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Development of One-Dimensional 

Band Structure in 

Artificial Gold Chains 
N. Nilius, T. M. Wallis,* W. Hot 

The ability of a scanning tunneling microscope to manipulate single atoms is 
used to build well-defined gold chains on NiAl(110). The electronic properties 
of the one-dimensional chains are dominated by an unoccupied electron band, 
gradually developing from a single atomic orbital present in a gold atom. 
Spatially resolved conductance measurements along a 20-atom chain provide 
the dispersion relation, effective mass, and density of states of the free elec- 
tron-like band. These experiments demonstrate a strategy for probing the 
interrelation between geometric structure, elemental composition, and elec- 
tronic properties in metallic nanostructures. 

The formation of a bulk crystal from single 
metal atoms is accompanied by a dramatic 
change in physical and chemical properties. 
Small metal aggregates show strong catalytic 
activity, unknown for bulk structures with 
identical chemical composition (1, 2). The 
distinct absorption behavior of metal clusters 
provides a basis for various optical applica- 
tions (3, 4). The characteristic properties of 
matter in the atom-to-bulk transition range 
partly result from a strong size dependence of 
the electronic structure. The discrete energy 
levels of isolated atoms split and broaden to 
electron bands in larger aggregates. The band 
structure determines the propagation and 
mobility of electrons inside the crystal. In 
principle, control over the size-dependent 
electronic structure allows an adjustment of 
intrinsic material properties to the demands 
of a wide range of applications. 

Whereas band-structure engineering has 
seen remarkable success in semiconductor 
technology, the investigation and tailoring of 
electronic properties is only just beginning 
for nanosized metal structures. The high elec- 
tron density and efficient screening in metals 
make the critical length scale for the atom- 
to-bulk-transition considerably smaller than 
for semiconductors. Gradual development of 
metallic behavior has been observed for ul- 
trasmall clusters, either in the gas phase or on 
surfaces (5, 6). The transition is characterized 
by the closure of gaps in the electronic states 
and the development of collective electronic 
excitations. However, incomplete knowledge 
of their geometric structure complicates the 
analyses of intrinsic cluster properties. 
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Starting from the opposite side of the 
transition range, the bulk electronic structure 
can be gradually confined in low-dimensional 
systems. Two-dimensional (2D) states are 
formed on metal surfaces (7-9). Step edges 
and linear adsorbate configurations cause the 
development of one-dimensional (1D) elec- 
tron bands (10-12). Low-dimensional elec- 
tron systems exhibit properties that are 
fundamentally different from those of bulk 
solids, such as strong electron-electron corre- 
lations or a distinct screening behavior (13). 
Preparation and analysis of well-defined 
nanosized structures remain the biggest chal- 
lenge for studying the transition from atomic 
to bulklike electronic behavior. The experi- 
ments described here take advantage of the 
unique ability of a scanning tunneling micro- 
scope (STM) to manipulate single atoms on 
metal surfaces (14). Linear Au chains were 
built on NiAl(110), adding one atom at a 
time. Their electronic properties were derived 
from scanning tunneling spectroscopy (STS) 
and revealed the evolution of a 1D band 
structure from a single atomic orbital. 

The experiments were carried out in an 
ultrahigh-vacuum STM operated at 12 K 

(15). The NiAl(110) single crystal was pre- 
pared by alternating cycles of Ne+ sputtering 
and annealing to 1300 K. Single Au atoms, 
deposited on NiAl(110) at 12 K, appear as 
protrusions in topographic STM images. The 
preferential adsorption site is identified as the 
bridge position on Ni troughs, which alter- 
nate with protruding Al rows on the alloy 
surface (Fig. 1A). At low tunnel resistance 
(V/I < 150 kilohm), a single Au atom can be 
moved across the surface, jumping from one 
to the next adsorption site as it follows the 
trajectory of the tip ("pulling mode") (16). 
Increasing the resistance above 1 gigohm 
provides stable conditions for imaging and 
spectroscopy of surface structures. The con- 
trolled manipulation of Au atoms is used to 
build 1D chains along the Ni troughs, which 
serve as a natural template (Fig. 1). The 
atom-atom separation is given by the distance 
between adjacent Ni bridge sites (2.89 A) and 
matches the nearest neighbor distance in bulk 
Au (2.88 A). For every atom added to the 
structure, the measured chain length in- 
creased by -3 A. Individual Au atoms in a 
chain are indistinguishable in STM images, 
indicating a strong overlap of their atomic 
wave functions. 

The electronic properties of the Au chains 
were determined by STS, which detects the 
derivative of the tunneling current as a func- 
tion of sample bias with open feedback loop. 
The tunneling conductance (dIldV) gives a 
measure of the local density of states (DOS) 
available for tunneling electrons. Probing the 
empty states of NiAl( 10) at positive sample 
bias reveals a smooth increase in conductiv- 
ity, reflecting the DOS of the NiAl sp-band 
(Fig. 2). In contrast, STS of a Au monomer is 
dominated by a Gaussian-shaped conductivi- 
ty peak centered at 1.95 V. The resonance is 
reproduced with different tips and shows a 
spatial extension comparable to the size of 
the atom in topographic images. The en- 
hanced conductance is attributed to resonant 
tunneling into an empty state in the Au atom. 
Its localization outside the atom in the tip- 

Fig. 1. (A) Structure 
model of a Au5 chain 
and a Au atom on 
NiAl(110). (B to F) 
STM topographic im- 
ages showing inter- 
mediate stages of 
building a Au20 chain. 
Single Au atoms were 
manipulated with the 
STM tip and attached 
on both sides to the 
chain (image sizes 95 

by 95 A, V sample 
2.1 V, I = 1nA). 
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sample junction points to a slowly decaying 
state with sp character, which most likely 
arises from the hybridization of atomic Au 
orbitals and NiAl states. 

Moving a second Au atom into a next 
neighbor position on the Ni row leads to a 
dramatic change of the electronic properties. 
The single resonance at 1.95 V splits into a 
doublet with peaks at 1.50 and 2.25 V, indi- 
cating strong coupling between the two atoms 
(Fig. 2). The energy splitting appears to be 
analogous to the well-known example of two 
hydrogen 1s states forming a bonding and an 
antibonding level in a H2 molecule. The for- 
mation of a linear Au trimer shifts the low- 
energy peak to 1.1 eV and the high-energy 
peak to 2.6 eV. A third peak emerges at 1.8 
V, as predicted in molecular orbital theory 
from the overlap of three initial Au orbitals. 
The relative intensity of the resonances 
changes with tip position over the trimer. To 
allow comparison, all spectra in Fig. 2 are 
taken in the center of Au chains. Individual 
conductivity resonances become indistin- 
guishable for chains containing more than 
three atoms, because of the overlap between 
neighboring peaks and the finite peak width 
of 0.35 V. However, adding more atoms to 
the chain causes a continuous downshift of 
the lowest energy peak from 0.95 eV for Au4 
to 0.75 eV for a 20-atom chain (Fig. 2). 
Reproducing the experiment with different 
STM tips gives an identical relation between 
peak energy and chain length (17). 

Mapping the conductivity at different po- 
sitions along a chain reveals a characteristic 
intensity pattern, as demonstrated with a se- 

ries of dIldV spectra taken on a Au20 chain 
(Fig. 3A). The conductance in the center is 
dominated by low-energy peaks around 0.75 
eV, fading out as the tip moves outward. A 
peak around 2.4 V emerges on both ends of 
the chain. Similar results were observed for 
shorter Au chains. The conductivity modula- 
tions along the chain are more obvious in 
constant energy cuts (Fig. 3C) made through 
the spectra of Fig. 3A. Because of the well- 
defined geometry of Au chains on NiAl(1 10), 
a 1D quantum well with infinite walls can be 
used to analyze the observed dIldV patterns. 
The model is justified by the presence of a 
pseudo band gap in the DOS of NiAl(110) 
located above the Fermi level, which reduces 
the influence of substrate electronic states 
(18). To account for a finite barrier height, 
the absolute length of the well (L) is treated 
as an adjustable parameter. For Au20, L varies 
from 59 to 62 A with increasing energy, in 
agreement with the chain length determined 
from topographic STM images. The observed 
conductivity pattern results from a combina- 
tion of two effects. (i) The electron transport 
through the ID quantum well is limited to a 
finite number of discrete electronic levels E, 
given by the length and the depth of the well. 
The measured dIldV signal is high, when the 
sample bias matches one of the energy levels. 
(ii) Along the chain axis, the conductivity is 
determined by the squared wave function 
(n(k)2, describing the probability density of 
electrons in the corresponding state En. For a 
ID quantum well, the (n(k) are sinusoidals 
with discrete wave vectors k = +TrnlL and 
the quantum number of states n (19). Con- 
ductivity minima along the chain are expect- 
ed at nodes of the corresponding wave func- 
tion. Because of the finite width of the energy 
levels, more than one state contributes to the 
differential conductance at a selected sample 
bias, and dIldV patterns are superpositions of 

several wave functions. An energy-dependent 
coefficient cn accounts for the varying weight 
of individual wave functions at different sam- 
ple voltages (20). 

The dIldV pattern observed at low sample 
bias can be fitted with a superposition of the 
wave functions 4) to )4. With increasing 
bias, the contribution of slowly varying wave 
functions vanishes, and states with higher 
wave vectors gradually gain weight. Intensity 
patterns around 1.5 V are reproduced with 
nonzero values for c5 to c7, and two coeffi- 
cients (c11c12) are sufficient around 2.5 V 
(Fig. 3C). The fitting procedure reveals a 
Gaussian-shaped energy dependence for the 
coefficients c,, demonstrating the varying 
contribution of the corresponding wave func- 
tions to the dI/dV pattern at a specific sample 
bias (Fig. 4A). The maximum value for every 
cn defines the energy position of an electronic 
state En in the quantum well and relates it to 
the wave vector k of the corresponding wave 
function. A plot of energy-wave vector pairs 
yields the dispersion relation for electronic 
states in the Au20 chain (Fig. 4B). The points 
En(k) are aligned on a parabolic curve, as 
expected for a 1D free electron-like band. A 
fit to the theoretical dispersion relation 

E(k) = Eo + (h2/2meff)k2 (1) 
gives a band onset Eo of 0.68 eV and an 
effective mass (meff) of 0.5 times the free- 
electron mass (me) (19). 

Assembling 20 Au atoms to a linear chain 
has resulted in the formation of a 1D electron 
band from a single Au atomic orbital. The 
band dispersion relation completely describes 
the electronic properties of the chain for en- 
ergies above the Fermi level. En(k) points 
obtained for shorter chain lengths follow a 
parabolic dispersion with similar effective 
mass but a reduced density of points per 
energy interval. The effective mass of 0.5me 
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Fig. 2. Conductivity spectra for bare NiAl and 
for Au chains with different lengths. Spectra 
were taken in the center of the chains and are 
offset for clarity. The tunneling gap was set at 
Vsample = 2.5 V, I = 1 nA. Electronic resonances 
of Au3 are marked with arrows. 

Fig. 3. (A) Conductivity 
spectra taken along Au20 
with a tunneling gap set 
at Vsample = 2.5 V, I = 1 
nA. (B) The positions are 
marked in the topograph- 
ic image of Auzo. (C) Ver- 
tical cuts through dl/dV 
spectra shown in (A) at 
three exemplary energies. 
Conductivity patterns are 
fitted with the sum of 
squared sinusoids of fixed 
wave vector, Trn/L, and 
adjustable weight cn (dot- 
ted curves). The derived 
coefficients are c1 = 0.31, 
C2 = 0.29, C3 = 0.26, c4 = 
0.11 for 0.78 V; c5 = 0.26, 
c6 = 0.50, c7 = 0.24 for 
1.51 V; and c6 = 0.13, 
C7 = 0.29, c8 = 0.39, c = 
0.19 for 2.01 V. 
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for Au chains on NiAl(110) lies between the 
values for the bulk Au sp-band [l.lme (19)] 
and the Au(11) surface state [0.25me (21)]. 
On a stepped Au(788) surface, a 1D state 
with 0.27me was identified by photoelectron 
spectroscopy (12). Gold chains formed on 
Si(111) are characterized by a filled electron 
band with 0.5me (22). The actual value of the 
effective mass depends on the coupling be- 
tween neighboring Au atoms. However, ex- 
periments on low-dimensional metal struc- 
tures correspondingly observe effective 
masses smaller than in the bulk material, 
indicating higher electron mobility in reduced 
dimensionality. 

The dispersion relation obtained for the 
empty electron band in a Au20 chain can be 
used to test further predictions for a 1D electron 
gas. The energy of the first quantum well state 
(n = 1) scales with the square of the corre- 
sponding wave vector k2 = (Tn//L)2, according 
to Eq. 1. The resulting L-2 dependence on the 
chain length was fitted to the energy position of 
the lowest dIldV resonance for Au chains with 
an increasing number of atoms (Fig. 4C). Ex- 
cept for the monomer, where the concept of a 
1D electron gas certainly breaks down, the 
measured peak positions follow the expected 
L-2 dependence. The measured energy depen- 
dence of the DOS in Au chains can also be 
compared with the idealized 1D behavior, 
which is characterized by a sharp onset and a 
E-1/2 decay with increasing energy (19). The 
relative DOS for a Au20 chain (Fig. 4D) is 
obtained by averaging dIldV spectra from Fig. 

Fig. 4. (A) Selected coeffi- 
cients cn obtained from the 
fitting procedure of con- 
ductivity patterns along a 
Au20 chain. The maximum 
for each cn identifies the 
energy of the eigenstate 
with wave vector k = rwn/L. 
(B) Dispersion relation of 
electronic states for a Auo2 
chain, with each point 
(E,k) obtained from (A). (C) 
Lowest energy conductivi- 
ty peaks and end modes 
for Au chains with an in- 
creasing number of atoms. 
The lowest energy peaks 
for Au3-Au20 are fitted 
with an L-2 dependence 
on chain length L (solid 
lines). (D) Energy depen- 
dence of the conducti- 
vity for a Au20 chain 
(dashed line) in compar- 
ison to the calculated 
DOS for a 60 A long 
quantum well (solid line) 
and a 1D free-electron 
gas (dotted line). Quan- 
tum well states are 
marked with bars along 
the left axis. 
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3A and subtracting an exponentially increasing 
function to account for the conductivity of the 
bare NiAl. The result reflects qualitatively the 
predictions of the E- /2 dependence; the dIldV 
intensity is maximal at the band onset of 0.68 
eV and decreases rapidly for higher energies. 
Variations from the perfect 1D behavior are 
attributed to the finite length of the chain and 
the limited number of states on the parabolic 
band. For a 60 A quantum well, the positions of 
the energy levels are determined by Eq. 1 (Fig. 
4D, bars on the left). A broadening of these 
levels with the experimental line width of 0.35 
eV yields an energy dependence of the DOS, 
which is in reasonable agreement with the dll 
dV behavior measured for a Au20 chain. 

The two ends of Au chains on NiAl(l10) 
introduce a break of translational symmetry 
in the ID electronic structure. In analogy to 
the formation of 2D defect states at the sur- 
face of a bulk crystal, the appearance of a 
zero-dimensional state is expected for linear 
structures (23). A pronounced dIldV peak 
around 2.4 V was indeed detected for tip 
positions slightly outside the Au2o chain (Fig. 
3A) and was also observed for shorter chain 
lengths (Fig. 4C). Because of the weak length 
dependence and a localization outside the 
chains, these dIldV resonances are attributed 
to zero-dimensional defect states formed at 
the ends of a 1D quantum well. 

The ID particle in the box model certainly 
oversimplifies the electronic properties in Au 
chains. The adsorption of Au atoms on a 
NiAl(110) surface leads to a hybridization of 
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Au orbitals with substrate electronic states. 
The interaction between single Au atoms in 
the 1D chains therefore results from a direct 
overlap between the Au wave functions and 
substrate-mediated mechanisms, such as ad- 
sorbate-induced Friedel oscillations in sur- 
face states (9, 24). Experiments on Au pairs 
with variable interatomic separation will pro- 
vide further insights into the interaction 
mechanisms on the NiAl(110) surface. The 
strong electron-phonon coupling occurring in 
1D systems is known to change the periodic- 
ity along atomic chains in a Peierls distortion 
(25). The driving force behind the transition 
is an opening of band gaps at the Fermi level 
due to the creation of a new Brillouin zone in 
reciprocal space. No changes in the atom 
periodicity could be detected for Au chains 
on NiAl(110). Because the observed electron 
band is localized above the Fermi level, small 
deviations cannot modify the electron occu- 
pation of the band and are ineffective in 
reducing the total energy of the Au chains. 
Peierls distortions may, however, be present 
for different material combinations, where 
the adsorbate-induced electron band crosses 
the Fermi level of the system. 

The experiments described here demon- 
strate an approach to studying the correlation 
between geometric and electronic properties 
of well-defined 1D structures. The investiga- 
tion of 2- and even 3D objects, built from 
single atoms, is envisioned. Because STM is 
also sensitive to vibrational, optical, and 
magnetic properties, the unique behavior of 
matter in the atom-to-bulk transition range 
can be profoundly analyzed in artificial nano- 
structures, opening the way for various po- 
tential applications in electronic, chemical, 
optical, and magnetic technologies. 
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A Major Archean, Gold- and 

Crust-Forming Event in the 

Kaapvaal Craton, South Africa 

Jason Kirk,1* Joaquin Ruiz,1 John Chesley,1 John Walshe,. 
Gavin England3 

The 2.89- to 2.76-gigayear-old conglomerates of the Central Rand Group of South 
Africa host an immense concentration of gold. The gold and rounded pyrites from 
the conglomerates yield a rhenium-osmium isochron age of 3.03 ? 0.02 gigayears 
and an initial 187Os/188Os ratio of 0.1079 + 0.0001. This age is older than that of 
the conglomerates. Thus, the gold is detrital and was not deposited by later 
hydrothermal fluids. This Middle Archean gold mineralization event corresponds 
to a period of rapid crustal growth in which much of the Kaapvaal craton was 
formed and is evidence for a significant noble metal flux from the mantle. 
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South Africa's Witwatersrand Supergroup 
(WSG) gold deposits have produced over 
48,000 metric tons of gold and have account- 
ed for about 40% of the world's total historic 
production (1). Attempts to date WSG gold 
mineralization remain equivocal, yielding a 
complex geochronology with ages that reflect 
multiple disturbances (2-9). Here, we deter- 
mine the age of the gold mineralization to 
improve our understanding of the processes 
responsible for the changing styles and mag- 
nitudes of gold deposition. 

The WSG, located in the Kaapvaal craton 
of South Africa (fig. Si), composes an -7- 
km-thick sequence of detrital terriginous sed- 
iments (2, 10) derived from the erosion of 
older granite-greenstone belts in fluvial del- 
taic settings (11). The WSG is divided into a 
lower West Rand Group and an upper Central 
Rand Group (CRG), with gold production 
largely confined to the quartz pebble con- 
glomerates of the CRG (1). A maximum age 
for deposition of the CRG of 2.89 gigayears 
ago (Ga) has been obtained from the young- 
est detrital zircons found in the lower CRG 
(12), and a minimum age of 2.76 Ga was 
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lower West Rand Group and an upper Central 
Rand Group (CRG), with gold production 
largely confined to the quartz pebble con- 
glomerates of the CRG (1). A maximum age 
for deposition of the CRG of 2.89 gigayears 
ago (Ga) has been obtained from the young- 
est detrital zircons found in the lower CRG 
(12), and a minimum age of 2.76 Ga was 
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determined based on the oldest authigenic 
xenotime Pb ages in the CRG (9). 

Geochronology of the WSG provenance in- 
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cludes U-Pb ages on detrital zircons and mon- 
azites, which yield an age range from 3.3 to 2.8 
Ga (fig. S1). U-Pb and Pb-Pb isotopic ages 
from rounded uraninite (3) and pyrite grains 
(4), as well as Os isotopic model ages from 
osmiridium grains (5) and gold grains (6), are 
all between about 3.5 and 2.9 Ga, and thus these 
phases have been interpreted as being of detrital 
origin (fig. Si). U-Pb and Pb-Pb ages on py- 
rites, uraninites, hydrothermal zircon, rutile, 
and xenotime, as well as K-Ar ages on clays 
and micas, are between about 2.7 and 2.0 Ga (1, 
2, 7, 9). These younger ages have been used to 
define a series of at least five tectonothermal 
events that may have introduced and/or mobi- 
lized gold (fig. S1). 

The superimposed metamorphism on the 
conglomerate hosts of the WSG has led to 
contentious debate on the age and origin of 
gold, centered around placer and epigenetic 
models. In placer models, gold and associated 
rounded pyrite are detritus from unidentified 
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Fig. 1. Re-Os isochron diagrams for WSG samples. In all isochrons, errors are represented by crosses 
or are smaller than the symbols used. Errors were determined by using the greater of either the 2o 
counting error (2SDV/n) or by varying the Os blank between measured values of 1 to 2 pg. All 
isochrons were calculated using Isoplot (25). (A) VR gold samples. (B) VR gold and rounded VR 
pyrites. Filled squares represent pyrite samples; filled diamonds represent gold samples. (C) SR 
rounded pyrite samples. (D) VCR euhedral pyrites. 
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