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We investigate the band structure of image potential states in quasi-free-standing graphene (QFG)
monolayer islands using angle-resolved two-photon-photoemission spectroscopy (AR-2PPE). Direct
probing by low-energy electron diffraction (LEED) shows that QFG is formed following oxygen
intercalation into the graphene-Ir(111) interface. Despite the apparent decoupling of the monolayer
graphene from the Ir substrate, we find that the binding energy of the n=1 image potential state on
these QFG islands increases by 0.17 eV, as compared to the original Gr/Ir(111) interface. We use
calculations based on density functional theory to construct an empirical, one-dimensional potential
that quantitatively reproduces the image potential state binding energy and links the changes in
the interface structure to the shift in energy. Specifically, two factors, arising from the presence of
intercalated oxygen adatoms, contribute comparably to this energy shift: a deeper potential well and
the increase in the graphene-Ir distance associated with a wider potential well. While image potential
states have not been observed previously on QFG by photoemission, our work now demonstrates
that they may be strongly excited in a well-defined QFG system produced by oxygen intercalation.
This opens an opportunity for studying the surface electron dynamics in QFG systems, beyond

those found in typical non-intercalated graphene-on-substrate systems.

I. INTRODUCTION

Because of its importance for understanding interfa-
cial physics, there has recently been a growing inter-
est in intercalated graphene systems, including stud-
ies of the occupied states using a plethora of probes.
These studies have shown an interesting series of subtle
and unexpected surface phenomena in the intercalated
graphene substrate system, including the decoupling of
the graphene-substrate interaction and modulation of the
graphene electronic structure near the Dirac cone' 3, the
loss of the interfacial moiré pattern and surface corruga-
tion in the presence of intercalation* 7, and the effects of
graphene in protecting the vulnerable surface states on a
metal substrate® 17, even in the presence of intercalated
adatoms!?!.

The response of the empty states in the intercalated
graphene has been, in general, much less studied. A
particularly fruitful approach has been based on pro-
cesses in which electrons transiently occupy image po-
tential states (IPS). The IPS broadly occur at dielectric
and metal surfaces, and various measurement techniques
yield well-defined photoemission spectral features'? 22,
Of course, these studies have been used to character-
ize IPS themselves at graphene/metal interfaces?3 26
and more recently intercalated graphene systems. For
example, angle-resolved-two-photon-photoemission (AR~
2PPE) measurements of the IPS on the graphene on
Ir(111) system (Gr/Ir), revealed the evolution of the
binding energy with the coverage of graphene??. In addi-
tion, the change in work function could be measured and
the characteristics of the initial, Ir-surface-derived states
were inferred. These properties of the IPS can be under-
stood from an effective 1D model potential that captures

both the image potential outside the surface and its ex-
tension into the physical material surface?S 28, However,
a recent study of IPS on the Gr/SiC interface illustrates
the challenges that may be encountered in the presence
of intercalated atoms?%2°. In this case, upon hydrogen
intercalation at the interface, the previously strong IPS
photoemission signal disappeared, likely as a result of the
pumping process being rendered ineffective?43931, Tt is
thus of pressing interest to use the insights from AR-
2PPE measurements to investigate fully the response of
the normally unoccupied states to intercalation of the
graphene/metal interface with atoms as well as its cor-
responding deintercalation. In particular we make use
of chalcogen atoms as the intercalants for this interfacial
system.

In this paper, we report on the direct band-
structure mapping of IPS in oxygen-intercalated and de-
intercalated graphene on an Ir(111) single-crystal sub-
strate. Our AR-2PPE measurements and supporting the-
oretical calculations probe the changes in the character-
istics of IPS upon oxygen intercalation. We find that
the IPS are bound more strongly to graphene islands or
graphene regions on the substrate as a result of intercala-
tion. Our experiments measure the evolution of the band
structure, including binding energy shifts in the n=1 IPS
and the effective mass of this same state as a result of
oxygen intercalation and deintercalation. Finally, using
input from density functional theory calculations, we ex-
pand on a recently proposed one-dimensional model for
IPS to explain the observed changes in IPS binding en-
ergy upon oxygen intercalation.



II. METHODS
A. Experimental

The samples for our experiments were prepared in situ
both at Columbia University and at Brookhaven National
Laboratory (BNL). Initially, the bare Ir(111) surface was
prepared via several cycles of Ar-sputtering and anneal-
ing in vacuum and in the presence of oxygen, and then
examined using low-energy electron diffraction (LEED).
Subsequently a sub-monolayer of graphene, which con-
sists of graphene islands or patches, was grown on this
surface and monitored by LEED using multiple cycles
of temperature-programmed growth (TPG). This multi-
domain approach was used since small islands increase
the efficiency of oxygen intercalation by providing more
surface boundaries3?33. For each TPG cycle, the Ir crys-
tal was first exposed to ethylene under a partial pressure
of 5x10° Torr for 30 s at room temperature and then
flash heated to 1250 K for 30 s. The oxygen intercala-
tion and deintercalation were accomplished by heating
the Gr/Ir sample to 550 K in 2x10°% Torr oxygen for
3 min, and then heating this Gr/O/Ir sample to 680 K
under ultrahigh vacuum (UHV) for 5 min, respectively.
The reproducibility and robustness of the above proce-
dure were confirmed via p-LEED (with 2um selected-area
aperture) and low-energy electron microscope measure-
ments in the aberration-corrected LEEM (AC-LEEM) at
the Center for Functional Nanomaterials at BNL. The
LEEM measurements were particularly useful for moni-
toring the overall surface quality. This same procedure
was then applied in our 2PPE photoemission chamber
with a standard LEED system at Columbia University.
Under the same growth conditions, identical results were
obtained with the BNL and Columbia preparation cham-
bers. The 2PPE experiments were carried out immedi-
ately following sample preparation at room-temperature
sample.

Our photoemission laser system made use of an ultra-
fast Ti:Sapphire oscillator whose pulses were amplified in
a regenerative amplifier and then used to drive an optical
parametric amplifier to provide a tunable source of visi-
ble light. The visible output pulses were first frequency-
doubled in a [-BaB3Oy4 nonlinear crystal, which pro-
duced a train of tunable UV, sub-100 fs pulses, with
photon energies in the 3.6-5.1 eV range at a 250 kHz
repetition rate and a pulse energy of 10 nJ in an esti-
mated spot size of 200 pym. Prior to entrance of the UV
pulses into the UHV chamber, the temporal profile of the
UV pulse was optimized using a prism pair to maximize
the 2PPE electron counts. The photoemitted electrons
were collected using a 160° spherical-sector energy ana-

lyzer having a k|| momentum resolution of 0.03 A and
an energy resolution set to 50 meV. The incidence angle
of the laser beam was fixed at 70° and the detector was
rotated about the fixed sample. Our sample was biased
at -0.5 V to reduce the effects of stray electric fields in

the vicinity of the sample.

B. Theoretical

In order to clarify the origin of the increase in bind-
ing energy of IPS due to oxygen intercalation, we theo-
retically explored the impact of interfacial region struc-
ture on an effective one-dimensional (1D) potential model
describing the IPS. This model advances on that pro-
posed by the Héfer group?®. They only consider the
non-intercalated case and combine an analytical 1D-
potential model for the metal surface?” with a fitted
model potential representing LDA plus image poten-
tial effects for graphene®*. Two of the parameters de-
scribing the metal surface are fitted to optimize the
lowest IPS energy. Then, with this model, they were
able to describe the evolution of the IPS and interface
states at the metal/graphene interface and to demon-
strate quantitative agreement with many experimental
observations?83°.  An alternative approach to compute
an effective 1D-potential for graphene, based on the di-
electric response, has been explored3®, but not yet ap-
plied to the more complex metal-graphene systems.

Here, we build on the approach by the Héfer group?®
in a way that allows us to include the impact of interca-
lation of oxygen atoms at the Gr/Ir(111) interface. First,
the interface structure and work function are determined
for each surface and interface under study using den-
sity functional theory based calculations. Specifically,
the Ir(111) surface is modeled using a 2x2 surface unit
supercell and a periodically repeated slab model consist-
ing of 6 monolayers of Ir atoms and a vacuum layer of 30
A thickness. The coverage of O adatoms is set to 25% for
the O/Ir(111) calculation. The calculations were carried
out with CASTEP?” using the local density approxima-
tion (LDA) and ultrasoft pseudopotentials contained in
version 7.2.13%. A plane-wave basis set, truncated with
a 600 eV energy cutoff, is used. A periodic dipole cor-
rection is applied in a self-consistent manner. The local
geometry is optimized for the uppermost Ir layer and the
oxygen adatoms.

For calibration, we compare our calculated bulk Ir and
relaxed Ir(111) and O/Ir(111) surface structures to pre-
vious DFT-based results from the literature3®4%. With
LDA, we find ag = 3.83 A, compared to 3.86 A (Perdew-
Wang-91, PW91)%°, 3.85 A (Perdew-Burke-Ernzerhof,
PBE)%, and 3.84 A (experiment quoted in*’). The
specific form of gradient corrected exchange-correlation
functional used is noted. The deviations from experiment
are quite small in all cases and fall well within expected
bounds. Our computed spacing between the surface and
subsurface layer of Ir(111) is 2.17 A with the bulk layer
spacing being 2.21 A as compared to previous PBE re-
sults of 2.19 A for the surface layer and 2.22 A for the
bulk*?.

Using the calculated Fermi energy and the potential
averaged parallel to the slab, we calculate the work func-



tion for Ir and 25% O/Ir and find them to be 5.79 eV and
6.08 eV, respectively. These results agree with the exper-
imental Ir work function at 5.79 eV4! and the calculated
25% O/Ir work function at 6.04 eV39.

We also consider model structures for Gr/Ir and
Gr/O/Ir, in which the graphene is stretched to match
the Ir(111) surface-lattice parameter. We probed the po-
sition of the model graphene layer at the Ir and O/Ir
interfaces, finding 3.48 A and 3.80 A separation from
the top-most Ir layer (average) vertical position, respec-
tively. In this case, the LDA is augmented by the OBS
correction?? to approximate van der Waals interactions.
Our calculated average vertical distances are in reason-
able agreement with results from the literature. X-
ray standing wave measurements gave 3.3840.04 A for
Gr/Ir(111)*3. DFT-based computations with a 9x9 Ir
supercell matched to 10x10 graphene resulted in an av-
erage height of 3.41 A**. Another calculation based on
an 8x8 Ir supercell matched to 9x9 graphene gave 3.53
A for Gr/Ir and 4.02 A for Gr/O/Ir**. Finally, results
for a much smaller supercell V3 x /3 rotated 30 degrees
matched to 2x2 graphene gave 3.48 A and 3.81 A for
Gr/Ir and Gr/O/Ir, respectively?®. All of these DFT re-
sults also included consideration of van der Waals inter-
actions, the detail of which can be found in the original
references.

To obtain a complete 1D potential for the system with
graphene that best represents the Gr/Ir and Gr/O/Ir
interfaces and the image potential characteristics, we
start from self-consistent DFT results for Ir(111) and
O/Ir(111) respectively, averaging parallel to the surface.
We fit these results to the analytical model of Chulkov
and coworkers?” which includes an image potential tail.
In previous work, the Hofer group fit four parameters
in that model empirically, in part, to reproduce the ex-
perimental IPS binding energies®®. Instead, we use the
DFET results to establish the model, with no free param-
eters as such. Further, this allows us to systematically
include the role of oxygen in the same procedure. Then
we join the Ir(111) and O/Ir(111) potentials with the
graphene potential of Silkin and coworkers®*, following
the procedure of the Hofer group. The final potential
includes their higher-order image charge correction and
work function correction®®. This approach then yields a
1D model potential for Gr/Ir and Gr/O/Ir. Solution of
the Schrodinger equation in 1D with this potential gives
the binding energy and surface-normal electron density
distribution for the IPSs. Further details of our poten-
tial construction are illustrated in the Section B of the
Supplementary Material.

III. RESULTS
A. LEED Characterization of Surface Crystallinity

Our LEED measurements provided critical informa-
tion on the crystallinity of our samples at key stages of

their preparation: (a) clean Ir(111), (b) preintercalated
Gr/Ir, (c) oxygen-intercalated Gr/O/Ir and (d) oxygen-
deintercalated Gr/Ir. For example, as shown in Fig. 1(a),
the hexagonal LEED pattern reflects the excellent crys-
tallinity of clean Ir(111) surface. As shown in the pu-
LEED pattern Fig. 1(b), obtained after 8 TPG cycles,
a moiré pattern is observed in reciprocal space for the
graphene-Ir interface. Based on the distribution of the
diffraction spots from graphene and Ir, and the known
lattice constant of Tr(111) given by 2.73 A%6, the lattice
constant for the grown graphene is found to be 2.45 A.
After oxygen intercalation, the moiré diffraction spots,
shown in Fig. 1(c), weaken in intensity and two aligned
hexagonal LEED patterns begin to emerge®”, with inner
and outer patterns corresponding to the Ir(111) surface
and the graphene layer, respectively. The observed disap-
pearance of the moiré pattern in the presence of oxygen is
consistent with the current understanding of the effect of
intercalated oxygen on the Gr/Ir interface. In particular,
it has been found in prior work that oxygen intercalation
releases and lifts up the graphene layer from the substrate
and thus decouples the electronic interaction between the
graphene and Ir*7; this decoupling leads to the weak-
ening (but not eliminating**) of the surface moiré pat-
tern (or periodic corrugation pattern) that arises from
the weak interaction between the graphene layer and the
Ir(111) surface® 1. Our measurements further show that
the crystalline lattices of the graphene and the Ir(111)
surface are aligned after growth as shown by the two sets
of sharp and fully aligned hexagonal LEED patterns in
Fig. 1(c). Figure 1(d) shows the effects of oxygen dein-
tercalation on the LEED pattern. In this case, during
deintercalation, the moiré pattern reappears, indicating
the restoration of the corrugation. Although not shown
in our paper, we have observed a 2x2 LEED pattern on
oxygen-dosed Ir(111), following the same oxygen treat-
ment that we state in the Methods Section.

Finally note that the appearance, disappearance, and
reappearance of the Gr/Ir moiré LEED pattern at the
same electron energy (60 eV) provide very reliable and re-
producible indicators for monitoring the sample growth,
as well as oxygen intercalation and deintercalation. Fur-
ther details of the evolution of the intercalation and
deintercalation processes are provided in Section A of
the Supplementary Materials, which includes real-time
LEED videos. Also note that similar results were ob-
tained in the two vacuum chambers used in our experi-
ments.

B. AR-2PPE Mapping of IPSs Electronic
Structure in Gr/Ir(111) and Gr/O/Ir(111)

In this section, we describe AR-2PPE measurements of
the image states for each of our three interfacial systems:
preintercalated Gr/Ir, intercalated Gr/O/Ir and deinter-
calated Gr/Ir. Note that because the pure Ir and O/Ir
surfaces have relatively high work functions of 5.79+0.1



eV248 and 6.35+0.04 eV*®, respectively, their image
states are not excited using our photon energy of 4.64
eV. In fact, the observed image states are formed only
on the graphene-covered surface regions; a discussion of
this point is presented in a previous paper??.

1. Energy Features

Figure 2 presents our experimental AR-2PPE map-
ping of the n=1 and n=2 image potential states centered
about k)| =0 for the I' point using an incident photon en-
ergy of hw=4.64 eV. The photoemission spectra in the
figure show two important features. First, the energy
of the n=1 IPS shifts from 3.86 eV to 4.16 eV above
Fermi level following oxygen intercalation. Second, while
the energy of the n=2 IPS is 4.46 ¢V in Gr/Ir and is
observed, this image state is not observed on Gr/O/Ir
samples for the photon energy used. Measured relative
to the vacuum level, these energies indicate the binding
energies of the IPS and will be examined more carefully
in the Discussion section below.

2. Spectral Intensity Features

In the presence of intercalated oxygen, an additional
spectral structure is readily observed by examining the
variation of the normalized intensity profile

60 eV

Cleaned Ir(111) Preintercalated Gr/Ir
(C) Y (d) Y

. Gr
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Intercalated: Gr/O/Ir Deintercalated: Gr/Ir

FIG. 1. p-LEED patterns of (a) cleaned Ir(111), (b) prein-
tercalated Gr/Ir, (c) oxygen-intercalated Gr/O/Ir and (d)
oxygen-deintercalated Gr/Ir. The energy label on the top
right corner of each subfigure denotes the incident electron ki-
netic energy. The arrows in (c) indicate the hexagonal diffrac-
tion patterns associated with graphene and iridium surfaces.

Intercalated oxygen alters key spectral features that
can be deduced by examining the normalized intensity
profile of the n=1 IPS energy distribution curve (EDC)
as a function of k|. These are shown for the three differ-
ent interfaces (see bottom panels of Fig. 2). Specifically,
for this image state, a resonance-like feature is observed
in the vicinity of k = 0.14 A™. The photoemission in-
tensity increases sharply by a factor of 2 as k| varied

from 0 to 0.14 A™" for the Gr/Ir systems in Fig. 2(a) and
(¢); in contrast, this behavior is not observed in the case
of the intercalated Gr/O/Ir system in Fig. 2(b). Note
that for each figure, the data is normalized relative to
their values at k) =0.

This behavior can be attributed to changes in the
Ir(111) Rashba-split surface states. These states have
been investigated extensively for the clean Ir and Gr/Ir
surfaces'?. Earlier studies have conclusively demon-
strated the spectral peak structure as arising from a res-
onant optical transition from the pair of Rashba-split
surface states of the iridium substrate to the n=1 IPS
of graphene?>*?. However, the surface states may be
strongly perturbed or eradicated by the mere presence
of a trace amount of stray surface oxygen adsorbates®.
Consequently, the resonant excitation channel via the
Rashba surface states is extinguished thereby quenching
the resonance feature, as shown in Fig. 2(b). Our obser-
vation of the extermination and restoration of the reso-
nant peaks due to the absence or presence of the surface
states indicates the efficiency of our in situ oxygen inter-
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FIG. 2. Image potential state band structure (middle panel)
and normalized EDC peak intensity profile (bottom panel)
versus parallel momentum for (a) preintercalated Gr/Ir, (b)
intercalated Gr/O/Ir and (c) deintercalated Gr/Ir, schemati-
cally presented in the top panel. The grey dashed line denotes
the energy of n=1 IPS for preintercalated and intercalated
systems. The shift in the binding energy of the n=1 IPS, be-
tween Gr/Ir and Gr/O/Ir, is AE=0.3 eV. Note that in this
figure the symmetry point for %k =0 corresponds to the I'
point. The photon energy is hw=4.64 eV.



calation and deintercalation processes; this same effec-
tiveness is demonstrated in the loss of the moiré pattern,
observed in the LEED measurement during intercalation.

8. Effective Mass Features

The AR-2PPE data measured above also allows us to
determine the effective mass of the measured n=1 IPSs
shown in Fig. 2. Using simple parabolic fit to the
dispersion®!, we obtain the effective mass for preinter-
calated Gr/Ir as m = 0.84+0.05 mg, where mg denotes
the free electron mass. This value is in close agreement
with the experimental results obtained in our previous
study?3. In addition, the effective masses for the in-
tercalated Gr/O/Ir and de-intercalated Gr/Ir phases are
measured to be 0.86+0.05 my and 0.84+0.05 m, respec-
tively. These values are close to the values on the pristine
surface, which indicates that the IPS states in Gr/Ir in-
terface are sufficiently separated from the surface such
that the in-plane surface potential variation due to oxy-
gen intercalation and deintercalation weakly scatters the
IPS electrons parallel to the plane of the surface. How-
ever, our theoretical model will show that the behavior of
the IPS state electrons is heavily influenced by the out-
of-plane surface potential variation due to oxygen inter-
calation; see the Discussion section below.

C. Work Function Measurement for Gr/O/Ir

In this section, we use our experimentally determined
work function values to obtain the work function of
Gr/O/Ir. Since the oxygen intercalation typically uses
partial graphene coverage®®, the measured work function
using 2PPE is an average over multiple surface domains,
i.e., monolayer (ML) graphene patches. Thus in order
to estimate the work function ®q, /0,1 of an isolated
Gr/O/Ir single domain, i.e., its local work function, we
need to disentangle the multi-domain effects using prior
experimental results. In particular, the work function
of the Gr/Ir domains and of bare Ir were reported as
Sy = 4.6540.10 eV?? and @1, = 5.7940.10 eV?5,
respectively, and correspondingly denoted by blue cir-
cles and blue squares in Fig. 3. For samples containing
monolayer patches of graphene on Ir, the work function
measured by 2PPE on a multi-domain sample is a linear
combination of the work function of each single domain
weighted by the fractional size of each domain®®. Specif-
ically, the work function for the graphene-Ir system is
given by ® = (1—0)®1,+60®P, /1., which is denoted by the
blue line connecting the blue circle and the blue square in
Fig. 3. For an oxygen-saturated Ir domain, its work func-
tion is known as ®¢ /1, = 6.3540.04 eV48. As in the case
for our oxygen-intercalated system, the work function for
an arbitrary coverage of monolayer graphene patches may
similarly be written as ®iptere = (1—0)Po /1 +0Par/0 /10

To determine the value of ®g,/ 0,1, Our experiments

are carried out in three stages indicated by @), @), and @)
symbols in Fig. 3, corresponding to the following steps:
(1) A preintercalated graphene-Ir system is prepared such
that its measured work function is ® = 5.03+0.02 eV,
corresponding to a graphene coverage 6 = 0.67 ML (up-
ward blue triangle in Fig. 3); (2) oxygen is interca-
lated and the work function is measured to be Piyiere =
5.54+0.02 eV (clear orange triangles in Fig. 3); and (3)
oxygen is deintercalated and the work function is remea-
sured to be ® = 5.15+0.02 eV, which corresponds to a
graphene coverage § = 0.56 ML (downward blue triangle
in Fig. 3).

In Fig. 3, we find that for the pre- and de-intercalated
Gr/Ir, the work function increases from 5.03 to 5.15 eV,
which corresponds to a loss of graphene coverage of 0.11
ML from 0.67 ML to 0.56 ML. From this information
alone, we cannot determine how much of this loss can
be identified with a specific step of the intercalation-
deintercalation cycle. As a result, there is an uncer-
tainty in the determination of the graphene coverage for
the Gr/O/Ir system. We can see from Fig. 3, how-
ever, that the exact graphene coverage lies between 0.56
and 0.67 ML. Using the coverage-dependent expression
for ®iptere above, we obtain the lower and upper limits
for ®q, 01 to be 4.90 and 5.14 eV, respectively (cor-
responding to downward- and upward-pointing solid red
triangles). Therefore, we find that the intercalation of
oxygen in a graphene/Ir system increases its work func-
tion, ®q,/;; = 4.65 eV, by an amount that ranges be-
tween 0.25 eV and 0.49 eV. This range is in agreement
with the range of the measured work function increase
of 0.440.1 eV as measured by scanning tunneling spec-
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troscopy (STS)®2. However, to estimate the work func-
tion ®g, 01 more accurately, we need to understand
the loss of graphene due to its reaction with oxygen dur-
ing intercalation and deintercalation. Loss of graphene
during both processes have been observed, showing that
as much as 20% of the graphene may be lost during
deintercalation but only 1-2% during intercalation®53:54,
Hence, for the rest of our discussion we may assume a
~ 1% graphene loss during oxygen intercalation, from
which we estimate that ®g, 01 & 5.12 eV; this value
will be used to derive the binding energies of the IPS
below.

IV. DISCUSSION

In this section, we begin by calculating the experimen-
tal binding energies of IPS in Gr/Ir and Gr/O/Ir based
on the energy and work function measurements presented
in the Results section. We then develop an effective po-
tential model that allows us to understand the variation
of the IPS binding energy due to oxygen intercalation in
the Gr/Ir interface.

The measured IPS energy level with respect to sam-
ple Fermi energy (E — E) and the local work function
(®) determine the binding energy of the IPS with re-
spect to the vacuum level. For the Gr/Ir region, the
local work function is 4.65 eV and the measured energies
for n=1 and n=2 IPS are 3.86 eV and 4.46 eV, respec-
tively. Thus, the experimental binding energies of n=1
and n=2 IPS are 0.79 eV and 0.19 eV, with respect to
FE,. These values reproduce well the corresponding val-
ues of the same states measured in Gr/Ir?3. The work
function of the Gr/O/Ir region is & 5.12 ¢V and our mea-
sured energy for the n=1 IPS is 4.16 eV. Therefore, the
experimental binding energy of the n=1 IPS in our mea-
surements is estimated to be ~ 0.96 eV. As mentioned in

Gr/Ir (eV) Gr/O/Ir (eV)
Method Distance(A) n=1 n=2 n=1 n=2
Theory 3.48 0.77 0.21 0.87 0.22
3.80 086 0.22 0.97 0.24
Experiment 0.79 0.19 0.96
Ref. Th.? 3.4 0.88  0.23
Ref. Exp.P 0.83 0.19
a 28
b 23

TABLE I. Calculated binding energies for the IPS (n=1, 2) in
Gr/Ir and Gr/O/Ir interfaces. The results of our 1D potential
are compared with the experimental values reported using
2PPE?® and theoretical values calculated using an analytical
1D potential model®®. The distance denotes the separation
between graphene and Ir surface. Two distance values are
specified as a result of DFT-calculated interlayer distances in
Gr/Ir (3.48 A) and Gr/O/Ir (3.80 A). The theoretical energy
values in bold italic font correspond to the IPS probability
densities presented in Fig. 4(a) for Gr/Ir and Gr/O/Ir.

the introduction, it has been widely reported that oxygen
intercalation can decouple the graphene from the metal
substrate and give rise to quasi-free-standing graphene
with a graphene-like Dirac cone band structure. In con-
trast, the IPS state in the quasi-free-standing system is
actually more strongly bound; specifically, the binding
energy of the n=1 IPS at 0.79 eV in Gr/Ir increases to
0.96 eV in Gr/O/Ir.

Prior experiments have in fact examined the spe-
cific details of the intercalation process for oxygen at
graphene/Ir interfaces. Prior works have generally con-
cluded that molecular oxygen is first thermally dissoci-
ated on Ir sites in order to form chemisorbed O-Ir bonds
and these bonds found in intercalation are known to
behave chemically in a similar fashion as chemisorbed
oxygen on bare Ir?® %7, These Ir-chemisorbed oxygen
atoms then diffuse underneath the graphene islands from
their edges until a saturated concentration is reached
beneath the islands®?. As a result of this process,
an oxygen-intercalated layer forms and then "lifts” the
graphene from the Ir surface, i.e., the graphene-Ir dis-
tance increases. Electron transfer from the metal to the
chemisorbed oxygen layer fills the oxygen valence states,
leaving a residual, van der Waals interaction with the
graphene layer above. The displaced or released graphene
then forms a quasi-free-standing graphene layer.

In order to clarify the origin of the increase in bind-
ing energy of IPS due to oxygen intercalation, we use
the one-dimensional potential model to describe the in-
duced changes in the interfacial region, the corresponding
modulation of the surface-normal potential, and finally,
the evolution of the IPS binding energies and electron
probability-density distributions. Figure 4(a) shows the
1D potential that we deduce in each case, along with
the IPS electron probability-density distributions. Cal-
culated IPS binding energies are reported in Table I. Our
results for Gr/Ir agree quite well with the measured val-
ues of binding energy. In our calculation, we do not see
even and odd IPS; we attribute this phenomena to the
fact the 1D potential is no longer truly symmetric as is
the case for free-standing graphene due to the proximity
of the substrate and intercalant. The IPS evolution from
the even-and-odd manner in freestanding graphene to the
manner resembling the one on the semi-infinite surface in
Gr/substrate has been discussed in the reference®®.

As a consequence of the oxygen intercalation, interca-
lated oxygen adatoms form chemical bonds with the Ir
surface and the distance between the Ir surface layer and
the Gr layer is increased. Our calculations show that
these two structural changes result in modifications to
the potential profile within the interface. A comparison
of this Gr/O/Ir (red) 1D potential with that of the Gr/Ir
(blue) potential shows that with oxygen intercalation,
two predominant effects arise: a deeper and wider poten-
tial well. The former effect is specifically in the vicinity
of the O adatoms (see the potential difference around z
= 1-2 A). The latter effect is directly associated with the
increased graphene-Ir distance (i.e., see the potential dif-



ference around z = 4-6 A). As a natural consequence of
such a deeper and wider potential well, stronger binding
of IPS is seen since the electron probability-densities are
closer to the graphene surface as shown in Fig. 4(a), as
well as the larger binding energies seen in Table 1. The
increase in binding energy of the n=1 IPS upon oxygen
intercalation is more pronounced compared to that of the
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FIG. 4. Panel (a) shows 1D potential model for Gr/Ir and
Gr/O/Ir and the corresponding probability densities |¥(z)|?
for the IPS. The potentials and states for Gr/Ir and Gr/O/Ir
are plotted using dashed line and solid line, respectively. The
yellow, red, and brown balls and shades indicate the ideal
position of the Ir surface, the intercalated oxygen adatoms,
and the graphene layer at the Gr/O/Ir interface, respectively.
The horizontal axis denotes the position z along the direction
perpendicular to the surface. The zero energy in the potential
scale denotes the vacuum level and the position scale origin
denotes the z position of outermost Ir atoms. Panel (b) shows
the variation of calculated binding energies for n=1 and n=2
IPS in Gr/Ir and Gr/O/Ir vs. the variation of Gr-Ir distance.
The black and red vertical lines denote two specific cases of
Gr-Ir distance at 3.48 and 3.80 A, respectively. For each of the
vertical line, there are four points of intersection with bind-
ing energy variation curves. These intersections indicate the
binding energies for n=1 and n=2 IPS in Gr/Ir and Gr/O/Ir
at the given distance, which are summarized in Table 1. Note
that the relevant potentials and electron probability densities
shown in (a) for Gr/Ir and Gr/O/Ir are calculated at these
two distances.

n=2 state because of two factors: the closer proximity of
the n=1 image state to the graphene layer as well as its
stronger localization. In particular, the change in the
binding energies for the n=1 and n=2 IPS are 0.2 eV
and 0.03 eV, respectively, after oxygen intercalation, as
calculated in our model.

We find that the increase of the Gr-Ir distance and the
presence of the oxygen atoms contribute comparably in
increasing the binding energies of the IPS. To illustrate
this point, as shown in Table 1, if the Gr-Ir distance is
increased from 3.48 A to 3.80 A in the absence of oxygen
adatoms, the binding energy of the n=1 IPS increases by
0.09 eV from 0.77 to 0.86 eV. On the other hand, if the
oxygen adatoms are present while keeping Gr-Ir distance
fixed at 3.48 A, the n=1 IPS binding energy increases by
0.10 eV from 0.77 to 0.87 eV.

In our calculations, the Gr-Ir interlayer distance is a
key parameter. For Gr/Ir, the interlayer distance has
been estimated by others to be in the range of 3.4-3.5
A284344 " However, for Gr/O/Ir, no comparable exper-
imental measurements of this interlayer distance have
been reported. Here, we have used DFT calculations
to estimate the change in the Gr-Ir interlayer distance
before and after oxygen intercalation. The calculated in-
terlayer distance for Gr/Ir interface was then found to be
3.48 A which fully agrees with the experimental observa-
tion. The corresponding DFT calculation result for the
Gr-Ir distance in the presence of the intercalated oxygen
atoms was determined to be 3.80 A. To probe the sensi-
tivity of our results for the IPS binding energy predictions
to the Gr-Ir interlayer distance, Fig. 4(b) shows the cal-
culated binding energies as a function of that distance
over a broad range. The influence on the n=1 state is
substantial for both Gr/Ir and Gr/O/Ir cases. However,
the lines run approximately parallel. This shows us that
it is the change in the Gr-Ir distance upon oxygen inter-
calation that is the key variable. The vertical lines show
the nominal cases for Gr/Ir and Gr/O/Ir based on our
DFT results, with A=0.32 A. If we hold A constant, but
vary the Gr-Ir distance in the physically plausible range
of 3to 4 A, the change in the binding energy upon oxygen
intercalation is still equal to 0.20 eV within 5% variation.
Note that for our calculation, the oxygen adatoms are po-
sitioned in a 2x2 lattice on the Ir surface**. This 2x2
oxygen distribution would give a 25% oxygen coverage in
a Gr/Ir interlayer®®. This value is consistent with those
of previous reports?%-61.62,

Finally, we review the experimental observation in Fig.
2(b), where the n=2 IPS signal does not appear in the
intercalated Gr/O/Ir interface. Recall that the binding
energy of an IPS is pinned to the local vacuum level®?;
thus with approximately 5.12 eV measured local work
function and 0.24 eV binding energy for the n=2 IPS
in the Gr/O/Ir interface, its energy is expected to be
approximately 4.88 eV above Fermi level. However the
incident photon energy is 4.64 €V in our experiment, it
was not possible to access the n=2 level, resulting in the
disappearance of the n=2 IPS signal in Fig. 2(b).



V. SUMMARY

In summary, using angle-resolved two-photon-
photoemission, we have probed the band structure of
image potential states in quasi-free-standing graphene
that is formed by oxygen-intercalation in a graphene-
iridium interface. While image states have not been
observed in quasi-free-standing graphene by photoemis-
sion previously, our measurements have demonstrated
that IPS can be excited and probed using photoemission
in a well-defined quasi-free-standing graphene system.
In our experiments, the effectiveness of oxygen inter-
calation and the generation of quasi-free-standing Gr
were determined by the loss of the LEED moiré pattern
due to the decoupling of the interlayer interaction, and
by the quenching of the resonant optical transitions
between the oxygen-sensitive Ir surface states and the
IPS. The demonstrated local sensitivity of our work
function measurement allows us to measure this quantity
in Gr/O/Ir domains. Our measurements show that the
experimental binding energy of n=1 IPS increases from
0.79 eV in Gr/Ir to 0.96 eV in Gr/O/Ir. To understand
the origin of this increased binding energy, we have
developed an effective potential model, based on DFT
and an empirical 1D potential model, for calculating
the IPS binding energies at the Gr/Ir and Gr/O/Ir
interfaces. Our model is not sensitive to any in-plane
variation in the binding energy due to the negligible
change of measured IPS effective mass in the oxygen
intercalated sample. Within this approximation, our

model is in good agreement with experimental observa-
tions. It reveals that the increased IPS binding energy
in Gr/O/Ir can be attributed to an altered surface
potential well due to the presence of oxygen adatoms
and an increased graphene-Ir interfacial distance. The
methods described here provides access to the study
of surface electron dynamics in quasi-free-standing
graphene. Finally, from a more general perspective, our
experimental work is a further demonstration of how
seemingly simple metal-adsorbate systems can exhibit a
rich array of surface chemistry and physics phenomena.
The number of these phenomena grow annually; see for
example, a recent study of the “surface trans-effect”%4.
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