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Understanding intercalation structures formed under graphene on Ir(111)
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The coverage-dependent intercalation of oxygen, CO, hydrogen, alkali metals, and halogens between graphene
and Ir(111) is investigated using density functional theory with van der Waals corrections. By comparing
adsorption on clean Ir to intercalation we show that the presence of the graphene layer shifts the stability of
the adsorption structures towards higher coverages, with oxygen as the only exception preferring low-coverage
intercalation structures. In general, we find that the preferred adsorption site of the intercalant is important for
the stability of intercalation structures, where an atop adsorption site favors higher-coverage structures compared
to a hollow adsorption site. Overall, the predicted stable intercalation structures are in good agreement with
experimentally observed intercalation structures. We calculate doping levels of intercalated graphene and show
that there is a correlation between the amount of charge transfer to or from the graphene sheet and the graphene
binding energy, which is an indication for ionic bonding between the graphene sheet and the intercalants. We
show that the graphene doping level can be tuned almost continuously between strong n-type doping for the
alkali metals and strong p-type doping for F. Further, we calculate C 1s core-level shifts for intercalated graphene
and show that these are correlated with the calculated doping level. The obtained values for graphene doping
levels and core-level shifts are qualitatively in good agreement with available experimental values, but we find
quantitative disagreements of up to 0.3 eV.
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I. INTRODUCTION

Epitaxial growth of graphene has been established as an
important and efficient synthesis method. In the last decade,
various growth strategies have been explored, ranging from
the thermal decomposition of SiC surfaces [1,2] to chemical
vapor deposition on catalytically active surfaces, including
metals [3–5] and recently also semiconductors such as h-BN
and Ge [6–8]. A major advantage of such growth methods
is that they enable the efficient production of wafer-scale
graphene flakes [9], often exhibiting excellent crystalline
quality [5,8].

Further studies on epitaxial graphene have focused on
tailoring the graphene-substrate interaction as well as the
graphene electronic properties by the intercalation of atoms
or molecules such as oxygen [10–14], hydrogen [15,16],
CO [17–19], alkali metals [14,20–23], and halogen atoms
[24–26]. In this way, so-called quasi-free-standing graphene
has been produced, characterized by a very low elec-
tronic and geometric perturbation from the underlying sub-
strate [11,14,15]. Further, it has been established that the
doping level of the graphene can be controlled depending
on the intercalated atom or molecule [10–12,14,18,21–24,26],
which could have important implications for graphene elec-
tronics. For graphene grown on metals, the intercalation-
mediated decoupling from the underlying metal has allowed
for fundamental studies of many-body effects in graphene [14]
as well as the peeling of graphene flakes [25]. For graphene
grown on SiC, the intercalation of hydrogen has proven very
successful for turning the reconstructed initial carbon layer
(the so-called buffer layer) into quasi-free-standing monolayer
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graphene owing to the saturation of the topmost Si atoms of
the SiC surface with hydrogen [15].

Other studies have been devoted to the catalytic activity
of the confined space between the metal and the graphene
for fundamental reactions such as CO oxidation [17,27], Si
oxidation [28], and H2 oxidation [29]. It is well established
that the placement of catalysts in confined spaces such as
inside zeolites [30] or carbon nanotubes [31] can enhance
the activity or selectivity of the catalyst. It is expected that
the confinement effects of a graphene cover could similarly
modify the catalytic properties of the underlying metal. A
fundamental question to be answered in this context is whether
the presence of the graphene sheet can allow for new structures
of adsorbed atoms or molecules forming and/or modify the
binding energies in such structures, all of which could have
important implications for catalysis and materials science
applications.

Here, we present a systematic study of the structures
and stabilities of various intercalation systems formed under
graphene on Ir(111) using density functional theory with
van der Waals corrections. We investigate a broad range
of experimentally relevant atoms and molecules covering
oxygen, CO, hydrogen, alkali metals, and halogen atoms. The
paper is organized as follows: The computational details are
given in Sec. II. In Sec. III A, we investigate the coverage-
dependent adsorption energies, comparing adsorption on
the clean Ir(111) surface with intercalation between Ir and
graphene. In Sec. III B, we explore further the doping and the
core-level shifts for intercalated graphene. The conclusions are
given in Sec. IV.

II. COMPUTATIONAL DETAILS

The density functional theory calculations were per-
formed with the real-space projector augmented wave code
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GPAW [32] and the Atomic Simulation Environment (ASE)
interface [33]. To account for van der Waals (vdW) interactions
between the graphene sheet and the substrate, we employed
the optB88-vdW functional [34], which has proven successful
for similar systems such as graphene on Ni [35] and benzene
adsorption on metals [36].

The Ir/graphene Moiré superstructure was approximated
by a five-layered (

√
3 × √

3) Ir slab to a 30◦ rotated (2 × 2)
graphene layer since we, in a previous publication concern-
ing O intercalation, have shown that choosing a smaller
Ir/graphene superstructure leads to only minor changes in
graphene binding energies and average graphene binding
distances [14]. This elementary unit cell was repeated to a (3 ×
3) supercell in order to accommodate the (3

√
3 × 3

√
3)R30◦-

19CO intercalation structure and the 0.04-ML CO intercalation
structure with only one CO in the supercell, whereas the
remaining intercalation structures could be accommodated
either in the elementary unit cell (for coverages of 0.33, 0.67,
or 1 ML) or in the (2 × 2) supercell (for remaining coverages).
Coverages are given with respect to the number of Ir surface
atoms. The k-point sampling was (6 × 6) for the elementary
unit cell, (4 × 4) for the (2 × 2) supercell, and (2 × 2) for the
(3 × 3) supercell for the structural optimizations and energies,
whereas the density of states calculations required k-point
samplings of (36 × 36), (18 × 18), and (12 × 12) for the three
respective cell sizes.

The graphene lattice constant was fixed to its optimized
value of 2.465 Å and the Ir lattice constant was adapted
accordingly, resulting in a strain of 2.76%. In the relaxation,
the bottom Ir layer was kept fixed, while all other atoms were
relaxed until the maximum force on each atom was below
0.02 eV/Å. Two-dimensional (2D) periodic boundary condi-
tions were employed parallel to the surface, and a vacuum
region of 6 Å separated any atom from the cell boundaries
perpendicular to the surface. The grid spacing was 0.185 Å.

Some adsorption structures for Li and Cl were found
using a genetic algorithm [37,38]. For the initial screening of
adsorption structures, we used two-layered Ir slabs, an LCAO
basis set, and gamma point k-point sampling. We used a set
of 20 starting candidates and a population size of 20. New
structures were generated using the cut-and-splice operator
and 15% of the generated structures were mutated using either
the rattle or mirror mutation as described in Ref. [38]. For
each coverage around 70–100 different structures were tested.
The 20 most favorable structures were then further optimized
using three-layered Ir slabs, a grid-based basis set, and (2 × 2)
k-point sampling. We note that the use of a genetic algorithm
allows for a structure search unbiased by any expectations or
experimental knowledge.

Throughout the paper, we give adsorption potential energies
for adsorption on clean Ir Eads,Ir according to the formula

Eads,Ir = (EIr/ads − EIr − n ∗ Eads)/n, (1)

where EIr/ads is the energy of the adsorption structure, EIr is
the energy of the clean Ir slab, n is the number of atoms or
molecules in the adsorption structure, and Eads is the energy
of the isolated adsorbate. For CO, this is the energy of a
CO molecule in the gas phase, whereas for the remaining
adsorbates this is half of the energy of the diatomic molecule
in the gas phase. Correspondingly, we give adsorption potential

energies for intercalation between graphene and Ir Eads,int

according to the formula

Eads,int = (EIr/ads/gr − EIr/gr − n ∗ Eads)/n, (2)

where EIr/ads/gr is the energy of the intercalation structure and
EIr/gr is the energy of nonintercalated graphene on Ir. Graphene
binding energies are given according to the formula

Eb = (EIr/ads + Egr − EIr/ads/gr)/m, (3)

where Egr is the energy of the isolated graphene layer and m is
the number of C atoms in the graphene layer. Note that with this
convention adsorption potential energies are negative numbers
whereas graphene binding energies are positive numbers.

The C 1s core-level shifts (CLSs) of intercalated graphene
on Ir were calculated relative to nonintercalated graphene on Ir
to compare with experimental measurements. In practice, this
was done by calculating the shift of a C atom in the graphene
layer relative to a reference C atom adsorbed on the backside
of the five-layered Ir slab for both the nonintercalated and the
intercalated graphene. The subtraction of these relative shifts
then cancels out the effect of the artificial reference atom and
allows for comparing CLSs between different computational
supercells. Where necessary, the CLSs of C atoms in different
local environments within the graphene layer were averaged.
With the used sign convention, a positive CLS corresponds to
a shift to higher binding energies in the experiment. The fully
screened core-hole approximation was used, meaning that the
self-consistent total energy of the system including the core
hole was evaluated. Thus, final-state effects were taken into
account.

Since convergence problems were encountered for some
CLS calculations with the optB88-vdW functional, we chose
to calculate all CLSs with the PBE functional based on the
geometries optimized with optB88-vdW after checking that
the two functionals give very similar results. CLSs calculations
can be slightly functional dependent, however, e.g., the use of
the M06-L functional for calculating the CLS of the 0.50-ML
O intercalation structure gives a value of −0.40 eV [29], which
is somewhat more negative than the optB88-vdW/PBE value
of −0.28 eV.

III. RESULTS AND DISCUSSION

A. Coverage dependence

We begin by comparing the coverage-dependent adsorption
on clean Ir(111) to the intercalation between graphene and Ir.
In Fig. 1, we plot the adsorption potential energy as a function
of the coverage for oxygen, CO, hydrogen, and Li, where Li
is chosen as a representative for the alkali metals.

For O on clean Ir(111) experimental studies have shown that
the dissociative adsorption of O2 at saturation coverage leads to
the formation of rotated domains with a defective p(2 × 1)-O
structure where the O atoms are adsorbed in the fcc hollow
sites [39,40]. Here, we compare three different O structures: a
low-coverage (0.08-ML) structure [cf. Fig. 2(a)], the 0.25-ML
p(2 × 2)-O structure [cf. Fig. 2(b)], and the 0.50-ML p(2 × 1)-
O structure [cf. Fig. 2(c)]. The adsorption potential energies are
plotted in Fig. 1(a) and are also given in Table I. In agreement
with a previous computational study [41], we find on the clean
Ir surface that the potential energy increases (corresponding
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FIG. 1. (Color online) Adsorption potential energies comparing
adsorption on clean Ir(111) to intercalation between graphene and Ir
for O, CO, H, and Li as a function of the adsorbate coverage. Epot

refers to either Eads,Ir or Eads,int as defined in Eqs. (1) and (2).

to a decrease in stability) when the O coverage is increased
from 0.25 to 0.50 ML. In the same study, the authors found
also an increase in potential energy for coverages lower than
0.25 ML. This is in disagreement with our results, where the
lowest potential energy is found at low coverage. As a check,
we repeated the calculations using the PBE functional and
the optimized Ir lattice constant, which still gives us the most
stable O adsorption structure at low coverage.

FIG. 2. (Color online) Adsorbate structures on Ir(111) at various
coverages for (a)–(c) O, (d)–(f) CO, and (g)–(i) H. Ir atoms are
shown as large white spheres, O and C atoms are shown as medium
red and gray spheres, respectively, and H atoms are shown as
small white spheres. The unit cells employed for describing the
Ir/adsorbate/graphene intercalation structures are outlined in black.
They are all multiples of the elementary unit cell consisting of a
(
√

3 × √
3) Ir slab to a 30◦ rotated (2 × 2) graphene layer.

TABLE I. Considered coverages � (in ML), adsorption potential
energies per atom or molecule for adsorption on clean Ir Eads,Ir

(in eV) and intercalated between Ir and graphene Eads,int (in eV),
intercalation energies �Eint (defined as Eads,int − Eads,Ir) (in eV),
graphene binding energies Eb (in meV/C), and average graphene
binding distances dav (in Å) comparing nonintercalated Ir/graphene
to intercalated Ir/graphene for various atoms and molecules. For O,
CO, Li, and Cl, different coverages are compared.

� Eads,Ir Eads,int �Eint Eb dav

None 63 3.48
O 0.08 −2.24 −2.19 0.05 62 3.56
O 0.25 −2.14 −2.10 0.04 60 3.81
O 0.50 −1.93 −1.91 0.02 60 4.05
CO 0.33 −2.19 −1.87 0.32 22 6.22
CO 0.70 −2.00 −1.92 0.08 40 6.12
CO 1.00 −1.73 −1.69 0.04 49 6.10
H 1.00 −0.45 −0.42 0.03 52 4.26
Li 0.08 −2.79 −2.58 0.21 56 3.86
Li 0.33 −2.63 −2.60 0.03 59 4.20
Li 1.00 −2.15 −2.27 −0.12 107 4.32
Na 0.33 −2.06 −2.05 0.01 61 5.06
K 0.33 −2.21 −2.27 −0.06 70 5.76
Rb 0.33 −2.18 −2.24 −0.06 69 6.04
Cs 0.33 −2.35 −2.37 −0.02 65 6.40
F 1.00 −2.49 −2.61 −0.12 110 4.69
Cl 0.33 −1.93 −1.70 0.23 33 5.15
Cl 0.58 −1.76 −1.70 0.06 49 5.41
Br 0.33 −1.98 −1.74 0.24 33 5.37
I 0.33 −2.12 −1.88 0.24 33 5.77

In the presence of the graphene layer, we observe that the
O adsorption potential energies do not change much, and that
the low-coverage adsorption structure is still most favorable.
We speculate that this is a result of the relatively small size of
the O atom and the fact that it adsorbs in the hollow site,
which potentially makes the perturbation of the graphene
binding to the substrate very small. In Table I, we compare
the binding of graphene on the clean Ir surface to the binding
when O is present. It is seen that the binding is not much
perturbed at any O coverage. Experimentally, O intercalation
between graphene and Ir was studied in Refs. [11,12] using
XPS, STM, and ARPES. In good agreement with the present
calculations, it was found that O initially forms a dilute
intercalation structure followed by the more dense p(2 × 2)-O
and p(2 × 1)-O structures at increased exposure.

At ultrahigh vacuum conditions, low-energy electron
diffraction (LEED) experiments have revealed that CO forms
(
√

3 × √
3)R30◦-CO or (2

√
3 × 2

√
3)R30◦-7CO structures

on Ir(111) depending on the exposure [39,42]. At millibar
pressures [18], or when CO is adsorbed from a CO-saturated
0.1-M HClO4 solution [43], a higher-coverage (3

√
3 ×

3
√

3)R30◦-19CO structure has been identified using STM.
Both experiments and calculations [44] agree that CO adsorbs
in the atop position. We consider here four representative CO
structures: low (0.04-ML) CO coverage [cf. Fig. 2(d)], the
0.33-ML (

√
3 × √

3)R30◦-CO structure [cf. Fig. 2(e)], the
0.70-ML (3

√
3 × 3

√
3)R30◦-19CO structure [cf. Fig. 2(f)],

and the 1-ML structure [similar to the 1-ML H structure shown
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FIG. 3. (Color online) Adsorbate structures on Ir(111) at various coverages for (a)–(g) Li and for (h)–(n) Cl. Ir atoms are shown as white
spheres, Li atoms as purple spheres, and Cl atoms as green spheres. The unit cells are outlined in black. The structures in (e) and in (k)–(n)
have been found using a genetic algorithm.

in Fig. 2(i)]. The adsorption potential energies are plotted in
Fig. 1(b). For adsorption on clean Ir it is seen that the potential
energy increases monotonically with the coverage. This is in
contrast to the intercalated situation, where it is most favorable
to form the (3

√
3 × 3

√
3)R30◦-19CO structure corresponding

to a coverage of 0.70 ML. From a combined XPS and STM
study [18] it was found that pressures in the millibar range
are needed to intercalate CO under graphene on Ir(111), and
the (3

√
3 × 3

√
3)R30◦-19CO structure was identified as the

only possible intercalation structure in good agreement with
our results.

We speculate that the remarkable different coverage-
dependent behavior for CO compared to O stems from the
fact that CO is a larger rodlike molecule with a preferred atop
adsorption site. For low-coverage intercalation structures, the
graphene is lifted far away from the surface, and the resulting
loss in graphene binding energy is divided out on a small
number of molecules. This gives rise to very high adsorption
potential energies for CO, which is reflected by the fact that
CO in the 0.04-ML intercalation structure relaxes into a hollow
site and adsorbs with a tilted angle in order to minimize
the perturbation of the graphene-metal bonding (not shown).
For the higher-coverage structures, the preferred adsorption
site is atop like on clean Ir. For the most stable 0.70-ML
intercalation structure, the graphene binding energy is reduced
from 63 meV/C in the nonintercalated case to 40 meV/C atom
in the intercalated case (cf. Table I).

H adsorption on Ir(111) was studied with high-resolution
electron-energy-loss spectroscopy (HREELS) [45] and with
density functional theory (DFT) calculations at 0.25-ML cov-
erage [44]. Both studies agree that the preferred adsorption site
is atop. Here, we consider four H coverages: low (0.08-ML)
H coverage [cf. Fig. 2(g)], the 0.33-ML (

√
3 × √

3)R30◦-H
structure [similar to the 0.33-ML CO structure shown in
Fig. 2(e)], the 0.67-ML (

√
3 × √

3)R30◦-2H structure [cf.
Fig. 2(h)], and the 1-ML structure [cf. Fig. 2(i)]. The adsorption
potential energies are plotted in Fig. 1(c). In agreement with
the previous studies, we find that the most favorable adsorption
site on clean Ir is atop. This is also the case for the intercalated
structures, except for the lowest considered coverage of
0.08 ML, where the fcc hollow site is preferred similar to what
was found for CO. In general, the variation of the H binding
with the coverage is very small, and this is in particular true

for the intercalated structures. The difference between the H
binding energy at 0.67 and 1 ML is only 15 meV/H, with
the 1-ML structure being the most stable. Experimentally, H
intercalation under graphene on Ir(111) was studied with XPS
and STM [16], and the coverage was determined to be 0.82 ML.
This agrees well with our finding of favorable H adsorption
energies over a wide range of high-coverage structures. In the
1-ML intercalated structure, the graphene binding is reduced
to 52 meV/C (cf. Table I).

The intercalation of alkali metals has been considered in
several experimental studies. For K [46] and Cs [23] LEED
studies have revealed (

√
3 × √

3) patterns with respect to
Ir or (2 × 2) patterns with respect to graphene, which with
our choice of Ir/graphene supercell corresponds to the same
structure at a coverage of 0.33 ML. For Na [47] and Li [23] also
higher-coverage structures have been observed at increased
exposures, e.g., Li exhibits a range of coverages all the way
up to 1 ML.

For all of the alkali metals we find that the hcp hollow
site is the preferred adsorption site both on clean Ir and for
the intercalated structures. In Fig. 1(d), we plot the adsorption
energies for Li in the coverage range 0.08 to 1 ML. We tested
different configurations of the Li atoms to obtain the most
stable structure at each coverage. For the 0.42-ML structure,
a full genetic algorithm search was performed as described
in Sec. II since no obvious regular adsorption pattern would
fit into the chosen Ir/graphene supercell. The resulting most
stable structures are shown in Figs. 3(a)–3(g). It is seen that
all Li atoms adsorb in hcp hollow sites, i.e., for the 0.42-ML
structure it is for example not favorable to occupy different
adsorption sites in order to distribute the Li atoms more
evenly on the surface. The fact that the adsorption structures at
different coverages do not all have a regular adsorption pattern
is partly responsible for the observed slight disturbance from a
smoothly increasing energy curve with the coverage on clean
Ir. We note that the 0.33-ML structure is particularly stable
compared to similar coverages (e.g., 0.25 ML), even though
both structures form a regular adsorption pattern.

For the intercalated structures, the general trend is that low-
coverage structures are preferred with the structure at 0.33 ML
being slightly more stable (22 meV/Li) than the 0.08-ML
structure. Still, the full monolayer structure is also quite stable.
We calculate the differential adsorption potential energy for
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FIG. 4. (Color online) Adsorption potential energies comparing
adsorption on clean Ir(111) to intercalation between graphene and Ir
for the alkali metals Li, Na, K, Rb, and Cs at a coverage of 0.33 ML.
Epot is defined as in Fig. 1.

the last four Li atoms to be added when increasing the coverage
from 0.67 to 1 ML to be −2.04 eV/atom. This large negative
number rationalizes the experimental observation that higher
coverages can be achieved at increased exposure similar to
what is observed for O, but we note that also changes in entropy
and kinetic factors will influence the coverages achievable in
the experiment.

In Fig. 4, we compare adsorption energies for the five
considered alkali metals Li, Na, K, Rb, and Cs at a coverage of
0.33 ML since this is the most favorable coverage for all alkali
metals (only showed for Li) and also the only experimentally
observed coverage for the larger alkali metals K and Cs. An
interesting observation is that for the larger alkali metals
(K, Rb, and Cs), the adsorption potential energy is lower
in the intercalated structure than it is on clean Ir, i.e., the
intercalation is more favorable than the adsorption on clean
Ir. This is reflected in the graphene binding energy, which
correspondingly becomes larger in the intercalated structures
(65–70 meV/C) than it is for nonintercalated graphene on
Ir (63 meV/C) (cf. Table I). Also, for the 1-ML coverage
Li-intercalated structure the graphene binding is significantly
increased to 107 meV/C.

Next, we consider the intercalation of halogens. Experi-
mentally, the intercalation of Cl was achieved by exposure
to FeCl3 [26]. Based on XPS measurements, the saturated
amount of intercalated Cl atoms was found to be around 35%
of the C atoms in the graphene. With our choice of Ir/graphene
supercell, this corresponds to a coverage of 0.93 ML with
respect to Ir. LEED measurements showed no sign of an
ordered structure of the intercalated Cl. Also, the intercalation
of Br has been achieved by exposure to Br2 vapor [25]. No
attempt was made to quantify the amount of intercalated Br,
but it was observed that the mechanical exfoliation of graphene
using adhesive tapes was greatly facilitated after intercalation.
This was interpreted as a weakening of the graphene binding
to the substrate.

In Fig. 5, we plot the coverage-dependent adsorption
potential energy for F, Cl, Br, and I, comparing adsorption on
clean Ir to intercalation. It turns out that F behaves qualitatively
different from the other halogens and from O, its neighbor
in the periodic table. The covalent radii of F and O are
very similar and they are both very electronegative atoms.
Therefore, one might intuitively expect a similar intercalation
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FIG. 5. (Color online) Adsorption potential energies comparing
adsorption on clean Ir(111) to intercalation between graphene and Ir
for F, Cl, Br, and I as a function of the adsorbate coverage. Epot is
defined as in Fig. 1.

behavior, however, this turns out not to be the case. The main
difference between the two atoms is that O adsorbs in the fcc
hollow site, whereas F adsorbs in the atop site. It is seen that
the adsorption potential energy of F on clean Ir is only weakly
increasing with the coverage [cf. Fig. 5(a)] in contrast to the
behavior of O [cf. Fig. 1(a)]. Here, the considered adsorption
structures for F are the same as the ones for H shown in
Figs. 2(g)–2(i). One explanation for the pronounced difference
between F and O could be that the atop adsorption site makes
F less sensitive to repulsive interactions at high coverage since
neighboring F atoms do not share bonding to the same Ir atom.

Also in the intercalated case the adsorption site makes a
large difference. Similar to what was observed for CO and H,
the preferred atop adsorption site for F makes low-coverage
intercalated structures very unfavorable with the F atom in the
0.08-ML structure preferring to move into the fcc hollow site.
Like for H the full monolayer intercalated structure is most
favorable. Similar to what was observed for the alkali metals,
the F atom is bound stronger in the most favorable intercalated
structure than in the corresponding adsorption structure on
clean Ir, and correspondingly the graphene binding energy is
significantly increased to 110 meV/C (cf. Table I).

For the remaining halogens Cl, Br, and I, the preferred
adsorption site is the fcc hollow site. We consider coverages
ranging from 0.08 up to 0.67 ML (Cl and Br), and 0.58 ML (I).
Even though a very high maximum coverage of intercalated
Cl (0.93 ML) was proposed in Ref. [26] we do not include
this coverage, as it leads to very high Cl adsorption potential
energies. We will return to this point under the discussion of
CLSs in Sec. III B. Similar to the approach followed for Li,
we used a genetic algorithm to determine the most favorable
structures for the coverages larger than 0.33 ML, where no
obvious regular adsorption pattern would fit into the chosen
Ir/graphene supercell. The resulting structures are shown in
Figs. 3(h)–3(n). Since the energetics for occupying different
adsorption sites is similar for Cl, Br, and I, we performed
only a full genetic algorithm search for Cl, and the obtained
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most favorable structures were employed also for Br and I. The
resulting coverage-dependent adsorption potential energies are
plotted in Figs. 5(b)–5(d).

On clean Ir, the adsorption potential energies are mono-
tonically increasing with the coverage for all three halogens,
however, the structures at 0.33 and 0.58 ML coverage appear
to be slightly more stable compared to the general trend of a
smoothly increasing energy curve. From an inspection of the
structures in Figs. 3(h)–3(n) it is clear that the stabilization
at 0.58 ML must be related to the fact that the atoms at
this coverage can arrange themselves in a structure similar
to a regular close-packed pattern within the chosen supercell.
There is no obvious explanation for the increased stability
at 0.33 ML since both this structure and the structure at
0.25 ML form regular patterns with all atoms adsorbed on
the most favorable fcc hollow site. The interaction between the
adsorbates at 0.33-ML coverage must therefore be particularly
favorable similar to what was observed for Li.

In the intercalated case, the presence of the graphene
layer shifts the most favorable structures towards higher
coverages. For Cl, the potential energy curve is very broad
with a range of intermediate coverages between 0.33 and 0.58
ML having comparable stability. For Br and I, the potential
energy curve becomes increasingly narrow with the 0.33-
ML structure being most stable. Presumably, this behavior
originates from the increasing atomic size of Br and I, which
make the adsorption potential energies raise more steeply with
the coverage also on the clean Ir surface. In Table I, we
compare the graphene binding energy at 0.33- and 0.58-ML
coverage for Cl, and at 0.33-ML coverage for Br and I. At
0.33 ML, the graphene binding energy is weakened from
63 meV/C in the nonintercalated case to around 33 meV/C
in the intercalated case for all three halogens, whereas for
the Cl 0.58-ML structure, the reduction is a bit smaller. Such
reductions of the graphene binding energy are in excellent
agreement with the experimentally observed facilitation of
graphene exfoliation caused by Br intercalation.

In order to give an accessible overview of the effect on
the graphene binding for all the different intercalants and
coverages considered, we give in Table I also the intercalation
energy, which is the potential energy difference per atom or
molecule between adsorption on clean Ir and intercalation for
a given adsorption structure. A positive number means that
the adsorption potential energy is lower on clean Ir than in
the intercalated structure, and correspondingly intercalation
reduces the graphene binding energy compared to noninterca-
lated graphene, and vice versa for negative numbers. In fact,
there is a simple relationship between the intercalation energy
Eint and the difference between the graphene binding energy
in the intercalated and nonintercalated cases:

Eint = (Eb,nonint − Eb,int) ∗ #C

� ∗ #Ir
, (4)

where Eb,nonint and Eb,int are the graphene binding energies for
nonintercalated and intercalated graphene, #C is the number
of C atoms in the graphene layer, � is the adsorbate coverage,
and #Ir is the number of Ir surface atoms. In Table I, we
give also the average Ir/graphene distance in the intercalation
structures, which mainly reflects the size of the intercalant and

TABLE II. Considered coverages � (in ML), calculated graphene
doping �V cal (in eV), experimental graphene doping �V expt (in eV),
calculated core-level shifts CLScal (in eV), and experimental core-
level shifts CLSexpt (in eV) comparing nonintercalated Ir/graphene to
intercalated Ir/graphene for various atoms and molecules. For O, Li,
and Cl, different coverages are compared.

� �V cal �V expt CLScal CLSexpt

None 0.34 0.07a ≡ 0 ≡ 0
O 0.08 0.34 −0.03
O 0.25 0.41 −0.14 −0.34c

O 0.50 0.68 0.64a–0.80b −0.28 −0.45c

CO 0.70 0.65 −0.23 −0.3d

H 1.00 0.50 −0.14 −0.14e

Li 0.08 −0.07 0.25
Li 0.33 −0.82 0.70
Li 1.00 −1.50 −1.6f 0.73
Na 0.33 −0.90 0.77
K 0.33 −0.97 −1.29g 0.79
Rb 0.33 −0.97 0.79
Cs 0.33 −0.95 −1.1h 0.77
F 1.00 1.10 −0.83
Cl 0.33 0.37 0.04
Cl 0.58 0.65 −0.22
Cl 0.93 0.6h −0.33h

Br 0.33 0.23 0.18
I 0.33 −0.06 0.32

aReference [11].
bReference [14].
cReference [12].
dReference [18].
eReference [16].
fReference [23].
gReference [46].
hReference [26].

the preferred adsorption site (atop adsorption site leads to a
larger Ir/graphene distance than hollow adsorption site).

B. Doping and core-level shift

The control of the position of the graphene Dirac point
has already been demonstrated in several experimental in-
tercalation studies using ARPES. Whereas nonintercalated
graphene on Ir(111) is slightly p doped, the intercalation of
alkali metals such as Li [23], K [46], and Cs [23] leads to a
rigid negative potential energy shift of the graphene π band
levels with n-type dopings in the range −1.6 eV (1 ML Li) to
−1.1 eV (0.33 ML Cs). Note that when giving potential
energies n-type doping corresponds to a negative energy,
whereas often in the literature ARPES results are quoted in
terms of binding energies where n-type doping corresponds
to a positive energy. For Cl intercalation, a p-type doping of
0.6 eV has been measured [26], and for O two different studies
determined the p-type doping to be 0.64 [11] and 0.80 eV [14],
where the latter value is probably related to a more complete
O intercalation. The experimentally determined doping values
are summarized in Table II. Further analysis of the intensity
of the graphene π bands in O-intercalated graphene has
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FIG. 6. (Color online) Density of states projected onto the C
pz orbitals comparing an isolated graphene sheet to graphene
intercalated by various atoms and molecules. Different alkali or
halogen atoms are distinguished by varying line styles, while they
are plotted with the same line color.

revealed a decoupling from the Ir substrate characterized by
the disappearance of substrate-related minigaps [11,14].

In Fig. 6, we plot the density of states projected onto the C pz

orbitals comparing an isolated graphene layer to intercalated
graphene for F at 1-ML coverage, the remaining halogens and
the alkali metals at 0.33-ML coverage, H at 1-ML coverage, O
at 0.50-ML coverage, and CO at 0.70-ML coverage. It is seen
that the shapes of the graphene π bands are very similar for
intercalated and isolated graphene in good agreement with the
experimentally observed rigid shift of the π system and the
decoupling from the Ir surface. It is found that all intercalants
decouple the graphene sheet from the Ir surface. Only at low
coverage (e.g., 0.08-ML O) do we observe a modification of
the graphene π bands (not shown) since here large parts of
the graphene sheet interact directly with the Ir surface, leading
to hybridization between the Ir d states and the graphene π

bands. Such low coverages are, however, only relevant for O
intercalation, as they are energetically unfavorable for all other
intercalants. At the coverages considered in Fig. 6 we find
that the alkali metals all give a similar n-type doping around
−0.08 to −1 eV, whereas the halogens give very different
doping levels ranging from slightly n-type doped (I) to a p-type
doping of 1.10 eV (F). The intercalation of H, O, or CO all
give similar p-type dopings of around 0.5–0.7 eV. In Table II,
we summarize the calculated doping values and give also the
coverage dependence for O, Li, and Cl.

For nonintercalated graphene, the calculated p-type doping
(0.34 eV) exceeds the experimental value (0.07 eV) by
0.27 eV. For graphene intercalated with O or alkali metals,
the calculated values are numerically around 0.1–0.3 eV lower
than the experimental values. For Cl we consider the doping
level at the calculated stable structure at 0.58-ML coverage
instead of the experimentally determined 0.93-ML coverage.
We find that the calculated doping level at 0.58-ML coverage
(0.65 eV) exceeds the experimental doping level determined
at 0.93-ML coverage (0.6 eV). We will come back to this point
in the discussion of core-level shifts.

From a comparison of Tables I and II it is clear that the
heavily n- or p-doped systems (1-ML F or Li) give rise to
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FIG. 7. (Color online) Correlation between calculated graphene
binding energies and the absolute value of the calculated graphene
doping for all considered intercalants at the maximal considered
coverage. Intercalants giving rise to a positive (negative) doping are
plotted with circles (squares).

high graphene binding energies, whereas the systems with
vanishing doping (e.g., 0.33-ML I) give rise to low graphene
binding energies. In Fig. 7, we plot the correlation between
the graphene binding energy and the absolute value of the
calculated doping level. For O, Li, and Cl, we include only
the maximal investigated coverage since for low coverage,
the graphene binding is more dominated by the interaction
with the Ir surface. Although the correlation is not perfect, it
is clear that the general trend of increased graphene binding
energy with increased degree of doping holds for all considered
intercalation systems. This indicates that the nature of the
bonding between the graphene and the intercalants is ionic,
i.e., an intercalant that gives rise to a large charge transfer to or
from the graphene sheet acts as an electrostatic glue between
the graphene and the Ir substrate.

In several experimental studies it has been shown that
the C 1s core-level shift (CLS) is useful for monitoring
the intercalation of graphene. For O intercalation, the C 1s

CLS was shown to change gradually from −0.17 eV for a
dilute intercalation structure to −0.34 and −0.45 eV for the
p(2 × 2)-O and the p(2 × 1)-O structures, respectively [12].
In contrast, CO intercalation yields only one value for the
C 1s CLS at −0.3 eV [18], which corresponds to the
dense (3

√
3 × 3

√
3)R30◦-19CO structure. Further, H and Cl

intercalation have been shown to give CLSs of −0.14 [16] and
−0.33 eV [26], respectively.

CLSs were calculated as described in Sec. II and are
compared to the available experimental values in Table II. For
O and CO, the calculated CLSs are 0.07–0.2 eV less negative
than the measured values, whereas for H the agreement is very
good. For Cl, we consider again the calculated stable structures
at 0.33- and 0.58-ML coverage instead of the experimentally
determined 0.93-ML coverage. At 0.33 ML, we find a slightly
positive CLS, whereas at 0.58 ML a value of −0.22 eV
is reached, which is around 0.1 eV less negative than the
measured CLS of −0.33 eV at 0.93-ML coverage. We note
that our calculated doping level and CLS for 0.58-ML Cl
coverage actually agree fairly well with the measured values,
however, as previously discussed a coverage of 0.93 ML as
determined in the experiment is not stable compared to the
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FIG. 8. (Color online) Correlation between calculated C 1s core-
level shift and graphene doping for all considered intercalants and
coverages.

Cl intercalation structures at 0.33- and 0.58-ML coverage.
It is hence tempting to reconcile experiment and theory by
assuming that the coverage was in fact lower than 0.93 ML in
the experiment.

The alkali metals at 0.33-ML coverage all give very similar
CLSs around 0.7–0.8 eV. For Li also the coverage dependence
is given. Comparing the CLSs of Cl, Br, and I at 0.33-ML
coverage we see that they become more positive as we move
down the periodic table from 0.04 eV for Cl to 0.32 eV for
I. Correspondingly, calculated doping levels for these three
halogens start out positive for Cl (0.37 eV) and decrease for
Br until a slightly negative value of −0.06 eV is reached for
I. For F, a very negative CLS of −0.83 eV is obtained which
is accompanied by a very positive calculated doping level of
1.10 eV. In Fig. 8, we plot the correlation between the calcu-
lated CLSs and doping levels for all considered intercalants
and coverages. It is seen that the correlation is very good
for all intermediate doping levels, whereas the largest n- or
p-type doped structures (1-ML F or L) deviate somewhat from
the general trend. The overall good correlation is a strong
indication that the doping of the graphene sheet induced by the
intercalants is one of the main factors determining the CLSs.

IV. CONCLUSIONS

We have investigated the coverage-dependent intercala-
tion of oxygen, CO, hydrogen, alkali metals, and halogens,
comparing adsorption on clean Ir to intercalation between
graphene and Ir. In general, the presence of the graphene
layer shifts the stability of the adsorption structures towards
higher coverages as seen for CO, H, the halogens, and the
alkali metals. O intercalation is a clear exception from this
trend and we speculate that this is related to the small
size of the atom and the fcc hollow adsorption site, which
allows for dilute intercalation structures that hardly perturb
the graphene binding. For the halogens, we showed that F

behaves qualitatively different from the other halogens with
slowly rising adsorption potential energies as a function of the
coverage on clean Ir and a preferred intercalation structure of a
full monolayer. In contrast, the remaining halogens preferred
intermediate coverages, where their adsorption potential en-
ergy curves became progressively more narrow with increasing
atomic size. In general, we find that the preferred adsorption
site of the intercalants is important for the stability of the
intercalation structures, where an atop adsorption site as found
for F, H, and CO favors high-coverage intercalation structures
close to a full monolayer, and a hollow adsorption site as
found for O, the alkali metals, and the three halogens Cl,
Br, and I favors low- or intermediate-coverage intercalation
structures. On top of this, the atomic size of the intercalant
is also important, where an increase in atomic size lowers
the range of accessible intercalation coverages as found for
the larger alkali metals and halogens. Overall, the predicted
stable intercalation structures were in good agreement with
experimentally observed intercalation structures.

In many cases, the intercalation leads to a weakening of
the graphene binding, but important exceptions include the
strongly doping F atom and the alkali metals, which can greatly
enhance the graphene binding energy. We showed that there is
a correlation between the calculated doping and the graphene
binding energy, which is a strong indicator for ionic bonding
between the graphene and the intercalants. On the other end
of the scale, we identified intercalants such as Cl, Br, I, and
to a lesser extent also CO and H, which gave up to a factor
of 2 reduced binding energies in good agreement with the
experimentally realized easy peeling of graphene flakes upon
intercalation with Br.

Comparing the doping level of the graphene sheet interca-
lated by different atoms and molecules, we showed that the
position of the Dirac point can be tuned almost continuously
between strong n-type doping for Li and the other alkali
metals and strong p-type doping, in particular observed for
F. At the same time, the shape of the graphene bands remains
similar to an isolated graphene layer in good agreement with
the experimentally revealed decoupling of graphene from the
substrate. Both the calculated doping levels and CLSs were
in good qualitative agreement with the available experimental
results, however, quantitative deviations of up to 0.3 eV were
found. Finally, we showed that there is a correlation between
calculated doping levels and CLSs for intercalated graphene,
indicating that the doping level of the graphene layer is one of
the main factors determining the CLS.
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