
Bonding and Vibrational Properties of CO-adsorbed Copper

Steven P. Lewis and Andrew M. Rappe
Department of Chemistry and Laboratory for Research on the Structure of Matter,

University of Pennsylvania, Philadelphia, PA 19104.

Accurate density functional calculations are performed to investigate the structure and
vibrational dynamics of carbon monoxide adsorbed to the (100) surface of copper. The
adsorbate and substrate are considered as a unified system, with atoms of each treated on
an equal footing. Coupling between the two components is found to have a significant effect.
In particular, frustrated translational motion mixes strongly with transverse phonons of the
substrate to form a broad resonance. Direct computation of anharmonic coupling between
the internal CO bond stretching mode and other adsorbate-weighted modes confirms the
experimental conclusion that the transient CO-stretch response seen in recent pump-probe
studies is an indirect probe of the transient dynamics of frustrated translations. In this light,
the computed resonance between this mode and substrate phonons suggests a dephasing
mechanism to account for the observed relaxation dynamics.
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I. INTRODUCTION

Because of widespread applications, such as catalysis, epitaxial growth, corrosion protection, and chemical
etching, the interaction of molecules with solid surfaces has been a problem of considerable interest to
materials and surface scientists [1-3]. These systems are challenging to study because the union of a molecule
and a surface produces a richer variety of properties than either component separately. One important
consequence of molecular adsorption is the emergence of new, low-frequency vibrations associated with
fluctuations of the adsorption bond. For the simplest case of a diatomic adsorbate, for example, the new
vibrations are classified as bond stretching motion perpendicular to the surface, frustrated translational (or
wagging) motion parallel to the surface, and frustrated rotational (or rocking) motion. These modes are of
interest because of their instrumental role in many important processes on surfaces [4], including chemical
reactivity of adsorbates, energy transport, surface diffusion, and desorption.

A prototypical system in the study of adsorbed metal surfaces is carbon monoxide on copper. Two
recent pump-probe laser experiments [5,6] investigate the role that the low-frequency vibrations play in
energy transfer between a copper substrate and an overlayer of CO. Qualitatively, the experiments differ
mainly in the choice of surface: one studies the (100) surface [5] and the other the (111) surface [6]. These
studies measure the time-resolved vibrational response of the CO molecules to (sub)picosecond heating of
the copper substrate. In particular, they monitor the transient response of the high-frequency, internal CO
bond-stretching mode, and, by arguing that the substrate heating is not high enough in energy to directly
probe this mode, they infer that the data actually are caused by anharmonic coupling of the CO stretch
to the low-frequency modes, especially frustrated translational motion. Thus the transient response of the
internal CO vibration is viewed as an indirect probe of the frustrated translation dynamics. Both experiments
observe a time dependence exhibiting a rapid rise to a peak near zero pump-probe delay time followed by a
slower decay with characteristic time of about 2.5 ps for CO on the (100) surface and about 3.2 ps for CO
on the (111) surface.

This system has also been addressed theoretically. A recent quantum chemistry analysis [7] has examined
relaxation of the adsorbate vibrational motions through coupling to conduction electrons of the substrate. In
this study, the copper substrate is modeled as a cluster with the atoms fixed in their experimental positions.
The computed position of the CO molecule and the vibrational frequencies are in moderately good agreement
with experiment [8-10]. The coupling rates to the copper conduction electrons are determined using the
Fermi golden rule, and only the frustrated rotation and internal CO vibration are found to have decay times
comparable to the experimental values. The frustrated translation and CO-metal stretch vibrations decay on
a much slower time scale. The same authors have also performed a classical molecular-dynamics simulation
of this system to include temperature dependence and both vibrational and electronic damping mechanisms
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[11]. They find that the frustrated rotational mode is the fastest to decay at all temperatures, but that as
temperature increases, the decay times of all modes come into the few picosecond range.

The vibrational properties of molecules interacting with surfaces have generally been described in terms
of localized vibrational modes involving only motion of the molecule relative to the surface. The coupling
of these localized vibrations to phonon modes of the substrate has typically been considered a higher-order
effect. In this work, we explore the nature of the coupling between molecular and substrate vibrations from
first principles by determining the normal modes of the entire adsorbate-substrate system. This approach
makes no assumptions regarding the nature of the normal modes, and therefore, the presence or absence of
particular modes is an a posteriori conclusion of the calculation. We find that for the low-frequency modes
of CO on the copper (100) surface, the character of the modes is strongly affected by this coupling. Our
unified description of the vibrational eigenstates is then used to make contact with experiment.

The remainder of this report is devoted to describing the computational methods, exhibiting in detail the
results of the calculations, and discussing the results as an interpretation of the experiments.

II. COMPUTATIONAL METHOD

A. The Electronic Problem

The quantum-mechanical framework for our calculations is density functional theory [12,13] within the
local density approximation (LDA) [14,15]. Self-consistent solutions are found by direct minimization of
the energy functional via the conjugate gradient method [16]. Forces on the atoms are computed from the
ground-state electron density by implementing the Hellmann-Feynman theorem [17,18].

We use pseudopotentials [19] to describe the interaction of valence electrons with the frozen ion cores. As
a result of the weaker potential, we are able to expand the single-particle wavefunctions in a plane-wave basis
[20,21]. Norm-conserving [22], fully-separable [23] pseudopotentials have been constructed for carbon and
oxygen, treating the 2s and 2p states as valence, and for copper, treating the 3d and 4s states as valence.
These pseudopotentials have been optimized [24] to require as few plane waves as possible, thus ensuring
maximal efficiency without loss of accuracy. In particular, we find that a plane-wave basis with a 50 Ry cutoff
energy results in a plane-wave convergence error of less than 20 meV/electron for the absolute total energy.
The convergence error for energy differences can be as much as three orders of magnitude smaller. Sixteen
special k-points [25] are used to sample the surface Brillouin zone, which achieves a level of convergence
comparable to the plane-wave convergence.

To model the adsorbed copper (100) surface, we impose periodic boundary conditions. This eliminates
the edge effects which inevitably occur when an infinite surface is modeled by a finite cluster. Furthermore,
it allows the use of many powerful concepts from crystal physics, including Bloch's Theorem and the Fermi
surface. The latter is especially important for describing metallic systems. Since the true, semi-infinite
surface is only periodic in two dimensions, we will describe the system as a periodic array of supercells in a
finite slab geometry, with a layer of vacuum separating neighboring slabs. As long as the slab and vacuum
layer are each thick enough, neighboring slabs will not interact with each other, and each surface will behave
like a true surface on bulk metal. For copper, slabs can be kept fairly thin because of the excellent screening
efficiency of its valence electrons. We find, in particular, that seven layers of copper and 13 A of vacuum
are sufficient to achieve excellent convergence. This has been confirmed by testing as many as nine copper
layers and 15 A of vacuum.

We have chosen to impose full monolayer coverage (6 = 1) of the copper surfaces in order to minimize
the in-plane periodicity, and thus keep the system size tractable. This is in contrast to the experimentally
realized system, which has half-monolayer coverage in a (vs2x Vx)R45a orientation. We plan to investigate
this lower coverage in the future, but we expect that this will only serve to improve our quantitative accuracy
and not change the qualitative results. An adsorbate layer is placed on both the top and bottom surfaces of
the slab in this calculation in order to maintain inversion symmetry.

The supercell for CO on copper (100) in its slab geometry is a long tetragonal cell 30.6 x 2.54 x 2.54 A'.
Its long dimension, perpendicular to the surface, is chosen to accommodate the seven-layer copper slab, two
layers of CO molecules (top and bottom surface), and the vacuum spacing. The lateral dimension of the
cell is acu/V'F, where acu is the lattice constant of bulk copper. In order to maintain consistency in the
calculation and to ensure that the study is totally ab initio, we have done a separate calculation to predict
the lattice constant of bulk copper, and have used this result in defining the slab unit cell. The calculated
value of acu is 3.59 A, in excellent agreement with the 3.61 A experimental lattice constant [26].
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B. Vibrational Modes

The vibrational states of the combined CO/Cu(100) system are determined using a harmonic force-constant
model, with no a priori assumptions regarding the nature of the modes. This model exploits the fact that,
near an equilibrium structure in a multidimensional configuration space of atoms, the motions of the atoms
obey Hooke's Law:

F1 - F2 -•= [M. (il -:i 2 ) = -K" (xi - X2 ) , (1)

where the vectors x, and X2 give the 3N coordinates for N atoms in two near-equilibrium configurations,
F1 and F2 give the forces on the atoms in the two configurations, M is a diagonal matrix whose ith diagonal
element is the mass of the ith atom, and K is a 3N x 3N matrix of harmonic force constants. By computing
the forces on all the atoms for many different configurations, it is possible to determine the matrix K by
fitting the data to Eq. 1. Once K is known, we then treat Eq. 1 as a generalized eigenvalue equation whose
eigenvectors describe the normal modes of vibration. The normal-mode frequencies are given by the square
root of the corresponding eigenvalue.

In this study, phonon dispersion parallel to the surface is not considered. Thus, atoms in a given layer
oscillate in phase with each other, and the computed normal modes correspond to the r-point of the surface
Brillouin zone. Within the harmonic approximation, the tetragonal symmetry of the system decouples
atomic motion perpendicular to the surface from motion parallel to the surface, and makes the two parallel
directions degenerate. Thus, the 3N x 3N force-constant matrix is block diagonal, and can be reduced to
two unique N x N matrices, one for perpendicular oscillations and one for parallel oscillations.

We seek to describe all vibrational modes of the adsorbed surface, including the low-frequency acoustic
modes of the substrate. It is important to describe these modes accurately, because the frustrated transla-
tional motion of the CO adsorbate is found to oscillate at a frequency in the same range [10]. Thus coupling
of the adsorbate to bulk acoustic phonons may occur. Since a seven-layer slab cannot accommodate long-
wavelength disturbances, it would seem that our method is not appropriate for these modes. However, we are
able to surmount this difficulty by recognizing that layers near the middle of the slab are indistinguishable
from bulk copper layers (hence the choice of a seven-layer slab). Therefore, by computing the force constants
for bulk copper in a separate calculation, we are able to set up coupled-oscillator equations for a much thicker
effective slab, in which an arbitrary number of bulk-like layers are inserted in the middle of the seven-layer
slab.

In this type of calculation, there are two convergence issues: (a) the thickness of the effective slab, and (b)
the number of layers treated explicitly as surface layers for the purposes of computing force constants. In
the present study, 500 bulk layers were inserted to form the effective slab, which produces highly converged
vibrational modes. In addition, we have computed force constants for the oxygen, carbon, and outermost
copper layers explicitly. The remaining copper layers of the original seven-layer slab are assumed to couple
to the layers below them according to the bulk force constants. This is reasonable, since the deviation of
copper force constants from their bulk values dies off quite rapidly with distance into the surface due to
screening effects. Test calculations which treat the second copper layer as part of the surface show that our
approximation is valid.

III. RESULTS AND DISCUSSION

A. Structure

An analysis of the vibrational states of CO on copper requires first determining the equilibrium atomic
positions. Experiment indicates that CO adsorbs atop a copper atom with the carbon end facing the surface
and the molecule oriented normal to the surface [27-29]. We have confirmed this picture by computing
the relative energy for binding at other sites or with other orientations. Equilibrium interlayer separations
are summarized in Table I. The symbol A(A, B) denotes the distance between layers of atoms A and B.
Copper atoms are numbered consecutively from the outermost layer. Note that the adsorbed-CO molecular
bond length and the length of the adsorption bond are in excellent agreement with experiment [28,29].
Reconstructions parallel to the surface have not been considered, but are not expected to be present.

In order to assess the effect of adsorption on the individual components, we have also computed the
relaxations of a bare copper (100) surface and the equilibrium bond length of a free CO molecule. These
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TABLE I. Computed equilibrium layer separations for (a) CO adsorbed to the copper (100) surface, (b) the bare
copper (100) surface, and (c) a free CO molecule. The comparison to bulk copper refers to the computed separation
between (100) layers in bulk copper: 1.796 A.

Layer Separation % difference from Experiment
Pairs (A) bulk Cu spacing

(a) CO on copper (100)

A(O, C) 1.136 1.15±0.10 Aa
A(C, Cul) 1.882 1.90±0.10 AG,

1.92±0.05 Ab

A(CuI, Cu 2) 1.815 +1.10
A(Cu2, Cus) 1.815 +1.10
A(Cua, Cu 4) 1.796 0.00

(b) Bare copper (100)

A(Cui, Cu 2) 1.771 -1.38 -(1.2-2.4)%
A(Cu 2, Cua) 1.807 +0.60 +(0.0-1.0)%
A(Cua, Cu4 ) 1.795 -0.02

(c) Free CO molecule

A(O, C) 1.123 1.128 Ad

aRef. [28], for 0=0.5 CO coverage
bRef. [29], for 0=0.5 CO coverage.
'See Table 4 of Ref. [31].
dSee, for example, Ref. [33].

calculations are also summarized in Table I. For the bare copper surface, the separation between the two
outermost layers contracts relative to bulk copper, whereas the separation between the next two layers
expands. This is in excellent quantitative agreement with both experiment [30] and a prior calculation [31].
For the adsorbed surface, however, the separation between the outer two copper layers is now larger than
the bulk separation. Similarly, the bond length of the adsorbed CO molecule expands by 1.2% relative to
the free molecule.

The structural results in Table I also indicate the level of convergence with respect to slab thickness. In
particular, near the middle of the slab, the interlayer separation is essentially indistinguishable from the bulk
copper value.

B. Vibrational Modes

The vibrational modes and frequencies of CO on copper (100) are computed using the force-constant model
described in Section II B. We emphasize again that no a priori information regarding the nature of the modes
or their frequencies was included in the calculation. Table II lists the perpendicular and parallel interlayer
force constants obtained by displacements of the oxygen, carbon, and outermost copper atoms. The force
constants represent the second derivative of the energy with respect to atomic coordinates. Therefore, the
order of differentiation should not matter, so that, for example, the force constant on carbon due to a
displacement of oxygen should equal the force constant on oxygen due to a displacement of carbon. The
degree to which these and similar pairs of computed force constants disagree suggests an error of about 1% in
the calculations. Before solving for the normal modes, the force-constant matrix is explicitly symmetrized.
The calculated interlayer force constants of bulk copper are tabulated, as well. These data are used to
construct the force-constant matrix for the effective slab.

Figure 1 illustrates the calculation of the vibrational modes. The density of perpendicular modes at the
P-point is shown in Fig. 1(a). This spectrum is characterized by a broad band of modes below 262 cm- 1 and
two isolated modes, labeled A and B, at frequencies of 2140 and 398 cm- 1 , respectively. Relative atomic
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TABLE II. Computed perpendicular and parallel force constants (a) for a CO/Cu(100) slab and (b) for bulk
copper. Units are eV/A 2. The entry in row i, column j, refers to the force on atom i due to a displacement of atom j.

Perpendicular Parallel

(a) CO/Cu(100) slab

0 C Cul 0 C Cul

0 -113.6 111.4 1.1 -2.13 2.77 -0.61
C 112.5 -121.7 9.7 2.81 -3.95 0.97

Cul 1.1 9.7 -14.9 -0.60 0.97 -2.02
Cu 2  0.0 0.6 4.0 -0.08 0.20 1.66
Cus 0.0 0.0 0.1 0.01 -0.01 0.03
Cu 4  0.0 0.0 -0.1 0.00 0.00 0.00

(b) Bulk copper

Cuo Cuo

Cuo -8.4 -4.06
Cul 4.1 2.02
Cu 2  0.2 0.01
Cu3  -0.1 0.00

displacements associated with modes A and B are represented in Fig. 1(b). The horizontal axis labels atomic
layers, and the vertical axis shows the relative displacement perpendicular to the surface of a given layer from
its equilibrium position. These modes are strongly localized at the adsorbate, and correspond to stretching
of the internal molecular bond and of the adsorption bond, respectively. Atomic motions for these modes
are quite close to the idealizations, except that the outermost copper layer participates significantly in the
adsorption-bond stretching mode. The computed frequencies are in reasonably good agreement with the
experimental values [8,9] for the half-covered surface, 2086 and 345 cm- 1 , respectively, although they are
both too high by about 55 cm- 1 . The broad band of modes at lower frequencies corresponds to the r-+x
longitudinal branch of bulk copper phonons, as has been confirmed both by examination of the normal mode
vectors and by a separate calculation for bulk copper.

Figure 1(c) exhibits the spectrum for parallel modes, and it is characterized by a broad band below 185
cm-1, an isolated mode, labeled C, at 353 cm- 1, and a feature, labeled D, centered at 45 cm-1 in the
low-frequency band. Mode C corresponds to frustrated rotational, or rocking, motion of the CO molecule,
as revealed by the normal coordinate represented in Fig. 1(d). The computed frequency is again somewhat
higher than the 0 = 0.5 experimental value [9] of 285 cm- 1 . The broad band below 185 cm-1 primarily
consists of transverse bulk copper phonon modes.

Atomic motions for three modes in feature D are also shown in Fig. 1(d). These modes all exhibit
large-amplitude, in-phase motion of the carbon and oxygen atoms, which is characteristic of frustrated
translational motion. However an appreciable amplitude persists throughout the substrate, with the copper
atoms oscillating in a phonon-like manner. Thus we find that there is no single mode which corresponds to
frustrated translation, but rather a resonance of modes which mix frustrated translational and bulk phonon
motion. This resonance has a spectral width of about 13 cm- 1 and a central frequency of 45 cm- 1, as
compared to the 0 = 0.5 experimental value (10] of 32 cm- 1.

C. Interpreting Experiments

Recent pump-probe experiments [5,6] of CO on copper have probed the transient shift of the internal
CO stretch frequency due to rapid heating of the substrate. They have argued that the observed shift
is caused indirectly by the hot substrate through population of a lower-frequency mode to which the CO
stretch anharmonically couples. They have identified the frustrated translation as the relevant mode, and
thus interpret their data as revealing the relaxation dynamics of frustrated translational motion. By fitting
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FIG. 1. Normal modes of vibration for a monolayer of carbon monoxide adsorbed on the copper (100) surface.
The modes correspond to the P-point in the surface Brillouin zone. (a) Spectrum of modes with atomic motions
perpendicular to the surface. (b) Relative atomic displacements for the two isolated modes, A and B, in (a). (c)
Spectrum of modes with atomic motions parallel to the surface. (d) Relative atomic displacements for the isolated
mode, C, and for three modes in the feature D in (c). Mode D1 is at the low-frequency end of the peak; D2 is at the
center; and D3 is at the high-frequency end.
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their data to a two heat-bath model, they have described the relaxation as being caused by coupling to the
electrons and phonons of the substrate.

Our theoretical analysis of the vibrational modes permits us to make contact with the experiments. First,
we study the anharmonic coupling between the CO stretch mode and the parallel modes with weight on
the adsorbate. This will provide quantitative understanding of the relationship between the CO stretch
frequency and the population of these other modes. We then propose a simple mechanism to account for
the observed transient signal, which captures the essential physics without having to consider higher-order
effects such as electron-phonon or anharmonic phonon-phonon coupling to the substrate.

The procedure for computing the anharmonic coupling between CO stretch and the other modes is as
follows. We first freeze in a small-amplitude distortion of one of the parallel modes. Then within this
distorted configuration, we make a series of CO-stretch distortions along the CO bond and compute the
energy. Fitting total energy as a function of CO-stretch amplitude gives the CO-stretch frequency at the
fixed amplitude of the lower-frequency mode. This is repeated for several amplitudes of this mode, and
an anharmonic coupling constant is deduced from the dependence of CO-stretch frequency on the average
population of the mode, which is related to its amplitude. This procedure is reminiscent of the Born-
Oppenheimer approximation, and may be considered valid because of the large separation in frequencies
between the CO-stretch mode and all other modes of the system.

The anharmonic CO-stretch frequency shift due to population of the frustrated rotational and translational
modes' is computed to be 1.6 and 1.0 cm- 1 per quantum, respectively. The measured value, inferred as being
caused by frustrated translation, is 1.4 cm- 1 per quantum [5]. Thus we find that both frustrated rotation and
translation are roughly equal in their ability to cause the CO-stretch frequency to shift. However, because
frustrated rotation is so much higher frequency than frustrated translation, it requires a much greater amount
of energy in the former mode to produce the same CO-stretch frequency shift as the latter. Therefore, we
agree with the experimental authors that frustrated translational motion is responsible for the observed
signal, and that the experiments indirectly probe its relaxation dynamics.

Our result showing strong mixing between frustrated translational motion and transverse copper phonons
suggests a dephasing mechanism to account for the observed transient dynamics. In this model, the initial
heating of the substrate excites a vibrational wave packet that is localized near the surface. The normal mode
components of this wave packet evolve in time according to different frequencies, and therefore lose phase
coherence over time. In this way, vibrational energy initially deposited near the surface spreads throughout
the substrate. The experiments would be sensitive to this process only to the extent that it affects the
frustrated translational motion of the adsorbate. Therefore, the measured transient response caused by this
proposed mechanism would reflect the time-dependence associated with dephasing of frustrated translations.

We estimate the dephasing lifetime from a spectral analysis of an idealized frustrated translation (i.e.,
with amplitude only on the CO molecule) and find a value of about 0.5 ps. The experimental lifetime for
a half-covered copper (100) surface is about 2 ps. Considering that the present calculation was for a fully
covered surface, this level of agreement is quite good. In fact, we expect that, for the half-covered surface,
the frustrated translation would not couple as strongly to the copper phonons, because a lower density of
molecules on the surface would be less efficient at driving the substrate. Weaker coupling would result in
a longer dephasing lifetime. We are currently testing this hypothesis by computing the properties of the
half-covered surface.

IV. CONCLUSIONS

In this theoretical study, we have computed the properties of a monolayer of CO adsorbed to the (100)
surface of copper using local density functional theory. By modeling the copper substrate in a slab geometry,
and by treating the substrate and adsorbate on an equal footing, we have been able to determine the
equilibrium atomic geometry and the normal modes of vibration of the combined system from first principles.
The structural calculations reveal that the interaction between the CO molecule and the copper substrate
affects the structure of both components. In particular, the adsorption causes the outer layer of copper atoms

'As we showed in Section III B, frustrated translation is not a normal mode of the system. However, for the purposes
of the anharmonic analysis, we treat frustrated translation as the parallel mode with weight only on the adsorbate
that is orthogonal to the frustrated rotational mode.
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to relax outward relative to the bulk interlayer separation. This is to be contrasted with the bare copper
surface, for which the outer copper layer relaxes inward relative to bulk. Furthermore, the equilibrium CO
bond length is found to lengthen by about 1.2% on adsorption.

In the vibrational calculations, it has been found that three of the normal modes correspond directly to the
internal CO bond stretching mode, the adsorption-bond stretching mode, and the frustrated rotational mode.
However, the idealized frustrated translational mode mixes with the phonons of the substrate and broadens
into a resonance, which is clearly seen as a peak in the density of modes. The computed frequencies of the
three isolated modes and the central frequency of the frustrated translation resonance are in good agreement
with the experimental values for the half-covered surface, although are all systematically somewhat high.

The computed normal modes have been used to make contact with pump-probe measurements of the
transient shift of the internal CO stretch frequency [5,6]. These experimental studies propose that this mode
couples anharmonically to the frustrated translational mode, and that the measurements are, therefore,
indirectly probing the transient dynamics of this latter mode. We address these results first by studying
the anharmonic coupling of the CO stretch to frustrated rotations and translations. Both modes are found
to couple with about the same strength to the CO stretch, however frustrated translation has a greater
effect on the frequency because its population is much greater under the conditions of the experiments.
We propose a dephasing mechanism to account for the inferred frustrated translational relaxation dynamics
based on the computed mixing of this mode with bulk copper phonons to form a resonance. The width of
the resonance suggests a dephasing lifetime of 0.5 ps, in reasonably good agreement with the -2 ps lifetime
measured for the half-covered system. This proposed mechanism, based solely on a harmonic analysis of
the vibrations of the combined system, is able to account for much of the observed signal without having to
consider higher-order effects such as electron-phonon coupling or anharmonic phonon-phonon coupling.
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