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The adsorption of CO on Ag(110) was recently explained using substrate mediated intermolecular

interactions, but the underlying mechanism remains unclear. This study investigates both short- and long-

range relaxation patterns for CO adsorption on Ag(110) surfaces and suggests that the relaxation mode can

be explained by the interaction of heavy electrons on metal substrates in electron momentum space.

The long-range relaxation mode for CO on Ag(110) involved a (6� 6) commensurate phase, whereas

the short-range relaxation involved an alleviation of Fermi surface nesting along the h1�10i direction of the
Ag(110) substrate. The symmetry broken ground state structure at high CO coverage from this work is

consistent with the interpretation of available experimental data at low temperature.
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The coverage dependence of self-assembled monolayer
structure and its surface chemical reactivity has been
studied extensively because of its usefulness in, e.g., cata-
lysis, electrochemistry, and bioelectronics [1–3]. It has
been established that the adsorbate coverage affects both
the surface chemical composition and the molecular
orientation of adsorbates. This might influence precursor-
mediated reaction processes [2,4]; e.g., the effect of CO
coverage on the adsorption geometry has been reported for
Mo, Ni, Cu, Pd, Ag, and Pt substrates [4–9]. Hofmann et al.
and Bare et al. found that in the Ptð110Þ=COð2� 1Þ struc-
ture the CO molecular axis direction was tilted 26� away
from the surface normal between [211] and [433] [5].
Wesner et al. observed that CO adsorbates at high cove-
rage were tilted by 21� and 32� on clean and K-covered
Ni(110) surfaces, respectively [7]. Electron stimulated
desorption ion angular distribution (ESDIAD) experiments
by Lee et al. showed that at CO coverage of 0.5 ML the CO
molecules were tilted by 26� on Ag(110) surfaces [9]. A
short-range repulsion model between nearest neighbor CO
molecules is accepted as the cause to explain the CO
orientation observed experimentally [6,8,9].

While the theory of self-assembled monolayers on metal
surfaces has been established based on classical chemical
bonding and nonbonding concepts, the physical inter-
pretation of substrate-adsorbate interactions lacks a coher-
ent interpretation [10]. Theoretical investigations of the
electron-electron interactions in electron momentum space
can bridge the understanding between short-range versus
long-range patterns for simple molecules on metal sur-
faces, which otherwise cannot be explained experimentally
[9,11]. We report the findings of an investigation of CO
adsorption on Ag(110) by Fermi surface and phonon cal-
culations. The results suggested that (i) invoking CO-CO
repulsion can only partially explain the tilted orientation of

CO on Ag(110), and (ii) accounting for the repulsion
between heavy electrons by Fermi surface nesting in k
space, or alleviation of the Fermi surface nesting beyond
the conventional chemical bonding concepts, explains more
satisfactorily the observed data of a tilted CO orientation at
high coverage on Ag(110). Moreover, a long-range com-
mensurate phase induced by the adsorbed CO molecules is
predicted for this system for the first time. The long-range
phase is favored by reducing metal-d ! CO-2�� donation.
Direct ESDIAD data comparison was carried out by

performing ab initio molecular dynamics (AIMD) simula-
tions for CO adsorbing on both sides of slabs of five layer
thickness [9,12] (see the Supplemental Material [13]),
with the CO-axis orientation projected onto a hemisphere.
Several slabs of different coverage and adsorption patterns
were selected [Figs. 1(a)–1(c)]. For (2� 1) 0.5 ML
CO=Agð110Þ, the CO axis exhibits a two-lobe feature of
the probability density [Fig. 1(d)] which suggests CO-CO
interactions along the h001i direction. To yield a reduced
intermolecular CO interaction along the h001i direction,
the (2� 2) adsorption pattern was considered in which the
adjacent rows along the h1�10i direction were shifted by
half of the unit cell [Fig. 1(b)]. A pronounced preference
of tilted CO species is still maintained [Fig. 1(e)]. The CO
axis is also bent by considering the (2� 2) adsorption
pattern at � ¼ 0:25 ML [Figs. 1(c) and 1(f)]. The CO
axis bending along the h001i direction is governed by the
CO line density along the h1�10i direction, and the com-
puted CO orientation is consistent with the previous
ESDIAD data [9]. Smaller CO coverages with smaller
CO line densities at � ¼ 0:25 ML were also considered,
where the CO axis preferred the perpendicular orientation.
To understand CO tilting preference, the two-

dimensional Fermi surface topology must be considered
because computation has shown that the allowed relaxation
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modes involving phonons were implicated in the two-
dimensional Fermi surfaces [14]. Note that Fermi surface
nesting can be referenced to the electron-scattering surface
state perturbation mechanism [15–18] and is a special case
where the Fermi surface shows two highly parallel elec-
tronic flatbands denoted by k and k0 in the Brillouin zone.
When the phonon nesting vector is absorbed (or emitted)
under the condition k-k0 ¼ q, the two flatbands would be
brought together leading to a strong Coulombic repulsion
of the localized heavy electron [effective mass m� ¼
@
2½d2�ðkÞ=dk2��1]. As a result, lattice distortion or orbital

rehybridization may happen with energy lowering to avoid
the Coulombic repulsion. Lau and Kohn predicted that
the interaction energy between two adsorbates is linearly
proportional to the effective mass of the electron based on
second-order perturbation theory [18]. Structural distortion
occurs when the amount of energy lowering by electronic
energy [

P
�ðkÞ] is larger than the rise of the lattice energy.

CO coverage is another factor of distortion because it
governs the degree of electron transfer between adsorbates
and substrate, the orbital hybridization at CO=Agð110Þ
interface and the Fermi surface nesting.

Thus, four representative structures were selected to
explore the CO line density effect on the two-dimensional
Fermi surface [19]. As shown in Fig. 2, the nesting q
vectors [20] were identified. Similar to the AIMD results,
Fermi surface nesting happened when the CO-line density
along the h1�10i direction reached 0.5 [Figs. 2(a), 2(c), and
2(d)]. The driving force of structure distortion originates
from the alleviation of the Fermi surface nesting which
results in formation of commensurate structure. Two adsor-
ption patterns have been identified. The long-range pattern
(6� 6) is newly discovered in this work while the short-
range pattern (4� 1) has been observed experimentally
[9]. The explanation of these patterns is presented below.

In principle, the Fermi surface nesting vector indicates
the necessary periodicity of the newly formed commensu-
rate structure. Even though the Fermi surface nesting was

considered in the Brillouin zone, the information obtained
by the nesting q vector can be projected to the real space
by coordinate transformation. The nesting vector is related
to the new periodicity as Ncell ¼ 1=kqk. For example, in
Fig. 2(a), the nesting vector of (0.3, 0.15) was identified
using a (2� 1) supercell. To alleviate the Fermi surface
nesting, the new commensurate cell will have the period-
icity of ½ð2=0:3Þ � ð1=0:15Þ� � ð6� 6Þ. This will result in
a long-range adsorption pattern and the (6� 6) commen-

surate cell spanned 17:7� 25:0 �A2 on the surface.
Electron-scattering surface state perturbation in this range
remains detectable because the interaction on two-
dimensional systems is more long-ranged than in the
bulk. Predicted by Lau and Kohn, the interaction falls off
as 1=R3 for the bulk cases and as 1=R2 for the 2D cases
[18], whereby screening for the latter was insignificant
[18]. The long-range interaction can be evidenced in the
study of Cu=Cuð111Þ where the oscillatory behavior of
Cu-Cu interaction extended beyond 60 Å [16]. Therefore,
it is not unreasonable that we observe an energy lowering
in the commensurate (6� 6) cell.
In addition, the Fermi surface nesting can be removed

by CO tilting along either the h1�10i or h001i directions,
respectively [along the sum or the difference of the Fermi
nesting vectors found in Figs. 2(a), 2(c), and 2(d)]. Indeed,
the Fermi surface nesting was slightly alleviated as shown
in Fig. 2(b). Because of the geometrical constraint, the
CO molecule is more likely to tilt along the h001i direction
and the periodicity of the tilting motion along h1�10i was
determined by ab initio phonon calculations. The (2� 1)
cell with CO at � ¼ 0:5 was considered and the phonon
dispersion could be obtained by including two additional
cell images [(6� 1) supercell].
For the short-range (4� 1) adsorption pattern, Fig. 3(a)

shows the phonon dispersion relation of the ð2� 1Þ-CO
pattern at � ¼ 0:5 ML, and the phonon soft mode was
located at the Brillouin zone edge [21] (see the

FIG. 2. Fermi surface nesting. (a), (b) (2� 1) and commensu-
rate (4� 1), both at� ¼ 0:5 ML, (c) (2� 2),� ¼ 0:5 ML, and
(d) (2� 2), � ¼ 0:25 ML. See remarks in Fig. 1.

FIG. 1 (color online). Selected adsorption patterns: (a),
(b) (2� 1) and (2� 2), coverage of � ¼ 0:5 ML, and
(c) (2� 2),� ¼ 0:25 ML. Projection ofCObond axis orientation:
(d), (e) (2� 1) and (2� 2), � ¼ 0:5 ML, and (f) (2� 2), � ¼
0:25 ML. x and y directions are along h1�10i and h001i, respectively.
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Supplemental Material [13]). This implies a commensurate
(4� 1) ground state structure with adjacent CO molecules
along the h1�10i Ag row pointing alternatively to �h001i
directions [Fig. 3(b)], in agreement with previous experi-
mental findings [9]. Potential energy profiles of the
CO bending mode along the h001i direction of a nine layer
Ag(110) slab were examined [Figs. 3(c) and 3(d)]. The
tendency of CO tilting depends on the CO line density
along the h1�10i direction. For CO adsorbed on the
ð2� 1Þ Agð110Þ surface, the CO orientation perpendicular
to the surface is unstable and subject to deformation
[Fig. 3(c)]. In contrast, a CO line density of 0.25 ML reveals
a local minimum for the perpendicular CO orientation
[Fig. 3(d)].

An energy decomposition analysis was performed which
quantified the individual contributions by molecular or

lattice distortions of pure CO or Ag(110) slabs, respec-
tively. The individual energy terms [22] are depicted
in Figs. 3(c) and 3(d) for CO=ð2� 1Þ Agð110Þ and
CO=ð4� 1Þ Agð110Þ, respectively. The CO tilting reduces
quadrupole-quadrupole repulsive interactions between
adjacent CO molecules and always with energy lowering
on both the (2� 1) and ð4� 1Þ Agð110Þ surfaces.
Therefore, the prior rationalewas partially correct to assume
that CO molecules would be tilted due to CO-CO quadru-
polar repulsion. However, (i) the enhancement of the inter-
action energy between CO and the ð2� 1Þ Agð110Þ
substrate and (ii) interactions between CO molecules sig-
nificantly influence the CO tilting orientation [Fig. 3(c)].
The former was corroborated by the Fermi level (i.e., elec-
tronic band energy) changes. In contrast, CO has not in-
duced an electronic instability on the (4� 1) pattern at
� ¼ 0:25 ML and, therefore, the perpendicular CO orien-
tation represents a local minimum [Fig. 3(d)]. A full geome-
try optimization was carried out for 0.5 ML CO on the 9
layer Ag(110) slab. The CO molecular axis is tilted along
h001i by 27.6�, which is in excellent agreement with the
previous ESDIAD results at 26� [9].
The alleviation of Fermi surface nesting is incorporated

by the rehybridization of chemical bonds in deeper valence
levels. Figures 3(e) and 3(f) illustrate the change of the
density of states with respect to CO tilting orientation.
The energy of the Ag-dz2 orbital is lowered by about
0.4 eV (from �7:52 to �7:92 eV), and a new C-py state

is formed at the carbon atom [Fig. 3(f)]. The orbital
rehybridization at the C atom results in a deviation of the
Ag-C-O angle from its ideal angle of 180� corresponding
to an s-p hybridization. Near the Fermi level, the intensity
of projected density of states of Ag-dz2 has been reduced,
causing a lowering of the Fermi level and the total energy.
Figure 3(g) shows the change of the Fermi surface with
respect to the CO tilting parameter�y. The flat and parallel

planes would be removed by CO tilting at �y ¼ 0:6 �A.
For the long-range adsorption pattern, the Fermi surface

nesting can be removed by forming a commensurate
(6� 6) superstructure. We considered two (6� 6) com-
mensurate structures without further optimization for the
(2� 1) [Fig. 1(a)] and (2� 2) [Fig. 1(b)] cells, denoted
by ð6� 6Þ-a [Fig. 4(a)] and ð6� 6Þ-b [Fig. 4(b)], respec-
tively. The formation of the commensurate phase resulted
in an energy lowering [23]. The energy lowering was 1.9
and 4:8 meV=CO for ð6� 6Þ-a and ð6� 6Þ-b, respec-
tively. When compared with the energy lowering of the
(4� 1) structure of about 7:5 meV=CO, the tilted CO
geometry is more favorable at low temperature.
Despite the small magnitude in energy lowering in

commensurate (6� 6) structures, the change of chemical
bonding is substantial. A comparison of the normalized
electronic density of states of ð6� 6Þ-a and (2� 1) cells
is shown in Fig. 4(c). New peaks formed by the s-py

hybridization and a C-px state appear, which correspond

FIG. 3 (color online). (a) Phonon dispersion relation of (2� 1)
CO=Agð110Þ at � ¼ 0:5 ML along h1�10i direction. (b) Phonon
soft mode at the Brillouin zone edge as found in (a). (c),
(d) Energy decomposition analysis of CO on (2� 1) Ag(110)
at � ¼ 0:5 ML coverage and (4� 1) Ag(110) at � ¼ 0:25 ML,
respectively. (e), (f) Projected density of states of Ag and C
atoms of the Ag-C bond at CO=ð4� 1Þ Agð110Þ of � ¼
0:5 ML, respectively, with CO normal (tilted) relative to the
Ag(110) surfaces in blue (red) lines. (g) Evolution of two-
dimensional Fermi surface of commensurate (4�1) cell at � ¼
0:5 ML as a function of �y.
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to a localization of electrons at the COmolecule. Similarly,
Fig. 4(d) shows the rehybridization of the ð6� 6Þ-b struc-
ture of CO=Agð110Þ by forming molecular orbitals of C-O
at deeper levels via Cpy-Opy and Cpz-Opz interactions,

respectively. Overall, the shift of the electron density of
states toward the deeper valence level accounts for
the lowering of the total energy. To illustrate electronic
density changes due to the formation of the commensurate
phase, the electron density of the commensurate ð6� 6Þ-b
structure was subtracted from the electron density of the
repeated images of the (2� 2) cell, which shows electron
accumulation at the C and O atoms [Fig. 4(e)]. This results
in Ag-C bond weakening, which is also revealed by detec-
tion of electron depletion for the metal-d ! CO-2��
donation [Fig. 4(f)]. Thus, the alleviation of the Fermi
surface nesting can also be achieved by the formation of
the (6� 6) commensurate structure.

In general, the substrate mediated interaction is on the
order of 0.005–0.1 eV while the chemisorption strength
falls within the range 0.5–10 eV [15]. The adsorption
geometry of CO and/or other diatomic polar molecules
on metal surfaces would be governed by a delicate balance

of these different types of interaction. CO is weakly
adsorbed on precious metals and therefore its adsorption
geometry would be influenced by substrate mediated in-
teraction on Ag(110), Pt(110), and probably on Au(110).
Fermi surface nesting should also be expected in other
bigger and more complex molecules on metal surfaces
like Cu-PBP on Ag(111) [15].
In summary, we have identified two competing substrate

relaxation mechanisms of the CO=Agð110Þ system.
Energetically, the short-range (4� 1) pattern with tilted
CO is preferred. The short-range relaxation leads to CO
tilting and the alleviation of Fermi surface nesting. The
long-range relaxation leads to the commensurate (6� 6)
structure in which CO has a weaker covalent interaction
with the Ag(110) substrate while the electrons are localized
at the C-p and O-p orbitals. Our findings suggest that
the adsorption pattern and the adsorbate dynamics can be
traced back to the interactions of heavy electrons by Fermi
surface nesting. This approach should also be applicable
to explain the interfacial dynamics of complex adsorbate
on metal surface systems such as sulphur on Au(111),
1-adamantaneselenolate self-assembled monolayers on
Au(111), and Cu-PBP on Ag(111) [11,15,24].
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Nosé-Hoover thermostat; see S. Nosé, J. Chem. Phys. 81,
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