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We have carried out a density functional study of unoccupied, resonance states in a single Au atom, dimers,
a trimer, and infinite Au chains on the NiAl(110) surface. Two inequivalent orientations of the ad-chains with
substantially different interatomic distances were considered. From the study of the evolution of the electron
states in an Au chain from being isolated to adsorbed, we find that the resonance states derive from the 6s states
of the Au atoms, which hybridize strongly with the substrate states and develop ap-like polarization. The
calculated resonance states and the local density of states(LDOS) images were analyzed in a simple tight-
binding, resonance model. This model clarifies(1) the physics of direct and substrate-mediated adatom-adatom
interactions and(2) the physics behind the enhancements of the LDOS at the ends of the adatom chains, and
(3) the physical meaning of the “particle-in-box” model used in the analysis of observed resonance states. The
calculated effective mass and band bottom energy are in good agreement with experimental data obtained from
scanning tunnelling spectroscopy.
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I. INTRODUCTION

A most interesting development in nanoscience has been
the possibility to tailor and analyze the electronic properties
of single nanostructures of adatoms on metal surfaces, This
development has been made possible by the unique capabili-
ties of the scanning tunnelling microscope(STM) to image
and manipulate single adatoms and to probe their electronic
structure by tunnelling spectroscopy. A pioneering example
is provided by the quantum corral experiments, in which
atomic manipulations were used to assemble closed atomic
structures, which in turn act as two-dimensional resonance
cavities for surface state electrons on a metal surface.1,2 An-
other most interesting example is provided by the unoccu-
pied, electron resonance states in Au adatom and addimers3

and longer Au ad-chains4–7 assembled on a NiAl(110) sur-
face, which were revealed by imaging the differential con-
ductance for various biases. This class of resonance states
was also identified in linear Cu chains on Cu(111) (Ref. 8) so
their existence is not limited to the NiAl(110) substrate.

The appearance of such resonance states in Au adatom
structures was rather surprising and raises several questions
about their physical nature. In the original experiments,4,5 the
differential conductance spectra and images of linear Au ad-
chains were analyzed using the quantum states of a simple,
one-dimensional “particle-in-box”(PIB) model. The ob-
served dispersion of the resonance states in the Au chain was
found to be free-electron-like with an effective mass being
about one-half of the bare mass and the observed dependence
of the low energy peak position on the ad-chain length fol-
lowed closely the prediction of the PIB model. However, the
origin and the character of these resonance states were not
clarified in this model and the physical meaning of the one-
dimensional “box” is unclear in view of the discrete atomic
structure of the ad-chains. Thus there is a need to gain a
more detailed understanding of these resonance states from
calculations and modelling of their electronic structure.

The unoccupied, resonance states of the Au adatom struc-
tures are excited states that are probed by adding an extra

electron. In principle, they are not directly described by a
conventional density functional theory. However, unoccu-
pied, Kohn-Sham states provide a useful, zero-order approxi-
mation of such excited states9 as demonstrated by density
functional calculations of a single Au adatom and ad-dimers
with various interatomic separations. These calculations
showed that the observed resonance structures in the scan-
ning tunneling spectra(STS) were reproduced in the calcu-
lated local density of states(LDOS) at the tip apex.3 These
resonances were formed in an energy region with a depletion
of LDOS and had a mixeds andp character.

A first attempt to understand the nature of the resonance
states of the Au ad-chains was the recent density functional
study of isolated, finite Au chains by Mills and co-workers.10

They argued that the observed resonance states derived from
unoccupied states withp character of the isolated chains.
This argument resolved the issue that the observed lowest
energy state with no nodes along the chain is unoccupied in
contrast to the states of the isolated chains withs character.
Furthermore, they introduced a three-dimensional “particle-
in-a-cylinder” model to rationalize all STM observations.
However, this study did not address the effects of the inter-
action of the states in the Au chains with the substrate states.

In this paper, we present a density functional study of the
resonance states of some linear Au adatom structures ad-
sorbed along two inequivalent directions on the NiAl(110)
surface. The focus is primarily on the infinite Au ad-chains
of which one has the same orientation along the[001] direc-
tion as an assembled chain,4,5 whereas the other infinite, Au

ad-chain is oriented along thef11̄0g direction. The substan-
tially larger interatomic distance of the latter ad-chain than
the former ad-chain illustrates the effects of interatomic in-
teractions on the electronic states. We present also results for
a single adatom, two different ad-dimers and an ad-trimer.
The nature of the resonance states in the infinite ad-chains is
revealed by studying their evolution from the states of the
infinite, isolated Au chains with decreasing chain-surface
distance. We also discuss the calculated resonance states and
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the tunnelling through the resonance states in terms of a
tight-binding, resonance model. This model clarifies the
physical meaning of the “particle-in-box” model in the
analysis of the resonance states.

The paper is organized in the following manner. In Sec. II,
we present some details of the density functional calculations
of the adatom structures and their geometric and electronic
structure are presented in Sec. III. The nature of the reso-
nance states in the Au ad-chains and their relation to the
states of the isolated Au chains are discussed in Sec. IV A. A
simple, tight-binding resonance model for the states in the
adatom structures is described in the Appendix and discussed
in relation to calculated resonance energies and images in
Sec. IV B. Our results are compared with experimental data
in Sec. V, where we also clarify the physical meaning of the
“particle-in-box” model in terms of the tight-binding, reso-
nance model. Finally, we give some concluding remarks in
Sec. VI.

II. COMPUTATIONAL METHOD

We have considered several linear Au adatom structures
on the NiAl(110) surface including single adatoms, two dif-
ferent ad-dimers and infinite, ad-chains along either the[001]
direction or thef11̄0g direction and an ad-trimer along the

[001] direction. The[001] and thef11̄0g directions corre-

spond to theḠ-Ȳ and theḠ-X̄ directions in the surface Bril-
louin zone(SBZ), respectively,11 so that the corresponding
chains aligned along these two directions are henceforth re-
ferred to as theY and X chain, respectively. The density
functional calculations of the single adatoms and the two
ad-dimers have already been briefly described in Ref. 3.

The electronic and the geometric structure of the Au
chains and the trimer on NiAl(110) were studied using den-
sity functional calculations that were carried out using the
projector augmented wave method as implemented in the
VASP code.12–14 The exchange and correlation effects were
represented by the widely usedPW91 version15 of the gener-
alized gradient approximation. The various versions of the
GGA give similar results for atomic chemisorption and their
limitations and differences are more significant in molecular
chemisorption.16,17 The two infinite (periodic) chain struc-
tures were represented by an Au adatom on a NiAl slab in
two different supercell geometries. To minimize the interac-
tions between the chain and its periodic images, we used a
134 and 631 surface unit cells for theY and X chains,
respectively. The results for the electronic states of theY
chain were found to be well converged for nine substrate
layers and this number of layers was also used for theX
chain. The vacuum region of the supercell was six layers. For
the adtrimer we used a supercell with a 532 surface unit cell
and eight layers of NiAl. The kinetic energy cutoff for the
plane wave basis set was about 200 eV and the surface Bril-
louin zone was sampled by 80, 28, and 24k points for theY,
X ad-chains, and the ad-trimer, respectively. The Au atom
and the two outermost layers of Ni and Al atoms were fully
relaxed until the residual forces were less than 0.05 eV/Å.

To make contact with scanning tunnelling spectra, we
have calculated the local density of states outside the surface.

This approach is based on the Tersoff-Hamann(TH) approxi-
mation for tunnelling in an STM junction.18 In this approxi-
mation, the differential conductance,sdI /dVdsVd, as defined
from the tunnelling currentI as a function of sample biasV,
is given by

dI

dV
sV = se − eFd/ed ~ rsrW0,ed s1d

=o
m

ucmsrW0du2dse − emd. s2d

Here the local density of states,rsrW0,ed, at the positionrW0 of
the tip apex is expanded in wave functionscmsrW0d of Kohn-
Sham statesm with energyem of the sample in the absence of
the tip andeF is the Fermi energy. The continuum of one-
electron states is mimicked in the slab calculations by a
Gaussian broadening of the delta function in Eq.(2). In prin-
ciple, the range of applicability for TH approximation to the
differential conductance is limited to smallV. At larger V,
one must in principle take into account both the change of
the electronic states by the electric field from the tip and the
V dependence of the tunnelling barrier. As suggested by
Lang,19 we have accounted for the latter effect by extending
the wave functions into the vacuum region using a decay
parameter set by theV-dependent vacuum barrier half-way
from the surface to the tip apex.

III. RESULTS

In this section we will present our results for the LDOS of
the various adatom structures in the progression of adatoms,
ad-dimers, linear ad-trimers to infinite chains of Au atoms on
the NiAl(110) surface. The effects of the adatom-adatom dis-
tance on the resonance states are revealed by considering the
alignment of the ad-dimer and the ad-chain along the two
inequivalentX andY directions of the NiAl(110) surface as
defined in Sec. II.

We begin by presenting the results for the geometries of
the various linear adatom structures studied in this work.
Following the suggestion by the STM experiments, we
started our structural optimization by placing the Au adatoms
in the short Ni bridge sites. In the optimization for the ad-
dimers and the ad-trimer, we find that the adatom-adatom
interactions are weak compared to the adatom-substrate in-
teractions so that all adatoms are located laterally within
0.03 Å from the short Ni bridge positions. Thus the adatom-
adatom distance is about 2.9 Å and 4.1 Å for the linear, ada-
tom structures along theY and theX directions, respectively.
However, the structures with the short adatom-adatom dis-
tance tend to increase slightly the adatom-surface distance
and relax slightly some surface Ni atom positions. The
adatom-surface distance increases from 1.95 Å for the single
adatom to 2.05 Å for the ad-chain along theY direction. The
bare NiAl(110) surface was found to be rumpled with the Al
rows being displaced 0.18 Å farther out from the surface
than the Ni rows in good agreement with earlier experimen-
tal and theoretical studies.11,20 The only substantial adatom-
induced substrate relaxation was found for the linear struc-
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tures along theY direction and involved a downward
relaxation by about 0.1 Å of the Ni atoms that are coordi-
nated to two Au adatoms.

The results for the LDOS of the bare NiAl(110) surface,
the single adatom and the two ad-dimers are shown in Fig. 1.
As already reported and discussed in Ref. 3, the LDOS of the
single Au adatom exhibits a single resonance peak in the
unoccupied LDOS at about 1.71 eV, which is split into a
resonance doublet in the LDOS for the two ad-dimers. The
result for the LDOS of the clean surface showed a depletion
in the structureless LDOS in this energy range and exhibited
a sharp onset around 2.5 eV above the Fermi energy. The
physical origin of these resonance states will be discussed
further in Sec. IV A. From the character of the LDOS images
at the peak energies, the low-lying state in the resonance
doublet of the ad-dimer was shown to be a symmetric com-
bination and an antisymmetric combination of the resonance
states of the single adatoms in accordance with a simple,
two-state model. The larger resonance splitting for the ad-
dimer along theY direction than along theX direction is
simply caused by the stronger adatom-adatom interaction for
the shorter ad-dimer than for the longer ad-dimer.

In the case of the linear ad-trimer, the interactions among
the three adatom resonances give rise to a resonance triplet,
as shown in Fig. 1(c). The maximum resonance energy split-
ting is about 1.0 eV and is larger than the energy splitting of
0.9 eV for theY ad-dimer. The characters of the resonance
states are also revealed by LDOS images at the resonance
peak energies, as shown in Fig. 2. Note that the image for the
lowest-lying resonance state has no nodal planes, whereas
the other states have an increasing number of nodal planes
with increasing resonance energy. The resonance energy po-
sitions and characters of these states and the strong intensity
of the end lobes in the LDOS image of the highest lying
resonance state will be discussed in Sec. IV B.

In the case of longer ad-chains, the interactions among the
increasing number of adatom resonance states should even-

tually give rise to a band of resonance states for the infinite
ad-chains. The formation of such a band is shown in the
LDOS in Fig. 3 for the infinite ad-chains along theY andX
directions. The stronger adatom-adatom interactions for the
Y ad-chain than for theX ad-chain results in a larger band-
width for theY ad-chain than for theX ad-chain. The disper-
sions of the bands of resonance states are revealed by the
resolution of the LDOS over wave vectors in the one-
dimensional Brilluion zones(LBZ) of the two ad-chains. In
Fig. 4, we show contour plots of these wave-vector-resolved
LDOS. These results show that the LDOS exhibit a reso-
nance structure that disperses with the wave vector up to the
middle of LBZ where the dispersion levels off and the reso-
nance becomes ill-defined. For small wave vectors the dis-
persion is free-electron-like with an effective mass of 0.65
and 0.91me for the Y andX ad-chains, respectively.

FIG. 1. Local density of states(LDOS) of (a) a single Au ad-
atom and(b) Au ad-dimers on NiAl(110), and(c) Au ad-trimer.(b)
Solid and dashed lines is the LDOS for the ad-dimer along theY
and X directions, respectively. The LDOS corresponds to a tip-
surface distance of about 7 Å and in a position either(a) on top of
the adatom,(b) laterally displaced 1 Å away from an adatom along
the dimer axis, or(c) on top of an edge adatom. The measured peak
energies as taken from Refs. 3 and 7 are also indicated by vertical
bars.

FIG. 2. Local density of states images of resonance states for the
Au trimer on NiAl(110). (a) First state at 1.0 eV,(b) second state at
1.6 eV, and(c) third state at 2.0 eV. The origin is located at the
center atom of the ad-trimer. Same tip-surface distance as in Fig. 1.

FIG. 3. Local density of states of the Au chains on NiAl(110)
along the(a) Y and(b) X directions. The tip is above an Au atom at
the same distance as in Fig. 1.
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IV. DISCUSSION

In this section we will discuss the physical origin of the
resonance states in the Au adatom structures on NiAl(110).
This discussion concerns primarily the formation of the reso-
nance states in the one-dimensional Au ad-chains. The en-
ergy positions and the LDOS images of the resonance states
of the adatom structures will be discussed in a simple, tight-
binding, resonance model. This model enables us also to dis-
cuss the LDOS images of ad-chains with arbitrary lengths.

A. Nature of the resonance states in the Au ad-chains

The existence of resonance states in Au adatom structures
on the NiAl(110) surfaces raises several questions concern-
ing the relation of these states to the states of the isolated
adatom structures and the role played by the electronic states
of the substrate. These questions are addressed here by scru-
tinizing the resonance states of the infinite ad-chains. We
begin by discussing the states of the isolated Au chains.

In Figs. 5(a) and 5(b), we show the calculated band struc-
tures for the isolated Au chains with the same geometry as
the ad-chains along theY andX directions. These results are
easily understood in terms of the electronic structure of an
isolated Au atom as obtained from spin-unpolarized density

functional calculations. The fivefold, spatially degenerate 5d
states of an Au atom are fully occupied with an energy
1.8 eV below the energy of the singly occupied 6s state. The
threefold, spatially degenerate 6p states are unoccupied and
located about 5 eV above the 6s state. When forming an
infinite chain these atomic states overlap and form bands. In
the case of theX chain, the interatomic distance is about
4.1 Å and the atomic states form narrow and nonoverlapping
bands with predominantly atomic character as shown in Fig.
5(b). Only the 6p states show an appreciable bandwidth be-
cause they are close in energy to the vacuum level so that the
corresponding wave functions are extended and have a large
overlap. For theY chain with a shorter interatomic distance
of about 2.9 Å, the dispersion of the 5d and 6s states in-
crease substantially compared to theX chain and develop a
mixed character. The behavior of these band structures does
not provide a simple answer to the question which atomic
states are involved in the formation of the unoccupied reso-
nance states in the ad-chain. The 6p bands are unoccupied
but are far away from the Fermi level and the 6s band is
half-occupied.

To understand how the resonance states of the Au ad-
chains are related to the states of the isolated Au chains, we
have calculated the evolution of the LDOS and the partial
DOS for an Au atom in theY ad-chain at theG point of the
LBZ as a function of the outward rigid displacementDdcs of
the chain from its equilibrium position. In Fig. 6, we show
the calculated LDOS at a fixed distance of 3 Å outside the
chain as a function ofDdcs. At the largestDdcs of 2.1 Å, the
chain-substrate coupling is weak and the LDOS have a
prominent peak that is close in energy to the occupied states
of s character of the isolated chain. For decreasingdcs, this
state of dominants character of the chain shifts upward in
energy and broadens into the unoccupied resonance state at
the equilibrium position of the chain. Thus there is no indi-
cation in these results for the LDOS that this resonance state
evolves from a 6pz state of the Au chain that is broaden into
a resonance and shifted down continuously in energy with
decreasingDdcs. However, the result that the occupied 6s
state of the chain at theG point turns into a narrow unoccu-
pied resonance upon adsorption appears to indicate that the
ad-chain is not charge neutral. This conflicting result is re-

FIG. 4. Wave-vector-resolved local density of states of the Au
chains on NiAl(110) along the (a) Y and (b) X directions. The
dashed lines are dispersions as obtained from a nearest neighboring
tight binding model, whereas the solid lines are the corresponding
free particle dispersions with the same effective mass.

FIG. 5. Band structure of the isolated Au chains with same
interatomic distances as the ad-chains along the(a) Y and (b) X
directions. Bands with predominantlys, p, and d character are
marked by solid circles, diamonds, and crosses, respectively.

FIG. 6. Evolution of local density of states of the infinite, Au
chain on NiAl(110) along theY direction with outward displace-
mentDdcs of the ad-chain from its equilibrium distance. The tip-ad-
chain distance is kept at a fixed distance of 3 Å above an Au atom.
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solved by scrutinizing the evolution of the partial DOS.
In Fig. 7, we show the evolution of the partial DOS for an

Au atom withs, pz, anddz2 characters at theG point in the
chain BZ as a function ofDdcs. At the largestDdcs of 2.1 Å,
the chain is essentially decoupled from the substrate and the
partial DOS exhibit peaks at energies close to the energies of
the states of the isolated Au chain. The state at about 0.5 eV
below the Fermi level hass character and broadens apprecia-
bly with decreasingDdcs and develops both a resonance
structure in the unoccupied states and resonance structures in
the occupied states well below the Fermi level. Thus the
formation of both occupied and unoccupied states shows that
the formation of the resonance withs character in the unoc-
cupied states is not in conflict of the ad-chain being neutral.
The partial DOS shows also that the resonance state has a
strongpz character at the equilibrium position but no signifi-
cantdz2 character. The development of thepz character of the
resonance state with decreasingDdcs is not correlated with
the 6pz state of the isolated, chain but involves rather a po-
larization. This latter state broadens substantially into a wide
band upon adsorption with decreasingDdcs and does not
shift continuously down in energy.

The calculated band structure of the bare NiAl(110) sur-
face shows that there are projected band gaps in a energy
region where the resonance state of the ad-chainX at theG
point is formed. In Fig. 8, we show the calculated electronic
states of a slab with 18 substrate layers along theG-X and
G-Y directions in the surface BZ(SBZ) of NiAl (110). Only
states that are even with respect to the symmetry planes
spanned by these directions in the SBZ and the surface nor-
mal are shown in Fig. 8. TheG point in the LBZ of the
ad-chainX corresponds to the line ofk points along the
G-X direction in the SBZ. Along this line there is a projected
band gap in an energy region that embraces the resonance
energy about half-way to the LBZ boundary which shows
that this resonance state is indeed a resonance since it over-
laps with the bulk states.

A depletion of density of states in the energy region of the
Au adatom-induced resonance states is revealed in the bulk
DOS. In Fig. 9, we compare the calculated DOS for bulk

NiAl and Cu. In the energy range of about −5 to −2 eV the
DOS is dominated by thed states. In the case of NiAl, the
transition metal atoms are surrounded by a simple metal
atom resulting in a much narrowerd band than for Cu. At
larger energies the DOS are dominated by states withsp
character. In the case of NiAl there is a depletion in the DOS
in energy range from about 0 to 2.5 eV, whereas Cu shows
no such depletion of the DOS. Note that this depletion is not
a necessary condition for the formation of resonance state
because similar states have been shown to exist in Cu ada-
tom structures on Cu(111).8 In the latter case the resonance
state is formed in the prominentsp band gap of the Cu(111)
surface.

B. Simple model for resonance states and images

To gain a better understanding of the interactions among
the resonance states and the LDOS images for finite chains,
we have analyzed our results in a simple tight binding, reso-
nance(TBR) model with ans-wave approximation for the
tails of the resonance wave functions in the vacuum region.
This model is defined in the Appendix. The TBR model ex-
plains the success of and justifies the “particle-in-the-box”
analysis of the observed scanning tunnelling spectra for the
Au chains.

We begin by investigating to what extent the TBR model
can describe the calculated resonance energies of the various

FIG. 7. Partial wave decomposition of the density of states for
an Au atom in the chain on NiAl(110) along theY direction for
different outward displacements,Ddcs, of the ad-chain from its
equilibrium ad-chain-surface distance, as indicated in the figure.

FIG. 8. Projected band structure of the isolated NiAl(110) sur-
face as a function of the reduced wave vector along theY and X
directions. Only states with even character with respect to these
directions have been displayed. The bands were calculated for an 18
layer slab.

FIG. 9. Calculated bulk density of states of NiAl(110) (solid
line) and Cu(dashed line).
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adatom structures. One obvious choice of tight-binding pa-
rameters is based on the calculated energies of the resonance
doublet of the ad-dimers. In the case of the ad-dimerY, these
energies are 1.2 and 2.1 eV, which are reproduced by an
on-site energye0=1.65 eV and a nearest-neighboring off-site
energyt1=−0.45 eV. Note that in this modele0 corresponds
to the resonance energy for a single adatom ande0 is very
close to the calculated value of 1.7 eV for the adatom. The
predicted values for the resonance energies for the resonance
triplet of the ad-trimer are thene0+ t1/Î2=1.01, e0=1.65,
ande0− t1/Î2=2.29 eV. These values are in good agreement
with the calculated energies for the two lowest-lying states
but for the highest-lying state the calculated energy is too
high with about 0.3 eV. In the case of the ad-dimerX, the
resonance energies suggests on-site resonance energy,e0
=1.70 eV that is close to its value for the ad-dimerY,
whereas the off-site energyt1=−0.30 eV is smaller than its
value for the ad-dimerY.

In our earlier study of the resonance doublets in ad-dimers
with various interatomic distances, we argued that there are
both direct and substrate-mediated contributions to the
adatom-adatom resonance interaction described byt1. The
origin of these contributions is clarified by the result of the
TBR model fort1 in Eq. (A6): t1= t1

D+ t1
S has a direct contri-

butiont1
D and a substrate-mediated contributiont1

S. t1
D=Zt1

s0d is
given by the direct interaction between the 6s atomic orbitals
being renormalized by their resonance strengthZ. t1

s0d decays
exponentially with the interatomic distanced whereast1

S is
long ranged and was found to dominatet1 for largerd. t1

S can
also have a negative imaginary part which would enhance
and diminish the broadening for the symmetric and antisym-
metric resonance states, respectively. However, this effect is
not discernable in the calculated LDOS for the ad-dimers.

In the case of the infinite ad-chains, the sets of TB param-
eters derived from the ad-dimers give a poor description of
the dispersions of the resonance states for theY and X ad-
chains. The predicted energiese0+2t1=0.75 and 1.10 eV of
the lowest energy state of the TB model for theY and X
ad-chains, respectively, are in agreement with the calculated
energies of 0.69 and 1.23 eV for the corresponding ad-
chains. However, these parameters gives the wrong trend for
the effective massesm* for the ad-chains, as defined by the
near-parabolic behavior of the dispersion for small wave vec-
tors. The TB model with these parameters givesm*
="2/ s2a2t1d=1.0 and 0.75me for the ad-chainY andX, re-
spectively, whereas from the calculated dispersion one ob-
tains the reverse trend:m* =0.65 and 0.91me for the ad-
chain X and Y, respectively. Herea is the interatomic
distance of the ad-chain. The breakdown of this model in
describing both ad-dimers and ad-chains is a consequence of
substrate-mediated long-range interactions among the reso-
nance states, as was demonstrated by the combined theoret-
ical and experimental study in Ref. 16 for the resonance
states of ad-dimers with various interatomic distances. How-
ever, as shown in Fig. 4, the near-parabolic dispersion of the
resonance states for wave vectors up to one-half of the LBZ
is described well by the effective TB parameterse0
=2.09s1.83d andt1=−0.7 s−0.25d eV for theY sXd ad-chain.
Note that for larger wave vectors, the strengths of the reso-

nance states weakens and they become ill-defined.
We have also modelled the LDOS images using the TBR

model augmented with ans-wave approximation for the
vacuum tails of the wave functions from each resonance state
(see the Appendix). In Fig. 10, we show the TBR-LDOS
images of the three resonance states for the ad-trimer. The
calculated images of the two first resonance states in Fig. 2
are rather well reproduced by this model. Note that the sec-
ond state in the TBR model is antisymmetric and its ampli-
tudes on the atoms are strictly localized to the edge atoms.
The absence of a strict nodal plane in the corresponding im-
age is caused by the resonance broadening so there is still a
contribution from the first resonance state at the energy of
the second resonance state. At the resonance energy of the
third state, the TBR-LDOS image gives a too large contribu-
tion from the center adatom compared to the calculated
LDOS image indicating that the resonance amplitude on the
center adatom is relatively smaller to an edge adatom than in
the TBR model. Note that the LDOS images do not directly
reflect the resonance amplitudes on each adatom. For in-
stance, in the TBR model the only difference between the
resonance amplitudes on the adatoms between the first and
the third resonance state is the sign of the amplitude of the
center adatom and its magnitude is twice that for an edge
adatom. The large suppression of the contribution of the cen-
ter adatom to the TBR-LDOS image at the energy of the
third resonance compared to that of the edge adatom is then
caused by the destructive interference amongst the contribu-
tion from the center adatom to the LDOS and those from the
edge atoms in contrast to a constructive interference of the
contributions to the LDOS at the energy of the first reso-
nance state.

FIG. 10. Calculated local density of states images of a Au trimer
on NiAl(110) within the tight-binding, resonance model. First, sec-
ond, and third state at(a) 1.01, (b) 1.65, and(c) 2.29 eV, respec-
tively. Same tip-surface distance as in Fig. 2.
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For the low-energy states of longer chains with relative
long wavelengths compared to the tip-surface distance, the
resonance broadening results in an enhancement of the
LDOS at the edge atoms. This effect is illustrated in Fig. 11
by the results for the TBR-LDOS profiles at an energy cor-
responding to the seventhsn=7d resonance state of a chain
with 20 atoms for three different values of the resonance
broadeningg. At the lowest value ofg essentially only the
n=7 state contributes to the LDOS and there is only a minor
enhancement of the LDOS at the edge atom whereas the
number of contributing states increases withg and the en-
hancement increases at the edge atoms. At the largest value
of g, the nodal planes are no longer discernable. Alterna-
tively, this effect may be understood simply as a reduction of
the phase coherence length of an electron propagating along
the chain by the resonance broadening.

V. COMPARISON WITH EXPERIMENTS

The unoccupied, resonance states of chains of Au atoms
of various lengths on a NiAl(110) surface were characterized
by a scanning tunnelling microscope both in an imaging and
spectroscopy mode by Nilius and co-workers.4,5 Here we are
making a comparison of the calculated resonance energies
for the ad-chainY with their experimental data. In addition,
the “particle-in-a-box” model used in the experimental
analysis is clarified and justified by making a direct connec-
tion to the tight-binding resonance(TBR) model.

The calculated dispersion of the resonance states for the
infinite, ad-chain along theY direction is in agreement with
the measured dispersion from the ad-chains with 11sAu11d
and 20sAu20d adatoms. The dispersion for the Au20 ad-chain
was obtained from an analysis of the characters and the en-
ergies of the observed resonance states in the PIB model. For
the Au11 ad-chain the second, third, and fourth resonance
state dominated the oscillations in thedI /dV spectra at 1.3–
1.4, 1.7, and 2.5 V from which the number of nodal planes

and corresponding wavelengths of these states and the box
length could be determined. A fit to a free-particle dispersion
gave an effective mass of 0.4±0.1me. For the Au20 ad-chain,
several resonance states contributed to thedI /dV spectra and
the resonance energies, wavelengths and box length were
extracted from a fit of the observed STS profiles to a super-
position of several neighboring eigenstate densities of the
particle in the box. The resulting effective mass of 0.5me is
in close agreement with the result from the Au11 ad-chain.
The calculated value of 0.65me compares favorably with
these measured values for the effective mass.

Another more direct observation of the electronic reso-
nance state energies of the chain was the measurement of the
energy,eminsNd, of the low-energy peak in the STS spectra as
a function of the number of atomsN in the ad-chain.eminsNd
was found to follow closely theL−2 dependence obtained in
the PIB model whereL is the box length. Note that the rela-
tion betweenL andN is not well defined in the PIB model.
The best fit was obtained using a weakly bias dependentL,
which were in good agreement with chain lengths deter-
mined from STM topographic images. The calculated value
of 0.69 eV for emins`d is very close to the band onset of
0.68 eV obtained from an extrapolation of the measured val-
ues toN→`. For finite ad-chains, we can make a compari-
son of the calculated data with measuredeminsNd by using
the result from the TBR model for

eminsNd = emins`d − 4t1 sin2S p

2sN + 1dD . s3d

As shown in Fig. 12, the agreement of the results from this
model using the effective TB parameters for the infinite, ad-
chain is in excellent agreement with the experimental data.
Note that the difference between the results of the TBR and
the free-particle limit is not significant.

This good agreement between theory and experiment for
the Au chains is somewhat fortuitous and is not granted by
the use of unoccupied Kohn-Sham states. For example, in the

FIG. 11. Calculated profiles of model local density of states
profiles of a 20 Au atom chain on NiAl(110) along Y within the
tight-binding resonance model. The profile is along the ad-chain
with the same tip-surface distance as in Fig. 1. First, second, and
third profile is at an energy of 1.39 eV corresponding to then=7
resonance state with a broadeningg equal to(a) 0.0, (b) 0.20, and
(c) 0.40 eV, respectively. The circles indicate the positions of the
atoms in the ad-chain.

FIG. 12. Energy variation of the lowest energy state in the ad-
chain along theY direction as a function of number of adatoms. The
solid line is the result from the tight-binding, resonance model us-
ing the effective tight binding parameters obtained from the calcu-
lated dispersion, whereas the dashed line is the result using the
“particle-in-the box” model with parameters obtained from the
tight-binding resonance model. The solid diamonds are the experi-
mental values taken from Refs. 3–5 and 7.
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case of the resonance states of the adatom, the ad-dimers,
and the ad-trimer the energy difference between calculated
and measured resonance energies is typically up to 0.3 eV as
shown in Fig. 1. As discussed in Ref. 3, a large part of this
energy difference for the resonance in the single adatom can
be accounted for by the Stark shift introduced by the electric
field of the sample bias. However, in the case of the ad-
trimer, the Stark shifts on the resonance energies are found to
be small, that is, 0.014 to 0.03 eV for an external field of
about 0.1 V/Å.

The success of the PIB model in the analysis of the ob-
serveddI /dV spectra and profiles, and some of its conceptual
problems are clarified by the TBR model. For example, in
the PIB model the physical meaning of the one-dimensional
box and wave functions are not clear. For wave vectors well
within the LBZ boundaries, the TBR model gives a free-
particle-like dispersion of the PIB model. As shown in the
Appendix, the envelopes of the resonance state amplitudes
on the adatoms in the TBR model are the same as the wave
function in the PIB model withL=sN+1da. Furthermore, as
shown in Fig. 11, the profile of the LDOS of a single, low-
energy resonance state along the Au20 ad-chain in the TBR
model is close to the density of the corresponding state in the
PIB model. Note that for resonance states with higher ener-
gies and shorter wavelengths, the LDOS densities are en-
hanced at the endpoints.

VI. CONCLUDING REMARKS

We have carried out a density functional study of the un-
occupied, resonance states in linear Au atom structures on a
NiAl (110) surface. The primary objective has been to under-
stand the character and the origin of these states, which were
revealed and studied by scanning tunnelling microscopy and
spectroscopy. The prime focus of this study has been infinite,
chains of Au atoms along the two different orientations,

[001] and f11̄0g, on the NiAl(110) surface. The substantial
difference in interatomic distances between these two differ-
ent orientations of the ad-chains illustrates the effects of in-
teratomic interactions. From a study of the evolution of the
resonance states in an ad-chain from the states of the isolated
chain, we find that the resonance states derives from the 6s
states of the Au adatoms, which hybridize strongly with the
substrate states and develop a substantialp-like polarization
perpendicular to the surface.

The calculated resonance states and their local density of
states images were analyzed in a tight-binding, resonance
model. This analysis provides physical insight about these
states. The origin behind and the distinction between direct
and substrate-mediated interactions between the resonance
states are clarified in the TBR model. The LDOS at the end
atoms of finite ad-chains is shown to be enhanced by two
different physical mechanisms. Finally, the physical meaning
of “particle-in-box” model used in the analysis of STS for
Au ad-chains is revealed in the TBR model.

The calculated effective mass of free-particle-like disper-
sion of resonance states for the infinite, Au ad-chain along
the [001] direction is in good agreement with the measured
effective mass, as obtained from STS of resonance states in

the ad-chain with 11 and 20 Au atoms. The calculated energy
of the band bottom is in good agreement with the measured
energy as obtained from an extrapolation of the measured
energies of finite ad-chains to an infinite ad-chain length. The
principal limitations of describing the unoccupied resonance
states in the Au adatom structures by unoccupied Kohn-
Sham states are revealed by the energy differences of about
0.1–0.3 eV between calculated and measured resonance en-
ergies for the ad-dimer and the ad-trimer.
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APPENDIX

The proposed tight-binding resonance model of the reso-
nance states in the linear adatom structures is based on a
multisite Newns-Anderson(NA) model.21,22 The Hamil-
tonian for this model is given by

H = o
i

e0
s0dĉi

†ĉi + o
i,j

stij
s0dĉi

†ĉj + h.c.d + o
i

o
m

sVimĉi
†ĉm + h.c.d

+ o
m

emĉm
† ĉm sA1d

Here ĉi
† creates an electron in an adatom state at sitei of the

adatom structure with energye0
s0d and tij

s0d is the direct inter-
action (hopping) term between two adatoms at sitei and j ,
Vmi =Vim

* is the interaction(hopping) term between an adatom
state at sitei and a substrate statem with energyem and an
electron in this state is created byĉm

†. Note other atomic
states can be included among the substrate states. The result
for the adatom Green function for a single site22 generalizes
directly to the multisite model as,

Gijsed = sGised−1di j − tij
s0d − Si jseds1 − di jdd−1, sA2d

where the Green function,Gised, for a single adatom at sitei
is given by

Gised = sse − e0
s0dd − Siisedd−1. sA3d

The effect of the substrate is represented by an energy-
dependent and complex self-energy as

Si jsed = o
m

VimVm j

e − em + i0+ . sA4d

The resonance of the single Au adatom on the NiAl(110)
surface at the sitei is now modelled as a simple pole ate0
− ig in theGised for the 6s state with a pole strengthZ. Note
that in this case the magnitude ofZ will be substantially less
than unity. Now we assume that for energies arounde0+ ig

MATS PERSSON PHYSICAL REVIEW B70, 205420(2004)

205420-8



the energy dependence of the off-diagonal part ofSi jsed can
be neglected so that

Gijsed < Zsse − e0 + igddi j − tijd−1, sA5d

wheretij is a renormalized hopping term given by

tij = Zstij
s0d + Si jse0dd. sA6d

This hopping term has a contributionZtij
s0d from the direct

interaction between 6s atomic states renormalized by the
resonance strength and a contributionZSi jse0d from
substrate-mediated interactions. Here, we restricttij to
nearest-neighbor interactions. Using these approximations,
the multisite adatom Green function reduces to an analytic
form given by

Gijsed = Zo
k

cki
* cki

e − ek + igk
, sA7d

where the energiesek and the amplitudescki are the same as
in the nearest neighboring TB model for a chain of states and
are given by

ek = e0 + 2 Rest1dcosskad, sA8d

cki ~ sinskuxW iud, sA9d

wheret1 is the nearest neighboring hopping term andxW i are
the positions of theN adatoms in the linear ad-chain with
nearest neighboring adatom-adatom distancea, and k

=np / sN+1da,n=1,2, . . . ,N. In contrast to the standard TB
model, t1 can have a negative imaginary part from the
substrate-mediated interactions resulting in ak-dependent
broadeninggk given by

gk = g − 2 Imst1dcosskad. sA10d

Finally, note that Imst1d,0 will tend to increase the broad-
ening with decreasingk and that this model contains the
ad-dimer and the ad-trimer as special cases, corresponding to
N=2 and 3, respectively.

Using this TBR model, we have also generated a model
LDOS at the tip apexrW0 and an energye by a superposition
of localized wave functions as

rsrW0;ed = o
k
Uo

i

ckifsrW − xW i ;edU2 1

psse − ekd2 + g2d
.

sA11d

Here we have neglected anyk-dependent broadening. At the
tip apex, we use ans-wave approximation for the vacuum
tail of fsrW ;ed given by

fsrW;ed ~ exps− krd/r , sA12d

wherek is the decay of the wave function in the vacuum.
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