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Abstract

By means of angle-resolved photoemission spectroscopy (ARPES) and density func-
tional theory (DFT) calculations, we investigate the electronic structure of a Br or I
atom overlayer on the Cu(111) surface produced by the well known Ullmann coupling
reaction. We found that the iodine adsorbate induces two spin-orbit splitted highly
dispersive bands, which are well-separated from the bulk Cu-3d bands, whereas the
bromine-induced bands are flat and largely hybridized with the copper states. Also, our
measured constant energy maps show that the I-induced bands have a parabolic shape
in the whole surface Brillouin zone, which is confirmed by our calculations. Overall, the
agreement between theory and experiments is excellent, giving new insights concerning
the electronic structure of halogen atoms on noble metals and its possible influence on

the molecular electronic structure.

Introduction

The adsorption of halogen atoms on noble metal surfaces has been the subject of an intense
research work in the field of surface science and electrochemistry in the last two decades.
This is due to the fact that the adsorption of halogen atoms modifies the electronic struc-
ture and changes the surface work function, which is directly related to the electrochemical
potential of the metal electrode.? Therefore, there have been several theoretical®1® and

117723

experimenta studies to investigate the overlayer structures, to measure the changes in

the work function, and to study their dependence on the coverage of the halogen adsor-
bates. Especially, some recent works have focused on the relationship between the direction

11,13

of the work function shift and the character of the metal-halogen bonding, as well as the

physical reasons for the formation of the particular patterns at low coverages.?’ 23
Also, halogen atoms, especially bromine and iodine, are the key ingredients of the well-

known Ullmann coupling reaction, which is one of the chemical reaction that synthesizes or-

ganic or organometallic polymers on a metal surface.?426 In the Ullmann coupling reaction,

2
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the deposition of halogenated molecules on noble metals leads to the formation of polymeric
architectures, i.e., a molecular layer in a one or two-step reaction involving organometal-

27232 Changing the type of

lic intermediates depending on the molecule/substrate affinity.
halogen in the precursor is known to lead to strong modification of the Ullmann reaction
parameters, mainly due to its reactivity with the surface and its ability to participate to the
final molecular architecture.® Indeed, depending on the size of the precursive halogenated
molecules, halogen atoms remaining at the surface as a by-product of the reaction play a
role both in the nanopatterning of the polymeric layer and possibly on the corresponding
electronic structure. 34

Therefore, understanding the electronic structure of halogen-adsorbed metal surface is
fundamentally important for deep studies of the above phenomena. Regardless of this impor-
tance, the direct measurement of the band structure of halogen atoms on the metal surfaces
have not been conducted up to now. In this letter, we focus on the modification of the elec-
tronic structure of the Cu(111) surface when two halogen atoms, I and Br, are adsorbed, by
using combined experimental and theoretical methods. Firstly, we have synthesized molecu-
lar layer structures from the deposition of 1,4-diiodobenzene (dIB) and 1,4-dibromobenzene
(dBB) on the Cu(111) surface and we confirmed the existence of patches of I/Br overlayer
structures in them. Then the electronic structure of the I/Br-adsorbed Cu(111) overlayers

are analyzed by both angle-resolved photoemission spectroscopy (ARPES) measurements

and density functional theory (DFT) simulations.

Methods

Experimental Setup

All the experiments have been performed under ultra-high vacuum (UHV) conditions (base
pressures below 2x 107! mbar). The Cu(111) surface was prepared before dosing by multiple

cycles of Ar™ sputtering at 700 eV followed by annealing at 500 °C. The dIB and dBB

3
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precursor molecules (Sigma-Aldrich, 98 % purity) were deposited from their crystallized
forms in a quartz crucible by sublimation at room temperature onto the Cu(111) substrate
(SPL Laboratory) through a leak valve. A partial pressure of 10~ mbar was maintained in
the chamber during few minutes while the substrate was kept at room temperature. The
surface coverage was evaluated by recording STM images as function of sublimation time
in our experimental set-up and by monitoring the XPS C-1s/Cu-2p peak intensity ratio
on the CASSIOPEE beamline. Scanning tunneling microscope (STM) was performed with
an Omicron LT-STM operating at liquid nitrogen or liquid helium temperatures, using a
constant tunneling current, I, and a constant bias voltage, Vgras, measured from the tip to
the sample (the tip is grounded). STM images were analyzed using WSxM software and
treated for line-by-line flattening, plane subtraction and contrast enhancement. ARPES
measurements were performed at the CASSIOPEE beamline of the synchrotron SOLEIL at
a photon energy of 35 eV with an energy and momentum resolution of 10 meV and 0.01 A1
respectively, using a VG-SCIENTA R4000 analyzer. Light polarization in a linear horizontal
configuration, i.e., electric field perpendicular to the sample surface, was taken. All the
photoemission data were recorded at 30 K. LEED patterns were recorded at an electron

energy of 145 eV and at a temperature of 80 K.

Computational Details

Our density functional theory (DFT) calculations were performed with the projector aug-
mented wave (PAW) method as implemented in the Vienna ab initio Simulation Package
(VASP). %536 The generalized-gradient approximation (GGA), as designed by Perdew, Burke,
and Ernzerhof (PBE),3" was used for the exchange-correlation functional and an energy cut-
off of 600 eV was chosen for the plane wave basis set. Electronic iterations were continued
until the total energy difference between steps became smaller than 10~7 €V, and the geome-

try optimization was performed until the force of each atom became smaller than 5.0 x 1073

eV/A.

4
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To build a model for our calculations based on these previous experimental studies!”

and our STM/LEED measurements, we started by obtaining the equilibrium lattice parame-
ter of bulk fee-Cu. Our calculated lattice parameter a = 3.63 A, obtained with a 12 x 12 x 12
['-centered k-point grid, is close to the experimental value of 3.615 A.38 The slab to model
the Cu surfaces were constructed using the optimized lattice parameter of bulk Cu: we con-
structed a (\/§ X \/g)RBO ° supercell for the Cu(111) surface, with a thickness of eight atomic
planes and we added a vacuum of 15 A to avoid significant interactions between periodically
repeated slabs. To have a similar grid spacing in the reciprocal space to that of the bulk
calculation, we used a I'-centered k-grid of 10 x 10 x 1. The geometry optimization of the
surfaces (with and without adsorbates) were performed by constraining the four atomic lay-
ers at the bottom of the slab to reproduce the bulk geometry of Cu while the other atoms
were allowed to relax freely. The adsorption energies of the Br and I adsorbate atoms on the
different Cu surfaces were calculated by subtracting the sum of total energies of the clean
surface and the isolated atom from the total energy of (atom+surface) structure. Relativis-
tic effects have been taken into account in our band structure calculations, since spin-orbit
coupling is expected to be significant. The constant energy maps were calculated by using a

dense k-point mesh of 30 x 30 x 1.

Results and Discussion

Figures 1(a) and 1(c) show the STM images of the Cu(111) surface on which dIB and dBB
precursors were used for the Ullmann coupling reaction, respectively. Even if 1/Br patches
and poly(p-phenylene) (PPP) or organometallic (OM) chains co-exist, the two precursors
lead to different behaviors on the surface superstructure after the dehalogenation. When
the dIB molecules are in contact with the Cu(111) surface and after a moderate annealing
at 150 °C for 10 mn (see figure 1(a)), large areas of iodine domains (zone 1) including few

PPP chains (zone 2) as well as ordered OM chains (zone 3) are evidenced by our STM

5
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Figure 1: (a) STM image taken at 82 K on dIB/Cu(111) (I = 0.34 nA, Vgas = —0.39 V)
after deposition at room temperature and annealing for 10 mn at 150 °C; (b) corresponding
(V3 x v/3)R30° LEED pattern; (c) STM image taken at 5 K on dBB/Cu(111) (I = 0.4
nA, Vgas = —1.5 V) after deposition at room temperature and annealing for 10 mn at 180
°C; (d) corresponding LEED pattern exhibiting the complex signature of the organometallic
molecular reconstruction; (e) simulated (v/3 x v/3)R30° overlayer structure on the Cu(111)
surface and possible adsorption sites of halogen atoms; (f) LEED pattern of the bare Cu(111)
substrate used in this experiment. In the STM images, the areas of halogen patches, PPP
chains, and OM chains are labeled as zone 1, 2, and 3, respectively.

mesurements. The PPP and OM chain periodicities of 4.4 and 6.8 A are in agreement with
previous works. 2834 The iodine layer in zone 1 shows a periodicity of 4.4 A, corresponding
to that of (\/g X \/§)R30° overlayer structure as expected from the periodicity of Cu(111)
surface.

The low-energy electron diffraction (LEED) pattern of the dIB-deposited Cu(111) surface
presented in figure 1(b) exhibits a well-defined (\/3 X \/§)R30 ° surface superstructure com-

pared to that of the bare Cu(111) surface in figure 1(f). We interpret it as the signature of

6
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the overlayer structure formed by iodine patches. On the other hand, the STM image of the
dBB-deposited Cu(111) surface (see figure 1(c)) shows that Br domains are small compared
to the iodine domains in the dIB-deposited Cu(111) surface. As a result, the domains of
self-assembled OM chains also contribute to the LEED pattern leading to a more complex
one as presented in figure 1(d). A more detailed analysis of this molecular self-assembling
is beyond the scope of this paper and will be presented elsewhere for clarity. For the rest
of the discussion, we use I/Cu(111) and Br/Cu(111) to either refer to the actual annealed
surface of Cu(111) after adsorption of dIB and dBB, respectively or to the theoretical model
of the corresponding halogen atoms on the Cu surface.

Table 1: Adsorption energies (in eV) and halogen-surface distances (in A) of the
I/Cu(111) and Br/Cu(111) overlayer structures. The most stable site for each
composition is presented in bold.

Site AE! . (eV)  rigut (A) AEP (eV)  TBr_surt (A)
Top -2.38 2.39 -2.65 2.27
3-fold hcp -2.69 2.22 -3.01 2.03
3-fold fcc -2.70 2.22 -3.02 2.03

Previous DFT studies have shown that for low coverages, both I and Br atoms occupy
the 3-fold fec site on the Cu(111) surface.%!315 In our case, the measured LEED patterns
of the (\/g X \/§)R30° overlayer correspond to a coverage of 0.33 monolayer (ML) with a
superperiodicity of 4.4 A. To investigate the most stable sites and their consequences on the
electronic structure, we calculated the adsorption energies (see table 1) of I and Br atoms for
different sites using DFT. We have considered four different sites: top, 2-fold bridge, 3-fold
fec and hep sites, as detailed in figure 1(e). Among them, 3-fold fec is the most favorable
site for both I and Br atoms, which is the same tendency as in previous DF'T studies with
lower coverages.®131% The 3-fold hcp site is less stable than 3-fold fee, but the difference in
the adsorption energies between the two sites is only 0.01 eV. Note that there is no value for
the adsorption energy of the bridge site in table 1 since the I/Br atoms moved to the 3-fold
fec site during the geometry relaxation, indicating that this site is highly unfavorable.

From the ARPES measurements carried out on the I/Cu(111) surface shown in fig-
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Figure 2: Left panels: ARPES intensity map measured at 30 K around the I" point on (a)
[/Cu(111), (b) Br/Cu(111), and (c) the bare Cu(111) substrate; Right panels: DFT band
structures for (d) the I/Cu(111), (e) Br/Cu(111), and (f) clean Cu(111) surfaces. The green
fatbands in figure 2(d) and 2(e) depicts the projection of the band structure onto the halogen
atomic states. Fermi levels are set to zero for all figures.

ure 2(a), we found that two bands, separated by 0.48 eV, are clearly seen in the binding
energy range between —1.6 to —2.2 eV below the Fermi level in comparison with the ARPES
spectra obtained on the clean Cu(111) surface (figure 2(c)). These two bands have a parabolic
shape centered at the I'-point, and are well separated from the intense bulk Cu-3d bands. In
addition, the maxima of these two bands are separated by 1.63 At along ['-M-TI" as expected

for the (\/§ X \/§)R3O ° superperiodicity. On the contrary, the states which may be induced
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by Br adsorbates are not clearly seen in the ARPES measurements considering the same
energy range (see figure 2(b)). Notice that the two states that appear around -2 and -2.2 eV
(see figure S2(a)) could originate either from the OM chains or from the Br layer.

To complement our analysis, we calculated the DFT band structures of the most stable
configurations of the I/Cu(111) and Br/Cu(111) overlayers and compared with that of the
clean Cu(111) surface, as presented in figures 2(d), 2(e), and 2(f), respectively, with the
fatband projection of the halogen adsorbate states. Also, we present the same bandstructures
but with highlighting the projection of the states of surface- and bulk-region Cu atoms in
figure S1.

We found that the adsorption of a I or Br atom induces two major changes in the
bandstructure. Firstly, [- or Br-derived bands are induced just above the Cu-3d bands when
the atoms are adsorbed on the surface, as shown in figures 2(d) and 2(e). These induced
bands are contributed mainly by the atomic states of the I or Br adsorbates, which are
hybridized with the 3d atomic states of the surface Cu atoms (compare figures 2(d)-(e)
with figures S1(b)-(c)). Interestingly, the I-induced and Br-induced bands have a different
behavior, even though the Br and I atoms occupy the same 3-fold fec site on the Cu(111)
surface: the separation of the I-induced bands from the Cu-3d bands is larger than that
of Br-induced bands, which are largely mixed with the Cu-3d bands. Furthermore, the I-
induced bands have parabolic-like shapes around the I'-point , whereas the Br-induced bands
are nearly flat along the same path. These findings explain why the Br-induced band cannot
be observed distinctively in the ARPES experiment. In addition, the spin-orbit splitting of
0.36 eV between two I-induced bands observed in our calculation is in good agreement with
ARPES data. For the Br-induced bands, this splitting is smaller (0.09 eV), indicating as
expected that spin-orbit effects for Br are rather small compared to the I atom.

Secondly, when the adsorbates are put on the surface, one of the Cu surface bands goes
up in energy, above the Fermi level, meaning that a charge transfer took place from the

surface to the halogen atoms. (see SI for the detailed discussion on this point.)
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Also, it is noteworthy to mention that both the Cu-3d bands and the I-induced bands
measured by ARPES are deeper in energy than in the DF'T band structures. This is due to
the well known problem of DF'T when used with a semi-local approximation for the exchange-
correlation potential: it suffers from a self-interaction error, which make the eigenstates
to be shifted in energy. This issue could be solved by using a more elaborate level of
theory such as hybrid functionals or the GW approximation. However, these methods are
computationally heavy, and their use would not change the qualitative comparison bewteen
theory and experiments in the present study.

@) KAy ® © (d) (¢) UCu(111), DFT

Lower cut Upper cut

N
11 -~
05
0.5 L

AN

Figure 3: Constant energy maps in the 2-dimensional k-space measured by ARPES for (a)
the bare Cu(111) surface and (b)-(d) the I/Cu(111) surface taken for three different values of
the energy. The black dashed and magenta dotted lines represent the surface Brillouin zone
(SBZ) of the clean surface and of the surface with a (\/5 X \/g)R30 ° overlayer, respectively.
Figure 3(e) shows the DFT constant energy maps of the band which contains the I-induced
state (depicted as a black solid line in the bandstructure at the bottom of figure). For both
upper and lower energy cuts, the smallest circle corresponds to the I-induced state. The
black lines represent the SBZ. For details about the two energy values that were chosen, see
the main text.

We have also investigated the shape of I-induced band in the surface Brillouin zone
(SBZ) by calculating and measuring constant energy maps. Figures 3(a)-(d) are the ARPES
constant energy maps for the Cu(111) and I/Cu(111) surfaces, respectively, with the binding
energy cut between —1.5 to —1.7 V. Whereas only a large hexagon-like structure is shown
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in the map for the Cu(111) surface as expected for a photon energy of 35 eV (see figure 3(a)),
the I/Cu(111) surface has additional circular structures around the I'-point (see figure 3(b)-
(d)), which comes from the parabolic I-induced band as shown in figure 2(a). As expected,
the center of this parabolic state is repeated with a 1.63 A~! periodicity evidencing that these
states are the clear signature of the I-induced states associated with the (\/§ X \/§)R30 °-1
surface superstructure. Furthermore, as the magnitude of the binding energy increases, the
size of the circle structure increases, indicating that the I-induced bands have a 2-dimensional
quadratic nature.

The corresponding constant energy maps obtained from DFT are shown in figure 3(e).
To calculate the constant energy maps, and we chose two energy values in our bandstructure,
as depicted in the bottom of figure 3(e): one is —0.96 eV (upper cut), which is just below the
maximum in energy of the I-induced bands at the T'-point, and the other is —0.99 eV (lower
cut). The smallest circle around the I'-point corresponds to the circle-like structure of the
[-induced band in the ARPES results, of which the size increases as the magnitude of the
binding energy increases. A larger circle and hexagon-shape structures, which are depicted
as blue lines, are also shown in each DF'T constant energy map. These structures correspond
to Cu surface bands in our DFT simulations and are not clearly identified by ARPES due
to the attenuation of this signal by the presence of the iodine layer at surface.

By going to higher binding energy, we also observed the evolution of the second I-induced
band. Figure S2 (b)-(d) are the ARPES constant energy maps taken at the binding energies
in a range between -2 to -1.8 €V, showing that the increase of the radius of the circular
structure is repeated again from the I'-point. The ARPES intensity curves taken at the
vicinity of k, = —0.1 A~! and k, = 0.0 A~ (see figure S2(a)) proves that the second
evolution of the circular structure corresponds to the second I-induced band (peak 3).

The origin of the different shapes of the I- and Br-induced bands can be associated with
the different size of the Br and I atoms. Since both I and Br have the same (\/3 X \/§)R3O °

structure on the Cu (111) surface, the nearest Br-Br and I-1 distances are the same. However,
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the atomic radius of I is larger than the one of Br, resulting in a larger overlap between the
nearest I atoms than the nearest Br atoms. This idea is supported by the charge density
plots of the I/Cu(111) and Br/Cu(111) overlayers shown in figure S3: our calculated charge
densities show that the electrons of I are distributed in a wider region than the electrons
of Br. Consequently, the I adsorbates form a band which is more dispersive than the one

coming from Br atoms.

Conclusion

In summary, we have studied the geometry and the electronic structure of I/Br atoms ad-
sorbed on a Cu(111) surface by STM, LEED, ARPES measurements combined with DFT
simulations. Even if the two halogen elements, I and Br, adsorb at the 3-fold fcc site on the
Cu(111) surface with a (\/§ X \/g)R?)O ° super-periodicity, we found that they display differ-
ent electronic structure. When Br atoms are adsorbed, the corresponding band presents a
flat dispersion and is close to the Cu-3d bands, and, in this particular experimental case,
superimposed with molecular states so that ARPES can hardly resolve it. However, the in-
duced spin-orbit splitted bands by the I adsorbate are well separated from the Cu-3d bands.
From the analysis of the band structures and of the constant energy maps, we found that the
I-induced bands have a quadratic nature in k-space, a feature which is shown in both our
calculations and our experiments. Overall, the work presented here solves the long standing
issue of the electronic structure of heavy halogen atoms on noble metal surfaces. In this
respect, it represents a fundamental step towards a better understanding of the complex

interplay between reactants and products of the surface mediated Ullmann reaction.
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