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ABSTRACT

Density functional theory calculations are performed to determine the nature of vibrational modes associated
with carbon monoxide chemisorbed to the copper (100) surface. The electronic states and charge density are
determined using a plane-wave pseudopotential method within the local density approximation. The surface
is modeled using a periodic slab geometry, and the force constant matrix is computed from first principles by
displacing each atom in turn and determining the resulting forces on it and all other atoms. This matrix is then
diagona]ized to yield normal-mode polarization vectors and frequencies. The eigenvectors provide information
about the strength of coupling between copper atom motions and CO vibrations. The computed vibrational
spectrum is used to predict the transient response of the system to nonequilibrium heating, and the results are
compared with recent pulse-laser experiments on this system.5'6

Keywords: theory, density functional theory, pseudopotentials, molecule/surface interactions ,carbon monoxide,
copper, vibrational modes, laser spectroscopy.

1 INTRODUCTION

The study of molecules interacting with solid surfaces has long been a very active area of scientific investiga-
tion.1 These systems are relevant to a wide variety of important applied problems, such as catalysis, tribology,
corrosion, adhesion, and epitaxial growth. Furthermore, numerous fundamental issues involve surface/molecule
systems. Examples include the nature of the chemisorption bond, the mechanisms of adsorption and desorption,
and the manner in which adsorbed molecules couple thermally to a substrate. In recent years, the focus of research
in this field has been to develop a quantitative microscopic understanding of these applied phenomena and basic
issues.

An important attribute of adsorbed-surface systems is the presence of low-frequency collective oscillations of
the adsorbate and substrate. The low-frequency modes are of interest because they are thought to be instrumental
in a wide variety of processes on surfaces , including chemical reactivity of adsorbates, diffusion across surfaces,
heat transport, and desorption. These modes are characterized by coupled motion of the adsorbed molecule and
the surface, and therefore have no counterparts in the isolated component systems. For the specific case of a
diatomic adsorbate, for example, these modes are identified as the frustrated translation, the frustrated rotation,
and the adsorbate-surface stretch mode.
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The study of these low-energy vibrations is quite challenging, both from an experimental and a theoretical
standpoint. Two recent experimental studies5'6 investigate the transfer of energy between carbon monoxide and
copper (100) and (111) surfaces, respectively, through their low-frequency coupled motions. Both experiments
measure the time-resolved vibrational response of the CO adsorbate to picosecond or sub-picosecond heating of
the copper substrate. In particular, they monitor the transient response of the internal CO stretch vibration
and observe a time dependence characterized by a peak near zero pump—probe delay time that (mostly) decays
away in about 2.5 ps for CO/Cu(100) and 3.2 ps for CO/Cu(111). These transient-response data are interpreted
as being caused by anharmonic coupling between the CO stretch mode and the frustrated translation mode,
which produces a shift in the CO stretch frequency that is a function of the average occupation of the frustrated
translation. Thus, the transient response ofthe internal CO vibration is viewed as a probe ofthe coupling between
the frustrated translation and the excitations of the substrate produced by the pump laser pulse.

A recent theoretical investigation of energy transfer between CO and the copper (100) surface7 has examined
the relaxation of the four vibrational modes localized on the adsorbate through coupling to conduction electrons
in the substrate. This study models the copper substrate as a six-atom octahedral cluster with one surface
atom, four second-layer atoms, and one third-layer atom, all fixed in their experimental positions. Standard
quantum chemical techniques have been used to find relaxed positions of the C and 0 atoms relative to the fixed
copper cluster and to determine the vibrational frequencies of the CO molecule. The computed frequencies are
in moderately good agreement with experiment,8'9 although the predicted ordering of the CO-metal stretch and
frustrated rotational modes differs. The decay rate of the four modes via the electronic degrees of freedom of the
substrate cluster have been predicted using the Fermi golden rule. These calculations find that only the frustrated
rotation and the internal CO vibration have lifetimes comparable to those observed in the above experiment.5
The computed lifetimes of the frustrated translation and the CO-copper stretch mode are one to two orders of'
magnitude larger. The same authors have also performed a classical molecular-dynamics simulation of this system
to include effects of both vibrational and electronic damping.'° They find the same qualitative behavior, namely
that the CO stretch and frustrated rotational modes decay on a much faster time scale than the CO-metal stretch
and frustrated translational modes. However, the disparity is found to decrease with increasing temperature.
Thus, the only explanations of the transient CO-stretch response experiments that are consistent with these
theoretical results involve either anharmonic coupling of the CO stretch mode to the frustrated rotation or direct
dephasing of the CO stretch vibration through the substrate electrons, in contrast with the mechanisms proposed
by the experimental authors.5'6

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 generally 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 modes such as the low-
frequency adsorbate vibrations, etc., is an a posterior'i 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.

2 COMPUTATIONAL METHOD

The quantum-mechanical framework for our calculations is density functional theory."2 At the core of
this approach is the fact that the ground-state energy of a system of interacting electrons in the presence of a
static external potential (i.e., the potential of fixed atomic nuclei) is a functional of the ground-state electron
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density. The variational minimum ofthis functional gives the exact, many-body ground-state electron density and
energy. Thus the unwieldy task, required ofother quantum-mechanical approaches, ofdetermining the many-body
wavefunction (a function of 3N variables where N is the number of electrons) that solves the Schrödinger equation
is supplanted by the comparatively simpler task ofdetermining the electron density (a function of 3 variables) that
minimizes the energy functional. Practical implementations of density functional theory express the density in
terms of effective single-particle wavefunctions. Forces on the atoms are computed from the ground-state electron
density by implementing the Hel]mann-Feynman theorem.'3"4

The exact form of the energy functional is not known. Good approximations to it do exist, the most commonly
used of which is the highly successful local density approximation (LDA).'5'16 It is this form that we adopt for
the present calculations.

The equations of density functional theory are solved for the CO/Cu(100) system using a plèiie-wave basis.
Intuition suggests that plane waves would form an excellent basis set for materials with diffuse electronic eigen-
states, such as simple metals. Localized basis functions, such as Gaussians or atomic orbitals, seem more natural
for the description of isolated molecules or the localized d orbitals of transition metals. However, the plane-wave
basis set has a number of advantages which make it an excelient choice for a wide range of problems.'7"8 First
of all, the plane waves form a complete set, so that it is possible to define an infinite set of plane waves which
can unambiguously represent any possible function. For localized basis functions no such completeness relation
exists. Moreover, when plane waves are used, convergence toward completeness is accomplished in a straightfor-
ward manner. Plane waves with larger wave vectors are added to the basis until the results become insensitive
to further basis-set additions. In this way, the completeness of the plane-wave basis set leads to a higher degree
of numerical precision than is achievable with other basis sets. In addition, the plane-wave set is unbiased, in the
sense that it provides an equally good representation of different states whether they are atom-centered, bond-
centered, or diffuse. As a result, energy differences between different structures are computed quite accurately
when a plane-wave basis is used. Since the plane waves make no reference to the positions of the atoms, the
computation of the forces on the nuclei is greatly simplified,a as well. In addition, fast Fourier transform algo-
rith.ms significantly increase the efficiency of the computations. These reasons among others make plane waves
an excellent basis set for the study of CO-adsorbed copper.

The main shortcoming of plane waves is that many basis functions are required to describe highly localized
orbitals. For example, plane waves are not appropriate for the description of core orbitals. As a result, in order to
retain the advantages ofplane waves, we treat the core orbitals in a frozen-core approximation and only permit the
valence electrons to adjust to changes in the system. In the present study, the 3d and 4s electrons for each copper
atom as well as the 2s and 2p electrons for the carbon and oxygen atoms are treated explicitly. The frozen core
electrons and the nuclei are combined into a weaker effective potential, a pseudopotential, with which the valence
orbitals interact.'2' This approach is chemically reasonable, since valence electrons give rise to essentially all
bonding effects. Use ofa pseudopotential dramatically reduces the number ofplane waves required for an accurate
description ofthe system. There is no unique way to define a pseudopotential for a given atomic species. However,
in our study of CO/Cu(100), we have created pseudopotentials for the constituent atoms that are optimized22 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.

Our calculations were performed using a slab geometry to model the CO/Cu(100) system. In this approach,
the semi-infinite metal surface is replaced by a slab of finite thickness. The slab is then repeated periodically
in the direction normal to the surface, with a layer of vacuum separating each slab. This procedure imposes
three-dimensional periodicity on a system that only has natural periodicity in two dimensions, thus allowing the
use of many powerful concepts from crystal physics, including Bloch's Theorem, periodic boundary conditions,

4When an atom and the localized basis functions surrounding it move together, that constitutes a change of basis and requires
special treatment.
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the Fermi surface, and the Brillouin zone. The latter two considerations are particularly important for describing
metallic systems. In addition, a discrete plane-wave basis is ideally suited to a three-dimensionally periodic
system. The unit cell that describes this artificial three-dimensional periodicity is called a "supercell" .The slab
geometry is a highly accurate model for surfaces. It has been used very successfully to study surface relaxations,
reconstructions, phonons, and electronic states for a wide variety of systems, including metal and semiconductor
surfaces, elemental and compound surfaces.23'24

Another common approach for surface computations is the cluster model, in which the semi-infinite surface
is now replaced by a cluster of atoms fixed in their surface geometry (i.e., as if the cluster were a small chunk
extracted from the surface). Although the cluster approach allows the use ofall the standard methods of quantum
chemistry, finite-size and edge effects present difficulties in the prediction of surface structure. As a result,
experimental structural information is usually incorporated. In addition, the electronic states of clusters are
necessarily molecular-like, in contrast to the dispersive electronic bands of infinite metallic systems.

The slab model introduces only two approximations: the finite thickness of the slab and the finite amount of
vacuum between neighboring slabs. The error produced by these approximations is easily controlled by increasing
the slab and vacuum layer thicknesses, respectively, until the property of interest is converged to the desired level
of accuracy. Slabs of copper can be kept fairly thin, because the large number of valence electrons screen out
long-range interactions effectively. In the present study of CO/Cu(100), we found that seven layers of copper
atoms and 12 A of vacuum were sufficient. This was confirmed by testing as many as nine copper layers and 15
A of vacuum.

The presence ofthe CO molecule presents another complication. For a bare copper slab, the periodicity parallel
to the surface is identical to that of bulk copper. When the surface is decorated with CO, however, the in-plane
periodicity can be destroyed, or, even if the overlayer is periodic, its repeat distance will depend on the coverage,
9, and will generally be larger than that of the bare surface. Thus the periodicity of the adsorbed overlayer
dictates the size of the supercell in the two horizontal directions. Disordered overlayers can be simulated using
a very large surface supercell. The CO/Cu(100) system studied experimentally in Ref. 5 consists of an ordered
9= 0.5 CO overlayer with a (v'x J)R45° orientation. However, in the present study, we have chosen to impose
full monolayer coverage (9 = 1) of the slab surfaces, thus maintaining the bare-surface in-plane periodicity. This
introduces only small errors for the properties explored here, although we plan to investigate lower-coverage
systems in the future to study the effects of CO-CO coupling.

The supercell for CO/Cu(100) in its slab geometry is a long tetragonal cell 30.6 x 2.54 x 2.54 A3. 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", where
ac 15 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 ac is 3.59 A, in excellent
agreement with the 3.61 A experimental lattice constant.25

Determining the electronic structure of a periodic system requires computing the dispersion over a continuous
Brillouin zone. However, because of practical limitations it is necessary to sample the Brillouin zone at a discrete
set of k-points. Since the duration of the calculation scales linearly with the number of k-points sampled, it is
desirable to use as few k-points as possible while maintaining a specified level of accuracy. It has been shown26
that it is possible to reduce dramatically the number of k-points needed, with minimal loss of accuracy, by
broadening each energy level into a Gaussian of some specified width. The broadened energy level mimics the
effect of adding more k-points. For our study of CO/Cu(100), we have sampled the entire surface Brillouin zone
at 16 points and have used a 0.3 eV broadening width. By testing as many as 196 k-points, as well as a variety
of widths from 0.05 to 0.5 eV, we have determined that our choice is well-converged. Because the Brillouin-zone
dimension perpendicular to the surface is so small, we have been able to show that it is not necessary to consider
dispersion in this direction.
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The vibrational states ofthe combined CO/Cu(100) system are determined using a force-constant model, with
no a priori assumptions regarding the nature ofthe modes. This model exploits the fact that, near an equilibrium
structure in a multidimensional configuration space of atoms, the atoms obey Hooke's Law:

F1—F2=—K.(xi—x2) , (1)

where the vectors x1 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, and K is a 3N x 3N matrix of force constants.
Within the harmonic approximation, the normal modes of vibration of the system are given by the eigenvectors
of the matrix M'K, where M is a diagonal matrix whose ith diagonal element is the mass of the ith atom. The
frequency of each normal mode is given by the square root of the corresponding eigenvalue.

For the CO/Cu(100) system, tetragonal symmetry decouples longitudinal motion ofthe atoms (i.e., normal to
the surface) from transverse motion (i.e., parallel to the surface), within the harmonic approximation, and makes
the two transverse directions degenerate. Thus the 3N x 3N force-constant matrix is block diagonal, and can be
reduced to two unique NxN matrices, one for longitudinal oscillations and one for transverse oscillations. In the
present 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 point r of the surface Brillouin
zone.

The longitudinal interlayer force-constants are determined as follows: Atomic layer j is displaced longitudinally
from its equilibrium position, and the resulting forces on all layers of the slab (including itself) are computed. This
is repeated for several displacement amplitudes (both positive and negative). The value of K3 is then determined
from a linear fit of force on atomic layer i vs displacement of layer j. The only difference in calculating transverse
force constants is that only positive displacements are required, since negative displacements are related by
syrn.metry.

In order to model long-wavelength oscillations accurately and to eliminate interlayer coupling across the slab,
we define a much thicker "effective slab" for setting up the force-constant matrix by inserting bulk-like copper
layers into the interior. The interlayer couplings due to these new layers are just given by the interlayer forces
constants for bulk, which are computed in a separate calculation. Because all bulk layers couple to their neighbors
in the same way, it is possible to make the effective slab arbitrarily thick without increasing the computational
effort required to determine the force—constant matrix. This is important, because the thicker slab more closely
models the real system. We have chosen the effective slab to be 500 layers thick for CO/Cu(100), which produces
highly converged vibrational modes.

For the present study of CO/Cu(100), the force constants for the oxygen, carbon, and outermost copper layers
are determined according to the slab calculation described above. The remaining copper layers of the slab are
assumed to couple to the layers below them according to the bulk force constants, since the deviation ofthe copper
force constants from their bulk values dies off quite rapidly as a function of distance into the bulk. The error
introduced by this assumption can be tested by explicitly computing the force-constants due to displacements of
the next copper layer, but the effect is expected to be rather small.

3 RESULTS

In order to investigate the electronic and vibrational properties of CO/Cu(lOO), it is first necessary to determine
the equilibrium structural configuration. Because the lateral positions of the atoms are fixed by symmetry, only
relaxations perpendicular to the surface are necessary. Results of the structural optimization are summarized in
Table 1. The symbol (A, B) denotes the distance between layers of atoms A and B. The copper atoms are
numbered consecutively with the outermost atom labeled Cu1. Computed values for z(O, C) and (C, Cui) are
in excellent agreement with experimental measurements.27'28
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Table 1: Computed atomic geometry for (a) CO adsorbed to the copper (100) surface,
surface, and (c) a free CO molecule. The comparison to bulk copper refers to the com
(100) layers in bulk copper: 1.796 A.

(b)
put

the bare copper (100)
ed separation between

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

Experiment

(a) CO on copper (100)

(O, C) 1.136

(C, Cui) 1.882

(Cu1,Cu2) 1.815 +1.10
(Cu2,Cu3) 1.815 +1.10
(Cu3,Cu4) 1.796 0.00

1.15±0.10 Aa
1.90±0.10 A, a
1.92±0.05 Ab

(b) Bare copper (100)

(Cu1,Cu2) 1.771 -1.38
L.(Cu2, Cu3) 1.807 +0.60
z(Cu3, Cu4) 1.795 -0.02

-(1.2—2.4)% C

+(0.0—1.0)%

(c) Free CO molecule

(O,C) 1.123 1.128 Ad

aRef. 27, for 8=0.5 Co covage
28, for 8=0.5 CO coverage.

cSee Table 4 of Ref. 30.
'See, for example, Ref 34.

The joining of the molecule and the surface affects the structure of each component . In order to assess this
effect, we have a]so computed the relaxed structure of a bare copper surface and the equilibrium bond length of a
free CO molecule. These calculations are also summarized in Table 1. 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 experiment29 and a prior calculation.30 In
contrast, however, we find that t(Cu1 ,Cu2) in the presence of the CO adsorbate is larger than the bulk value by
1.10%. Similarly, the bond length of the adsorbed CO molecule expands by 1.20% relative to the free molecule.

The structural results in Table 1 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.

The adsorption energy for CO on copper (100) is found by subtracting the energies of the relaxed bare
surface and free molecule from that of the relaxed adsorbed surface. This results in an adsorption energy of
0.72 eV/molecule. The experimental value for half-monolayer CO coverage is 0.59 eV/molecule.3' It is well-
known that LDA calculations predict larger binding energies than are observed. However, it has been shown
that higher-order approximations to density functional theory, such as the generalized gradient approximation
(GGA), improve binding energies significantly for most systems.32 Incorporating the GGA into our calculations
is currently being pursued.

Experiment has indicated that the CO molecule adsorbs to the top site (i.e., directly above a copper atom)
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Table 2: Computed longitudinal and transverse force constants (a) for a CO/Cu(100) slab and (b) for bulk copper.
Units are eV/A2 . The entry in row i, column j, refers to the force on atom i due to a displacement of atom j.
The method for computing force constants is described in the text.

Longitudinal 'Iansverse

(a) CO/Cu(100) slab

C 0 Cu1 C 0 Cu1

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

Cu1 1.1 9.7 -14.9 -0.60 0.97 -2.02
Cu2 0.0 0.6 4.0 -0.08 0.20 1.66
Cu3 0.0 0.0 0.1 0.01 -0.01 0.03
Cu. 0.0 0.0 -0.1 0.00 0.00 0.00

(b) Bulk copper

Cu0 Cu0

Cu0 -8.4 -4.06
Cu1 4.1 2.02
Cu2 0.2 0.01
Cu3 -0.1 0.00

of the copper (100) surface with the carbon atom bound to the copper and the C-O bond aligned normal to the
surface.27'28' We have tested this result by computing the structurally-relaxed energy for this configuration
as well as that of (a) a CO molecule adsorbed to the hollow site (i.e., center of a square of copper atoms on
the surface), (b) a CO molecule adsorbed to the top site, but with the oxygen facing the surface, and (c) a CO
molecule on the top site with the carbon facing the surface, but with the C-O bond at an oblique alignment. We
find, in agreement with a previous calculation,3' that the experimental configuration is indeed lowest in energyP

The vibrational modes and frequencies of the combined CO/Cu(100) system are computed using the force-
constant model described in Section 2. It is worth re-emphasizing that no a priori information regarding the
nature of the modes or their frequencies was included in the calculation. Table 2 lists the longitudinal and
transverse mterlayer force constants obtained by displacements of the oxygen, carbon, and outermost copper
atoms. The calculated interlayer force constants of bulk copper are tabulated, as well. These data are used to
construct the force-constant matrix for the 500-atom effective slab.

Figure 1 summarizes the calculation of the vibrational modes. The density of states for longitudinal modes at
the r-point of the surface Brillouin zone is shown in Fig. 1(a). This spectrum is characterized by a broad band of
modes below 262 cm and two isolated modes, labeled A and B, at frequencies 2140 and 398 cmi, respectively.
These two modes are identified with the heuristic CO internal stretch and CO-copper stretch modes, respectively.
The calculated frequencies are in reasonably good agreement with the experimental values,8'9 2086 and 345 cm,
respectively, although they are both too high by about 55 cmi. The predicted shift in the CO stretch frequency
due to adsorption also agrees well with experiment. The observed gas-phase CO frequency is8 2143 cmi, giving
a frequency shift of -57 cm'; whereas the calculated value for free CO is 2173 cm1, for a frequency shift of -33
cmi.

bThe LDA is very successful at predicting relative energies between different structures, despite its shortcomings in computing
absolute binding energies.
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The assignment of modes A and B as the internal CO and CO-metal stretch modes, respectively, is confirmed
by examining their computed polarization vectors, which are represented schematically in Fig. 1(b). The relative
amplitude of atomic motions for these modes is seen to die off very rapidly into the bulk, with the predominant
atomic motions clearly corresponding to the idealized modes.

The broad band of modes at lower frequency corresponds to the T—÷X longitudinal branch of bulk copper
phonons. This has been confirmed both by comparing to a separate calculation of the bulk copper phonon
spectrum and by studying the computed polarization vectors which have distinct bulk-like character. In addition,
the polarization vectors show that the carbon and oxygen atoms at the surface also participate in the low-frequency
vibrations, although they do so in phase with the surface copper atom, with these three atoms acting as a unit.
This is because motion internal to the molecule is too high in energy to be excited by low-frequency oscillations.

Figure 1(c) exhibits the transverse vibrational spectrum of CO/Cu(100), which is characterized by a broad
band below 185 cm1 and an isolated mode, labeled C, at 353 cm1 . This isolated mode corresponds to the
idealized frustrated-rotation mode, and again the computed frequency is somewhat higher than the experimental
value9 (285 cm'). The relative atomic displacements, represented in Fig. 1(d), exhibit a rapid decay into the
bulk, with the carbon and oxygen atoms undergoing the out-of-phase transverse oscillations characteristic of
frustrated rotations.

Noticeably absent from the transverse spectrum is an isolated normal mode corresponding to the frustrated
translation of the CO molecule. Experimentally, the frustrated translation has a frequency of 32 cm1 . This is
well within the frequency range ofthe transverse phonon branch ofbulk copper, and, therefore, it is plausible that,
in the adsorbed system, the frustrated translation mixes with bulk phonons. Our calculations reveal that, in fact,
the frustrated translation is not a normal mode ofthe CO/Cu(100) system, but rather is a resonance. The feature
labeled D in the broad low-energy band in Fig. 1(c) corresponds to this resonance. This has been confirmed by
examining the phonon polarization vectors for normal modes within this peak, three of which are represented
schematically in Fig. 1(d). These modes exhibit in-phase motion of the carbon and oxygen atoms, as expected
of the frustrated translation. They are weighted strongly on the CO molecule, but an appreciable amplitude
persists throughout the bulk, indicating the mixing with bulk copper phonons. The peak of the resonance is at
a frequency of 45 cm1 , which again is close to the experimental value but somewhat larger. The width is about
13 cm1 (FWHM).

The mechanism proposed in Refs. 5 and 6 to account for the transient response of the CO stretch frequency
involves anharmonic coupling of this mode to frustrated translations. Both studies have shown through static
spectroscopic measurements that the internal stretch frequency of CO adsorbed to copper decreases (nearly)
linearly with increasing temperature in the 95—155 K temperature range. Within their model, anharmonicity is
manifested as a shift in CO stretch frequency that is proportional to the average occupation of a lower-frequency
mode. They interpret the observed temperature dependence as being caused by population of the frustrated
translational mode, arguing that the frustrated rotational and CO-metal stretch modes are too high in energy
to exhibit linear dependence in this temperature range. The transient-response measurements of the CO stretch
mode, are, therefore, interpreted as probing the transient dynamics of the frustrated translational mode. The
observed characteristic decay time is about 2.5 Ps and about 3.2 Ps for CO adsorbed to the copper (iOO) and
(111)6 surfaces, respectively.

The coupling of the frustrated translation to the transverse copper phonons to form a resonance suggests
a dephasing mechanism to account for the observed transient dynamics. This hypothesis is tested in a model
calculation using the computed normal modes of the system: In the pump—probe experiments, the pump laser
pulse excites an electron-hole gas, which rapidly couples to the low-lying phonons of the system. We model this
as resulting in an initial phonon distribution of the pumped system, expressed as a wave packet of transverse
atomic displacements with a Gaussian dependence on distance from the surface. The time evolution of this wave
packet is computed classically by decomposing the initial displacement distribution into transverse normal modes
of the system and multiplying each component by exp(it), where w is the corresponding frequency of the mode.
In order to isolate the effect of frustrated translations on the CO transient dynamics, the frustrated rotational
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mode has been explicitly projected out.

We have monitored the mean squared transverse displacement of the CO molecule, because this quantity is
assumed to be proportional to the average occupation of modes involved in the frustrated translation, which is
what the experiments are thought to probe. The resulting time profile is convoluted with an assumed laser-pulse
shape of width 1.2 ps.5 Figure 2 shows the results of this computation. The center of the initial Gaussian
distribution was chosen to be at the surface in order to place the peak signal near t = 0, as is seen in the
experiments. The results are fairly insensitive to the width of the Gaussian, and a value of one atomic spacing
has been used. The frustrated-translation dephasing rate exhibited in Fig. 2 is about half the transient-response
lifetime measured for the same system.5 This suggests that a frustrated-translation dephasing mechanism is
insufficient to account for the observed transient dynamics, at least within the classical model used here.

4 CONCLUSIONS

In this theoretical study, we have computed the properties 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 ofvibration ofthe combined system from first principles. The structural calculations reveal
that the interaction between the CO molecule and the copper substrate strongly affects the structure of both
components. In particular, the adsorption causes the outer layer of copper atoms 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 adsorbed CO molecule is found to be longer than a free
CO molecule by about 1.2%.

In the vibrational calculations, it has been found that three of the normal modes correspond directly to the
internal CO stretch, the CO-metal stretch, and the frustrated rotational modes. 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 phonon density of states. The computed frequencies of the three isolated modes and the central
frequency of the frustrated translation resonance are in good quantitative agreement with the experimental values,
although are all systematically somewhat high.

The computed normal modes have been used to make contact with pump—probe measurements of the tran-
sient response of the internal CO stretch mode.5'6 These experimental studies propose that this mode couples
anharmonically to the frustrated translational mode, and that the measurements are, therefore, indirectly prob-
ing the transient dynamics of this latter mode. The coupling of the frustrated translational mode to substrate
phonons to form a resonance suggests a dephasing mechanism to account for the transient behavior. We have
investigated this hypothesis by constructing a classical time-evolution model for a postulated initial phonon wave
packet (produced by rapid coupling of the heated electrons to the phonon modes). The time scale for decay
of the frustrated-translation amplitude computed within this model, however, is too small to account for the
experimental transient signal. Currently, we are using the computed electronic and vibrational properties for
the combined CO/Cu(100) system to investigate the roles of electron-phonon and anharmonic phonon-phonon
coupling, in an ongoing effort to gain an accurate, quantitative understanding of the experiments.
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Figure Captions

Figure 1: Summary of the computed normal modes of vibration for CO/Cu(100). The modes correspond to
the r-point of the surface Brillouin zone. (a) Phonon density of states for longitudinal oscillations. The modes
labeled A and B correspond to the internal CO stretch and CO-metal stretch modes, respectively. The band
below 262 cm1 corresponds to longitudinal bulk copper phonons. (b) Schematic representation of the phonon
polarization vectors for the two isolated modes in (a). The vertical axis gives the relative longitudinal atomic
displacements, with the solid horizontal line providing the zero-displacement baseline for each mode. Only the
first few layers of the 500-layer effective slab are represented here. (c) Phonon density of states for transverse
oscillations. The mode labeled C corresponds to the frustrated rotational mode, and the peak labeled D denotes
the frustrated translation resonance. (d) Schematic representation of phonon polarization vectors for the isolated
mode labeled C and for three modes in the resonance peak labeled D. In particular, D2 is a mode near the center
of the resonance, and D1 and .L) are slightly lower and higher in frequency, respectively. A larger portion of the
effective slab is included here than in (b) in order to show that the D modes do not die off into the bulk, as do
modes A, B, and C.

Figure 2: Mean squared transverse displacement of the CO molecule as a function of time after initial formation
of the atomic-displacement wave packet. The initial wave packet is chosen to have a Gaussian profile as a function
of distance from the surface, with the center and width chosen to reproduce most closely the experimental results
of Ref. 5 (see text for details).

SPIE Vol. 2547 / 237

Downloaded from SPIE Digital Library on 26 Dec 2010 to 165.123.34.86. Terms of Use:  http://spiedl.org/terms



238 1SPIE Vol. 2547

Figure 1

II
U)0

0

U)0
a)

a)

U)

0 200

6

4

2

0

6

4

2

0

400 2150
Frequency (cm)

U)

Ui

• —
'ci

0

a)

—

U)
•—

a)
U)

a)

U)

Ui

E-

a)

A

B

C

D3

(b)
XXX N MXXX

x

XX
XXX N XXX

X

I I I II
Cu8 Cu5 Cu2 CO

X

)ssw.....ss.s...sIss:::.s.s::s.s110ISk

(d)
XXN4

+w+
I 1 I 11

0 100 200 300 400
Frequency (cm)

Cu40Cu30Cu20Cu10 CO

Downloaded from SPIE Digital Library on 26 Dec 2010 to 165.123.34.86. Terms of Use:  http://spiedl.org/terms



CI)

1.0

0.8

0.6

A°.4
0

NC.)

V 0.2

Figure 2

0.0

Time (ps)

SPIE Vol. 2547 / 239

—2 0 2 4

Downloaded from SPIE Digital Library on 26 Dec 2010 to 165.123.34.86. Terms of Use:  http://spiedl.org/terms


