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We present a combined theoretical and experimental study of chemisorption parameters and STM images for
C2H2, C2H, and C2 on Cu(001). The geometric and electronic structure, and vibrational energies were obtained
from density functional calculations. The calculated STM images were obtained from Kohn-Sham wave
functions using the Tersoff and Hamann approximation. A dramatically enhanced resolution in the experimental
STM images were obtained using a tip that was obtained by irreversible dissociation of H2S. We find a
near-quantitative agreement between experimental and calculated image for this tip and for a normal tip at
appropriate tip-surface distances. An analysis shows that protrusions that appear in all images derive from
adsorbate-induced resonances at the Fermi energy. All images also exhibit a wide depression that we attribute
to the screening of the electronegative adsorbates by the metal conduction electrons.

1. Introduction

The scanning tunneling microscope (STM) provides a unique
experimental analytical tool with atomic resolution for the study
of chemisorption of single molecules and their interactions on
surfaces. The interpretation of STM images is generally not
straightforward because the resolved features do not simply
reflect the positions of atoms in the chemisorbed molecule but
rather the electronic states that contribute to the tunneling
between the tip and the substrate. STM images are therefore
sensitive to the detailed atomic structure of the tip, which is
largely unknown. This difficulty can be circumvented by
adsorbing single atoms or molecules on the tip. Tips function-
alized with a known molecular entity are amenable to modeling,
allowing theoretical calculations of STM images to reveal the
electronic states of the chemisorbed molecule contributing to
the tunneling in the STM junction. In addition, the images
produced by such tips have an unusually high spatial resolution.1

Various schemes have been used to calculate STM images
based either on a perturbative Bardeen method or a nonpertur-
bative scattering approach to tunneling, using first-principles
or semiempirical methods to describe the electronic structure.2-7

The Tersoff-Hamann (TH) approximation2 provides a physi-
cally transparent expression for the tunneling current based on
the Fermi-level local density of states (LDOS) of the surface in

question at the tip apex.2 The original representation of the tip
by an s state was later extended by Chen5 to include other
symmetries of the tunneling active tip states. A recent pertur-
bative Bardeen method based on a detailed cluster model of
the tip showed that the TH method gave similar results.8 To
apply the TH theory to adsorbates on semiconductors, one must
include the electric field produced by the tip; a large bias is
needed to obtain STM images for these systems, whereas on
metal surfaces, images can be recorded using a small bias and
the electric field can be neglected. The general applicability of
the perturbative TH method to the calculation of STM images
of chemisorbed molecules is not well established, and its
usefulness has been questioned.5 The recent development of
calculational schemes based on density-functional theory (DFT)
make it possible to assess the TH approximation for chemisorbed
molecules on metal surfaces by using electronic states of an
electronic structure calculational scheme that also can give a
good representation of the chemisorption bond parameters.

There is no consensus opinion about the usefulness of
combining the TH approximation and DFT,9-12 partly because
of the limited number of such studies. In calculations of STM
images of oxygen on a (111) surface of platinum, Bocquet and
Sautet9 were unable to obtain a good representation of the
experimental images, whereas Eichler and co-workers10 found
qualitative agreement between the calculated and experimental
images. One shortcoming of both these studies was the short
tip-surface distance of about∼3-4 Å, as the perturbative TH
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approach is expected to break down in the region of strong tip-
surface interaction2. Moreover, we recently showed that the
experimental STM image of acetylene on the (100) surface of
copper could only be reproduced at a large tip-surface distance
of about 9 Å.13 Most recently, a density functional study of
STM images for acetylene on Cu(001) and its dehydrogenation
products on Cu(001), using cluster models and a localized basis
set, were reported by Yuan and co-workers.14 A qualitative
comparison was obtained between simulated images using a TH
approach and experimental results.

In this paper, we address the applicability and the utility of
the TH approximation for the calculation of STM images of
chemisorbed molecules on a metal surface in a combined DFT
and STM study of acetylene, ethynyl, and dicarbon chemisorbed
on the (001) surface of copper. This sequence of adsorbates is
of direct interest in the problem of dehydrogenation and exhibits
some interesting trends with respect to their chemisorption
properties. The density functional calculations were based on
slab models and a plane wave basis set as described in section
2. A key ingredient of the density functional study is the
calculation of the bonding geometry, electronic structure, and
the vibrational energies of the chemisorbed molecules, and the
results are presented in sections 3.1-3.3. In particular, we
analyzed the bonding in terms of electronic states derived from
molecular orbitals of the chemisorbed molecule. In section 4,
we make a direct comparison of the calculated LDOS images
presented in section 3.4 with experimental STM images obtained
using two qualitatively distinguishable tips.

2. Calculational Method

The electronic structure calculations of the free and chemi-
sorbed C2H2, C2H, and C2 molecules on a Cu(001) surface were
based on density functional theory using the plane-wave,
pseudopotential code DACAPO.15 The exchange-correlation
energy was described by the generalized gradient approximation
(GGA).16 The Cu(001) surface was represented by a slab in a
super cell geometry. The calculations of STM images required
a large surface unit cell with up to 16 atoms.17 The interactions
between the valence electrons and the ion cores were represented
by ultrasoft pseudopotentials.18,19The geometry was optimized
by a quasi-Newton method using Hellmann-Feynman forces.

The electronic structure was investigated by calculating the
total density of states (DOS),F(ε), for the free molecule and
the projected DOSs (PDOSs),Fa(ε), on various molecular
orbitals of the free molecule with the same geometric structure
as the chemisorbed molecule.F(ε) was determined in a
straightforward manner from the one-electron energies of the
Bloch pseudostates for the free molecule. In comparison, the
calculation ofFa(ε) was not straightforward because we need
to calculate overlaps between ultra soft pseudo states, which
has been detailed in ref 20. In addition, we had to simulate the
continuum of states for a semiinfinite surface by a Gaussian
broadening of the discrete spectrum of states in a supercell
geometry for each wave vector in the sampling of the SBZ.21

We calculated scanning tunneling microscopy (STM) images
using the Tersoff-Hamann approach2. This approach is based
on the Bardeen approximation for the tunneling matrix element
and ans state representation of the tip electronic structure. In
the limit of zero temperature and tip-sample bias,V, the
differential conductance, dI/dV, is proportional to the local
density of states at the Fermi energy (LDOS),εF as

wherer0 is the position of the tip apex and the LDOS is defined
as

Here ψnk(r ) is a Bloch wave function of the chemisorbed
molecule with band-indexn, wave vectork in the SBZ and
energyεnk andεF is the Fermi energy.22 The continuum of states
of a semiinfinite surface was simulated in the same manner as
for the PDOS. The proportionality constantC0 is given by25

where R is the effective radius of curvature,κ is the decay
constant of thes state in the vacuum region andFs(εF) is the
projected DOS of tip states on thes state.

We calculated the vibrational energies and modes of the free
and chemisorbed acetylene and ethynyl molecule within the
harmonic approximation by diagonalizing the dynamical ma-
trix.26 A row of the dynamical matrix is determined from the
differential changes of the forces acting on the ion-cores when
making an displacement of an ion core. These differential
changes were approximated by central differences by calculating
Hellmann-Feynman forces for finite displacements of about
0.05 Å. The substrate is treated as being rigid; that is, the
substrate atoms are kept at their equilibrium positions, so that
the number of degrees of freedom is determined by the number
of atoms in the molecule.

3. Results and Discussion

3.1. Bonding Geometry and Energies.Before presenting
our results for bonding geometries and energies for the chemi-
sorbed molecule, we first show that our DFT calculations gives
a good description of these properties for the free molecules
and the free surface.

The structure of the bare surface was optimized by allowing
the two uppermost layers to relax in all directions and by fixing
the two lowermost layers at the bulk positions with the
calculated bulk lattice parametera ) 3.65 Å. The calculated
relative changes in layer distances between the first and second
layer,∆d12 ) -1.98%, and between the second and third,∆d23

) +1.6%, from the bulk interlayer distance are in good
agreement with low energy electron diffraction data:27 ∆d12 )
-1.1 ( 0.4% and∆d23 ) +1.7 ( 0.6%.

We find that the calculated equilibrium configurations and
energetics of the free molecules are in good agreement with
experiments and the density functional study by Yuan and co-
workers.14 The linear configuration, the calculated interatomic
distances, and the atomization energies for the molecules are
in good agreement with experimental data as shown in Table
1. The atomization energies show directly that C2 and C2H have
a large hydrogen affinity. The corresponding energy differences
give directly the binding energy of an H atoms with the

TABLE 1: Calculated and Experimental Bond Distances
and Atomization Energies for the Free C2H2, C2H, and C2
Molecules

C2H2 C2H C2

dCH (Å) 1.07(1.06a) 1.07(1.05c)
dCC (Å) 1.20(1.20a) 1.21(1.22c) 1.28(1.24e)
∆E (eV) -17.79(-17.56b) -11.85(-11.46d) -6.02(-6.32e)

a Reference 52.b Reference 54.c Reference 51.d ∆E ) ECC-H +
EC-C, whereECC-H is from ref 53.e Reference 34.

F(r0; εF) ) ∑
nk

| ψnk(r0)|2δ(εnk - εF) (1)

C0 ) 8π3e
2p3

m2
R2 exp(2κR)Fs(ε) (2)

dI
dV

) C0F(r0; εF)
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molecules: 5.94 and 5.83 eV for C2H and C2, respectively.
Although C2 readily accepts a H for H2S or H2O to from C2H,
the lack of observation of similar H transfer to C2H, forming
C2H2, may be due to the rotational motion of C2H which leads
to steric hindrance to the reaction28

To determine the equilibrium configuration of the chemi-
sorbed molecules on Cu(001), we have considered two possible
orientations of the C-C axis, being either along the [1h10]
direction or the [010] direction. For both orientations, the
geometries were optimized in such a way that the molecules
were allowed to relax in the plane spanned by the surface normal
and the C-C axis, and all Cu atoms in the two topmost layers
of the surface were allowed to relax in all directions. As shown
in Figure 1, the equilibrium configuration of the C-C axis is
along the [110] direction for the C2H molecule and has aCs

adsorption site symmetry, whereas the equilibrium configura-
tions of C2H2 and C2 have both the C-C axes along the [010]
direction and have aC2V adsorption site symmetry.

The chemisorbed C2H2 and C2H molecules have different
geometric structure than that for the free molecules as shown
in Figure 1. The chemisorbed C2H molecule is bent with a
C-C-H bond angle of 150°, the C-C axis is tilted 63° relative
to the surface normal, and the C-C bond length (dCC) is
increased by 0.07 Å from its value of the free molecule, whereas
the C-H bond length (dCH) increases only 0.01 Å. Also the
chemisorbed C2H2 molecule is bent, the C-C-H bond angles
are 120°, but the C-C axis is parallel to the surface. In this
case, thedCH anddCC are increased by 0.03 and 0.16 Å from
their gas-phase value, respectively. This dramatic elongation
of the C-C bond to 1.37 Å is in agreement with the value of
1.42( 0.05 Å suggested by surface extended X-ray absorption
fine structure (SEXAFS) measurements.29 The C-C axis of the
chemisorbed C2 molecule is parallel to the surface, anddCC is

increased by less than 0.01 Å. The relaxations of the substrate
atoms induced by the chemisorbed molecule are substantial. This
effect is largest for the chemisorbed C2 and smallest for the
chemisorbed C2H2.

The calculated chemisorption energies show a strong variation
for this sequence of molecules on Cu(001). The calculated
binding energies (excluding zero-point energies) are 1.31, 4.22,
and 6.57 eV for C2H2, C2H, and C2, respectively. This large
variation of the binding energies is not unexpected in view of
the electronic structure of the free molecules, as discussed in
section 3.2. The large calculated binding energy of 2.39 eV for
H on Cu(001)30 and the large increase in binding energies with
decreasing number of H atoms bonded to C2 result in a dramatic
lowering of the affinities of a chemisorbed H atom for C2H
and C2 of 0.54 and 1.09 eV, respectively, from the affinity of
about 6 eV in the gas phase.

The energy difference between the two orientations consid-
ered for the chemisorbed molecules may be viewed as an energy
barrier for rotations of the molecule among the equivalent
minimum energy orientations of the molecule. This energy
barrier is only about 85 and 75 meV for C2H2 and C2H,
respectively, whereas it is much larger, 315 meV, for C2. The
trends of these results are in agreement with the corresponding
experimental values of 169 and 56 meV for C2H2

31 and C2H,32

respectively. The experimental values were obtained by a fit of
measured rotation rates as a function of substrate temparature
to an Arrhenius expression.32

3.2. Electronic Structure. To gain an understanding of the
electronic structure of the chemisorbed C2H2, C2H, and C2

molecules, we have also studied the electronic structure of the
free molecules both in linear and bent configurations.

The bonding of C2H in terms of MOs can be understood from
the classical bonding models of a homonuclear, diatomic
molecule such as C2 and sp hybridization for C2H2.33 In Figure
2, we present calculated density of states (DOS) for the free
C2H2, C2H, and C2 molecules that show directly the occupancies
and energies of the molecular orbitals (MOs). These DOS show
that the bonding of a single H atom to C2 results in a triple
C-C bond with a similar bond distance as the triple bond C2H2.
The double bond of C2 results in a longer bond distance, see
Table 1.35 The 4σ orbital is a bonding combination of the H 1s
AO with a C sp AO and isessentially nonbonding with respect
to the C-C interaction, whereas the 3σ MO is bonding and

Figure 1. Calculated equilibrium configurations of C2H2, C2H, and
C2 chemisorbed on Cu(001). Parts a, c, and e are top views of C2H2,
C2H, and C2, respectively, whereas parts b, d, and f are the corre-
sponding side views. Four Cu atoms in the top layer and the C and H
atoms are represented by large, medium, and small circles, respectively.
The C-C and C-H bond lengths are indicated. The results were
obtained using a 4 layer, 3× 3 Cu slab.

Figure 2. Calculated density of states (DOS) for the free, linear C2H
molecule. The character of the molecular states has been indicated using
the symmetry labels for C∞. Note that the groundstate of C2H is spin
polarized and that the 1πu and 3σg orbitals are nearly degenerate.
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correlates with the 2σg MO of C2H2. The remaining sp orbital
forms a dangling bond that is split into a singly occupied 5′σ
orbital, an unpaired electron in the 1π orbital, and a single
unoccupied 5′′σ orbital. As shown in Figure 2, the strong spin-
polarization of the 5σ orbital induces also a weak spin splitting
of 1π, 2π, and 3σ orbitals through the C-C bond.

Because the chemisorbed C2H2 and C2H molecules have a
bent geometric configuration, as described in section 3.1, we
have investigated the effect of the bending of the free, linear
molecules on the electronic structure. The intramolecular
distances and angles of the free bent molecule in theyz plane
are chosen to be the same as for the chemisorbed molecule (see
Figure 1). The bending of the molecules lowers theC∞
symmetry to aC2V symmetry with symmetry charactersa1, a2,
b1, andb2, and to aCs symmetry with symmetry charactersa′
anda′′ for the C2H2 and the C2H molecules, respectively. The
resulting labeling of the molecular orbitals of the bent molecules
are shown by the calculated DOS in Figure 3. The low-lying
2a1 of C2H2 and 3a′ of C2H derive from 2σg of the linear C2H2

and 3σ of the linear C2H, respectively.
The effect of the bending of C2H2 on the frontier orbitals

has been nicely discussed by Hoffmann and co-workers36,37

using extended Hu¨ckel calculations, and their picture is sup-
ported by our calculations. The C in-plane p AOs hybridize
with the C s AOs and forms sp2 orbitals at a bending angle of
60°. Two of these sp2 orbitals contribute to the symmetric, 3a1,
and antisymmetric, 2b2, combinations of C-H bonding MOs,
whereas the remaining sp2 AOs form the C-C bonding, 4a1,
and antibonding, 3b2, combinations. The C out-of plane p AOs
are mainly unaffected and form the C-C bonding, 1b1, and
antibonding, 1a2, MOs. The effect of the bending on the MOs
of the linear C2H is similar as shown by the DOS in Figure 3,
but the effect is smaller because the bending angle is only about
30° and no genuinesp2 orbitals are formed. Theπ MOs, 1a′′
and 2a′′, of C2H are very similar in character to the 1b1 and
1a2 orbitals of C2H2, and the 6a′ and 7a′ are analogous to the
4a1 and 3b2 orbitals of C2H2, respectively.

The electronic structure of the chemisorbed C2H2, C2H, and
C2 molecules on Cu(001) have been characterized from the DOS
projected on the (spin-unpolarized) MOs of the free bent C2H2

andC2H, and the free C2. As shown in Figures 4a, 5a, and 6a,

the 1πu MOs of C2 and the related 1a′′ and 6a′ MOs of C2H
and 1b1 and 4a1 MOs of C2H2 interact strongly with thed-band
of Cu in the energy range of-5 to -2 eV and are more or less
shifted below thed-band. The singly occupied 5a′ orbital of
C2H and the unoccupied 3σg of C2 become doubly occupied,
resulting in a strong surface chemical bond and no spin
polarization of the chemisorbed C2H. The PDOS in Figures 4b,
5b, and 6b show that the antibonding 1πg MOs of C2, the related
7a′ and 2a′′ MOs of C2H, and the 3b2 and 1a2 MOs of C2H2

are all appreciably broadened by their interaction with substrate
states and acquire a substantial fractional occupation for C2H2

and C2H. In particular, this occupation is larger for C2H2 than
C2H as reflected by the larger bond elongation for C2H2 than
for C2H.

The electron transfer to unoccupied MOs of C2H2, C2H, and
C2 upon chemisorption show up in the difference between the
electron density of the chemisorbed molecule and the sum of
the electron densities of the isolated molecule and the bare

Figure 3. Calculated density of states (DOS) for the free, bent
molecules: (a) C2H2, (b) C2H (spin unpolarized), and (c) C2H (spin
polarized). The geometric configurations are the same as in Figure 1b,d
for C2H2 and C2H, respectively. The character of the molecular states
has been indicated using the symmetry labels ofC2V andCs. Note that
1a′′ and 6′ are nearly degenerate. The two spin split states of 5a′ are
labeled 5′a′ and 5′′a′, respectively.

Figure 4. Calculated projected density of states (PDOS) of C2H2

chemisorbed on Cu(001). The DOS are projected on (a) the bonding
and (b) the antibonding molecular orbitals in Figure 3a for the bent
C2H2 molecule.

Figure 5. Calculated projected density of states (PDOS) of C2H
chemisorbed on Cu(001). The DOS are projected on (a) the bonding
and (b) the antibonding (spin-unpolarized) molecular orbitals in Figure
3b for the bent C2H molecule.

Figure 6. Calculated projected density of states (PDOS) of C2

chemisorbed on Cu(001). The DOS are projected on (a) the bonding
and (b) the antibonding molecular orbitals in Figure 2c for the free C2

molecule.
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surface. The contours of such density difference in the plane
spanned by the C-C axis and the surface normal are presented
in Figure 7, for all of the molecules. A common feature is the
large enhancement of the electron density at the molecule with
a shape that is specific for each molecule. In the case of the
chemisorbed C2H2, the shape can be understood from the partial
filling of the 3b2 MO. For C2H, the filling of the 5a′ MO gives
a large contribution, but the lobe extending into the vacuum
region is derived from the 7a′ MO. In the case of C2, the
situation is less clear. The structure in the C-C bonding region
is derived from the filling of the 3σg MO, and the two small
outer lobes are derived from the partial filling of the antibonding
1πg

⊥ MO of the 2-fold degenerate 1πg MOs. The lobes of 1πg
⊥

MO are oriented perpendicular to the surface. The nodal plane
of this MO is obstructed by the density associated with the 3σg

MO. Note that the 1a2, 2a′′, and 1πg
| MOs, whose lobes are

parallel to the surface, for the C2H2, C2H, and C2 molecules,
respectively, have a node at the molecular plane, and the partial
filling of these MOs does not contribute to the presented density
difference contours. As also shown by the density difference
contours, the electron transfer to the unoccupied MOs are taken

both from localized d and extended sp metal states. Also, the
screening of the charge transfer into the MOs by the conduction
electrons contributes to the extended regions of charge depletion.
These regions are very similar to the regions appearing in the
results for electronegative adsorbates such as Cl, S, and O on
jellium surfaces.38,39

3.3. Vibrational Modes.The vibrational energies and modes
of chemisorbed molecules are characteristic signatures of their
identity and provide some information about the nature of the
chemisorption bond. Here, we will primarily present and discuss
our results for some selected sets of modes of the free and
chemisorbed C2H2, C2H, and C2. Our calculated vibrational
energies are in agreement with the results of Yuan and
co-workers.14

The vibrational modes of the chemisorbed molecules that
derive from internal modes of the free molecule have typically
large energies compared to the substrate phonon energies and
should be well-described in the rigid substrate approximation.
The calculated energies of the C-C stretch modes of the
chemisorbed C2H and C2H2 molecules are 204 and 171 meV,
respectively. These energies show appreciable downward shifts
of 53 and 68 meV from the energies of the free, linear C2H
and C2H2 molecules, respectively. As shown in section 3.2, these
large downward energy shifts are consistent with the filling of
C-C antibonding MOs upon chemisorption. The energies of
the C-H stretch modes decrease also upon chemisorption. The
average value of 399 meV for the symmetric and antisymmetric
stretch mode energies for the free C2H2 molecule and their
splitting of 10 meV, Table 2, decreases to 377 and 4 meV,
respectively, upon chemisorption. For the C-H stretch mode
of the C2H molecule, the corresponding downward shift of 19
meV is similar in magnitude. The symmetric and antisymmetric
in-plane C-H bending modes for the chemisorbed C2H2

molecule have larger energies, 117 and 132 meV, than the
energy of 79 meV for the in-plane C-H bending mode of
chemisorbed C2H molecule.

The remaining vibrational modes of the chemisorbed mol-
ecule derive essentially from frustrated rotations and translations
of the free molecules. The frustrated rotational modes are given
by the C-H out-of-plane bending mode with energy 74 meV
for C2H and the antisymmetric one with energy 101 meV for
C2H2. We find that the remaining modes except the frustrated
cartwheel mode of C2H2 at 75 meV have vibrational energies
close to the bulk phonon band, which has a maximum phonon
energy of 30 meV.

Our calculated vibrational energies for the stretch modes of
the free linear molecules are in relatively good agreement with
experimental data. The calculated energies of the C-C stretch
modes of C2H2 are 239 meV, in good agreement with the
experimental value of 245 meV, whereas the C-C stretch
energy of C2H, 257 meV, is larger than the experimental value
of 229 meV.40 The calculated average energy of 399 meV for
the symmetric and antisymmetric C-H stretch modes of C2H2

Figure 7. Density difference contours along the C-C axes of (a) C2H2,
(b) C2H, and (c) C2. Density differences for values larger than 0.05
and less than-0.05 electrons/Å3 are truncated.dz ) 0 corresponds the
position of the surface layer. The calculation has been carried out in a
3 × 3 surface unit cell with 16k points in the SBZ.

TABLE 2: Calculated and Experimental Vibrational
Energies for Various Stretch Modes of C2H2 on Cu(100)a

pω (meV)

mode theory expt

H-CC-H (D-CC-D) (ss) 379 (281)
H-CC-H (D-CC-D) (as) 375 (275) 357a (265a)
DCC-H (HCC-D) 377 (278) 360a (269a)
HC-CH 171 164b

a (ss) and (as) refer to the symmetric and antisymmetric stretch
modes, respectively.b IETS data from ref 45.c EELS data from ref
41.
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and the energy of 429 meV for the C-H stretch mode of C2H
are in good agreement with the corresponding experimental
values of 413 and 447 meV.40 In particular, the calculated
splitting of 10 meV between the symmetric and antisymmetric
mode is in excellent agreement with the experimental value of
9.5 meV.

In Tables 2 and 3, we make a direct comparison of our
calculated mode energies with available experimental data for
the chemisorbed molecules. The overall agreement between
calculated and experimental values is typically within 5%, except
for the electron-energy-loss data (EELS) for C2H.41 In these
EELS measurements, the identity of the molecules produced
by thermal decomposition of C2H2 was never unambiguously
determined and was even attributed to CCH2 species. Recently,
the density functional study by Yuan and co-workers14 showed
that the calculated vibrational energies of the CCH2 species
supported the formation of CCH2 species.

The C-H stretching modes provides an interesting class of
modes for comparison of theory with experiments. Recent
vibrational inelastic electron tunneling (IET) measurements on
acetylene and its deuterated species42 show that the detected
C-H and C-D stretch modes of C2H2 and C2D2 are 2 and 3
meV below the energies of the C-H and C-D stretch modes
for the C2HD isotope, in excellent agreement with the calculated
values shown in Table 2. The larger splitting between the
symmetric and antisymmetric modes for the C-D stretch modes
than for the C-H stretch modes is counterintuitive considering
a simple argument based on the scaling of the vibrational energy
on the mass of the H and D atoms, which gives that the splitting
between the symmetric and antisymmetric combinations should
be a factor of (2)1/2 smaller for the C-D than the C-H stretch
mode. The anomalous isotope behavior of the splitting is caused
by the larger participation of the motion of the C atoms in the
C-D stretch modes than for the C-H modes resulting in a
larger indirect coupling mediated by the C atoms between the
motion of the D atoms than for the motion of the H atoms. An
anomalous isotope effect is also present in the upward energy
shift from the antisymmetric C-H stretch mode of the chemi-
sorbed C2H2 to the C-H stretch mode of the chemisorbed C2H.
The observed shifts are 38 and 48 meV for the C-H and the
C-D stretch modes, respectively.

The assignment of the observed C-H bending modes by
EELS41 and IETS32 is less clear. In the EELS data from C2H2

on Cu(001), the observed losses at 141, 118, and 78 meV were
attributed to C-H bending modes, which are consistent with
the calculated energies 132 and 117 meV of the antisymmetric
and symmetric in-plane bending modes, respectively, and 101
and 75 meV for the antisymmetric and symmetric out-of-plane
bending modes, respectively. For the chemisorbed C2H, the
calculated energies of the in-plane and out-of-plane bending
modes are relatively close in energy so that an assignment of
the observed peak in the IETS peak at 81 meV based on energies
only is ambiguous considering the accuracy of the calculated

vibrational energies and the experimental uncertainties in
determining vibrational energies.

3.4. STM Images.In this section, we present calculated STM
images of C2H2, C2H, and C2 chemisorbed on Cu(001) using
the Tersoff-Hamann approach and discuss these images in
relation to the adsorbate-induced electronic structure. The
calculated images are contours of tip-surface distances,r , over
the surface at constant local density of states,F(r , εF), at the
Fermi energy. These topographical images of the LDOS and
their profiles along various directions in the surface unit cell
are henceforth referred to as LDOS images and profiles. Before
discussing the calculated images we show (1) that the surface
unit cell is sufficiently large to represent an isolated molecule,
(2) that the results are well converged with respect tok-point
sampling of the surface Brillouin zone (SBZ), and (3) that the
results are rather insensitive to the energy broadening used to
simulate the continuum set of states for a semiinfinite surface.

Because we want to model STM images of isolated molecules
on a surface, we need to investigate the effect of the surface
unit cell size on the LDOS image. In Figure 8a, we present
LDOS images of C2H2 chemisorbed on Cu(001) in both 3× 3
and 4× 4 surface unit cells. The protrusions in the calculated
LDOS profile along the molecular axis for the 3× 3 surface
unit cell cover a large fraction of the cell, which indicate that
this cell might be too small. As shown in Figure 8a, the LDOS
profiles in 3× 3 and 4× 4 surface unit cells with the same
k-point density in the SBZ, 16 and 9k points, respectively, only
show small differences in their common region, and the
protrusions are well-contained in the larger cell. Hence, the 4
× 4 surface unit cell is large enough to represent an isolated
C2H2 molecule, and even the 3× 3 surface unit cell is acceptable
in this respect. In the following, all results are based on 4× 4
surface unit cells.

To check the convergence of the calculated LDOS images
with respect to the number ofk points in SBZ, we have

TABLE 3: Calculated and Experimental Vibrational
Energies for Various Stretch and Bending Modes of C2H on
Cu(100)

pω (meV)

mode theory expt

CC-H (CC-D) stretch 410 (307) 395,a 374b (313)a

C-CH stretch 204 179b

in-plane CC-H (CC-D) bend 79 (61) 81a (62)a

out-of-plane CC-H bend 74 (55)

a IETS data from ref 45.b EELS data from ref 41.

Figure 8. Calculated LDOS profiles,∆z, along the C-C axis of C2H2

chemisorbed on Cu(001). (a) Different supercell sizes andk-point sets
in the SBZ. Dashed and solid lines are profiles for 4× 4 surface unit
cells using 9 and 16 points in SBZ, respectively, and the short-dashed
line is the profile for the 3× 3 surface unit cell using 16 points in the
SBZ. All profiles are for the same value ofF(r , εF). (b) Different
Gaussian broadenings,σ ) 0.15-0.50 eV, of energy levels.∆z ) 0
corresponds to a tip-surface distance of 6 Å in both a and b. Note
that the center of the C2H2 molecule is at (a)d[010] ) 0 Å and (b)d[010]

) 7.3 Å.
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calculated LDOS images for chemisorbed C2H2 using 9 and 16
k points. As shown in Figure 8a, the profiles almost fall on top
of each other. Hence, the calculated LDOS profiles are well
converged with respect tok-point sampling. In the following,
all results are based on 16 points in SBZ.

As discussed in section 2, we introduce an energy broadening,
σ, of the δ functions in order to model a semiinfinite system
with a finite slab. This broadening should be chosen in such a
way that there is only a small change in the images for different
values ofσ. In Figure 8b, we present LDOS profiles along the
C-C axis of chemisorbed C2H2 with 0.15 eVe σ e 0.50 eV.
The LDOS profiles with 0.25 eVe σ e 0.50 eV show only
small differences, whereas the LDOS profile withσ ) 0.15 eV
deviates somewhat from the other profiles. An indication that
σ ) 0.15 eV may be too small to properly represent the set of
continuum states is the fact that we have on average about 8
electronic states/eV for eachk point. We conclude that 0.25 eV
e σ e 0.50 eV is an acceptable range forσ. In the following,
all results are based onσ ) 0.25 eV.

The LDOS images and profiles of chemisorbed C2H2, C2H,
and C2 on Cu(001), shown in Figures 9, 10, and 11 respectively,
show similar topographical features, such as one large depression
and one or two protrusions. The LDOS images show that these
features are large compared to the size of the molecule.
Furthermore, the protrusions show some interesting depend-
encies with tip-surface distance. We present several evidences
that the protrusions in the LDOS images for C2H2 and C2H
derive from molecular states overlapping with states at the Fermi
energy and that the depressions are associated with two
effects: (1) the screening of electron charge transferred to the
molecule by the free-electron like Cu states and (2) electron
transfer from the latter states into states derived from MOs.
These evidences are based on an analysis using the symmetries

of the MOs, density differencies, and dependencies on LDOS
profiles with tip-surface distances.

Figure 9. Calculated LDOS (a) image and (b) profiles along the C-C
axis for C2H2 chemisorbed on Cu(001), where∆z ) 0 corresponds to
tip-surface distances ofz0 ) 5, 6, 7, 8, 9, and 10 Å, (a)z0 ) 6 Å. The
geometric configuration of the chemisorbed C2H2 is indicated in the
LDOS image. The calculation was carried out using a 4× 4 surface
unit cell with 16 points in the SBZ and Gaussian broadening ofσ )
0.25 eV.21

Figure 10. Calculated LDOS (a) image and (b) profiles along the C-C
axis for C2H chemisorbed on Cu(001), where∆z ) 0 corresponds to
tip-surface distances ofz0 ) 5, 6, 7, 8, 9, and 10 Å, (a)z0 ) 6 Å. The
geometric configuration of the chemisorbed C2H is indicated in the
LDOS image. Same surface unit cell,k-point set, andσ as in Figure 9.

Figure 11. Calculated LDOS (a) image and (b) profiles along the C-C
axis for C2 chemisorbed on Cu(001), where∆z ) 0 corresponds to
tip-surface distances ofz0 ) 5, 6, 7, 8, 9, and 10 Å, (a)z0 ) 6 Å. The
geometric configuration of the chemisorbed C2 is indicated in the LDOS
image. Same surface unit cell,k-point set, andσ as in Figure 9.
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For C2H2 on Cu(001), the two protrusions in the LDOS image
and profiles, Figure 9a,b derive from the 3b2 MO. The 3b2 MO
gives a large contribution to PDOS atεF and is symmetric
(antisymmetric) with respect to a plane along (perpendicular
to) the molecular axis, which explains the nodal plane in the
LDOS image. The other MO with a large contribution to PDOS
at εF, 3a2, is antisymmetric both with respect to a plane
perpendicular to and along the molecular axis, which would
give rise to two nodal planes in the LDOS image. Thus, the
3a2 MO does not give a large contribution to the protrusions in
the LDOS images. Moreover, wave functions atεF that overlap
with the 1a2 MO decay faster in the vacuum regions than the
3b2 MO because the former wave function has a larger lateral
distribution and lateral kinetic energy in this region than the
latter wave function. The same kind of argument about the decay
of the wave functions perpendicular to the surface explains the
decrease of the protrusions relative to the background with
increasing tip-surface distance in the LDOS profiles, Figure
9b.

A corroboration of the interpretation that the protrusions in
the LDOS image of C2H2 derive from the 3b2 MO is the change
of the separation between the two protrusions with the tip-
surface distancez0 at the boundary of the surface unit cell. At
z0 ) 5 Å, the distance between the two protrusions is 3.0 Å,
whereas it increases to 5.0 Å atz0 ) 9 Å. This increase can be
explained by the spatial extension of the wave functions
contributing to the image. In the density difference contours
along the C-C axis of C2H2, Figure 7c, the density difference
increase is associated with the 3b2 MO being almost completely
filled on the surface. Because the outer lobes of the 3b2 MO
are tilted with respect to the surface normal, its wave function
will expand in that direction and shift the positions of of the
two protrusions.

The single protrusion in the LDOS image and profiles of C2H
chemisorbed on Cu(001), Figure 10a,b, is derived from the MO,
7a′, and can be explained similarily as the protrusions in the
LDOS images of C2H2. The 7a′ MO has a large contribution to
PDOS atεF, extends away from the surface, and has the correct
symmetry with no nodal planes. The other MO that has a large
overlap with electron states atεF, 2a′′, is antisymmetric with
respect to the molecular axis, and its contribution to the LDOS
is expected to be suppressed. The 2a′′ MO has no lobe on the
H atom and has a larger lateral spatial variation than the 5a′
MO, which results in a faster decay away from the surface for
states that derive from 2a′′ MO than for the 5a′ MO.

The position of the protrusion in the LDOS image of C2H
shifts somewhat with increasing tip-surface distances, which
is explained by the spatial extension of the 7a′ MO in a similar
manner as for the C2H2 images discussed earlier. The position
of the protrusion shifts 0.3 Å away from the center of the C2H
molecule whenz0 increases from 5 to 9 Å. However, because
the lobe of the 7a′ MO has a smaller tilt angle with respect to
the surface normal than the 3b2 MO of C2H2, its wave front
will extend closer to the surface normal and the shift will be
smaller.

The LDOS image of chemisorbed C2, Figure 11a, has one
protrusion in the center of the molecule, but its origin is less
clear than for the protrusions of the LDOS images for C2H2

and C2H. In this case, we have no pronounced contributions
from any MOs of C2 to the PDOS atεF. However, the symmetry
of the protrusion is consistent with the symmetry of the 3σg

and 1πu
⊥ MOs. Because the 1πu

⊥ MO extends into the vacuum
region whereas for 3σg it extends along the surface, we suggest
that the 1πu

⊥ MO gives the main contribution to the LDOS.

In contrast to the protrusions in the LDOS images that derive
from molecular states of the adsorbate, we argue that the
depressions in the LDOS images are associated with adsorbate-
induced effects on the free-electron like metal states dominating
F(r,εF) of the bare Cu, as suggested by STM calculations for
other electronegative species.43,44This argument is based on the
following two indications.

The first indication is the density difference decrease of
chemisorbed C2H2, C2H and C2, shown in Figure 7. The spatial
extension of the depression is about as large as the extension
of the electron depletion in the density difference contours
displayed in Figure 7a-c, for all three adsorbates. Furthermore,
as can be seen from the PDOSs for the adsorbed C2H2, C2H,
and C2 in Figures 4-6, respectively, the chemisorption involves
electron transfer from the surface to the adsorbate, but no
significant redistribution of electrons among the MOs. The
decrease of the free-electron-like density around the molecule
has two contributions: (1) screening of the transferred electron
charge into the molecular states by the free-electron like states
and (2) charge transfer from the free-electron like states to the
molecular states. Both of these effects involve all occupied free-
electron-like states, including the ones atεF, and should affect
F(r,εF) in the remote tip region.

The second indication is that the shapes of the depressions
are very similar for differentz0. This behavior can be seen in
the LDOS profiles along the molecular axes of C2, Figure 11b,
and C2H for z0 g 6 Å, Figure 10b. The more pronounced
depressions with increasingz0 are due to the faster decrease of
the electronic states contributing to the protrusions than for the
free-electron like states, as discussed earlier.

Finally, the simulated STM images by Yuan and co-workers14

show some similarities with our results. However, we cannot
make a direct comparison of the results because they do not
provide the signs or the magnitudes of their calculated isoheights
of partial density of states, or the tip-surface distances.

4. Comparison with Experiments

In this section, we compare the calculated LDOS profiles with
the measured constant-current STM profiles for C2H2, C2H, and
C2 chemisorbed on Cu(001) for two different tips that produce
distinct types of images. In general, a direct quantitative
comparison between calculated and measured images is pre-
cluded by uncertainties in the tip structure, composition, and
distance from the surface. The primary objective of this
comparison is to see whether the calculated LDOS images can
reproduce the observed STM images for this set of molecules
at reasonable tip-surface distances. We also compare measured
tunneling resistances with estimates based on the simple tip
model introduced by Stokbro and co-workers.25

The experimental profiles shown in Figure 12 were acquired
with what will be referred to as a “sharp” tip. Especially notable
are the significant protrusions seen in profiles of each species
that are not as pronounced, or even evident, in previously
published images with a “typical” tip. The tip was produced by
the electron-induced dissociation of H2S species adsorbed on a
tungsten tip while in tunneling range of the surface. Unlike ref
1, the adsorbed species at the tip end could not be unambiguosly
identified because these species could not be reversibly trans-
ferred between the surface and the tip. The facile dissociation
of the surface adsorbed H2S, however, suggests that atomic S
is produced at the end of the tip under appropriate conditions.
We expect that the bonding of a S atom to the metallic tip to
involve mainly p orbitals of S and that tunneling should be
dominated through a single pz orbital. We have found, however,
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that the LDOS images based on a “sharp” tip representation
with a pz orbital has a more or less identical shape and
corrugation for the LDOS images of an s orbital representation
of the tip at shorter tip-surface distance by about 1 Å.

A more “typical” tip was prepared by bringing a tungsten
tip in contact with the copper surface and was therefore
composed of copper and tungsten. The aquired profiles with
this tip are also shown in Figure 12. Because the exact nature
of the “typical” and “sharp” tips is unknown, we will compare
the measured STM profiles for both types of tips with the
calculated LDOS profiles using an s representation of the tip.
What emerges is a complementary relationship between the
calculated tip-surface distances and the perceived image
resolution.

As shown in Figure 12, all characteristic features of the STM
profiles for the three chemisorbed molecules obtained using the

“sharp” tip are reproduced in detail with the calculated LDOS
profiles atz0 in the range of 5-6 Å. For the chemisorbed C2H2

and C2, the magnitude and the shape of the two protrusions are
reproduced quantitatively atz0 ) 5 Å. In the case of the
chemisorbed C2H, we get a similar agreement between theory
and experiment atz0 ) 6 Å except that the calculated LDOS
gives a small depression at d[1h10] ∼ 3.5 Å, which is not resolved
in the measured STM profile. The good agreement between
calculated LDOS profiles and measured STM profiles using the
“sharp” tip demonstrates the utility of coupling density func-
tional theory with the Tersoff-Hamann approximation. In
addition, our analysis of the calculated LDOS profiles in section
3.4 revealed the expected physical content of the theory: the
characteristic protrusions of the measured STM profiles derive
from molecular orbitals that participate in the chemisorption
bond.

STM profiles for each of the three chemisorbed molecules
obtained by the “typical” tip at large gap resistance exhibit a
rather nonspecific depression (Figure 12). The spatial extent
and magnitude of this depression for each chemisorbed molecule
is reproduced by the calculated STM profiles with a large gap
z0 of about 10 Å. For such largez0, the lateral size of the 4×
4 surface unit cell (∼10 Å) is becoming too small to accurately
represent isolated adsorbates. The earlier LDOS analysis showed
that such a depression should be dominant for an electronegative
adsorbate imaged at largez0. The depression arises from two
related effects of chemisorption: the transfer of electrons from
Cu free-electron-like states into more localized states derived
from molecular orbitals and the subsequent screening of this
transferred charge by conduction electrons.

The good agreement obtained for these specific molecules is
indicative of a more general conclusion: STM images taken at
large tip-sample distances will reflect long-wavelength distur-
bances of the substrate states. As the tip-surface distance is
decreased, a larger fraction of the LDOS is comprised of more
localized contributions from states that can be associated with
specific molecular orbitals. A key point of this paper is that
these qualitative expectations are confirmed in a quantitative
way by application of the Tersoff-Hamann approximation to
DFT, thereby coupling the physical insights of more qualitative
methods with the accuracy of DFT calculations.

For a “typical” tip, some of us have earlier reported STM
images for C2H2 chemisorbed on Cu(001)45,46,47 showing
features reminiscent of those present in the STM profiles of
the “sharp” tip of the present manuscript. These features consist
of two protrusions with a pronounced depression in between.
The values of 0.23 and 5 Å for the maximum depth of the
depression and the distance between the protrusions, respec-
tively, in the STM image in ref 46 are well reproduced by the
calculated LDOS profile in Figure 9b,c atz0 ) 8 Å. It is worth
noting that when the “typical” tip of the current work is moved
∼2 Å closer to the surface by imaging at a higher current level,
the protrusions characteristic of previously published images
are recovered.48 Thus, the conclusions reached by applying the
theory to cases of “sharp” and “typical” tips are in agreement
with trends in the distance-dependent images of a “typical” tip
alone.49

It is not straightforward to determine whether the tip-surface
distances for the calculated profiles are in agreement with the
true tip-surface distances in the corresponding experimental
images. The calculations suggest that the tip-surface distance
for “sharp” tips is less than that for “typical” tips. This is quite
consistent with the following experimental observation: the
distance toward the surface that the tip must be advanced to

Figure 12. Comparison of experimental and theoretical profiles for
C2H2, C2H, and C2 on Cu(001). The experimental profiles are obtained
with a “sharp” or a “typical” tip, as indicated by S tip and T tip,
respectively. The theoretical profiles, dotted lines, are the same as
presented in Figures 9b, 10b, and 11b at indicated tip-surface distances.
The experimental tunneling conditions for the “typical” tip profiles were
10 pA and 50 mV, and for the “sharp” tip profiles of C2H2, C2H, and
C2, the tunneling conditions were 1 nA and 250 mV, 10 pA and 50
mV, and 1 nA and 50 mV, respectively.
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make an observable change in the surface (i.e., to make contact)
is smaller for tips that exhibit large corrugation than for tips
that exhibit poor resolution. This provisional definition of surface
contact produces a tip-surface distance that is in the range 6-10
Å, which is comparable to the calculated tip-surface distances.

We have estimated the tunneling resistances in the tip model
introduced by Stokbro and co-workers25 to obtain additional,
though indirect, information aboutz0. In this model, the tip is
modeled by an adsorbed W atom on a W(110) surface where
the projected DOS on the W tip atom s orbital was calculated
using DFT.50 This model gives a tunneling resistance that
increases exponentially from∼0.5 MΩ at z0 ) 5 Å to ∼5 GΩ
at z0 ) 9 Å. The measured tunneling resistances of 5 GΩ for
the “normal” tip are consistent with the results of this model
for the range ofz0 ) 9-10 Å that reproduced the measured
STM images. The tunneling resistances atz0 ) 5-6 Å, which
gave LDOS images that were in agreement with the STM
images obtained by the “sharp” tip, are harder to reconcile with
the measured tunneling resistances in the range of 50 MΩ to 5
GΩ. A better agreement between measured resistances and
calculated resistances corresponding to matching LDOS profiles
is obtained with a pz state representation of the tip, which is
more appropriate for a tip terminated by a S atom. In this case,
the calculated LDOS images are in agreement with the observed
STM images atz0 ) 6-7 Å for which we find the tunneling
resistance to be in the range 4-40 MΩ. Given that the gap
resistance varies by an order of magnitude per Å both theoreti-
cally and experimentally, the agreement achieved here is
satisfactory.

5. Summary and Concluding Remarks

We have carried out density functional theory calculations
of STM images of acetylene, ethynyl, and dicarbon chemisorbed
on the (001) surface of copper using the Tersoff-Hamann
approximation for tunneling. The calculated topographic images
of the local density of states at the Fermi level were compared
directly with constant-current STM images obtained with a
metallic tip and a chemically modified tip. We find that the
Tersoff-Hamann approximation for calculation of STM images
using the Kohn-Sham wave functions of the DFT calculations
reproduces the experimental STM images and provides a most
useful basis for the understanding of STM images of chemi-
sorbed molecules. The images of the chemisorbed hydrocarbon
molecules obtained by the functionalized tips exhibited char-
acteristic features that were shown to derive from molecular
orbitals that participate in the chemisorption bond. At larger
tip-surface distances, we find that the LDOS images evolve
into rather nonspecific depressions in agreement with experi-
mental STM images obtained using typical tips at large
distances. This type of depression should prove a common
phenomenon for electronegative adsorbates as it arises from two
general effects: the transfer of electrons from free-electron-
like states to the chemisorbed molecule and the screening of
these adsorbate-induced states by the itinerant electrons. The
calculated chemisorption parameters such as bonding geometry
and vibrational energies are in good agreement with available
experimental data.
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