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ABSTRACT: Monatomic Au chains with 2.89 and 4.08 A interatomic spacing were
constructed on a NiAl(110) surface, using atom manipulation techniques with a scanning
tunneling microscope. Differential conductance spectra taken on the two chains revealed a
series of unoccupied quantum well states that exhibit the parabolic dispersion of a free-
electron-like band. The effective electron mass of the band, a measure of the coupling
strength between the Au atomic orbitals, was found to be two times smaller in the
compact (0.5 m,) than that in the loosely packed chain (0.94 m,). Moreover, the band
onset shifted toward the Fermi level (1.5 versus 0.7S eV) with decreasing distance
between the Au atoms. The interrelation between geometric and electronic properties of
the two chains was analyzed with density functional theory calculations and tight binding
modeling. In the compact chain, the large orbital overlap results in a relatively steep
parabolic electron band with strong Au 6sp character. The band flattens out as the
interatomic distance increases in the more open Au chain. In both cases, the NiAl support
leads to a renormalization of the band properties that arises from a hybridization between

the Au 6sp atomic states and the NiAl bulk bands.

1. INTRODUCTION

Structural and electronic properties of matter are tightly
interrelated. The mutual interactions are particularly strong in
spatially confined, low-dimensional systems, the physical and
chemical properties of which are governed by electron
quantization effects and an enhanced influence of the surface.
In fact, completely new physical phenomena may occur in
nanosystems, for instance, the crossover from Fermi liquid to
Luttinger-type behavior of the conduction electrons,’ renor-
malized transport effects for heat and carriers,”® and unusual
magnetic properties.*> The underlying physics is still not well-
understood and therefore in the focus of active research.
Linear chains of metal atoms represent an ideal model system
to study the interplay between structure and electronic
properties as the coupling is restricted to one spatial
dimension.® High-quality and essentially defect-free atom
chains can be fabricated nowadays by various techniques, for
example, atom deposition on suitable template surfaces,” self-
assembly processes of metal—semiconductor adsystems,®” and
metal—organic growth.w Alternatively, manipulation techni-
ques with the STM can be employed to build nanostructures
on an atom-by-atom scheme. By exploiting this fascinating
capability, quantum corrals,"" molecular cascades for simple
logical operations,'* as well as atomic chains and clusters with
pronounced electron quantization effects have been as-
sembled.”*™"® The electronic characteristics of these nano-
structures have been explored by angle-resolved photoelectron
spectroscopy, four-probe conductance measurements, and
more recently by STM-based state-density spectroscopy. The
results have been corroborated by electronic structure and
nonequilibrium transport calculations performed for a variety of
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nanostructures with different geometry, elemental composition,
magnetic structure, and chemical environment.'”™*°

Typical surface science approaches to fabricate monatomic
chains have the disadvantage that relevant chain parameters,
such as the interatomic distance, are fixed by the substrate
geometry. As a result, the chain properties are inseparably
connected to the ones of the support, and the intrinsic
properties of the chains can often not be determined. In an
idealized computer experiment, on the other hand, the atom—
atom separation and the vertical distance from the support can
be freely adjusted, allowing for a disentanglement of intrinsic
and support-induced properties of the adchains. Experimen-
tally, the problem has been addressed by electronically
decoupling the chains from the support, for instance, by
growing them on chemically inert and weakly interacting
surfaces. Moreover, different lattice parameters could be
realized by fabricating the nanostructures on one and the
same substrate, however along different crystallographic
directions. Whereas the first approach has already been
followed in a couple of examples, such as on semiconductors,
oxides, and halide surfaces,””*! the second one has not been
explored so far.

In this paper, we report a combined STM and DFT study on
monatomic Au chains that were assembled along two
crystallographic directions of a NiAl(110) support and have
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therefore different interatomic spacing. The chains display
discrete resonance states, the nature and origin of which were
analyzed with DFT and tight binding (TB) calculations. The
different atom—atom distances give rise to a different degree of
hybridization between the Au adatom orbitals in the chains that
in turn alters the dispersion of the resulting electronic bands.

2. EXPERIMENT AND THEORY

The experiments have been performed in an ultrahigh vacuum
STM operating at 12 K.** The NiAl(110) surface was prepared
by cycles of Ne* sputtering and annealing to 1300 K. The alloy
surface consists of alternating rows of Al and Ni atoms running
along the [001] direction. Due to a slight outward relaxation of
the Al atoms with respect to Ni, the Al rows appear as
protruding lines in topographic STM images (Figure 1A). Gold

Figure 1. (A) STM topographic image of two Au atoms on NiAl(110).
The contrast is enhanced to visualize the row-trough structure of the
NiAl surface. (B) Structure model of a Au adatom and a [110]-
oriented Auy; chain on NiAl(110). STM images of a Auy; chain
constructed (C) along the [001] and (D) along the [110] directions of
NiAl(110). All images are 55 A X 55 A in size and were taken at V,

sample

=20Vand I = 1.0 nA.

atoms were evaporated from a crucible and deposited at 12 K
onto the surface to suppress diffusion. The individual adatoms,
imaged as round protrusions, preferentially adsorb on short
Ni—Ni bridge sites (Figure 1B). The operation of the STM
could be switched between an imaging and a manipulation
mode by changing the tunneling resistance from the G2 range
to approximately 150 kQ. In the manipulation regime, the Au
atoms follow the trajectory of the tip (pulling mode) and can
be assembled into linear nanostructures. The two-fold
symmetry of the NiAl(110) promotes fabrication of Au chains
with two different orientations. Whereas along the [001]-
oriented Ni troughs the spacing of the chain atoms amounts to
2.89 A, similar to the nearest-neighbor distance in bulk gold
(2.88 A), it increases to 4.08 A in the perpendicular [110]
direction. STM topographic images of two Auj; chains

assembled along the [001] and [110] directions of NiAl are
shown in Figure 1C and D.

Theoretical insight into the properties of the adchains was
provided by DFT calculations, performed with the projector
augmented wave method and the generalized gradient
approximation, as implemented in the VASP code.*”** The
Au chains were modeled as infinite succession of Au atoms
sitting in Ni—Ni bridge sites of the NiAl(110) surface (see
Figure 1B). The [001] and [110] chains were placed on (1 X
4) and (6 X 1) supercells of a nine layer thick NiAl slab, being
separated by 12 A of vacuum from its replica in the vertical
direction. Structural optimization was carried out for the Au
atoms and the two outermost NiAl planes.”® The role of direct
and substrate-mediated interactions was determined by
comparing the electronic properties of supported and free-
standing Au chains with identical interatomic distance.”® To
make contact to scanning tunneling spectroscopy (STS), we
have calculated the local density of states (LDOS) at the
position of the tip apex, using the unoccupied Kohn—Sham
states. The bias dependence of the tunneling barrier was
accounted for by extending the sample wave functions into the
vacuum. The respective decay parameter was deduced from the
mean barrier height in the tip—sample region.”’

3. RESULTS AND DISCUSSION

The electronic properties of the Au chains were investigated by
STS, detecting the differential conductance (dI/dV) of the tip—
sample junction with the lock-in technique. The dI/dV signal
provides a measure of the sample LDOS at the position of the
tip apex.”® Conductance spectra of single Au atoms exhibit a
pronounced dI/dV peak at +2.0 V above the Fermi level (Eg)
that is absent in spectra of the bare NiAl surface (Figure 2A).
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Figure 2. Conductance spectra taken in the center of differently long
Au chains, assembled along (A) the [001] and (B) the [110]
directions of NiAl(110). The spectra were measured with Veample = 2.5
Vand I =1 nA

The peak reflects a resonance state that arises from hybrid-
ization of the Au 6sp orbital and NiAl electronic states and is
located in a pseudo-gap of the NiAl bulk bands.”” The assembly
of two Au atoms into a [001]-oriented dimer causes the single-
atom peak to split into two maxima at 1.4 and 2.2 V (Figure
2A). The splitting decreases to 0.6 V in the [110]-oriented
dimer that displays peaks at 1.65 and 2.25 V (Figure 2B). The
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reduced energy separation already reflects the larger
interatomic distance in [110] (4.08 A) compared to that in
[001] dimers (2.89 A)."” Three dI/dV peaks emerge in linear
Au trimers, with the first one detected at 1.1 and 1.55 V for the
[001] and [110] configurations, respectively. The attachment
of further atoms results in a continuous downshift of the
leading dI/dV peak to finally 0.75 and 1.5 V in 11-atom [001]
and [110] chains, respectively. Simultaneously, new peaks
develop at higher bias and shift toward Eg as the number of
chain atoms increases. Due to their finite widths, adjacent dI/
dV peaks overlap in the longer chains and finally merge into a
continuous band.

To investigate the spatial variations in conductance, dI/dV
spectral series have been taken along the axis of [001]- and
[110]-oriented Au,, chains (Figure 3A,B). Although the
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that the geometrical chain lengths amount to 10 X 2.89 and 10
X 4.08 A for the two chains, respectively, and are generally
shorter than the fit values due to the diffusivity of the wave
functions at the chain ends.

The fitting procedure revealed a Gaussian dependence of the
coefficients ¢, on the sample bias, with each maximum defining
the energy position of an eigenstate ¢, (Figure 4C and D). A
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Figure 3. Conductance spectra taken along Au,, chains oriented along
(A) the [001] and (B) the [110] directions of NiAl(110). All spectra
were acquired at V. = 2.5 V and I = 1 nA. Tip positions for
spectroscopy are indicated in the insets. (C) Vertical cuts through the
dI/dV series of panel (B) at the indicated bias voltages. The dI/dV
oscillations along the chain axis have been fitted to a particle-in-a-box
model to determine the energy position of eigenstates in the [110]
chain. See the text for details.

conductance is dominated by the low-energy peak at 0.75
and 1.5 V in the two chains, intensity oscillations along their
axes become visible at higher bias. They can be visualized in
cross sections through the dI/dV series at fixed bias voltages.
Typical examples are shown for the [110] Auy; chain in Figure
3C; the corresponding plots for the [001] chain can be found
in the literature.’ We note that dI/dV intensity oscillations are
more pronounced along the [001]-oriented chains; however,
the number of maxima and minima increases faster with bias for
the [110] conformer. The axial dI/dV intensity oscillations
were analyzed with a “particle-in-a-box” model, describing the
Au chains as 1D potential wells with infinite walls.*® Wave
functions in this 1D quantum system are sinusoidals sin(k,x)
with wave numbers k, = zn/L depending on quantum number
n. The positions of eigenstates &, in the system were derived
from fitting the dI/dV oscillations to a sum of squared wave
functions weighted by a bias-dependent coefficient c,(V):
(d1/dv) = ¥, ¢,(V)lsin(k,x)I%. To account for the finite depth
of the potential in the experiment, also the box length L was
treated as an adjustable parameter. The obtained fit values for L
were found to increase with the bias voltage, changing from 34
to 38 A for [001] and from S0 to 58 A for [110] chains. Note

Figure 4. (A) Position of the lowest-energy dI/dV peak in [110] and
[001] Au chains as a function of the atom number in the chain. The
symbols represent experimental data; the solid lines reflect the
dependency derived from the calculated dispersion in infinite chains
and an effective mass approximation. (B) Calculated LDOS for infinite
[170]- and [001]-oriented Au chains on NiAl(110). (C) Resonance
states in a [001] Au,; chain as a function of the wavenumber k,.
Experimental and calculated points are depicted by filled and open
symbols, respectively. The experimental points were obtained from
fitting the bias-dependent dI/dV oscillations along the chain to a 1D
particle-in-a-box model. The zone boundary is at k = 10.9 nm™. (D)
As in (C) but for the [110]-oriented Auy; chain. The zone boundary is
at k=77 nm™".

plot of the level energies €, versus the associated wavenumber
k, yields the dispersion of the electronic states, which was
found to be parabolic in the two cases, €,(k) = &, + (h*/2m.g)
k.. For the [001]-oriented Auy; chain, a band onset of &, =
0.75 eV and an effective electron mass of m. = 0.5 m, were
determined, while the band parameters for the [110] chain are
& = 1.38 eV and m ¢ = 0.94 m,. We note that an effective mass
similar to the free electron mass has not been observed for low-
dimensional Au structures before, where m. is typically much
smaller than m_.*' ™

To obtain insight into the nature of the resonance states, we
have carried out DFT calculations on the geometric and
electronic properties of supported [001] and [110] Au chains.
The calculations reveal the formation of unoccupied Au-derived
resonance states that extend from 0.75 to 1.8 eV in the [001]
chain but are confined to an energy range between 1.3 and 2.1
eV in the [110] chain (Figure 4B). The dispersion of these
states is obtained from LDOS versus wave number plots, as
shown in Figure 4C and D. For both chain orientations, we find
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a nearly parabolic relationship in the first half of the Brillouin
zone, corresponding to effective electron masses m.g of 0.65
and 0.91 m, for the [001] and [110] chains, respectively. This
agrees well with the values of 0.5 and 0.94 m,, as derived from
our conductance measurements. The change in the effective
mass reflects the different degrees of hybridization between the
Au orbitals in chains of different interatomic spacing. As
expected, the interaction decreases with increasing lattice
parameter 4, a fact that becomes evident also in the reduced
energy splitting Ae;, of the resonance doublet in [110] (0.6
eV) and [001] dimers (0.9 eV). On the basis of these values,
the effective electron mass around the I'-point can be obtained
with a nearest-neighbor TB model, using m s = h>/(Ag,a®).
However, the derived masses, 1.0 and 0.75 m, for [001] and
[110] chains, do not reproduce the experimental values. This
discrepancy indicates that the interatomic coupling is not
restricted to next-neighbor atoms, as required in the TB model,
but extends over several atoms in the chain. We will discuss this
point in more detail below. When inserting the DFT effective
mass into our TB model, we are able to calculate the energy of
the first resonance &,(N) in the Au chains as a function of the
atom number N, &,(N) = g, + (A’k}/2m). Here, k, = n/L
denotes the wavenumber of the first state in a potential well
with the length L = (N+1)a. Indeed, calculated and measured
onset energies are in good agreement down to a single atom, as
shown in Figure 4A.

To address the importance of long-range interactions
between the chain atoms and the role of the metal substrate,
we have calculated the electronic properties of free-standing Au
chains that have the same interatomic spacing as the ones on
the NiAl support. A comparison between free and supported
chains is justified because the resonance states in the adfeatures
develop from the Au 6s orbital of the free atoms upon
adsorption. The evolution of the partial DOS with decreasing
distance to the NiAl, Ad,, is illustrated for a [110]-oriented
chain in Figure 5. Whereas in the free chain the 6s band is
mainly occupied (lower curve), it splits and broadens into two
well-separated bands when approaching the surface. The states
above Ep mix with the Au 6p manifold and form resonances
with strong sp character (upper curve), the ones detected in the
experiment. The width of the unoccupied sp band amounts to
1.04 eV in the free-standing [110] chain (Figure 6), which is
close to the TB value of 1.16 eV derived from the energy
splitting &), in the [110] dimer. In contrast, the 6s band of
unsupported [001] chains has a substantially larger width in
DFT (5.1 eV) than in the TB calculations (3.2 eV) (Figure 6).
This difference demonstrates the long-range character of
electronic interactions in the free-standing [001] chain, whereas
only the next-neighbor atoms are involved in the [110] chain.

The coupling between adatom resonances is however not
only governed by direct orbital overlap but also substrate-
mediated interactions play a crucial role. The hybridization with
the NiAl electronic states leads to a delocalization of the 6s-like
resonance states and lowers the spectral weight at the position
of the initial 6s orbital. As a result, the interaction due to direct
orbital overlap is attenuated, while indirect coupling via the
substrate states gets enhanced. For the supported [001] dimer
with its small binding length, the loss in direct coupling
dominates, which renders the splitting of the resonance states
three times smaller than that in the free dimer. Conversely, the
enhanced substrate effect gives rise to a small effective mass and
a large dispersion of resonance states in the supported [001]
chain. In less compact [110]-oriented dimers and chains, on the
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Figure 6. Calculated band structure of free-standing Au chains with
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other hand, the attenuation of direct 6s overlap compensates
for the promoting effect of the substrate, resulting in similar
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effective masses and dispersion relations in the supported and
nonsupported case. The specific electronic properties of chains
with different lattice parameters can thus be rationalized only if
both direct and substrate-mediated interactions are taken into
account.

Finally, we want to stress that no changes in the regular atom
spacing are observed for NiAl-supported Au chains in our STM
images, which would be indicative of a Peierls distortion.”* > A
likely reason is the strong adatom—substrate interaction that
fixes the atom positions to the underlying lattice. Moreover, the
resonance bands detected in the Au chains are unoccupied, and
gap openings induced by a Peierls transition are thus ineffective
in reducing the total energy of the system.

4. CONCLUSIONS

The capability of the STM to manipulate single Au atoms was
exploited to construct well-defined monatomic chains on a
NiAl(110) surface with two different lattice constants.
Conductance measurements revealed the formation of free-
electron-like bands in the two chains. The band in the compact
chain displays a two times larger curvature and a lower onset
energy than the band in the more open one. With the help of
DEFT calculations and TB modeling, the difference is ascribed to
the varying impact of direct versus substrate-mediated coupling
between the Au atomic orbitals. Whereas the direct orbital
overlap scales directly with the spacing of the chain atoms, the
indirect coupling leads to a certain attenuation of the orbital
overlap especially at short distances. Our combined exper-
imental and theoretical study provides insight into the
fundamental interplay between geometric and electronic
properties of quantum systems, providing information for the
development of future nanoscale devices.
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