calculated Ir 4f7/2 core level histogram in 

Fig. 5(b).
Indeed, only the first-layer Ir atoms located beneath the ripples 

retain an almost unchanged Ir 4f7/2 BE, as shown in the structural model 
reported in Fig. 5(c), where the color scale associated to the Ir atoms 
refers to the computed BEs. In contrast, the remaining first-layer Ir 
atoms, due to their stronger interaction with C atoms, give rise to a new 
group of Ir atoms with Ir 4f7/2 BEs that are, however, very close to those 
of the second-layer atoms, which remain essentially unchanged. As a 
result, these components are grouped for simplicity into a single fitting 
component in the spectral analysis.

To further investigate the electronic properties of such a plethora of 
different interactions, we performed ARPES measurements with the 
purpose of identifying how the characteristic band structure of graphene 
is affected either by the ripples (nearly one dimensional and quasi- 
freestanding) or in the more interacting area (two dimensional with 
low corrugation). In many cases indeed the coexistence of different 
structures can be recognized as a simple superposition of spectra coming 
from the different phases simultaneously illuminated by the photons 
[60,61]. In Fig. 6(a) spectra acquired at 110 eV photon energy covering 
more than one surface Brillouin zone (sBZ) show a rich Fermi surface 
dominated by the Ir states (clean Ir(311) reference data are presented in 
the Supplementary Material together with comparison at different 
photon energies in Figs. S3–S5). The characteristic sp-band forming two 
elongated sharp states along the short side of the sBZ (orange arrows) is 
clearly visible and can be mistaken for the characteristic Dirac cone of 
graphene (Fig. 6 (b)). However, considering the energy dispersion of the 
spectra shown here it is clear that, not only the characteristic triangular 
shaped constant energy surfaces of graphene π-band are not visible 
(Fig. 6(c)), but also all the dominating features belong to Ir(311).

The pronounced buckling accounts for the absence of a well-defined 
π-band in the graphene band structure across various photon energies, 
consistent with similar observations on Ir(110) and Ru(0001). In 
accordance with charge density calculation, the detection of sharp sur
face states associated with Ir(311) is suppressed by the presence of 
graphene. This contrasts with the case of Ir(111), where the weaker 
interaction allows these states to remain detectable [63]. One could 
possibly speculate on the reasons why the one dimensionality of the 
ripples with higher density of states is not observed in ARPES, however 
the presence of much stronger intensity coming from the sp-band of the 
underlying substrate in the same region of k-space thwarts its 
observation.

Fig. 5. Ir 4f7/2 core level spectra and DFT computed Ir core levels distribution. (a) Ir 4f7/2 core level of clean Ir(311) and (b) graphene covered Ir(311) measured 
at normal emission and hυ = 200 eV (empty circles) together with the best fit (red solid line). Calculated BE distribution originated by the first- and second-layer Ir 
atoms of the supercell is reported in panel (b). Different colours are used to identify different components. (c) Structural model of the supercell where the color scale 
used for non-equivalent Ir atoms reflects the DFT-calculated Ir 4f7/2 core electron BEs. Carbon atoms are shown as red empty circles. (For interpretation of the 
references to color in this figure legend, the reader is referred to the Web version of this article.)
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3.3. Relationship of graphene structural and electronic properties with its 
curvature

The formation of 1D ripples could be related to the graphene growth 
temperature and to the different thermal expansion coefficients of Ir and 
graphene [64], which are known to have opposite signs. The cooling 
process could induce stress effects in graphene with the consequent 
formation of strong surface corrugation, as observed in our system. The 
wrinkling observed in the flatter region of the graphene/Ir(311) system, 
located between the 1D ripples, is not uncommon, as it closely resembles 
the structure of graphene on Ir(110) [35]. This 2D corrugation pattern 
exhibits a buckling amplitude of 0.43 Å along the [233] direction, which 
is very similar to that of graphene on Ir(110) (0.46 Å), and has a peri
odicity of 8.64 Å. Notably, this corrugation is significantly larger than 
that of the moirè pattern observed for graphene grown on Ir(111), where 
the amplitude is only 0.35 Å [57]. We notice that in both graphene/Ir 
(311) and graphene/Ir(111) systems, the configuration corresponding to 
the maximum C–Ir separation consists of a carbon hexagon centered 

directly above a first-layer Ir atom, suggesting that this arrangement 
minimizes the interaction between graphene and the Ir substrate.

In contrast, the pronounced corrugation observed for the 1D ripples 
along the [011] direction, with a buckling amplitude of 1.29 Å, is 
exceeded only by the graphene/Ir(100) interface, where the buckling of 
C atoms is even more pronounced, i.e. 2.1 Å [35]. In this case, the 
maximum C–Ir separation reaches 4.0 Å, whereas for graphene/Ir(111) 
the largest C–Ir distance is 3.62 Å, occurring at the peaks of the 2D moiré 
pattern. For the graphene/Ir(311) system, the maximum C–Ir separation 
is 3.41 Å, found at the 1D ripples.

The significant variations in C–Ir height are reflected in the C 1s core- 
electron BEs, where greater C–Ir distances correspond to lower BEs. 
Additionally, it is important to emphasize that, in the flatter regions of 
graphene, the interaction with the substrate is strongly influenced by the 
relative positioning of C atoms with respect to the underlying Ir atoms. C 
atoms located directly above first-layer Ir atoms exhibit a C 1s core- 
electron BE that is shifted by up to 0.3 eV toward higher BEs 
compared to those positioned above second-layer Ir atoms. This shift 

Fig. 6. ARPES measurements on graphene grown on Ir(311). (a) Photoemission intensity at the Fermi level with guide to the eye polygons indicating the Ir(331) sBZ 
(in red) and the graphene one (in blue). (b) Energy dispersion along the MΓK direction of the graphene BZ. Tight binding calculation for freestanding graphene 
π-band up to the third nearest neighbours are shown just as a reference guide for the reader with a dashed blue line [62]. (c) Constant energy surface at 2 eV BE 
(yellow line in (b)) where the typical triangular shaped pockets of the Dirac cones around K are expected to be visible in the free-standing case. (For interpretation of 
the references to color in this figure legend, the reader is referred to the Web version of this article.)

Fig. 7. Computed charge density distribution and charge density iso-surfaces. (a) Supercell with the crystallographic directions of the cuts, shown by segments 
labelled S1, S2 and S3. (b) Charge density slice along [311] plane. (c) Cuts along [011] and [233] directions. The direction of the cuts S1, S2 and S3 are reported in 
panel (a).
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indicates minimal charge transfer between these C atoms and the Ir 
atoms, similar to what is observed in the ripple regions.

To gain deeper insight into the electronic charge redistribution at the 
graphene/Ir interface, as previously done for graphene on other surfaces 
[65], we calculated the charge density using a 252 × 320 × 324 grid, 
ensuring a uniform spacing of 0.1 Å along the [011], [233], and [311] 
directions, as illustrated in Fig. 7.

A cut in a plane parallel to the surface, located at a z of 11.44 Å (i.e., 
0.2 Å above the ripples) (Fig. 7(b)), highlights the two-dimensional 
charge localization pattern in the flatter region of graphene, revealing 
the characteristic bright and dark features observed in STM images. Cuts 
along non-equivalent planes orthogonal to the surface - specifically 
along the [233] (S1) and [011] (S2 and S3) directions - shown in Fig. 7(c) 
along with charge density iso-surfaces - confirm that the overlap of the 
charge density between C and Ir atoms is negligible. In contrast, beneath 
C atoms in the flatter region between the ripples, which are positioned 
directly above first-layer Ir atoms, there is an increased electron charge 
localization.

This behavior can be attributed to orbital rehybridization of carbon 
states toward sp3 hybridization, as evidenced by both the increased C 1s 
core-electron BE and the elongation of C–C bond lengths, which expe
rience tensile strain (see Fig. 8). Strain is defined as the percentage 
variation of the average C–C distance between nearest neighbours atoms 
with respect to the value of unstrained graphene, i.e. 1.42 Å. Our find
ings are in good agreement with those of Haerle et al. [66], who reported 
that the C 1s core-electron BE for sp3-hybridized carbon is approxi
mately 0.8 eV higher than that of sp2 carbon atoms. This shift closely 
matches the difference we observe between the weakly and strongly 
interacting C 1s components in the graphene/Ir(311) system, further 
supporting the presence of carbon orbital rehybridization.

In contrast to the flatter regions, graphene lattice in the ripple re
gions experiences compressive strain, as shown in Fig. 8. This effect can 
have significant consequences on the local reactivity of graphene. As 

shown by McKay et al. [67] indeed the compressive strain in graphene 
substantially reduces the dissociation barrier of H2. More broadly, var
iations in graphene corrugation have been linked to changes in its 
chemical reactivity: the greater the corrugation, the higher the chemi
sorption energy, such as in the case of H2 (less than − 1.5 eV/H2 for 
highly curved graphene) [68], which is known to be only 50 meV for 
free-standing graphene [69].

A widely used parameter to quantify graphene corrugation is the 
ratio between the ripple height h and its diameter d (or radius R), 
expressed as a percentage. In our system, which exhibits both one- and 
two-dimensional corrugations, the 2D periodic wave pattern results in a 
curvature of 7 % (h/R ratio of 0.14), whereas the 1D periodic ripples 
reach a corrugation value of 11 %. For comparison, the hills of the moiré 
pattern of graphene on Ru(0001) and Ir(111) exhibit local curvatures of 
approximately 7 % and 1 %, respectively (see Fig. S6 in the Supple
mentary Material).

Notably, our values are comparable to the threshold reported by 
Boukhvalov (h/R = 0.07), above which H2 chemisorption becomes 
energetically favorable [68]. This observation is further supported by 
recent DFT calculations and Raman spectroscopy data: for curvatures 
exceeding 10 % (h/d ratio >0.10), the energy barrier for H2 dissociation 
drops below 1 eV, significantly lower than the 3-eV barrier reported for 
flat graphene [70,71].

Beyond hydrogen dissociation, graphene rippling has been shown to 
enhance catalytic activity in various contexts. For example, aryl radicals 
selectively adsorb and react with highly corrugated regions of graphene 
[72], and functionalization with 4-nitrobenzenediazonium tetra
fluoroborate becomes energetically more favorable as out-of-plane dis
tortions in carbon lattice increase [73]. Furthermore, curved graphene 
has been reported to improve the reactivity of single-atom catalysts in 
ammonia synthesis [74].

Fig. 8. Colour map of average strain in graphene. Strain is defined as the percentual average variation in the C–C bond length between nearest neighbours atoms 
with respect to the value of 1.42 Å. The color scale of the plot ranges from positive strain in red to negative strain in blue. (For interpretation of the references to color 
in this figure legend, the reader is referred to the Web version of this article.)
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4. Conclusions

In this work, we have demonstrated that the growth of graphene on Ir 
(311) leads to the formation of a monolayer exhibiting a unique coex
istence of corrugations with different physical dimensionalities—spe
cifically, both one-dimensional and two-dimensional periodic 
modulations—combined with a pronounced degree of curvature. This 
structural configuration results in a highly buckled graphene sheet, 
distinct from what is typically observed on low-index metal surfaces.

The ability to engineer two distinct periodic curvatures with sub
stantial corrugation amplitudes, as shown in our graphene/metal model 
system, opens new opportunities for tailoring the chemical reactivity of 
graphene. Such a double-curvature configuration could endow graphene 
with bifunctional catalytic properties, where different regions may 
selectively interact with distinct chemical species. Moreover, the 
enhanced curvature, with local mechanical strain [75], could enable 
graphene to act as an efficient, lightweight material for 
temperature-controlled hydrogen adsorption and release. Besides its 
relevance for chemical reactivity, curved graphene is known to induce 
electron-hole asymmetric spin splitting and varied energy-level behav
iours under magnetic fields [76]. Curvature-induced spin-orbit coupling 
is also recognized to design materials with valley-contrasting spin-orbit 
interactions, thus providing strategies for tailoring electronic properties 
through curvature manipulation [77].

Finally, our findings suggest that the synthesis of corrugated gra
phene with tunable curvature profiles is not necessarily limited to Ir 
(311), but could, in principle, be extended to other anisotropic and 
potentially more cost-effective substrates, such as copper and nickel. 
This approach may pave the way for scalable strategies to fabricate 
chemically versatile graphene-based systems with promising applica
tions in catalysis, electrochemistry, hydrogen storage, and offering 
pathways for designing advanced materials in spintronics and related 
fields.
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Dario Alfè: Writing – review & editing, Validation, Supervision, Fund
ing acquisition, Formal analysis, Data curation. Alessandro Baraldi: 
Writing – review & editing, Writing – original draft, Supervision, 
Investigation, Funding acquisition, Conceptualization.

Declaration of competing interest

The authors declare the following financial interests/personal re
lationships which may be considered as potential competing interests: 
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