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Surface relaxation phenomena have been studied in an electrochemical environment using halide modified
Cu(100) electrodes as model systems to unravel the impact of the chemical nature of the adsorbed halide, the
applied potential, and the presence of solvent species on the surface interlayer spacings. Both, in situ STM and
in situ x-ray scattering data point to lateral structures of the adsorbed halides on Cu(100) which are identical
for both chloride and bromide. Under saturation conditions both halides form a p(1 X 1) adlayer on Cu(100)
with reference to a conventional choice of the substrate fcc unit cell. The in situ x-ray scattering data clearly
indicate that the copper-halide and the copper-copper interlayer spacings are much more affected by potential
changes when bromide is adsorbed on the copper surface and are less affected when chloride is present. This
difference in the potential dependence of both halides can be attributed to the larger polarizability of the
bromide anion that is almost discharged on the copper surface at the highest applied potentials, while chloride
remains largely ionic in the adsorbed state even at the highest applied potential. At the lowest applied potential
of Eyo=—150 mV [vs reversible hydrogen electrode (RHE)] the Br-Cu and the topmost Cu-Cu layer dis-
tances are expanded by 0.150 and 0.058 A, respectively, with reference to their bulk analogs CuBr and Cu.
These spacings continuously contract by up to 0.075 and 0.038 A when the electrode potential is increased to
Eyonc=+50 mV (RHE). Intriguingly, the second Cu layer experiences a potential-dependent buckling due to a
different second-shell coordination of Cu by bromide while deeper Cu layers retain the bulk spacing at all
potentials. Changes in the halide-copper and the copper-copper interlayer spacings are strongly correlated. An
understanding of the in situ x-ray results is achieved by periodic quantum-chemical calculations at density-
functional level that allow a modeling of the interfacial structure under consideration of potential and addi-
tional solvation effects. The latter originate from interaction of water molecules and counterions in the outer

Helmholtz layer with the specifically adsorbed halides in the inner Helmholtz layer.
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I. INTRODUCTION

The microscopic understanding of charge-transfer reac-
tion kinetics in electrochemical environments requires de-
tailed knowledge of the atomic-scale structure of the respec-
tive solid/liquid interface. However, such a fundamental
understanding is often lacking even for technologically and
economically highly relevant processes. One of the most
prominent examples hereof is the state-of-the-art on-chip
wiring of transistors on Si wafers which is today based on an
electrochemical copper deposition, also known as (dual)
damascene process.'> In most of today’s logic devices cop-
per has replaced aluminum as the preferred wiring material.
In order to build up three-dimensional (3D) wiring architec-
tures copper has to grow within the “vias” and “trenches” of
the patterned substrate in a superconformal mode (“‘superfill-
ing”). This requires a so-called bottom-up filling of these
features with copper material, a process which depends sen-
sitively on the composition of the plating baths.

Halides which are commonly added in trace amounts to
the plating bath are known as crucial additives. While chlo-
ride acts as an accelerator, at least in the absence of other
additives, bromide suppresses the copper deposition.®” The
role of adsorbed halides in the copper electrodeposition pro-
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cess is diverse. When present in the plating baths halides are
specifically adsorbed on the copper surface during copper
deposition. Therefore, much attention has been paid in the
past to the characterization of the lateral ordering and the
potential-dependent phase behavior of halides on copper sur-
faces, particularly focusing here on idealized single crystal-
line copper surfaces that allow the use of advanced structure
sensitive surface science tools such as the in situ scanning
tunnel microscope (STM).3-'% The lateral mobility of cu-
prous and cupric species can be affected by the presence of
halides.!> Adsorbed halide layers can further act as binding
partners to other additives, e.g., so-called levelers which are
typically monomeric, oligomeric, or polymeric N-containing
(poly)-cations which are assumed to interact electrostatically
with the halide modified copper surface.!®-'? At first sight
chloride and bromide behave quite similar when adsorbed on
the copper surface. For instance, under saturation conditions
both halides form a well-ordered adsorbate phase on Cu(100)
that has often been described in literature by a Cu(100)-c(2
X2)-X or as a (y2X2)R45°-X (X=Cl,Br)
superstructure,®~'420 which is identical with our simple p(1
X 1) notation. The unconventional choice of a unit cell for
the Cu substrate is only based on its asymmetric unit and
leads to a Cu(100)-c(2 X 2)-X or to a ({2 X |2)R45° descrip-
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tion of the superstructure cell after halide adsorption. How-
ever, the conventional choice or the Cu substrate based on an
fec lattice leads to a simpler p(1X 1) overlayer geometry
description [see Fig. 2(e)]. This notation will be used
throughout the paper.

While the lateral structure of the above-mentioned halides
is well documented in literature much less is known about
the structural impact of these halides on the underlying cop-
per substrate in terms of surface relaxation effects.?! Weak-
ening or strengthening of the copper-copper bond by the
presence of adsorbed halides is assumed to have a significant
impact on important phenomena such as the “electrochemi-
cal (self-)annealing.”!?

It is actually the potential applied to the Cu(100) surface
in an electrochemical environment which can be used to fine
tune the interlayer separations while keeping the lateral
structure of the interface unchanged. Crucial for the magni-
tude of these potential-dependent interlayer expansions/
contractions (potential effects) is the chemical nature of the
halide adsorbed on the copper surface. What also needs to be
considered when working with electrochemical systems is
the presence of solvent molecules and counterions in the
“outer” and “diffuse” Helmholtz layers in vicinity of the spe-
cifically adsorbed halides (solvation effects). These addi-
tional binding partners of the halides on the electrolyte side
are expected to also have an impact on the copper-halide and
copper-copper bonds inside the electrode.

Since all these structural effects are beyond the pure sur-
face imaging by STM we have to apply more sophisticated
structure sensitive techniques. In the present contribution we
report the full 3D structure of the copper/electrolyte interface
in the presence of halide monolayers which has been ob-
tained by in situ x-ray diffraction under realistic electro-
chemical conditions (hanging droplet technique). In this way
we unraveled potential-dependent surface relaxation phe-
nomena in the presence of bromide monolayers and were
able to compare them to earlier results for chloride-covered
Cu(100) surfaces?' and to data obtained from previous ultra-
high vacuum (UHV) work. It is the comparison of the UHV
work with our data obtained in an electrochemical environ-
ment that unravels the specific impact of an additional elec-
trolyte phase (in particular the outer and diffuse Helmholtz
layers) on the surface relaxation effects.

A promising approach toward basic understanding of all
the structural phenomena observed in the in situ x-ray dif-
fraction experiment relies on theoretical models that consider
indeed both potential and solvation effects. During the past
years, quantum-chemical techniques, mainly, based on
density-functional theory (DFT), have been established as
reliable tools for the investigation of complex bulk and sur-
face phenomena at atomic scale.’”> They can also provide
new insights in the bonding mechanisms of molecules at
surfaces. However, most theoretical studies have focused on
the adsorption under UHV conditions.?**?” The inclusion of
solvent effects within the Helmholtz layer above the elec-
trode surface and the electrochemical potential appears to be
a new challenge for theoretical models.?®

Recently, Marx et al.?® studied the peptide synthesis at
pyrite surfaces in aqueous media with DFT molecular-
dynamics techniques. A common approach to simulate the
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potential is to apply an external field, mainly, in combination
with finite cluster models of the surface.3® This approach has
the disadvantage that the potential varies also inside the
metal. A physically more meaningful approach has been de-
veloped by Neurock and co-workers3!*? in recent DFT stud-
ies of adsorption processes on metal surfaces. The potential
was modeled by adding a fractional charge to a periodic
supercell model of the system. The extra charges were com-
pensated by a uniform background charge of opposite sign.
The half-cell potential was directly calculated by the Fermi
energy of the metal surface corrected by the potential differ-
ence at the surface and in the solvent volume.

II. EXPERIMENTAL METHOD

The scanning tunneling microscopy (STM) experiments
presented in this paper were carried out using a specifically
designed set-up®’ that has been described elsewhere.’*

The x-ray scattering experiments reported here have been
performed under potential control in an electrochemical cell
and with a synchrotron beam energy of 18 keV provided by
beamline ID32 at the European Synchrotron Radiation Facil-
ity in Grenoble.

The Cu crystal was 5 mm in diameter and polished to
within 0.2° of the crystallographic (100) plane. The bulk
mosaic was 0.07° at the (1,0,1) reflection. The experimental
sample environment and preparation was comparable to that
of the STM experiments in Refs. 34-36. The Cu crystal was
electropolished in 50% H;PO, to remove the surface oxide
and subsequently treated in a 10 mM HCI solution. Under
these conditions a monolayer of chloride ions adsorbs at the
Cu(100) surface even under open circuit conditions and pre-
vents reoxidation. Such a treatment in an acidic and chloride
containing electrolyte further facilitates the so-called self-
annealing of defects originated from the initial electrochemi-
cal polishing preparation step. The crystal was then mounted
as working electrode in the electrochemical cell that con-
tained a 5 mM H,SO,/10 mM KCI solution. The electro-
chemical cell design is shown in Fig. 1(a). A representative
cyclic voltammogram obtained in the hanging droplet con-
figuration in the in situ x-ray scattering cell is presented in
Fig. 1(b). It is consistent with electrochemical measurements
carried out in standard electrochemical cells or in situ STM
cells. The arrows k; and k; indicate the incoming and scat-
tered x-ray wave vector, respectively. Electrochemical reac-
tions take place at the solid-liquid interface formed by a
hanging droplet that covers the whole Cu(100) surface. The
counter and reference electrode are placed in a capillary
about 5-15 mm above the sample surface. Potential control
of the sample is achieved through a potentiostat. All poten-
tials were measured with reference to an Ag/AgBr electrode.
For the sake of convenience, all potentials given in the paper
are referred to the reversible hydrogen electrode (RHE).
Sample, electrolyte and all electrical feedthroughs are sepa-
rated from air by a 0.8 wm Kapton foil. The inside of the
Kapton foil cylinder is flushed by high-purity N, gas.

Charging effects of the Cu substrate were studied by
changing its potential within the stability range of the ad-
sorbed p(1X 1) Br layer, ranging from E.,=—150 mV to
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FIG. 1. (Color) (a) Sketch of electrochemical cell and (b) cyclic
voltammogram of Cu(100) in 5 mM H,SO,/10 mM KCI as an
example of electrochemical control over the sample, sweep rate:
dE/dt=10 mV/s

E,ox=+50 mV. For E4=+50 mV, E 4=-50 mV, and
Eyo=—150 mV we measured the (2,0,L) and (2,2,L)
crystal truncation rods (CTRs) (Ref. 37) and (1,0,L) adlayer
rod of Br on Cu(100)-p(1X1) up to a maximum normal
momentum transfer of Q.=6.3 A~!, which is equivalent to
3.6 reciprocal lattice units. All results are presented with ref-
erence to the crystallographic bulk notation of copper with a
cubic face-centered unit cell and a lattice constant of ac,
=3.61 A at room temperature.

The x-ray diffraction analysis for each potential is based
on the measurement of a total of 90-99 integrated out-of-
plane intensities in z-axis geometry and at room temperature
by rotating the sample around its surface normal and sub-
tracting the diffuse background signal. The background was
mainly caused by the electrolyte and by the Kapton foil that
was used to seal the electrochemical cell from air. In order to
correctly determine the strong background for data correc-
tion we made sufficiently expanded transverse scans for all
measured reflections. The error of the diffraction intensities
was estimated from the measured reproducibility of symme-
try equivalent reflections and produced an internal R value of
10% based on |F|? for all reflections. All data were corrected
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for polarization, Lorentz factor, active sample area, and the
resolution function of the instrument.

III. RESULTS AND DISCUSSION
A. STM results

For comparison, Fig. 2 displays the surface morphology
and the atomic structure of the Cu(100) electrode in the pres-
ence of specifically adsorbed chloride (in the following ab-
breviated as Cl) and bromide (in the following abbreviated as
Br) anions at potentials within the double layer regime. Both
halide anions form the same saturation p(1 X 1) adlayer on
Cu(100). Not only is the atomic-scale structure of the elec-
trode surface affected by the adsorption of these halide an-
ions but also the entire surface morphology, provided an ad-
equate surface mobility has been induced at high electrode
potentials close to the onset of the Cu dissolution
reaction.” 1220 Halide-stabilized substrate steps are aligned
parallel to the (010) directions which coincide with the
close-packed halide rows. Furthermore, these (010) steps re-
veal an extremely low kink density after applying an “elec-
trochemical annealing” procedure. These “morphological ef-
fects” result from tremendous changes in the step and kink
energies induced by halide anion adlayers.

B. X-Ray diffraction analysis and discussion

The analysis of the (2,0,L) and the (2,2,L) CTRs to-
gether with the (1,0,L) adlayer rod [see Figs. 3(a)-3(c)]
confirms the presence of a p(1 X 1)-Br adlayer on Cu(100)
for substrate potentials of Ey o =+50 mV, E 4=-50 mV,
and E,,=—150 mV. The presence of only adlayer diffrac-
tion along the (1,0,L) rod is due to the reflection conditions
of the Cu substrate which shows no intensity at this position
in reciprocal space. The primitive two-dimensional (2D) lat-
tice of the overlayer has, however, no such restrictions.

The geometry of the bromide-covered Cu(100) surface is
shown in Fig. 4. The fit parameters of the p(1 X 1)-Br struc-
ture model include adlayer and surface layer occupancies,
interlayer spacings of the Br-Cu and top Cu-Cu layer, and
their Debye-Waller factors (DWFs). Lateral positional pa-
rameters stay fixed during the refinement due to symmetry
restrictions given by their special positions within the unit
cell and by the plane group symmetry p4mm. It was not
necessary to include a surface roughness model in the fit
which would account for statistically distributed up and
down steps. The electrochemical annealing process and the
resulting atomically smooth surfaces lead to roughness pa-
rameters close to zero. Therefore we kept the roughness pa-
rameters constant during the refinement. Since Bragg reflec-
tions along the CTRs were also included in the data
collection we were able to apply an absolute scaling of the
model to the data which improved the overall reliability of
the fitted details for data between Bragg peaks and for dif-
ferent surface preparations.

Tables I(a)-I(c) contains all fit results. Table I(d) contains
the interlayer distances calculated from the fitted z compo-
nents of the model shown in Fig. 4 and listed in Table I(a).
All layer distances are given in relative values of the Cu
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FIG. 2. (Color) (a) Morphology of the Cu(100) electrode in the
presence of the p(1X 1)-Cl adlayer; 69X 69 nm?; I,=1 nA, U,
=25 mV, and Eyo=+500 mV vs RHE; (b) atomic structure of
the p(1 X 1)-Cl adlayer, 5.3 5.3 nm? I,=1 nA, U,=25 mV, and
Eyo=+100 mV vs RHE; (c) morphology of the Cu(100) elec-
trode in the presence of the p(1 X 1)-Br adlayer; 86 X 86 nm?; I,
=1 nA, U,=5 mV, and E,=+50 mV vs RHE; (d) atomic struc-
ture of the p(1X1)-Br adlayer, 3.2X3.2 nm%* I,=1 nA, U,
=5 mV, and Eyu=+50 mV vs RHE; (e) Hard-sphere model of
the p(1 X 1)-halide adlayer with an additional unit-cell definition for
a ¢(2 X 2) notation used in Refs. 8—14 and 20-24.

interlayer distance ac,/2=1.807 A. Atomic positions are ex-
pressed in relative units of the lattice constant ac,
=3.614 A. Numbers in brackets indicate the error with re-
spect to the last given digit of the fit parameter. Numbers
without errors stayed fixed in the refinement. The agreement
between model and data [Figs. 3(a)-3(c)] is expressed
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through a goodness of fit (GoF) with reference to a x* crite-
rion according to

2 |IF53E P = |Fd P

) 1wk

N-p Okl

with N as the quantity of measured structure factors, p as the
quantity of fit parameters, and oy, as error of |F52"|%. The
GoF in Table I(c) for each data set is close to 1 which means
that within the range of the errors and for the given set of fit
parameters there is barely any more significant information
contained in the data which would change the model signifi-
cantly. The solid lines in Figs. 3(a)-3(c) represent the best fit
of our model and the dashed lines correspond to a model
calculation of an ideal bulk-terminated Cu(100) substrate.
The overall good agreement between data and model is ob-
vious. However, there are systematic deviations for Q, values
below 0.5. These deviations are notable for the adlayer rod
data in Fig. 3(c). They could not be eliminated by consider-
ing further fit parameters in the analysis such as deeper layer
relaxations or additional ordering effects affecting solvent
molecules or counterions in the outer or diffuse Helmholtz
layer above the anion-modified electrode surface. In the
present case deeper layers are set to bulk spacing by the fit
and stay unchanged during the refinement. We assume that
the data deviation at low Q, values results from a very broad
resolution function which is inherent to this kind of diffrac-
tion geometry. Finally, the significance, reliability, and large
real-space resolution of the model is supported by the small
errors of the positional fit parameters of maximal 0.0025 A
as can be deduced from Table I(a).

Our analysis leads to a decreasing Br-Cu adlayer spacing
with increasing potential of the Cu electrode as shown in Fig.
5(a). At Ey o =—150 mV we observe a Ad,, of 8.3(2)%
meaning that the Br-Cu layer distance is 8.3(2)% larger than
that of parallel Cu-Cu bulk layers. This value decreases to
5.6(2)% at E,q=—50 mV and finally to 4.2(1)% for Eqy
=+50 mV [Table I(a)]. As the adlayer distance decreases
with potential the adlayer coverage 6 increases from 6
=0.766(2) to #=0.899(2) and finally to =1.00(1) at Eqy
=+50 mV. This can be intuitively understood since the at-
tractive electrostatic forces between the Cu electrode and the
bromide ions are increased. Our model incorporates this fact
by assuming that part of the Cu(100) surface is not covered
by Br and has therefore no influence on its relaxation. In
other words the structural parameters of the Br-covered sur-
face do not depend on its coverage in our structural refine-
ment. In summary, both results express a strengthening of the
Br-Cu bond with increasing electrode potential. The resulting
Br-Cu bond length is, however, expanded by 5.5% at E,,q
=—150 mV in comparison to its value of 2.46 A in bulk
CuBr.3#%* This expansion diminishes with the compression
of the Cu-adlayer spacing to 4.4% as the potential is in-
creased to E,,4=+50 mV. The remaining expansion of the
Br-Cu distance can be understood by the fact that Br has four
next-Cu neighbors in bulk and on Cu(100), however, in dif-
ferent coordination geometries. On Cu(100), Br resides on
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FIG. 3. Plot of the scattered amplitude |F| along the (a) (2,0,L) and (b) (2,2,L) CTRs as function of momentum transfer perpendicular
to the surface for Br on Cu(100). The filled circles represent the experimental values; the solid line represents the best fit based on the model
shown in Fig. 4. The dashed line shows the calculated intensity based on an uncovered bulk terminated Cu(100) surface. (c) Plot of the

intensity distribution along the (1,0,L) adlayer rod.

fourfold hollow sites, in CuBr, Br is tetrahedrally coordi-
nated by Cu.

The first Cu interlayer spacing shows an expansion at all
applied potentials in Fig. 5(b). A maximum outward relax-
ation of d;5;3=3.2(1)% is obtained at E.4=—150 mV.
This relaxation drops to 2.7(1)% at E,..=—50 mV and
1.1(1)% for Eu=+50 mV (all numbers above are in rel.
units of ac,/2).

It should be noted that such a decrease in copper-copper
layer separation with increasing potentials is intuitively un-

expected and surprising at least at first sight. A depletion of
negative charge at the electrode surface with increasing po-
tentials is expected to increase the copper-copper interlayer
separation. Therefore, it is apparent that the observed effect
is due to the presence of the bromide adlayer. Both, the
potential-dependent halide-copper and the copper-copper in-
terlayer spacings are strongly correlated with each other. An
explanation for this behavior can be found in the particular
charge state of bromide anions as they partially keep their
negative charge upon adsorption from solution. This behav-
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FIG. 4. (Color) Side and top views of the Br/Cu(100)-p(1
X 1) model. The side view indicates a series of layers and their
labels as used in the text. The solid rectangle in both views repre-
sent the choice of unit cell with reference to the Cu(100) surface.
The arrows define the crystallographic main directions.
ior is not uncommon for electrosorbed systems*>*' and will
be discussed in more detail below based on results of
quantum-chemical simulations (Sec. III C).
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A further interesting detail of the potential-dependent sur-
face relaxation phenomena consists in a certain nonunifor-
mity in the vertical movements of the copper atoms in the
second layer of the copper substrate. Such nonuniformity can
be understood in terms of “local” coordination effects of the
adsorbed Br. Copper atoms in the second copper layer la-
beled 2a and 2b are not equivalent with respect to the cov-
ering bromide layer. Only every second copper atom is “co-
ordinated” by Br (Fig. 4, side view). Typically the Br-
coordinated copper atoms are more affected by the potential
changes than the noncoordinated ones. The fit of the above
model significantly improves by taking a “buckling” of the
second Cu layer into account. The significance is justified by
the reduction in the GoF by 10% on average and for all
applied potentials. The nonuniformity in the coordination ge-
ometry leads to a difference in the local charge density above
these Cu atoms. The z components of the respective Cu at-
oms differ accordingly. The buckling can be expressed by a

TABLE 1. (a) Fitted atomic positions of Br/Cu(100)-p(1 X 1) as a function of the electrode potential, (b)
Debye-Waller Factors, (c) coverage, roughness factor, goodness of fit for each experiment, amount of data,

and (d) interlayer spacings in units of ac,/2.

(a)
z [a] z [a] z [d]
Atom x [a] y [a] (Ework=—150 mV)  (Ewex==50 mV) (Eworc=50 mV)
Br 0.500 0.500 1.0552(7) 1.0413(9) 1.0319(3)
Cu 0.500 0.000 0.5138(3) 0.5132(3) 0.5110(2)
Cu 0.000 0.500 0.5138(3) 0.5132(3) 0.5110(2)
Cu 0.500 0.500 —0.0042(3) -0.0016(2) 0.0046(2)
Cu 0.000 0.000 0.0001(2) 0.0007(3) 0.0062(3)
(b)
Debye-Waller factor (A2)
Eworc [MV RHE] Adlayer First Cu Layer Second Cu Layer Cu Bulk
50 3.97(3) 1.140(9) 0.76(1) 0.598
=50 5.44(4) 1.31(2) 0.35(2) 0.598
—-150 5.23(3) 1.95(2) 0.97(1) 0.598
(©)
Ewo (mV RHE)  Coverage 6 (ML) Roughness 8 Goodness of fity> Number of data points
50 1.00(1) 0.16 1.44 90
=50 0.899(2) 0.18 1.09 98
-150 0.766(2) 0.18 1.72 99
(d)
Ewek (mV RHE) daa1 [a/2] dy.3a5 [a/2] dyaop [a/2] dy3 [a/2]
50 1.042(1) 1.0112  (9) 0.003(1) 1.0054(5)
=50 1.056(2) 1.027(1) 0.005(1) 0.9996(5)
-150 1.083(2) 1.032(1) 0.009(1) 0.9979(5)
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FIG. 5. (a) Plot of the potential-dependent Br-Cu distance, (b)
plot of the potential-dependent topmost Cu-Cu distance, (c) plot of
the potential-dependent layer buckling given in terms of the split-
ting of the relative z components of atoms 2a and 2b in Fig. 4.

separation of Cu,, and Cu,, in the z direction (Fig. 4). It
follows the trend of the d, 5.5 relaxation and decreases with
increasing potential from d,,,,=0.009(1) at E,qx=
—150 mV to d5,.,=0.003(1) at Eyq=+50 mV [Fig. 5(c)].
The presence of a second layer buckling has also been ob-
served in an angle-resolved ultraviolet photoemission spec-
troscopy (ARUPS) study of C1/Cu(100) by Wang et al.*> who
found a buckling amplitude of d,,,;,=0.02(1).

The experimentally observed larger spacings between the
topmost atomic layers point to weaker restoring forces
among them and hence to increased Debye-Waller factors
[Table 1I(b)]. The largest DWFs are found at the most nega-
tive potential of E,, 4 =—150 mV. The layer formed by the
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FIG. 6. Potential-dependent behavior of the surface-sensitive in-
tegrated intensities of the (1,0,0.1) reflection of Br/Cu(100). Data
points corresponding to two full cycles within the potential range of
Eon=—250 mV to E,,=+150 mV are presented.

atoms 2a and 2b (Fig. 4) shows an increase in its DWF to
0.97(1) A? with reference to the Cu bulk value of 0.598 A2
The DWF of the topmost Cu layer roughly triples this value
to 1.95(2) A2 The DWF of the Br atom is 5.23(3) A% On
average there is an increase in the DWF within the potential
window from E,,,,=+50 mV to E,,,;,=—150 mV and with
reference to the Cu bulk value by a factor of 1.16(2) for the
second Cu layer, by a factor of 2.45(3) for the top Cu layer,
and a factor of 8.16(7) for Br.

Although both Br and CI form a p(1X1) adlayer on
Cu(100) there are pronounced differences in their potential-
dependent behavior. Figure 6 shows the integrated intensity
of surface-sensitive in-plane scattering at (1,0,0.1) from Cl
and Br covered Cu(100) surfaces as a function of their po-
tential. The different changes in the intensities for the
(1,0,0.1) reflection with decreasing potential reveal an unlike
structural behavior for the two halide species. Cycling of the
potential within the known stability range of each p-(1 X 1)
halide phase shows deviations of the intensity in the range of
10% at the upper limits of the potential window, respectively.
The starting points of the potential cycles are marked by an
arrow for Br and Cl covered Cu(100). While for Br the
(1,0,0.1) intensity clearly decreases by 20% with a potential
drop of 300 mV, the Cl-covered Cu(100) surface exhibits a
plateau between E,. =50 mV and E,.=—-50 mV and
shows only slightly lower intensities at both borders of the
plateau. This means that Br reacts more strongly and in a
different manner on potential changes which is intuitively
expected because of its larger polarizability in comparison to
the more electronegative Cl. Fitting of all potential-
dependent (1,0,0.1) reflection profiles leads to a constant
peak position and full width at half maximum (Fig. 6). The
fitted width of the in-plane reflections indicates an average
domain size of 1050 A. Out-of-plane reflections with Q.
=0.5, 0.97, and 1.94 that were scanned together with the
in-plane data corresponding to Fig. 6 also showed no obvi-
ous or systematic peak broadening. The potential-induced
change in the intensity implies, therefore, that besides the
changes in the adlayer spacings or a decrease in its coverage
no additional disorder or morphological roughening is in-
duced.
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The trend of little change in the surface-sensitive scatter-
ing signal of Cl on Cu(100) over the potential range from
E,ox=-250 mV to E,,4=+150 mV is quantitatively ex-
pressed in the fact that neither the interlayer spacing of
CI-Cu nor that of the first two Cu layers shows any signifi-
cant potential dependence. Both layer distances show con-
stant elevated values in comparison to their bulk analog.
Huemann et al.?! found an expansion of the Cl-Cu distance
of 5.8% and an expansion of 2.2% for the first Cu interlayer
spacing. This means that we observe a potential-dependent
crossover of the layer spacings induced by Br and Cl adsorp-
tion. At potentials below E, 3 =—50 mV the topmost Cu
interlayer spacing are larger when the more polarizable Br is
adsorbed on Cu(100). For potentials above E . =—50 mV
Cl leads to a larger separation of the topmost Cu layers.?!
This different influence on the bond-length expansion of the
topmost Cu layer seems to be reflected by the fact that Cl
containing solutions strongly facilitate the surface mobility
of Cu under electrochemical conditions, while Br seems to
inhibit such a Cu transport at the electrode surface for poten-
tials above E 3 =—50 mV.

This behavior of electrodeposited Cl on Cu(100) is rather
different from that of dissociatively adsorbed Cl, molecules
under UHV conditions despite the fact that CI forms a p(1
X 1) adlayer structure in both cases. While the Cu-Cu layer
distance at the surface is found to be at bulk value or slightly
larger in UHV the CI-Cu layer distance is up to 20% smaller
than that found in this study.*>* The large difference in the
CI-Cu distance points toward an unlike electronic and bind-
ing state of the adsorbed Cl species which is obviously im-
posed by the different interfacial conditions at the Cu(100)
surface.

A reasonable interpretation of the x-ray data presented
here assumes negatively charged Cl anions that keep their
charge upon adsorption on copper from an electrolyte and
remain therefore largely anionic. The situation is different
for the dissociative adsorption of neutral Cl, species under
UHV conditions. Here we expect a partial charge transfer
from the metallic substrate to the neutral adsorbate upon ad-
sorption which could be understood in terms of an (partial)
oxidation of the copper substrate. At the Cu/Cl/vacuum in-
terface Cl species form relatively strong and therefore short
bonds to the underlying copper substrate, while we find
weaker and therefore more expanded Cu-Cl bonds at the re-
spective Cu/Cl/electrolyte interface pointing to a more ionic
character of these Cu-ClI bonds in the electrochemical envi-
ronment. The net charge transfer from the CI anion to the
metal surface is low. The ionicity of Cl under electrochemi-
cal conditions can in part be understood as a result of the
formation of a charged outer Helmholtz layer that forms
above the inner Helmholtz layer constituted by the specifi-
cally adsorbed halide on the copper electrode. In this case
dipoles of the water molecules and other cations accumulate
in vicinity of the inner Helmholtz layer and thereby maintain
the ionic state of the halide. In this respect one can regard the
outer Helmholtz layer as a huge solvation shell of the inner
Helmbholtz layer. Such a solvation effect seems to have an
impact also on the surface relaxation inside the electrode and
explains the interlayer separations which are significantly
higher in the electrochemical environment than under UHV
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FIG. 7. (Color) Side view of the model for the simulation of the
Helmholtz layer.

conditions. In this simple picture it is not only the electrone-
gativity which is higher for chlorine (3.16 according to the
Pauling scale) than for bromine (2.96 according to the Paul-
ing scale) that prevents adsorbed Cl from a potential-induced
discharge in the electrochemical environment but it is also
such a solvation effect. Br in the bulk solution and the ad-
sorbed state shows a less pronounced tendency toward sol-
vation. Hence, the interlayer spacings are more affected by
potential effects.

C. Quantum-chemical simulations

In order to support the above interpretation we also mod-
eled the bonding of halide species at the Cu surface by DFT
calculations for different electrochemical potentials at the
copper electrode. Changes in the electrode potential were
introduced by varying the total charge within the unit cell
(which exhibits a linear relation with the Fermi energy). The
solvent is taken into account by explicit inclusion of a small
number of water molecules in the unit cell (Fig. 7). Electro-
neutrality of the electrolyte itself is guaranteed by adding the
appropriate number of counterions to the unit cell. Due to the
different reference states in the theoretical model and elec-
trochemical experiments, no direct relation between calcu-
lated Fermi level and applied electrochemical potential is
possible. We rather relate the change in the Fermi level with
respect to the charge neutral cell to potential differences in
the experiments, assuming a constant reference level in our
calculations. In the following we present details of the com-
putational setup.

The DFT calculations were performed with the exchange-
correlation functional of Perdew and Wang*® as implemented
in the Vienna ab initio simulation program (VASP) (Refs.
47-49) using the projector augmented wave method to ac-
count for core electrons.”®>! Within this approach surfaces
are simulated by two-dimensional arrangements of atoms
with a finite number of layers (slabs) that are periodically
repeated in the direction of the surface normal but separated
by a vacuum region which in our case is about 20.5 A.
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TABLE II. Calculated Br-Cu and first Cu-Cu layer spacings
dyq.1 and d;_, in units of the calculated Cu-Cu bulk spacing (a/2
=1.817 A) as a function of the slab charge gy,

Gstab [14el] dyg [al2] di [al2]
0.25 1.056 1.000
0.00 1.077 1.003

-0.25 1.101 1.008

In preliminary test calculations we confirmed earlier re-
sults of Migani and Illas®® for the copper bulk and the ad-
sorption of Cl at Cu(100) in UHV in a p(1 X 1) adlayer struc-
ture for a coverage of #=1. In addition to the fourfold hollow
position (Fig. 4) we have investigated the bridged and on-top
positions for the adsorption of Cl and Br at Cu(100). The
hollow position is more stable than the other two in agree-
ment with experiment. We find a Br-Cu layer spacing of
1.83 A and a CI-Cu layer spacing of 1.67 A for the UHV
case. These values are 0.8% larger and —8.1% smaller than
the optimized Cu-Cu bulk layer spacing of 1.817 A, corre-
sponding to d,4.,=1.008 and 0.992, respectively. The first
Cu-Cu layer spacing d,_, is increased by 0.3% (Br) and 0.6%
(Cl) compared with the bulk value.

For a simulation of the electrochemical conditions the in-
fluence of an external potential and of the outer Helmholtz
layer on the adsorption geometry was investigated. In order
to model a negative (positive) potential we have added (sub-
tracted) electrons to (from) the system as proposed by Taylor
et al.>® using charges of ¢=-0.25|q,|, ¢=0.00|g,|, and ¢
=0.25|q,|. This range approximately corresponds to the ex-
perimental potential window as can be concluded from the
behavior of the Br-Cu layer distance d,4.; (see below). The
resulting charge of the supercell (in the following denoted by
the term slab charge gq,,) was compensated by a uniform
background charge equal in magnitude but of opposite sign.
As measure for the change in the electrochemical potential
we calculated the change in the Fermi energy AEg. ., for ¢
=-0.25|q,| and ¢=0.25|g,| with respect to the neutral system.
Here, an increase in the Fermi energy corresponds to a more
negative potential. In order to simulate the outer Helmholtz
layer, four layers of water molecules were added in the
vacuum region and a layer of Ca counterions was placed in
the central plane between the slabs to simulate the effect of
the K* ions in a KX solution (Fig. 7). Ca** was used instead
of K* in order to avoid too small distances between the ions
in the central plane.

Although the chosen orientation of the water molecules is
arbitrary we use this model as a first approximation to see the
solvent effects on the adlayer structure. We carried out a full
geometry optimization including the a vector perpendicular
to the surface. The obtained results for the Br-Cu and first
Cu-Cu layer spacings d,4.; and d;_, in units of the calculated
Cu-Cu bulk layer spacing are shown in Table II for the dif-
ferent slab charges g,,- The main effect of the outer Helm-
holtz layer is an outward movement of the Br atom as can be
seen by comparing d, ;=1.077 for ¢,,=0.00|g,| in Table II
with d,q.,=1.008 from the UHV calculations. Hydrogen
bonds are formed between the Br atoms and the nearest wa-
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FIG. 8. (a) Change in the surface Cu-Cu layer spacing with the
potential for the Cl and Br adsorptions, (b) atomic net charges g(x)
from a Bader analysis for X=CI and X=Br (solid lines) and for the
copper-slabs gx(Cu) for X=Cl and X=Br (dashed lines).

ter molecules. As a consequence, the Br-Cu bond is weak-
ened. The experimental trend that the Br-Cu and the Cu-Cu
layer spacings decrease monotonically with increasing po-
tential i.e., with a decreasing AFEg,,; in our model, is clearly
reproduced by the results of our simulations. The absolute
calculated values of d,q; (1.101, 1.077, and 1.056) agree
well with the experiment, while the corresponding calculated
changes in d;_, are smaller. In the case of Cl, the theoretical
model calculations do not reproduce the experimental trend
of d,q.1. While the measured CI-Cu distance is almost inde-
pendent from the electrochemical potential, we find a similar
trend as for Br.

Figure 8(a) shows a comparison of the potential-induced
change in d;, for Br and Cl adsorption. At high potential
d,_,, is larger with CI than with Br. This difference decreases
with decreasing potential and finally a crossing of the dis-
tances is observed, leading to a larger Cu-Cu layer spacing
for the Br adsorption at more negative potential in agreement
with the experimental trend. In the optimized structures of
both adsorbates, the second Cu layer shows a very small
buckling, in qualitative agreement with the experimental ob-
servations presented above. However, the differences in the
Cu z coordinates are within the numerical errors of the opti-
mization procedure and will therefore not be discussed.
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Finally, we have performed a Bader analysis®>~>> in order

to investigate the change in the charge ¢(X) and the total
charge of the copper slab ¢,(Cu) for X=CI and X=Br in
dependence of the potential [Fig. 8(b)]. The adsorbed Cl is
always more negative than Br as can be expected from the
difference in electronegativity of both species. But while the
negative charge of the adsorbed Br decreases with increasing
potential, the charge of the adsorbed Cl is almost constant.
Furthermore, the charge of the copper slab g¢(Cu) increases
much stronger than gg,(Cu) with increasing potential. This
can be explained by a larger polarizability of adsorbed Br
and consequently a larger charge transfer from Br to the
copper than in the case of Cl already for a constant coverage.

IV. CONCLUSIONS

Electrochemically adsorbed bromide forms a p(1X 1) ad-
layer geometry on Cu(100) with reference to a conventional
choice of the substrate unit cell. The most important result of
this in situ x-ray study is the quantitative analysis of the
adlayer induced and potential-dependent relaxation of the
Cu(100) electrode surface. The Br-Cu spacing and the top-
most Cu-Cu layer distances are significantly expanded by
8.3% and by 3.2% compared to the CuBr and Cu bulk value
at E, . =—150 mV, respectively. As the potential is in-
creased to E .4 =+50 mV these spacings decrease continu-
ously by 4.1% and 2.1% in the potential range of E,, 4=
—150 mV to E, . =+50 mV. Both layer spacings remain
expanded at E, 4 =+50 mV with reference to their bulk
analog. The topmost Cu-Cu spacing is also still expanded by
1.1% at E i =+50 mV. The second Cu layer experiences a
potential-dependent buckling due to the different second-
shell coordination geometry of Cu by bromide. The
potential-dependent behavior of the Br-Cu interface points
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toward a charge transfer into the Cu substrate with increasing
potential and a strengthening of the Cu-Cu bond at the elec-
trode surface. As a result the Cu mobility is notably reduced
(at positive potentials) at the electrode surface in comparison
to CI containing electrolytes.

First-principles quantum-chemical calculations confirm
the experimentally observed trends of the Br-Cu and Cu-Cu
spacing expansions with decreasing potential. If the total
charge is changed in order to vary the Fermi energy of the
metal surface, also the atomic charge of the Br atoms
changes. The Br-Cu spacing is decreasing with increasing
negative charge. A crossing of the Cu-Cu layer spacing d; ; ¢
and d,_, g, with decreasing potential was found. The theoret-
ical calculations show that interaction of Br and Cl with
solvent molecules plays an important role for the interlayer
spacings. The Br-Cu spacing in the presence of water is sig-
nificantly increased compared to ultrahigh vacuum condi-
tions. There is still a discrepancy between the measured and
calculated potential dependences of the Cl-Cu spacing. The
theoretical models predict a similar trend as for the Br-Cu
spacing. A possible reason is that the range of cell charges
introduced in the theoretical models does not correspond to
the experimental potential window. On the other hand, the
agreement between calculated and measured Br-Cu spacings
is almost quantitative. It is therefore more likely that other
reasons, the neglect of anion-specific solvation effects and
potential-dependent coverage changes in our models, are
more relevant. These effects will be addressed in future stud-
ies.
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