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ABSTRACT In order to unravel the complex interplay between substrate interactions
and film configuration, we investigate and characterize graphene on a support with non-

three-fold symmetry, the square 1r(100). Below 500 °C, distinct physisorbed and

chemisorbed graphene phases coexist on the surface, respectively characterized by flat

and buckled morphology. They organize into alternating domains that extend on
mesoscopic lengths, relieving the strain due to the different thermal expansion of film

and substrate. The chemisorbed phase exhibits exceptionally large one-dimensional
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ripples with regular nanometer periodicity and can be reversibly transformed into physisorbed graphene in a temperature-controlled process that involves

surprisingly few C—Ir bonds. The formation and rupture of these bonds, rather than ripples or strain, are found to profoundly alter the local electronic

structure, changing graphene behavior from semimetal to metallic type. The exploitation of such subtle interfacial changes opens new possibilities for

tuning the properties of this unique material.
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he study of the graphene—metal inter-
face has become a mainstream topic
in materials science research, owing to
its importance for the synthesis and exploita-
tion of this sp>-hybridized carbon network
characterized by exceptional electron trans-
port and other unique physical properties.'
As a matter of fact, interfacial interactions
play a key role in a number of fundamental
processes that concern basic research,
such as graphene growth and stability® or
the fabrication of graphene-supported me-
tallic nanostructures.* From the applications
standpoint, accurate control over the metal—
graphene interaction in heterostructures is
crucial in both preserving and modifying the
electronic properties of graphene, in order
to enable their fruition in a variety of devices
based on quantum architectures.>®
Known since the early days of surface
science,”?® epitaxial graphene has disclosed
an unexpected variety of nanotextured mor-
phologies and structures, which manifest
the different nature and varying strength of
the interactions occurring at the interface.’
Among the most studied systems, single-layer
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graphene on fcc(111) or hcp(0001) transition
metal surfaces exhibits a plethora of rota-
tional structures and moiré patterns, which
stem from the small lattice mismatch be-
tween graphene and substrate and are
often accompanied by the formation of
regular three-dimensional corrugations in
the film.">~ "2 It is now well-known that
substrate interactions influence not only
the film morphology but also, and most
importantly, its electronic properties.'>'®
This concept has opened up the possibility
to tune both doping and band gap in weakly
coupled graphene systems,'”'® either by
choosing different metals as support'® or by
intercalating adspecies and buffer layers.?°
Conversely, the opposite condition of strong
hybridization with metallic states may impact
the 7 band, as occurs for monolayer gra-
phene on Ni?' 23 and, even more dramati-
cally, for Ru.*

The characterization of graphene on crystal
faces with non-three-fold symmetry is gain-
ing increasing scientific attention because
of the notable properties exhibited by the
grown film and future use of polycrystalline
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substrates for large-scale graphene synthesis. Notable
examples are those of Cu(100),>*** due to the impor-
tance of this system for graphene transferring tech-
niques, and Fe(110).%° A peculiar aspect observed
for graphene on Cu(100), in particular, is the formation
of regular one-dimensional moiré structures with nano-
meter periodicity.”’~%° In the present work, we focus
on graphene on a square symmetry support, Ir(100).
Our work addresses the interplay between C—Ir bond-
ing, film morphology, and electronic structure, with the
aim of disentangling the effects of the film configura-
tion and substrate interaction on the quasi-particle
dispersion. A unique feature we find for this system is
the occurrence of a reversible phase transformation
between physisorbed and chemisorbed phases char-
acterized by flat and buckled morphology. The latter
exhibits exceptionally large one-dimensional ripples
with a periodicity of 2.1 nm, closely resembling a
structure recently observed for h-BN monolayer on
Fe(110).2° Owing to the challenges imposed by the size
and different orientation of graphene domains, the
complex structure of graphene on Ir was investigated
using state-of-the-art experimental and theoretical
tools, scanning tunneling microscopy (STM) for struc-
tural characterization at the atomic scale, and spec-
troscopic photoemission and low energy electron
microscopy (SPELEEM)®'32 at the mesoscale. The ex-
perimental results were substantiated by density func-
tional theory (DFT) calculations for the determination
of the atomic and electronic structure.

RESULTS AND DISCUSSION

In our experiments, graphene growth was moni-
tored in situ using low energy electron microscopy
(LEEM) and microprobe low energy electron diffraction
(LEED). Similar to the case of graphene on Ir(111) and
Ru(0001),3® graphene on Ir(100) is obtained by thermal
decomposition of ethylene at elevated sample tem-
peratures. Briefly, the formation of a C adatom lattice
gas readily lifts the Ir (1 x 5) reconstruction anticipating
condensation, which occurs at step edges. Growth
appears to be insensitive to the substrate morphology,
the graphene lattice being undisrupted by steps and
step bunches. Our LEED measurements show that the
graphene lattice is preferentially aligned at few de-
grees off the Ir{001). At variance with the case of
graphene on Cu, no other orientations are observed,
suggesting a stronger interaction with the substrate.
We note, however, that the morphology and exact
orientation of the graphene flakes depend notably on
the growth temperature. For temperatures below
680 °C, the diffraction spots are rotationally broad-
ened, the first-order diffraction exhibiting a width of
about 4°. This indicates a poor rotational coherence
between different flakes, which have typical size of
less than a micrometer. With increasing temperature,
the islands increase notably in size. At a growth
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temperature of 850 °C, the graphene lattice is aligned
at about 3.5° with respect to Ir(001). Different crystals
exhibit an improved rotational coherence (40.6° with
respect to this value). In the experiments reported
here, graphene was grown in the temperature range
of 800—850 °C; the growth was interrupted by restor-
ing UHV conditions when the crystal size was suffi-
ciently large to enable microprobe characterization.
Subsequently, the sample was rapidly cooled to room
temperature.

The LEEM micrographs in Figure 1a illustrate the
typical aspect of a graphene island at ambient tem-
perature. The island extends for several micrometers
and shows the coexistence of two distinct phases,
labeled FG (flat graphene) and BG (buckled graphene),
as will be justified below. The FG phase, appearing
bright in the LEEM images, predominates on the other,
which is embedded and forms elongated stripes that
propagate over micrometer lengths, with a width of a
few hundred nanometers. The stripes are aligned at
70—75° with respect to Ir{001) and cover about 20% of
the graphene surface. These stripes are not observed
at high temperature, but they form during cooling
to ambient temperature, nucleating at about 500 °C,
as will be detailed later.

The LEED pattern of a graphene flake at room
temperature is shown in Figure 1d. As can be seen,
the diffraction pattern is characterized by the super-
position of the six first-order diffraction beams of
graphene (indicated by the red arrows) and numerous
other spots forming a coincidence structure with
Ir with a periodicity of 11 lattice units along I001).
We examined 25 graphene flakes grown under the
same conditions and observed the same structure in
more than 65% of the cases. In the remaining cases, we
observed closely related structures, the coincidence
being a few degrees off the Ir{001), resulting in a slight
variation of its periodicity. A careful analysis of the LEED
pattern shows that graphene first-order spots do not
exactly match those of the coincidence structure (see
the Supporting Information). Thus, we conclude that
the graphene lattice is incommensurate to the sub-
strate. In fact, the LEED of the FG phase exhibits a weak
moiré pattern, originating from multiple scattering
between the graphene lattice and the Ir lattice. The
spot position is similar for the FG moiré and BG
coincidence, but their intensity is distinctly different,
the FG moiré being overwhelmed by the coincidence
structure. Double scattering spots can be identified at
high temperatures when the BG phase disappears (see
Supporting Information). We note that graphene's
diffraction beams display six-fold symmetry, which
suggests that the film thickness is one layer.

Dark-field (DF) LEEM was used to correlate the LEED
(low energy electron diffraction) pattern to the real-
space surface structure. Representative images obtained
using the first-order diffraction of graphene and the
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(d) LEED

Figure 1. (Left panel) LEEM images of a graphene island at room temperature; principal crystallographic directions of Ir are
indicated. (a) Bright-field LEEM at V. = 12 eV; FG, BG, and Ir are identified by the corresponding labels. (b) Dark-field LEEM
using FG first-order diffraction at V., = 50 eV. (c) Dark-field LEEM using one of the superstructure beams, V..« = 12 eV. (d)
Microprobe LEED on a similar island, V.. = 38 eV. The distortion is due to imperfect diffraction imaging conditions in our
instrument. FG first-order spots are surrounded by the red arrows; for commodity, the blue circles mark the position of Ir first
order spots on the unreconstructed (100) surface. (Middle panel) Large-area STM image of FG and BG domains (e), highlighted
by the white contours (V,, = —300 mV, I, = 1 nA). (f) STM image of the BG phase (V}, = 50 mV, /; = 2 nA). (g) Atomic resolution
image of BG, with FG on the left-hand side (V,, = —4 mV, I, =5 nA). (Right panel) Two contiguous BG unit cells (h), as determined
by ab initio calculations. C atoms are indicated in red, Ir in blue; unit vectors (red) have been drawn sideways. The plot also
shows the charge density difference between the BG phase and the noninteracting components (Ir slab + free graphene):
green (orange) indicates positive (negative) charge differences, highlighting chemisorbed carbons (charge depletion). (i) Side
view over BG, illustrating its large corrugation. For clarity, only the topmost Ir layer is shown. (j) Simulated STM image of BG at

Vb =—4mV.

coincidence structure beams are shown in Figure 1b,c,
respectively. As can be seen, the dominant phase (FG)
maps the extent of incommensurate graphene and the
thin stripes (BG) that of the coincidence structure. The
perfect complementarity between the two images,
which can be appreciated by the evident inversion of
contrast, further proves that the coincidence structure is
not due to the moiré pattern accompanying the incom-
mensurate graphene (FG), but rather to a different phase.
The low energy electron reflectivity of the BG phase is
lower than that of the FG phase, showing however
almost identical dependence on the electron kinetic
energy, which indicates a closely related crystal structure.

XPEEM (X-ray photoemission electron microscopy)
measurements of the C 1s and Ir 4f core level emission
(see the Supporting Information) allowed us to con-
clude that FG and BG have the same layer thickness
and relatively similar atomic densities, BG surpassing
FG by an estimated 2%. Both phases show a strong C 1s
peak at 283.95 eV binding energy, a value that confirms
their graphitic nature. The C 1s spectrum of BG shows a
second smaller component, shifted at higher binding
energy (284.7 eV) with respect to the main emission
peak, suggesting the existence of a more strongly
bound minority C species.

In order to characterize the atomic structure of the
aforementioned graphene phases, we carried out STM
measurements at high resolution. The wide-area image
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in Figure 1e illustrates the typical morphology of a
single-layer graphene island at room temperature. As
can be seen, few large domains showing flat morphol-
ogy are separated by narrower regions resembling the
stripe-shaped domains (BG) observed in LEEM. In STM
at atomic resolution, both regions display the typical
honeycomb hexagonal pattern of graphene, as can
be seen in Figure 1g. Under appropriate conditions,
a weak moiré pattern can be observed on the FG phase
(see the Supporting Information), aligned parallel
to the BG stripes, similar to the case of graphene on
Cu(100).28?° The stripes observed in BG display, how-
ever, a much stronger contrast.

At closer inspection, the BG structure exhibits a
perfectly regular texture consisting of nanometer-
sized, one-dimensional nanostripes aligned to 1r{010),
with a periodicity of 2.1 nm along Ir{001) (Figure 1f,g).
Note the intensity modulations also along the direction
of the nanostripes, which create a sort of zigzag pattern
with a period of 9 graphene rows. No appreciable
variations in STM can be noticed when imaging empty
or filled states, which suggests that these features are
due to height variations (ripples) and not to electronic
effects. The apparent distortion of the lattice observed
close to the dark stripes indicates that these regions
have the highest curvature. STM shows that the gra-
phene lattice is continuous along Ir{001), both across
the stripes and across the transition from flat to
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buckled regions; the lattice is evidently distorted at the
end of the (010) termination of the dark stripes.
Although no sharp boundaries are here observed,
STM images cannot exclude the presence of isolated
point defects or dislocations.

The above information, together with LEED, was
used to determine the BG commensurate structure
unit cell (see the Supporting Information), shown in
Figure Th. One of the unit vectors is aligned parallel
to I{070), extending for 5 Ir lattice units (19.2 A). The
other forms an angle of about 15° with Ir{001), with
a length given by the sum of 5.5 afpo1y (21.12 A) and
1.5 a'{om (5.76 A). The simulation of the LEED pattern
of the unit cell of BG matches the experimental data
(see the Supporting Information). It is important to
note that, due to the 3.5° rotation of the graphene unit
vectors with respect to Iro1y, the diffraction spots of
incommensurate graphene match closely those of the
coincidence structure. The projected density of C
atoms in the BG unit cell is 3.6% denser than that of
FG, which corresponds reasonably well to the XPEEM
estimate of 2%.

The equilibrium buckling and atomic positions with-
in the unit cell of the new BG phase were determined
theoretically. The side view of the cell in Figure Ti
illustrates the exceptionally large buckling of the BG
phase. Our GGA calculations show that the minimum
and maximum separation between graphene and Ir are
1.9 and 4.0 A, respectively, yielding a buckling of 2.1 A.
This buckling is significantly larger than any buckling
previously found for chemisorbed graphene systems,
including the largest GGA value calculated so far, that
is, 1.5 A for graphene/Ru(0001).3* The experimental
and simulated STM images in Figure 1g,j exhibit a
striking similarity, corroborating the accuracy of the
DFT results. The simulations confirm that the dark
stripes observed in STM correspond to the part of the
film which is closer to the surface. As the GGA calcula-
tions do not consider van der Waals interactions, we
have also simulated the BG phase by applying the
empirical dispersive corrections, within the DFT-D
scheme®>3® As a result, the chemisorbed atoms
closest to the surface are moved slightly further away
from the surface to the distance of 2.1 A, while the
buckling is reduced to 1.7 A.

The analysis of the calculated spatial distribution of
the charge density, used to generate the color code in
Figure 1h, indicates that only a small fraction of the
C atoms, namely, 18 over 160 in the cell (i.e., 11%), is
actually chemisorbed to the Ir substrate, while the
remaining part is physisorbed. On the experimental
side, the high binding energy component in the C 1s
spectrum of the BG phase can be ascribed to the
chemisorbed atoms, based on an established interpre-
tation of the photoemission spectrum of strongly
and weakly bound C species.'®'? The fit of the buckled
phase C 1s spectrum, reported in the Supporting
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Figure 2. (a) u-ARPES pattern of a graphene island on
Ir(001) at room temperature; photon energy hv = 40 eV; a
start voltage of 36.4 eV was chosen in order to image Eg.
Principal directions in the FBZ are indicated by the white
dashed lines. (b) Cross section through one of the Dirac
cones along a plane normal to I'—K, as indicated by the red
dashed line in (a). Ep was determined as the intersection
point of the two red lines fitting the 7 band momentum
distribution curves. (c) Intensity profile along the red ver-
tical line in (b) and determination of E; in a fit. (d) Dark-field
XPEEM image of the same island shown in Figure 1. The
image was obtained positioning an aperture at the K point
in the diffraction plane, as indicated by the red circle in (a).
The image intensity is proportional to the DOS close to K at
E. (€) Normal emission XPEEM image at Eg. Image intensity
is proportional to the DOS at I".

Information, shows that the chemisorbed atoms ac-
count for about 11 £ 4% (confidence interval of 68%)
of the overall emission intensity, in very good agree-
ment with theory. We conclude that the chemisorption
of just a minor part of the C atoms dramatically alters
the morphology of the film. As will be seen in the
following, it also changes significantly the local elec-
tronic structure.

The electronic structure of flat and buckled graphene
was characterized both experimentally and theoreti-
cally. Microprobe angle-resolved photoelectron spec-
troscopy (#-ARPES) was employed to probe the
dispersion of the s band at the Dirac cones within
selected single-crystal graphene islands. A representa-
tive data set is shown in Figure 2a—c. The analysis of the
momentum distribution curves confirmed linear disper-
sion close to the Fermi energy, Er. Contrary to the case
of Ir(111), where no significant doping is observed,'?
the Dirac point, Ep, is located at 0.42 &+ 0.03 eV above E;.
The remarkable differences in the electronic properties
of BG and FG phases were resolved due to a new experi-
mental approach for angle-resolved photoemission
electron microscopy, the dark-field (DF) method.?” The
DF-XPEEM micrograph in Figure 2d was obtained by
imaging emission from graphene's 7 band at the recip-
rocal space K point, selected by positioning an aperture
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in the diffraction plane. Since the ARPES intensity is
proportional to the density of states (DOS), DF-PEEM
enables a direct comparison of the local electronic
structures. As can be seen in Figure 2d, only the FG
shows up with high intensity. At the same time, the very
low image intensity observed in the stripe-shaped areas
suggests that the Dirac cones are disrupted in buckled
graphene. We thus conclude that the 4-ARPES data in
Figure 2a,b are only representative of the band structure
of the FG phase. Notably, the BG phase exhibits slightly
higher DOS at I', as demonstrated by the inversion of
contrast in Figure 2e, pointing to a strong hybridization
with the Ir states.

The above experimental observations are substan-
tiated by DFT DOS calculations. In addition to the
BG phase, we have also considered a physisorbed
flat graphene film strained to the commensurate
graphene/Ir unit cell of BG (a commensurate interface
is a prerequisite for the atomistic simulations employ-
ing periodic boundary conditions). In our calculations
for the physisorbed graphene film, the surface strain
caused by the matching condition to the theoretical
Ir lattice corresponds to a surface area contraction of
0.6% relative to the free-standing graphene monolayer.
Theoretical results for different graphene structures,
including BG, strained FG, free-standing graphene,
free-standing BG, and strained free-standing FG, are
shown in Figure 3. As can be seen, free-standing
graphene and physisorbed strained FG have very
similar characteristics (topmost two panels). For physi-
sorbed FG, Ep &~ 0.5 eV, in good agreement with our
experiments and consistent with previous calculations
for other metals.3® The calculated DOS of free-standing
strained graphene (bottom panel) exhibits similar struc-
tures as the FG phase, but there is no shift of the Dirac
point. This observation shows that the doping in the
calculated FG DOS is not an artifact related to the strain
used in our model unit cell, and thus confirms that it is
due to the interaction with the Ir substrate. BG (middle
panel) displays nonzero DOS at the Dirac point, indicat-
ing that the typical features of graphene's r band, with
linear dispersion at the cones and zero DOS at Ep, are
lost. This behavior is not observed for free-standing BG
(second panel from bottom), that is, our buckled gra-
phene without the Ir substrate. This is an important
result, which confirms that the nonzero DOS of BG at
the Dirac point does not originate from strain or
rippling but from the chemisorption to the substrate.
The disruption of Dirac cones due to strong substrate
interaction is well-known for Ru;"* on Ni, it is a
debated subject,?* with recent experiments indicat-
ing that Ep is shifted as much as 2.8 eV below the
Fermi level.?' The novel aspect highlighted in our
study is that the change in the graphene DOS at the
Dirac point, from semimetal to metallic-like, can be
induced by the chemisorption of just a small fraction
of the atoms in the unit cell (11%).

free-standing graphene

FG

DOS (Arb. Units)

free-standing BG

free-standing strained graphene

o ¥ e P

-20 -15 -10 -5
Energy (eV)

Figure 3. DFT calculations for the density of states (DOS) of
different graphene structures. From top to bottom: free-
standing graphene; physisorbed flat graphene (FG) strained
to the BG unit cell; chemisorbed buckled graphene (BG);
free-standing buckled graphene, i.e., the BG structure with-
out the Ir substrate; strained free-standing graphene, i.e., a
strained suspended graphene forced to fit to the unit cell
of the BG phase. The topmost and two bottom panels
describe, therefore, the DOS calculated for a single graphene
layer without Ir substrate. The Fermi level is placed at 0 eV.

Another striking feature of the graphene/Ir(100)
system is that the buckled structure can be reversibly
transformed into flat graphene. The LEEM images in
Figure 4a illustrate the phase transformation during
annealing from room temperature to high tempera-
tures and subsequent cooling. The dark stripes corre-
spond to BG and the bright regions to FG. Comparison
of the first and last image in the sequence shows
that the restored BG stripes do not form at the initial
locations but in different places. Further, the observa-
tion of stripes propagating across step bunches indi-
cates that the development of the BG phase is not
significantly influenced by the substrate morphology.
Our LEEM data indicate that the phase transformation
occurs in the temperature range from about 250 °C up
to about 500 °C (see Figure 4c), following a linear trend.
Upon cooling to ambient temperature, the coverage
of BG phase in the LEEM images increases steadily,
to saturate around a value of ~25% in Figure 4c. LEEM
observations are in agreement with STM experiments at
variable temperature, which did not show BG domains
(identified by the characteristic nanostripes) above
500 °C (see Figure 4b), although few isolated rows of
chemisorbed C adatoms were occasionally detected.
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Figure 4. (a) Sequence of selected bright-field LEEM images
(Vstare = 16 eV) illustrating the phase BG—FG transformation
during annealing and subsequent cooling. The dark stripes
correspond to BG, the bright regions to FG. The arrows
indicate the time direction. (b) STM images of graphene at
room temperature and 500 °C. Image size: 100 nm x 100 nm
and 50 nm x 50 nm, respectively; V,, = +50 mV, I;= 1 nA, for
both images. (c) Fractional coverage of the BG phase versus
temperature from the analysis of LEEM data evaluating
the area fraction of the dark stripes within a given gra-
phene island. Filled circles represent annealing, empty
squares a subsequent cooling. The fit (red line) serves as
a guideline to identify the temperature range where the
area fraction variation follows a linear trend. The error bars
correspond to the area of blurred contour surrounding
each BG domain, due to the lateral resolution of the
microscope.

The reversibility of the BG—FG transition suggests that
the film adapts its morphology to a changing external
stimulus, which acts as a driving force for this process.
We identify this driving mechanism as the elastic forces
at the interface. It is well-known that creation of corruga-
tions in graphene can relieve the strain resulting from
the different expansion of substrate and film. A few
notable examples have been reported in the literature:
temperature-dependent ripple formations are observed
in free-standing graphene membranes supported on
Si0, trenches Branched wrinkles reversibly appear
and disappear in cooling and annealing cycles in epitax-
ial graphene grown on Pt(111) and Ir(111).*° A recent
electron diffraction study on graphene/Ir(111) has ele-
gantly demonstrated that wrinkle formation is closely
correlated to hysteretic variations in the graphene lattice
parameter. Further, it was found that this is an activated
process, with a reported energy barrier as low as
1 eV/nm.*' Besides the generality of the stress-releasing
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argument, rippling occurs in radically different manners
on the (111) and (100) faces of Ir. On Ir(111), narrow and
tall wrinkles form far from each other, organized into
a network with random orientations.*® Conversely, our
observations on Ir(100) show that the ripples have
regular nanometer spacing and fixed orientation, form-
ing mesoscopic domains of a new denser chemisorbed
phase that alternates with regions of perfectly flat
physisorbed graphene.

The mechanistic process leading to the formation of
ripples in graphene on Ir(100) deserves special attention
and can be described as follows. At high temperatures,
due to the high amplitude of lattice vibrations, graphene
is mainly physisorbed to the substrate. However, the
rolling carpet growth observed in LEEM experiments
supports the picture that the film is already pinned at
the substrate's step bunches. With decreasing tempera-
ture, further chemisorption to the substrate occurs
initially at defects and film edges, due to their enhanced
reactivity.*>** This is qualitatively confirmed by high-
temperature STM measurements, which show a general
tendency of the graphene edges to bend toward the
substrate. Such bonds provide a stable anchorage for
the film, inhibiting sliding. As a result, compressive strain
arises in graphene, due to the mismatch in the thermal
expansion coefficients of film and substrate. In fact,
during cooling to ambient temperature, graphene
slightly expands,** while Ir contracts markedly, with a
lattice parameter (surface area) change of ~0.4% (0.8%)
from 800 to 250 °C.*> Thus, the graphene can become
more corrugated, which, in turn, might favor chemisorp-
tion in the regions of increased curvature.*** Interest-
ingly, in order to release the strain induced by the
substrate contraction, graphene organizes into alternat-
ing phases of different C surface densities that extend
on mesoscopic lengths: one of them, the BG phase, is
characterized by a C density increase of 3.6% relative to
the unstrained graphene layer, a value that is notably
larger than the 0.8% surface contraction imposed on
the entire island by the mismatch accumulated during
cooling. In this way, the other phase (FG) is left flat
and mainly unstrained or only weakly strained. Thus,
it can be deduced that the change of strain is mostly
accommodated by varying the fractional coverage of
the denser BG phase, rather than the ripple amplitude or
period. In fact, conservation of mass allows us to roughly
predict the proportion between the unstrained FG and
the denser BG. By imposing an average density increase
of 0.8% when cooling graphene from 800 to 250 °C
and assuming FG is essentially unstrained, we obtain a
rough estimate of the BG fractional area of 22% (see
Supporting Information), in good agreement with the
experimental results. Upon further cooling from 250 °C
to room temperature, presumably for kinetic reasons,
the system cannot change the proportion of the BG
phase, despite the increase of strain. The additional
strain at that point most likely compresses in equal
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measure both the BG and FG parts of the graphene-
covered surface.

The scenario of the strain release as driving force for
the formation of the BG phase is supported by our
ab initio calculations for FG and BG, which show that
the strain of 0.8% imposed by the different thermal
contraction/expansion will not be fully accommodated
by FG. Indeed, both GGA and DFT-D calculations on the
FG phase strained to the unit cell of BG (0.6% con-
traction strain) place it higher in energy than BG
(in GGA by 0.05 eV per BG unit cell and in DFT-D by
1.68 eV per BG unit cell). This is in full agreement with
the mechanism responsible for the creation of the BG
phase, on the basis of which it can be expected that
the energy of the thermally strained FG phase should
be higher than the weighted average of the BG and
equilibrium FG energies, as detailed in the Supporting
Information.

We would like also to emphasize that the difference
in density between FG and BG is anisotropic: we obtain
values of approximatively 1.2% and 3.4% along IrTo)
and Iro1y, respectively. Due to the isotropic contrac-
tion of the substrate, mass conservation determines
the boundary orientation angle 6 according to the ratio
of the axial density change along the two main crystal-
lographic directions: Gyo1y = tan~'(An/An), where
An;and An; are the density change along the (001) and
(010) directions, respectively. In our case, 6,01y corre-
sponds to an angle of about 70° with respect to Ir{001),
in excellent agreement with experiment.

Coming eventually to discuss the periodicity of
graphene ripples, the exact prediction of the wave-
length is a very complex task requiring lengthy calcula-
tions, going beyond the scope of this work. In general,
however, one may expect the strain to drive the
formation of a rippled phase whose coincidence per-
iod is roughly determined by the energy balance
between the ripple formation energy and the energy
gained by the chemisorption to the substrate. The

METHODS

Sample Preparation. Bulk clean Ir(001) single crystals with mis-
cut less than 0.1° (Surface Preparation Laboratory) were used in
both LEEM and STM experiments. The Ir surface was prepared by
repeated cycles of Ar sputtering (3 x 10> mbar, 1 kV) followed by
annealing to 750 °C and treatment in 5 x 10”7 mbar O,. In order
to remove oxygen, the surface was flashed to 1200 °C before
experiments. Upon cooling to room temperature, the surface
developed a sharp (1 x 5) LEED pattern.

XPEEM and LEEM Measurements. The photoemission micro-
scopy measurements were carried out using the spectroscopic
photoemission and low energy electron microscope (SPELEEM)
at the Elettra Synchrotron Light Laboratory.*® This instrument
combines low energy electron microscopy>' with energy-
filtered X-ray photoemission microscopy.”® In the SPELEEM,
the electron kinetic energy is controlled by biasing the sample
with a negative potential. This bias is referred to as start voltage,
Vstart. The kinetic energy of the electrons scattered (or emitted)
by the sample is equal to Eyi, = Vitarr — OW,_, the latter being
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exact period, however, should warrant a convenient
match between the film and the substrate lattices.

CONCLUSIONS

Our study demonstrates that the complex interfacial
interactions arising between graphene and a support
with non-three-fold symmetry have a crucial role in
shaping the film morphology and its electronic proper-
ties. One of the novel and most striking aspects of our
study on graphene/Ir(100) is that a reduced number of
Ir—C chemisorption bonds can radically alter both the
film morphology and its electronic structure, via a
reversible temperature-controlled phase transforma-
tion. Thus, the temperature can be used as a switch to
induce or remove rippling, achieving also very accurate
control on the relative coverage of the flat and buckled
graphene. Notably, our ab initio calculations have
shown clearly that rippling or strain alone are not
sufficient to significantly modify the quasi-particle
dispersion. On the contrary, the onset of just a few
interfacial chemisorption bonds is found to change the
graphene DOS at the Dirac point from semimetal-like
to metallic type. Such bonding mechanism provides
the highest flexibility in controlling graphene electronic
properties, allowing one to preserve or disrupt ad
libitum the characteristics of the 7z band. Interface strain,
originated by the different expansion coefficient of film
and substrate, is the driving force inducing these
changes, indeed a very general one. For this reason,
we expect that one-dimensional ripples showing high
degree of order might be observed in a multitude of
sp>-bonded layers supported on square or rectangular
symmetry surfaces. In this regard, we highlight the
potential of the buckled graphene phase as a model
system. With exceptionally large one-dimensional rip-
ples with a periodicity of 2.1 nm, it is indeed an ideal
candidate substrate for synthesizing one-dimensional
graphene-supported nanostructures exhibiting exotic
physical and chemical properties.

the difference in work function between the instrument and the
specimen. In our measurements, LEEM was used in both bright-
and dark-field modes, respectively, utilizing the first or second-
ary order diffraction beam for imaging. The microscope lateral
resolution approaches a few tens of nanometers; energy resolu-
tion is better than 0.3 eV. Along with imaging, the SPELEEM
allows diffraction operation mode. Depending whether the
beamline photons or low energy electrons are used as probe,
u-ARPES or LEED measurements can be also carried out. The
probed area, about 2 um in diameter, is chosen by inserting a
field limiting or illumination aperture in the optical path of the
instrument. Part of the ARPES measurements was made utilizing
the dark-field PEEM method.>’ In the LEEM experiments, the
sample temperature was measured with an S-type thermocou-
ple and checked with an optical pyrometer.

Scanning Tunneling Microscopy Measurements. STM images were
acquired with a modified Omicron variable-temperature STM
(VT-STM) in the 300—780 K temperature (T) range. Imaging was
performed in constant-current mode with tunneling current (/)
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ranging from 1 to 5 nA and bias voltage (V},) ranging from 2 to
800 mV for both empty (V,, > 0) and filled (V, < 0) states. Specific
T, I, and V,, values are reported for each image in the figure
captions.

DFT Calculations. The DFT calculations were performed using
the pseudopotential plane-wave method, as implemented in
the PWSCF code, a part of the Quantum ESPRESSO distribu-
tion.>® The generalized-gradient approximation (GGA) in the
Perdew—Burke—Ernzerhof parametrization®' was adopted for
the exchange and correlation functional. Surfaces were mod-
eled using slab geometry in a periodically repeated supercell.
The slab consists of three atomic layers of Ir, terminated on one
side with a graphene layer. A vacuum layer separates the two
periodic images of the slab, with a spacing of 14 A between the
two Ir slab replicas. Our supercell contains 165 Ir and 160 C
atoms. The atomic positions of the atoms in the graphene layer
and in the adjacent Ir surface monolayer were allowed to relax.
We used Vanderbilt ultrasoft pseudopotentials.® Our kinetic
energy cutoff was 28 Ry for the wave functions and 320 Ry for
the charge density. A1 x 1 x 1 k-point Monkhorst—Pack mesh
was used for the total-energy calculations and a grid 2 x 2 x 1
for the density of states, STM, and the charge density calcula-
tions. For the calculation of DOS for the free graphene, we
constructed a two-atom unit cell with a 24 x 24 x 1 k-point grid,
resulting in different smoothness of the DOS curve with respect
to the calculations performed in the BG unit cell. We employed
a Gaussian level smearing of 0.02 Ry. The calculations were
performed with the theoretical Ir lattice constant of 3.90 A,
which is 1.5% different from the experimental lattice constant of
3.84 A. We note that our graphene lattice parameter is virtually
identical to the experimental one. For comparison, in some
cases, we also performed DFT-D calculations to empirically take
into account van der Waals interactions.3® The carbon Cg
parameter used for the calculations was taken from ref 36; for
I, the C¢ coefficient was determined by comparing DFT-D and
nonlocal vdW-DF calculations on the adsorption of graphene
on Ir(100). The same k-point grids and cutoffs as for the GGA
calculations were used.
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