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ABSTRACT Atomic chains were assembled from single Au and
Pd atoms on a NiAl(110) surface, using the tip of a scan-
ning tunneling microscope. The electronic properties of the
chains were investigated by spatially resolved conductance
spectroscopy and microscopy, revealing the development of
a one-dimensional, free-electron-like band. Onset energy, ef-
fective electron mass, and spatial localization of the band were
influenced by structural and chemical modifications of the
chains. The experiments demonstrate the effects of interatomic
spacing and elemental composition of the chains, as well as the
roll of local impurities and adsorption on the properties of the
one-dimensional electronic system.

PACS 68.37.Ef; 73.21.Fg; 73.22.-f; 68.43.-h

1 Introduction

The exceptional properties of one-dimensional
(1D) systems have initiated a large number of experimental
and theoretical investigations in recent years. Spatial confine-
ment perpendicular to the system axis induces pronounced
discretization of electronic states [1–3]. In systems with finite
length, size effects also occur along the axis, leading to quan-
tized electron transport. The strong electron–electron corre-
lation in one dimension is known to induce metal–insulator
(Mott) transitions [4]. The enhanced electron–phonon coup-
ling favors static rearrangements of the atom positions, driven
by the formation of new zone boundaries in reciprocal space
(Peierls distortion) [5]. Low-dimensional electronic systems
also exhibit a reduced screening efficiency, which leads to
anomalously long interaction lengths [6]. The reduction to
one spatial dimension facilitates the general understanding of
the interplay between structural and electronic properties of
matter.

One-dimensional systems are not only of scientific in-
terest. The unbroken trend in miniaturization of electronic
devices pushes the structure size from the classical into the
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quantum-mechanical regime. Nanowires have a great poten-
tial as future gas sensors due to their favorable surface-to-
volume ratio [7, 8]. Low-dimensional systems also play a de-
cisive role in heterogeneous catalysis. Several approaches
have been successfully implemented to manufacture 1D struc-
tures. Metal deposition on vicinal surfaces leads to decoration
of step edges and formation of nanowires [8–10]. Adsorption
on template surfaces with a well-defined geometry stimulates
directional growth [11]. For specific substrate–adsorbate sys-
tems, a self-assembly of 1D structures has been observed,
driven by the minimization of surface free energy and stress
relief [12–15]. On a larger scale, lithographic techniques are
available to produce linear structures.

The methods mentioned above allow the preparation of
1D systems on extended surface areas. However, statistical
disorder, defects, and imperfections cannot be avoided in the
preparation process. Neither the exact length of the wires nor
the position and type of atoms in the structure can be con-
trolled. Atom manipulation with the tip of a scanning tunnel-
ing microscope (STM) enables the assembly of linear aggre-
gates with atomic precision [16–18]. Using the imaging and
spectroscopic modes of this technique, the structures can di-
rectly be investigated on the atomic scale. The potential of
preparing and analyzing nanostructures within the STM has
been demonstrated in a number of experiments, describing the
confinement of surface states in artificial quantum corals [19],
the assembly of Cr trimers with distinct magnetic proper-
ties [20], and the formation of single carbonyls by tip-induced
chemical reactions [21].

This paper describes a series of STM experiments, which
focus on the fabrication and analysis of atomic chains assem-
bled from single atoms on a NiAl(110) surface. The chain
formation induces the development of a 1D electron band,
originating from a single resonance state in individual atoms.
Several methods were adapted to modify the band proper-
ties, such as changes of length, lattice constant, and elemental
composition of the chains. The influence of local impurities
and molecular adsorption on the properties of the 1D elec-
tronic system was also examined.

2 Experiment

The measurements were performed in an ultra-
high-vacuum STM operating at 12 K [22]. STM tips were
electrochemically etched from polycrystalline W wire and
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prepared in situ by self-sputtering and annealing. The mi-
croscopic tip structure was optimized by controlled crashes
into the sample surface until circular topographic images and
Gaussian-shaped conductance peaks could be obtained for
single adatoms. The NiAl(110) surface was prepared by al-
ternate cycles of Ne+ sputtering and annealing to 1300 K. Pd
and Au atoms were evaporated from two resistively heated
crucibles and deposited onto the surface at 12 K. The sin-
gle atoms preferentially adsorb on Ni–Ni bridge sites. The
operation of the STM could be switched between imaging
and manipulation modes by changing the tunneling parame-
ters. An attractive tip–adsorbate interaction at voltages below
5 mV and tunneling currents above 10 nA induce a controlled
motion of single adatoms across the surface. The atom jumps
from binding site to binding site while it follows the trajec-
tory of the tip. Manipulation of Pd atoms requires a smaller
tunneling resistance (V/I) compared to Au atoms, which in-
dicates a larger Pd–NiAl interaction. The controlled displace-
ment of single atoms was employed to construct linear chains
with a well-defined orientation, length, and composition. Op-
erating the STM at larger sample bias (V ≥ 0.1 V) and re-
duced current (I ≤ 1.0 nA) allowed imaging and analysis of
the chains. The local electronic structure of the sample surface
was determined by conductance spectroscopy, detecting the
first derivative of the tunneling current as a function of sam-
ple bias (dI/dV ) with a lock-in amplifier. The dI/dV signal
provides a measure of the local density of states (LDOS) at the
position of the tip.

3 Gold chains on NiAl(110)

Chains of single Au atoms have been assembled
along the [001] direction of NiAl(110), using the Ni troughs
as a natural template (Fig. 1a) [23]. The lattice constant of the
chains is given by the distance between two Ni–Ni bridge sites
of 2.89 Å. Measured chain lengths are always 3–5 Å larger
than computed ones due to the electronic cloud centered on
single atoms. The chain formation is accompanied by char-
acteristic changes in the electronic structure (Fig. 1b). The
dI/dV spectrum of a single Au atom is dominated by a reson-
ance at 1.95 V, originating from a hybridization of the Au 6sp
level and the NiAl sp band [24]. The state lies in a pseudo-gap
of the NiAl bulk bands above the Fermi level and has a spa-
tial extension comparable to the apparent size of the atom in
STM images. A splitting of the resonance into two peaks at
1.45 and 2.25 V is observed for Au dimers. The peak splitting
results from direct and substrate-mediated coupling between
the Au-induced electronic states and scales with the inverse
atom–atom separation [24]. In Au trimers, a third dI/dV peak
appears in the spectra. Further increase in chain length causes
a gradual shift of the low-energy resonance toward the Fermi
level, from 1.1 V in Au3, 0.95 V in Au4, 0.85 V in Au5, and
to 0.75 V in a 20-atom chain. The energy position of this
peak decreases proportionally to the squared reciprocal chain
length (E1 ∼ L−2), reflecting the general behavior of elec-
tronic states in a 1D quantum well [25].

Spatially resolved conductance measurements on Au
chains reveal a distinct oscillatory behavior in the dI/dV
signal along the chain axis [23, 26]. The modulations were
observed in dI/dV images, mapping the conductance at a se-

FIGURE 1 a STM topographic images and b dI/dV spectra of a Au
monomer and Au chains of different lengths on NiAl(110). The spectra were
taken in the center of the chain with Vsample = 3.0 V and I = 1.0 nA. The res-
onance state of the Au monomer at 1.95 V splits into a doublet in the dimer,
a triplet in the trimer, and develops into a 1D electronic band as the chain
length increases to 20 Au atoms. The three dI/dV peaks of the Au trimer are
marked with arrows

lected bias voltage (Fig. 2a), as well as in spectral series taken
along the chain. The oscillations reflect standing wave pat-
terns of the electron density in the quantum well, whereby
the number of maxima and minima along the chain increases
with the applied sample bias. Particularly well-resolved wave
patterns were obtained when the sample bias matches an
eigenstate En of the system [25]. The dI/dV maps of the Au11
chain shown in Fig. 2a were taken at voltages corresponding
to the 2nd, 3rd, 4th, and 5th eigenstates and clearly show the
appearance of one, two, three, and four nodes in the dI/dV
signal. The energy position of eigenstates En in the quan-
tum well was exactly determined by fitting the experimental
dI/dV oscillations to a 1D ‘particle-in-a-box’ model [23, 27].
The obtained relationship between En and the wave number
kn = nπ/L of the charge-density oscillations corresponds to
the theoretical dispersion in a 1D quantum well with infinite
walls [28]:

En = E0 + h2

2meff
k2

n .

The effective mass meff of electronic states in the Au11 chain
was determined to be 50% of the free-electron mass me. Simi-
lar values were obtained for Au chains containing up to 20
atoms.

4 Structural modifications of atomic chains

The twofold symmetry of the NiAl(110) surface
supports the construction of two kinds of chains. Along the
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FIGURE 2 Topographic (top) and dI/dV images of a Au11 and
b Au5PdAu4 on NiAl(110) taken at I = 1.0 nA and the indicated bias volt-
ages. The selected bias values match the energy positions of eigenstates in
the bare Au11 chain. The dI/dV images show standing wave patterns cor-
responding to the 2nd, 3rd, 4th, and 5th quantum-well states. Due to the
Pd impurity (marked with an arrow), the electronic states in (b) become
localized on both chain sections separated by the Pd atom

[001] direction, neighboring Au adsorption sites are sepa-
rated by 2.89 Å (Fig. 3a). The properties of Au chains with
this orientation were discussed above (Figs. 1 and 2a). Along
[11̄0], the distance between adjacent binding sites is increased
to 4.08 Å. An STM topographic image of a [11̄0]-oriented
Au11 chain is presented in Fig. 3b. Conductance spectra of
Au chains with both orientations reveal distinct differences in
their electronic structure (Fig. 3c) [29]. Spectra of the [001]
chain are dominated by a broad resonance at 0.75 V, reflect-
ing the onset of quantum-well states. The corresponding peak
for the [11̄0] chain is blue shifted to 1.50 V and has a smaller
intrinsic width. The dI/dV peak results from the overlap of
the first three quantum-well states in the chain, which are very

FIGURE 3 STM topographic images of Au11 chains constructed along
a the [001] and b the [11̄0] directions of NiAl(110). c dI/dV spectra taken
in the center of both chains. d Energy levels of Au11 [001] and Au11 [11̄0]
chains plotted as a function of squared wave number k = nπ/L, where L
is the chain length. Level positions were determined from spatially resolved
dI/dV measurements along the chain axis, showing standing wave pat-
terns according to the quantum number n of the quantum-well states. The
straight lines represent fits of the energy levels to a 1D ‘particle-in-a-box’
model, yielding an effective electron mass of 1.0me for Au11 [11̄0] and
0.5me for Au11 [001]. The differences in electronic properties are due to the
larger atom–atom separation in Au11 [11̄0] (4.08 Å) compared to Au11 [001]
(2.89 Å)

close in energy. The electron-density waves associated with
these levels strongly interfere and standing wave patterns are
hardly resolved at the onset of the [11̄0] band. The 4th eigen-
state in the quantum well is detected at 1.65 V, and the 5th
and 6th states at 1.9 and 2.1 V, respectively. The small energy
separation of electronic states points to a reduced dispersion
of the band formed in the [11̄0] chain. A complete analysis
of the spectroscopic data yields an effective electron mass of
1.0me, which is two times larger than for the band in the Au11

[001] chain (Fig. 3d). The difference results from an increased
atom–atom separation in the [11̄0] direction, causing smaller
overlap and inefficient hybridization between neighboring or-
bitals in the chain. A similar trend in coupling strength was
already observed for Au dimers assembled in both direc-
tions [24]. Whereas the [001] dimer shows an energy splitting
of 0.8 V between low- and high-energy states, the separation
decreases to 0.6 V for the [11̄0] dimer.

5 Influence of elemental composition on the chain
electronic properties

A second means to modify the 1D electronic struc-
ture of atomic chains is an alteration of their elemental com-
position. To examine the influence of different atomic species
on the band-formation process, Pd and Au atoms were co-
adsorbed on the NiAl surface (Fig. 4a). The two elements
were chosen because of the different electronic configuration
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of the isolated atoms. A free Au atom has a half-filled 6s or-
bital, whereas the corresponding Pd 5s orbital is unfilled and
the highest occupied orbital has d character. Pd and Au atoms
on the NiAl(110) surface can be distinguished already from
STM topographic images. At +2.0 V sample bias, the Au
atoms appear with a larger apparent height than the Pd atoms.
The difference diminishes in images taken at higher or lower
voltages. This bias-dependent height contrast originates from
the presence of single-atom resonances with different ener-
gies in Au1 and Pd1, as derived from dI/dV spectroscopy
(Fig. 4b). Single Au atoms show the above-mentioned reson-
ance level at 1.95 V, which shifts to 2.80 V in Pd atoms [30].
The shift is the consequence of the missing electron in the Pd
5s orbital, which alters the hybridization mechanism with the
NiAl sp band.

The assembly of [001] atomic chains from single Pd atoms
leads to a development of quantum-well states, similar to
those observed in Au chains (Fig. 4c) [31]. The onset energy
is considerably blue shifted from 0.75 V for Au11 to 1.51 V
for Pd11 (Fig. 4d). The electron levels in the Pd quantum well
were identified according to their quantum number by imag-
ing the standing wave patterns as a function of sample bias.
Also, for Pd chains on NiAl(110), a parabolic dependence of
the level energy on the quantum number n and the inverse

FIGURE 4 a Topographic STM image and b dI/dV spectra of single Au
and Pd atoms on NiAl(110). The image size is 80 × 80 Å; the gap was
set with Vsample = 2.0 V and I = 1.0 nA. c STM topographic images and
d dI/dV spectra of Au11, Pd11, and Au(PdAu)5 chains on NiAl(110). The
spectra were taken in the center (upper curves), the lower half (middle
curves), and at the end (lower curves) of the three chains. The tip positions for
spectroscopy are denoted by dots in (c). The shift in the onset of the 1D band
from 0.75 V in Au11 to 1.0 V in Au(PdAu)5 and 1.5 V in Pd11 is apparent

chain length L was found, confirming the one-dimensional
character of the system [25]. The dispersion of the Pd elec-
tronic states corresponds to an effective mass of 0.65me [31].
The smaller curvature and reduced electron mobility of the
Pd-induced band are attributed to a stronger spatial confine-
ment of the initial Pd 5s orbital compared to the Au 6s orbital,
which reduces the overlap between neighboring electronic
states in the chain. Furthermore, the next-neighbor distance in
bulk Pd of 2.75 Å is much shorter than the Ni–Ni distance of
2.89 Å.

The alloying of Au and Pd on the atomic scale was studied
by constructing chains with alternating atomic species [31].
In contrast to the respective monomers on the NiAl(110) sur-
face, Au and Pd atoms become indistinguishable in mixed
atomic chains (Fig. 4c). The vanishing difference in appar-
ent height clearly indicates strong hybridization between
Au- and Pd-induced electronic states. Conductance spec-
troscopy on Au(PdAu)5 reveals indeed the development of
delocalized quantum-well states, manifested by the obser-
vation of standing wave patterns along the chain axis. The
low-energy dI/dV resonance in alloy chains was observed
at 1.0 V, compared to 0.75 V in Au11 and 1.51 V in Pd11

chains (Fig. 4d). Also, the effective mass describing the dis-
persion of electronic states in Au(PdAu)5 (0.56me) is located
in between the values obtained for pure Au and Pd chains,
demonstrating the effective electronic coupling between both
species.

6 Local impurities in atomic chains

Although strong hybridization of Au and Pd or-
bitals has been observed in alloy chains with regular alterna-
tion of the two species, a completely different picture arises
when single Pd atoms are dispersed in a Au chain. Two dif-
ferent impurity structures were synthesized and examined on
the NiAl surface, a Au9 chain with a Pd monomer and a Pd
dimer embedded in the center [30]. Conductance maps of
Au5PdAu4 show no standing wave patterns extending along
the entire chain axis, but dI/dV oscillations confined to both
Au subchains (Fig. 2b). The electronic properties of the two
chain sections separated by the Pd impurity were analyzed
by dI/dV spectroscopy and found to be similar to those of
isolated Au chains with the same number of atoms. At the
position of the Pd impurity, no characteristic quantum-well
states are resolved and dI/dV spectra show only a resonance
state at 2.1 V. Apparently, the presence of a single Pd atom in
Au chains leads to the disruption of the 1D electronic system.
Delocalized quantum-well states become confined to the two
Au chain sections and localized energy levels develop at the
position of the Pd impurity [30]. For a single Pd atom in Au
chains, this impurity level lies at 2.1 V and does not shift in
energy when additional Au atoms are attached to both sides
of the chain. The level is clearly red shifted with respect to
the 2.8-V resonance in isolated Pd atoms, reflecting the re-
duced electron potential in the neighborhood of the Au atoms
in the chain. The Pd dimer embedded in a Au9 chain shows
a dI/dV doublet with peaks at 2.25 and 2.95 V. In contrast to
the Pd1 impurity level, the energy positions of the split states
are only weakly red shifted from the positions in isolated Pd
dimers.
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7 Molecular adsorption on atomic chains

Strong modifications in the electronic structure
can also be triggered by CO adsorption on artificial chains
on the NiAl surface. The binding of CO to Au monomers
can readily be followed in STM topographic images taken
before and after gas exposure. In images taken at +2.0 V
sample bias, Au atoms with an adsorbed CO molecule ex-
hibit a strongly reduced apparent height compared to bare
atoms [32]. At low sample bias, the gold carbonyls (AuCO)
are imaged slightly brighter than bare Au atoms. Conductance
spectroscopy reveals the origin of this contrast reversal. The
tunneling efficiency into Au monomers is determined by the
single-atom resonance at +1.95 V. After CO adsorption, the
resonance level shifts out of the accessible bias range. The tip
approaches the AuCO to compensate for the reduced LDOS
and to maintain a constant electron current. The displacement
of the 1.95-V state is consistent with a simple Blyholder pic-
ture, where electron charge is transferred from the CO 5σ

orbital into unoccupied Au sp states [33]. The modified Au–
CO hybrid state has a different energy, symmetry, and spatial
localization and is unavailable as a final state for tunneling
electrons. The presence of AuCO species on the surface was
verified by inelastic electron tunneling (IET) spectroscopy

FIGURE 5 a STM topographic images and b dI/dV spectra of a Au7 chain
on NiAl(110) with a single CO molecule adsorbed at different positions. The
CO location can be deduced from the dip in the chain height in the topo-
graphic images. Tip positions for dI/dV spectroscopy are marked in (a),
where solid circles correspond to solid curves in (b) and broken circles are
associated with the dashed spectra. The spectra demonstrate the disintegra-
tion of the 1D quantum well in Au7 induced by the CO binding. For example,
the spectrum taken over the Au2 section of Au4(AuCO)Au2 (second dashed
curve from the bottom) shows the double-peak structure of the isolated Au
dimer (second solid curve from the top)

with the STM, detecting the AuCO hindered rotational mode
at ±35 mV [32].

A similar behavior was observed for CO adsorption onto
Au chains on the NiAl surface [34, 35]. CO was either ad-
sorbed onto pre-built chains or the chains were constructed
around a single AuCO formed after gas exposure. The lat-
ter approach offers the opportunity to choose the CO position
on the chain and was therefore preferred. The CO molecule
is identified by a dip in the otherwise uniform chain height
in STM topographies taken above 1.0 V (Fig. 5a). In images
measured in the mV range, the CO appears as a small protru-
sion on the chain. In correspondence to the monomer case,
the CO modifies the LDOS in the Au atom underneath the
molecule, forcing the tip to lower the height. The spatial lo-
calization of the dip on the chain indicates that the CO prefer-
entially interacts with a single chain atom and does not couple
to the chain electronic system as an entity. The removal of the
resonance level in the CO-affected Au atom prevents the hy-
bridization with states in neighboring Au atoms. In analogy
to a Pd impurity atom immersed in Au chains, adsorption of
a CO molecule breaks the 1D electronic system into two inde-
pendent parts. The chain sections on both sides of the AuCO
show the electronic signature of isolated chains with an iden-
tical number of atoms.

The electronic properties of Au chains could be modi-
fied by pushing the CO along the chain axis using the
STM tip (Fig. 5b). Whereas a bare Au7 chain shows a low-
energy dI/dV peak at 0.8 V, the state shifts to 0.85 V
for Au6(AuCO), 0.95 V for Au4(AuCO)Au2, and 1.1 V for
Au3(AuCO)Au3. Conductance spectroscopy on the shorter
part of the Au4(AuCO)Au2 chain reveals the double-peak
structure of a Au dimer. The localization of the CO molecule
on Au chains with different lengths was additionally identi-
fied in series of IET spectra taken along the chain axis [34].
The appearance of the hindered rotational mode of the AuCO
at ±37 mV along the chain perfectly matches the position of
the dip in STM topographic images.

Adsorption of more than one CO molecule leads to
a breakdown of the 1D electronic structure in atomic chains on
NiAl(110). After heavy CO dosage, the uniform height of pure
Au(PdAu)5 chains transforms into an oscillating height pat-
tern (Fig. 6). The two atomic species in the alloy chain become
distinguishable again, whereby the five Pd atoms are imaged
taller. The preferential CO binding to one atomic species leads

FIGURE 6 STM topographic image of a Au(PdAu)5 chain on NiAl(110)
a before and b after heavy CO dosage. The tunneling gap was set with
Vsample = 1.75 V and I = 1.0 nA. Quantum-well states become localized
due to the CO adsorption and Au and Pd atoms in the alloy chain can be
distinguished
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to a localization of the quantum-well states. The 1D electronic
system develops into a series of single-atom quantum dots.

8 Conclusion

The experiments described in this paper demon-
strate how atom manipulation with a STM tip can be ex-
ploited to manufacture aggregates from single atoms with
unmatched precision. The technique was used to construct
atomic chains on a NiAl(110) surface with different lengths,
lattice constants, and elemental compositions. The electronic
structure of the chains is dominated by a one-dimensional,
free-electron-like band. Controlled changes in the band struc-
ture were initiated by modifications of geometric and chem-
ical properties of the atomic chains. A substitution of the Au
chain atoms for Pd atoms results in a shift of the band onset
from 0.75 to 1.51 V. An increase of the lattice spacing en-
hances the effective electron mass of the band. The introduc-
tion of local impurities into atomic chains triggers a localiza-
tion of the quantum-well states and leads to the formation of
confined defect levels. The experimental approach opens new
insights into the interrelation between topographic, chemical,
and electronic properties of matter on the nanometer scale.
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