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Geometrical and electronic properties of ultrathin
epitaxial metal nanowires on flat and vicinal Si surfaces
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The study of metallic low-dimensional nanoscale systems requires the generation of ultra-small struc-
tures. We demonstrate the feasibility of the formation of metallic wires of arbitrary shape with a lateral
width below 10 nm and a thickness from one to several monolayers using a combination of electron beam
lithography in ultra-high vacuum and tunnelling microscopy. These methods can be easily combined with
surfaces structured by self-organization. As an example, a system consisting of Pb on Si(557) is dis-
cussed. It exhibits quasi one-dimensional conduction properties aready with one Pb monolayer, which
undergoes a temperature-driven structural phase transition, switching the system between high and low
conductance anisotropy.
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1. Introduction

One- or two-dimensional electronic systems are very interesting physical objects,
since due to electron confinement, increased electron correlation [1] leads to strong
deviations from the Fermi liquid, and in 1D to the formation of a Luttinger liquid
[2, 3]. Particularly in one-dimensional systems the enhanced interaction is accompa-
nied by instabilities. Interactions between the lattice, charge, and spin cause the for-
mation of charge and spin density waves lowering the energy and leading to metal
—insulator transitions in the electronic transport properties of such systems|[1, 4].

Already for ideal systems it is clear that the electronic properties of low
-dimensiona systems are intimately related to their geometric structure. In real and
very small one- or two-dimensional systems, this problem is modified by the fact that
they must be supported by or embedded into a substrate material or stabilized by other
means. Thus their realizations are always approximate and use either strongly anisot-
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ropic crystals [5, 6] and polymers [7] or supporting surfaces [8]. Adsorbed layers,
which partly form chain structures on substrates like Si(111) [8, 9], are alternative
realizations that come closer to atomic chains, and allow precise access to the geomet-
ric and electronic properties of quasi one-dimensional systems.

These examplesillustrate that realizations of quasi one-dimensional systems are of
high interest. In the present paper, we explore two possibilities of realizations. The
first is using the top-down approach, i.e. it is an extension of conventional electron
beam lithography, which has the potential to provide one-dimensional structures of
arbitrary shape. The limit of one-dimensionality, however, is not yet reached at pre-
sent. We report on our first results of combining electron beam lithography with epi-
taxy of silver on silicon for the generation of epitaxial metal nanowires on an insulat-
ing support. In order to avoid surface contamination induced by the lithographical
processes, we employ an in situ nanolithography technique for silicon surfaces, de-
veloped by Ichikawa and his group, which takes place entirely in ultra-high vacuum. It
is demonstrated that this nanolithography technique, in combination with low
-temperature silver epitaxy, may generate ultra thin continuous epitaxial meta
nanowires with the width below 20 nm.

In the second part of this paper, a further and quite intriguing example of a bot-
tom-up approach, i.e. the self-organized generation of strongly anisotropic metallic
nanostructures in the Pb/Si(557) system, is discussed. The Si(557) surface as a sub-
strate already has a striped wire-like structure with the alternation of (111) and (112)
oriented micro-facets, which seems to be aimost unchanged by the adsorption of lead.
Thus, electronic and geometrical properties can be well compared with those obtained
on aflat Si(111) substrate, for which magnetoconductance and correlation with geo-
metric properties have been recently studied extensively [10-13]. The (557) surfaceis
able to superimpose its symmetry onto the adsorbed Pb layer, which, after appropriate
treatment, forms chain structures, so that transitions between one- and two-
dimensional behaviour can be studied with this system. Even after Pb adsorption, the
Fermi level is pinned close to a mid-gap position [14], so that the underlying Si inter-
face is aways depleted of charge, irrespective of doping. Here we present tempera-
ture-dependent macroscopic DC conductivity measurements in the coverage range
between submonolayers up to several layers of Pb obtained after different steps of
annealing.

2. Experimental

UHV-lithography experiments were carried out in ultrahigh vacuum (base pressure
below 3x10° Pa) in a combined scanning electron microscope (SEM) — scanning tun-
nelling microscope (STM) system (JEOL SPM 4500 SX). Both microscopes are con-
focal and can be operated simultaneously at variable sample temperatures in the range
60-900 K. While the electron gun (1-25 keV) provides an SEM resolution of 4 nm,
an eucentric tilting mechanism of the sample stage renders it possible to vary the an-
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gle of incidence of the electron beam between 0 and 30° (Fig. 1). At glancing inci-
dence, microprobe reflection high-energy electron diffraction (WRHEED) may be used
to check the crystalinity of the generated structures. Any diffraction spot may be
chosen as an input signal for scanning reflection electron micrographs (SREM). An
additional electron energy analyser was used for the Auger electron spectroscopy
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Fig. 1. Schematic drawing of the SEM-STM. STM stage
This setup also allows scanning Auger microscopy ‘:\
(SAM), electron diffraction at sample areas
of the beam diameter (RHEED), and scanning I MEESouINg
microscopy with the reflected electrons (SREM).
Sample temperature can be varied in the range —
60900 K during measurements SREM detector

(AES) and scanning Auger electron microscopy (SAM). The Si(111) substrate sam-
ples, sized 0.3x1.5x7 mm?®, were cut from wafers of high resistivity (>1000 Q.cm).
The substrate surfaces were prepared by repeated flash heating to 1400 K by direct
current while keeping the ambient pressure below 1x10™ Pa. To oxidize the surface,
the sample temperature was raised to 943 K for 10 min after oxygen (99.999%) was
introduced into the chamber at a pressure of 2x10™ Pa. It has been demonstrated that
a complete layer of oxide 0.3 nm thick is formed under these conditions [15-17].
Surface quality and contamination were monitored by STM, RHEED, and AES. Silver
was evaporated from a well-outgassed Knudsen cell. The deposition rate was deter-
mined using a quartz microbalance calibrated via STM measurements. For calibration,
Ag was deposited in submonolayer amounts onto the substrate held at the temperature
of 700 K. The areal fraction of Si(111) (V3xV3)R30°—Ag regions was determined and
the Ag coverage calculated, assuming the density of 1 Ag atom per Si atom of the
topmost layer (7.83x10" cm™®) in the (V3xV3)-reconstructed regions, according to the
HCT model [18].

Experiments with Pb on Si(557) were carried out again under ultra-high vacuum
conditions in two separate vacuum chambers, set up for conductivity measurements at
variable temperatures down to 3.5 K (apparatus A), and for tunnelling microscopy at
variable temperatures down to 40 K (apparatus B). In both chambers, the average
morphology was controlled by low energy electron diffraction (LEED), and the
cleanliness of the Si surfaces by STM and by Auger spectroscopy (AES). The Si(557)
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substrates (Crystec, Berlin) were chemically cleaned ex-situ. Atomically clean
Si(557) surfaces were obtained by removing the native oxide by evaporation of Si at
a surface temperature of 1170 K instead of using high temperatures [19]. The Pb cov-
erage was calibrated by conductivity measurements of thick Pb films grown on
Si(111) substrates at 20 K [11] within the accuracy of 5% of a monolayer (ML).

et || |-

- ﬁ Fig. 2. Schematic of Si(557) samples prepared for DC conductance

measurements via the eight TiSi, contact pads (marked by dark triangles).
The lines indicate the stripe structure along the [ 110 ] direction

In our experiments, an extended four-point probe technique was used to conduct
measurements (Fig. 2). The sample had eight pre-deposited macroscopic TiSi, con-
tacts with a thickness of approximately 50 nm, which were separated pairwise by dlits
machined into the samples as shown in Figure 2. The separation between equivalent
contacts was approximately 10 mm. Details about experimental procedures, thickness
calibration, etc. can be found in ref. [20].

3. UHYV électron beam lithography

3.1. Generation of Si(111)/Si oxidetemplates

The lithographical process used in order to form clean silicon windows within an
oxide mask is shown in Figure 3, and has been described in detail by Ichikawa and

a)

T=780°C

Fig. 3. E-beam lithography in UHV for the generation of silver nanostructures on silicon:
a) thin thermal oxide on Si, b) electron-induced oxygen desorption in selected areas,
¢) void formation in the oxide via thermal desorption of SiO, d) Ag deposition leading
to cluster formation in oxide areas and epitaxia Ag layersin the Si window
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co-workers[21, 22]. An oxidized Si sampleisirradiated with the electron beam of the
SEM, thus partialy reducing the SiO,. Heating the sample to temperatures below the
desorption temperature of SiO, leads to electron-beam induced selective thermal de-
composition and the desorption of substoichiometric oxide. The width of the silicon
windows depends on the primary electron dose and on the duration of subsequent
heating. The total electron dose has to be optimised in order to obtain continuous Si
windows while maintaining a good lateral resolution, as the plume of secondary elec-
trons damages the oxide around the focus of the primary electron beam. In our ex-
periments, the sample surface was irradiated at an angle of ca. 10° with respect to the
surface plane, with a total surface electron dose of 100-200 Clcm? and an electron
energy of 25 keV. After electron irradiation, the surface was heated up to 780 °C for
10-30 s. Besides the desorption of SiO, the etching of SiO, by bared Si leads to the
decomposition of the oxide [17], which is seen by the continuous propagation of the
oxide boundary and widening of the Si windows during prolonged heating. STM has
demonstrated that the Si surface in the window areasis atomically clean.

Fig. 4. Lines of clean Si(111) windowsin the Si oxide
mask generated by electron irradiation (total doses of
30-300 C/cn) (a), details of such awindow with
awidth of 20 nm (b), etch pits (one atomic layer deep)
aong the[ 110 ] directions after prolonged
hesting (c). All images were taken by STM

Figure 4 shows line-shaped Si(111) windows, which were generated as templates
for silver nanowires. With electron doses and the subsequent heating procedure opti-
mised, the windows are continuous over a distance of several micrometers (Fig. 44).
We have generated the windows as narrow as 7 nm, while windows with the width of
20 nm as shown in Figure 4b are achieved regularly, also on substrates with a high
step density, where the boundaries between oxide and windows often appear less
sharp than on large single terraces. Figure 4c shows the result of prolonged heating
after electron irradiation. The consumption of silicon from the bared areas during the
decomposition of the oxide is evident by etch pits, which form especially at atomic
steps, but also on flat Si(111) terraces in the window areas. The etch pits are one
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atomic layer deep and their borders are probably aligned along the [110] directions,
as observed, e.g., for Si(111) etching by water [23].

3.2. Ag epitaxy

The deposition of silver is the next step in the lithographical process. On bare sili-
con surfaces, silver grows epitaxially without forming silicides, making silver an ideal
candidate for insulated metal nanostructures on silicon with a well-defined interface
between metal and substrate. Silver on Si(111) exhibits a variety of growth modes. At
room temperature, silver grows on Si(111) in the Stranski—Krastanov mode [24]. For
silver deposition at low temperatures (<170 K) and various annealing procedures,
however, a variety of metastable structures have been reported as a result of limited
kinetics. STM studies have shown that silver grows layer by layer and is atomically
flat at a sample temperature of 100 K [25].

Layer by layer growth has also been observed for deposition at 150-170 K [26].
With an increasing amount of the deposited material, interconnected islands, flat is-
lands on top of a rough wetting layer, and continuous Ag layers have been observed
when the surfaces were annealed to room temperature after deposition [27]. For the
flat idlands, preferred island heights have been identified. While the reason for the
occurrence of different preferred heights in seemingly similar experiments (2 ML
[26, 27, 28] and 6 ML [29]) has not been clarified yet, these magic heights are as-
cribed to the contribution of electron confinement within the metal layer to its free
energy [28]. Spot profile analysis of LEED has shown that the continuous films con-
sist of atomically flat grains, forming a small-angle (6°) rotational mosaic [30]. Grain
diameters in the range 1.5-9.5 nm have been observed, depending on the substrate
temperature during deposition and annealing.
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£ Fig. 5. STM of 10 ML of Ag on homogeneous Si(111)
£ deposited at 130 K and annealed to room temperature.
@ 1 A percolated network of flat Agislandsis seen.

00 100 200 300 400 Bottom: the line scan shows the narrow range

distance along surface [nm] of island heights around 4 nm

As an example from own measurements, Figure 5 shows an STM image of 10 ML
Ag on a Si(111) substrate with a low step density and wide terraces in the range of
100 nm. The silver layer was deposited at 130 K and annealed to room temperature.
Instead of a continuous Ag layer, we find a percolated network of islands, obviously
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aligned along the low index directions of the substrate lattice (the STM image in Fig-
ure 5 is not corrected for thermal drift). The islands all have about the same height of
4 nm, with avariation of not more than £15%, as shown by the line scan in Figure 5.

height [nm]

%20 40 6 8 0 % 20 40 6 8 00
distance along surface [nm]
Fig. 6. STM images (size 150x150 nm?) of 7 ML Ag deposited at 130 K on an Si(111) window
in an oxide mask and annealed to @) 300 K and b) 700 K. Line scans aong the white lines

are shown below the STM image; 3 nm high Ag islands are seen in the window areas (borders
of the window areas are marked by arrows). Sample bias—8 V, tunnelling current — 45 pA

Such a percolated network of islands of uniform height in aline-shaped Si window
within an oxide mask would make a perfect nanowire. Figure 6a shows 7 ML Ag de-
posited on a Si(111)/Si oxide template at 130 K and annealed to room temperature.
On the oxide area, spherical Ag nanoclusters have formed. The low surface free en-
ergy of the oxide surface inhibits the metal to wet the oxide. In the line-shaped
Si(111) window, separate flat epitaxial islands with diameters in the range of 1020
nm are detected. Obviously the growth mode in the narrow Si(111) window differs
from that on bare Si(111), either due to defects such as nucleation sites or due to addi-
tional kinetic limitations. Apparently there is no significant transport of silver from
the oxide areato the silicon window and vice versa. All material hitting the oxide area
is consumed by the clusters. When the diffusion of silver atoms is restricted to the
line-shaped Si(111) window, any coarsening of islands may be hindered.

Figure 6b shows the result of annealing 7 ML Ag deposited at 130 K on a line-
shaped Si(111)/Si oxide template up to about 700 K. Comparison with Figure 6a re-
vealsthat the clusters on the oxide have coarsened. They still appear to be spherical in
shape, indicating that they are not interconnected. Within the Si(111) window, a sin-
gle elongated island has formed. The line scan depicted underneath the STM image
reveals that the island is about 3 nm high, has a flat top, and is separated from the
adjacent clustersin the oxide area.

Such nanowire sections have been observed with atotal length up to 250 nm in our
STM experiments. Figure 7 shows two nanowire sections with the width of 15-25 nmin
adjacent Si(111) windows. The disturbances visible in the STM image are due to tip
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changes, presumably induced by the detachment or attachment of silver atoms. Fig-
ure 7 also shows two idands in an 80 nm wide Si(111) window. Their lateral shape

Fig. 7. A demonstration of wire-shaped Agislands on an Si(111)/Si
oxide mask in anarrow Si window (20 nm wide), and of 2D Ag islands
in the wider window (80 nm)

appears as round as it is expected for silver deposition on bare silicon. Obviously, the
tendency to form elongated nanowire sections is promoted by narrow Si windows.
The role of the interface between the Si window and the oxide for Ag diffusion and
the nucleation of Ag islands have not been investigated yet.

3.3. Ag wetting layer

Besides the 3 nm high nanowire sections, the Ag wetting layer in the Si(111) win-
dows may be regarded as a metal nanowire in its own right. A surface state conductance
in the range of (5-10)x10° Q7 has been reported [31]. The ((+/3x+/3)R30°-Ag sur-
face has ametallic surface state band as demonstrated by the observation of standing
electron waves [32] and a two-dimensional plasmon [33]. It is particularly interesting,
since, in contrast to the nanowire sections shown above, the wetting layer is limited in
length only by the size of the Si(111) window. It is generated by annealing silver on
Si(111) up to 700 K or by depositing at that temperature, and is composed of
(v/3x+/3)R30°-Ag domains [34].

Figure 8 shows the wetting layer formation in line-shaped Si(111) windows within
an oxide mask. While only 0.5 ML Ag was deposited on the surface (deposition tem-
perature 790 K, rate 0.13 ML/min) the window area is completely covered by the
wetting layer, indicating Ag diffusion from the oxide to the window area. Pits due to



Ultra thin epitaxial metal nanowires on flat and vicinal S surfaces 869

an Ag-induced surface reconstruction as well as islands of an additional layer can be
seen in the window areas. The observed height differences within the windows always
correspond to multiples of the Si(111) bilayer thickness. This observation indicates
that the Si substrate is completely covered by the wetting layer, because the height

difference between (7x7) and adjacent ((~/3x+/3)-Ag terraces would clearly differ
from the Si bilayer thickness.

<
",ﬁl}'j‘ : 100 nm i
R A I TR W )
Concluding this section, we have shown that ultra thin crystalline metal nanostruc-
tures with characteristic lateral dimensions of much less than 20 nm can be generated
on an insulating support using a combination of electron beam lithography in ultra-
high vacuum and Ag epitaxy on Si(111). Details of the morphology of the metal de-
posit depend partly on the lateral constriction imposed by the oxide mask. Various

thicknesses can be exploited starting with the wetting monolayer. Arbitrary shapes
have not been tested explicitly yet, but seem to be easily feasible.

Fig. 8. STM image of 0.5 ML Ag deposited
on a Si(111)/Si oxidetemplate at 790 K at the rate of
0.13 ML/min. Due to migration from the surrounding
oxide film, the Si window is covered by a continuous
Ag wetting layer. In some parts (bright areas),
asecond Ag layer startsto grow

4. Conductance of Pb on Si(557) in the monolayer regime

In the Pb/Si(557) system, we start with a macroscopic measurement (distance be-
tween contacts was 10 mm, as aready mentioned) of conductance on Si(557) samples
that were prepared as described in the experimental section. For Pb layers evaporated
onto the Si(557) samples at low temperature (below 25 K), the onset of measurable
Pb-induced conductance was found to be close to 0.6 ML (ML given with respect to
the density of Si surface atoms). Annealing to temperatures up to 600 K leads to an
increase in conductance (except at coverages close to the percolation threshold, at
which no effect was detected) and to the reversibility of conductance as afunction of
temperature. It is characterized by a weak anisotropy, with conductance normal to the
steps being smaller by typically afactor of 1.5 than that perpendicular to them.
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4.1. Conductance of an anisotropic Pb monolayer

This behaviour of a weak anisotropy and a gradual increase in conductance as
afunction of temperature is changed drastically by an annealing step to 640 K. The
curves obtained after this high-temperature annealing step are now dominated by an
abrupt change at the temperature of 78 K, separating a high-temperature region with
small conductance anisotropy (ratio 1.5) from the low-temperature region
characterized by high anisotropy (ratio 30-60). At temperatures below 78 K,
astepwise increase of ¢; by typically a factor of 3 is observed, whereas o, drops
sharply by a factor of 2-10. This final step of annealing obviously induces two ef-
fects. The monolayer undergoes an ordering process that is strongly activated, so that
it occurs only during annealing to temperatures close to desorption. The alternative
that a mixing of Si and Pb atoms in the first layers takes place, so that a surface sili-
cideisformed, is unlikely judging by the STM data presented bel ow.

The switching of conductance from low to high anisotropy was found to be inde-
pendent of the initial Pb coverage, @, after the high-temperature annealing step to
640 K, if it exceeded 1 ML. An example, with @, =4 ML and annealing to 640 K, is
shown in Figure 9. The vapour pressure of bulk Pb at 640 K is 7x10™" mbar [35]. This
means that after annealing for several minutes all multilayers of Pb must have been
desorbed, directly explaining the insensitivity of the conductance results to the initial
coverage in the multilayer range after the high-temperature annealing step. The fact
that conductance can be switched, driven by temperature, from high to low anisotropy
is therefore a property of the monolayer of Pb and/or of the conductance channels
induced by the Pb monolayer on the Si(557) surface. The assumption of monolayer
coverage is fully compatible with the STM results described below. As seen there,
atomic wire-like structures are formed after this high-temperature annealing step, which
are responsible for the anisotropy of the conductance observed at low temperature.
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Fig. 9. DC conductance as a function of temperature after the adsorption of 4 ML
and annealing to 640 K, measured along the [112] (o,) and [110] direction (o;)
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For the “optimal” conductance curves after annealing, i.e. those obtained with initial
Pb coverages of 3ML or more, o; below T, can be well described by ¢, = A + BxT",
with n close to 1 (see Fig. 10). This decrease of ¢; as a function of temperature con-
trasts with the increase above the jump at 78 K, indicating thermally activated behav-
iour above this threshold. o, on the other hand, is thermally activated in both tem-
perature regimes. Whereas for o, defects may play some role as mentioned, the
optimal conductance values of ¢; did not vary between different samples, and neither
the abrupt changes seen in the conductance at 78 K nor the temperature dependence
of o, below 78 K can be explained by defects. While we cannot expect that a surface
is free of defects like point defects or steps, at least on the atomic scale, such defects
cannot act as effective scatterers along Pb chains.
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Fig. 10. Conductance curve g, from Fig. 9 0 0.1 0.2
below 78 K plotted versus 1/T Inverse temperature (K'IJ

This property changes when the coverage is so small that only very few chains are
left, which form a conducting channel between the contacts of our experimental setup.
Here there is a high probability for more extended defects that can only be sur-
mounted by thermal activation. This scenario seems to be valid at a Pb concentration
of 0.8 ML and lower. The observed jump in conductance at T, and the increase of g,
as afunction of temperature below T, is compatible with the assumption of sections of
isolated chains separated by gaps, which can still be surpassed by thermal activation.

4.2. Conductance and geometrical properties

The clean Si(557) surface (not shown) corresponds closely to that shown in
Ref. [36]. These results are supported by LEED, which shows the characteristic 7x7
reconstruction of (111) facets [37, 38] and the known 2x1 reconstruction of Si(112)
surfaces [39]. Microscopicaly, the (111) facets are separated by 3-fold steps. The
typical terrace lengths that can be obtained on our samples are around 200 nm.
Neighbouring (111) terraces are separated by steps that correspond to steps of 6 and 9
atomic heights. Kinks in the step edges can aso be seen. In any case, these extended
line defects remain on the atomic level. Even with a low density of terraces, many
thousand steps intersect the path between two contacts in our experimental setup.

As judged from a large series of adsorption experiments and various annealing
steps, adsorbed Pb leaves the terrace structure of the Si(557) sample unaltered. After
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the adsorption of Pb at low temperatures and annealing for 15 minutes at 640 K, STM
reveals the characteristic chain structure shown in Figure 11, with an average spacing
between the chains of 14 A. This chain structure is found only after the high-
temperature annealing step, whereas a more irregular bumpy hill-and-valley structure
is found at lower annealing temperatures. The chain structure is destroyed by anneal-
ing at 650 to 660 K. Thus there is a close correlation between the chain structure ob-
served here and the strongly anisotropic conductance behaviour found below 78 K at
one monolayer coverage. The surface shown in Figure 11 is completely covered with
Pb, and all chain structures are Pb-induced.

Fig. 11. STM images (40 x20 nm?) of the chains
after the adsorption of 10 ML Pb/Si(557) and
annealing to 640 K. The temperatures of
measurement were @) 40 K and b) 100 K

It seems that two different kinds of chains on the surface can be discriminated,
which may be attributed to chain formation on the two facets. As judged from chains
ending at small clean 7x7 islands, the bright chains must be located on the (111) fac-
ets or at the edge between the two facets, whereas the other chains must be on the
(112) facets. The step-step distance there is around 10 A on the clean surface, i.e. it is
significantly smaller than the Pb—Pb chain separation. This enlarged chain distance
can be caused by effective lateral repulsion between wires, so that they are not located
at equivalent positions on each mini-terrace, supporting the assumption of coupled
chains. As an alternative, step separations on the original (112) facets, induced by Pb
and high-temperature annealing, could be enlarged at the expense of the extension of
the (111) facet. If this rearrangement of the local step structure is necessary, it would
explain the necessity for high-temperature annealing. In any case, it is obvious that
each Pb wire consists of more than one atomic chain in order to accommodate a Pb
concentration of approximately 1 ML. Even at a temperature of 40 K these chains
contain a lot of defects that limit the typica undistorted length of a chain to 30100 nm,
with the bright chains containing typicaly less defects than the others. Whereas the
chain separation has a well-defined value, the stacking sequence normal to the chains
seemsto follow the local variation of facet sizes, so that it is not long range ordered.

The abrupt changes observed at T, = 78 K are directly correlated with an intrigu-
ing structural phase transition that does not change the chain structure itself, as seen
in Figure 11a, b (the images there were taken at 40 K and 100 K, respectively, i.e.
below and above the phase transition). The effects associated with the phase transi-
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tion, however, are most clearly visible in one-dimensional Fourier transformations
along and perpendicular to the chain structures. The results are shown in the top part
of Figure 12 for atypical single scan. Averages over an area of 40x40 nm? are shown
inalog scalein panels a) and b) of thisfigure.
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Fig. 12. Fourier transformations of line scans from STM pictures at 100 K (lower curves)
and at 40 K for the direction perpendicular (a) and parallel (b) to the steps.
The top graph of b) shows the Fourier transform of a single atomic chain
inalinear scale. Such achainisshowninc) in rea space.

In the direction normal to the chains (left part of Fig. 12), for both temperatures,
aclearly enhanced Fourier component 73 is seen, which corresponds to an average
hill and valley spacing of 57 A, i.e., to the periodicity of the clean Si(557) surface. For
T =40 K an additional, but considerably broader component 73 is seen, which corre-
sponds to the 14 A spacing of the Pb wires.

Parallel to the chain structure the Fourier transforms calculated from 40 K STM
images show, in contrast to those of STM images taken 100 K, an additional periodic-
ity with a fundamental wavelength of 10 times the next neighbour separation of Si,
along with higher harmonics. The peak at 110% SBZ corresponds to the nearest
-neighbour spacing of Pb with approximately the bulk Pb lattice constant. Little corre-
lation of this periodicity between different chains was found. The modulation of the
chainsisweak, asis obvious from Figures 11 and 12. It cannot be induced by missing
Pb atoms, as seen, e.g., for the case of Ga on Si(112) [40], but rather by a modulation
of the local position of adatoms, most likely due to the misfit between Si and Pb lat-
tice constants. Since the lattice constant of Si is 9% larger than the lattice constant of
Pb, registry between theideal Si and Pb lattices is obtained every ten S atoms, which
agrees well with the ten-fold periodicity found.

Approaching T, from higher temperatures, it seems to be the locking of the chains
into the high order commensurate superperiodicity, coupled with a regular separation
between the Pb induced chains, that causes the switching from low to high anisotropy
and into a highly conducting state along the chains with a “metallic”-like temperature
dependence.
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Electrical conduction in this system occurs in the partialy filled band of Si surface
states, which is modified by the adsorbed Pb chains that impose their symmetry and
their periodicity onto this band. As judged from the low electrical conductivity in the
[110] direction in the low temperature regime and its temperature dependence, cou-
pling is rather weak between the chains, and the electrons close to Er are preferably
localized within one chain. Along the chains, the 10-fold periodicity imposes
amesoscopic modulation that effectively backfolds the band structure of the unmodu-
lated chains. Thus the effective Fermi wavelength A cannot be smaller than twice the
modulation period, but may be even much longer. The corresponding effective in-
crease of Ar can rationalize why these electrons are quite unsusceptible to local de-
fects on the atomic scale along the chains. Although defects are present, they do not
lead to the localization of the conducting electrons along the wires down to tempera-
tures of 4 K.

Passing the phase transition, the conductance normal to the Pb chains drops
sharply, but here the activated temperature behaviour seen above the phase transition
remains also at temperatures below. This strong anisotropy means a strongly en-
hanced localization of the electrons in the direction normal to the wires, which is de-
stroyed at higher temperatures when the spatial correlation between the wires is lost.
We note that above the phase transition both ¢, and o, return to activated behaviour,
i.e., to an increased sensitivity to local defects. This fits qualitatively to the model of
amuch shorter effective A¢ in both directions in the high-temperature phase than at
low temperatures.

The conductance behaviour in the highly anisotropic state may be a candidate for
Luttinger liquid behaviour in coupled chains [41]. Since we observe quasi one
-dimensional conductivity down to 4 K, the energy scales for two-dimensional cou-
pling are extremely small (of the order of afew kelvin or even less) compared to stan-
dard quasi one-dimensional conductors [42]. This suggests that we have found a sys-
tem with almost ideal one-dimensional conductive properties. On the other hand, the
quantitative properties deviate clearly from predictions for DC conductance in a Lut-
tinger liquid, even in the presence of defects [43], since a rather high background
must be subtracted from the data in order to obtain a simple power law. The meaning
of the (still one-dimensional) “background” conductance must remain open at this
point. Significant coupling between the chains must also exist, as indicated by the
nonzero value of o, and its increase as a function of temperature [42, 44]. Whether
defects such as additional steps are important for these deviations cannot be answered
at the moment.

Summarizing, our results show that quasi-metallic quasi one-dimensional conduc-
tance with extremely high values of conductance can be obtained with only one
monolayer of Pb that forms a chain structure on Si(557). Conductance can be
switched from low to high anisotropy by an order-disorder phase transition with
amesoscopic modulation period. Thus, and in strong contrast to the metal-insulator
transitions seen in most systems when temperature is decreased, we observe transi-
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tions from a quasi one-dimensional metal at low temperature to an insulator (with
temperature-activated behaviour) at high temperature parallel to the Pb chains, and an
insulator—metal transition in the direction normal to the Pb chains.

Both sets of experiments described in this paper emphasize the power of ultimate
nanostructuring for gaining new insight into the physics of low-dimensional systems.
Especialy the role of defects must be clarified in further experimental studies on
avery small scale, so that individual defects and their influence on conductance can
be directly detected. Such experiments seem to be feasible with such nanoscale tech-
niques.
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