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A Pb-nanowire array on a stepped Si surface, Si�557���2-Pb, is investigated by surface-state conductivity
measurements, scanning-tunneling microscopy �STM�, and angle-resolved photoelectron spectroscopy
�ARPES�. No clear indication was found for the abrupt phase transition at 78 K, which was reported to exhibit
a switching from a two-dimensional semiconducting conductivity to an one-dimensional metallic behavior and
to accompany an intrawire ordering together with a change in the interwire periodicity �so-called “refacet-
ting”�. In contrast, a significant reduction in the surface conductivity is found at around 140 K. This transition
is accompanied by a subtle out-of-phase interwire ordering of the protrusions along wires in STM images.
However, ARPES finds no sign of a significant electronic structure change. While we cannot rule out the
possibility of a phase transition at 78 K within a very limited coverage range, this metal-insulator-type tran-
sition is found to prevail for most of Pb coverages with a good ��2 ordering. The conductivity below 80 K
can be described by the weak localization in two dimensions probably due to the interwire ordering but the
abrupt transition at 140 K itself cannot easily be explained at present.
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I. INTRODUCTION

Intriguing properties of low-dimensional metals have at-
tracted substantial interest from both theoretical and experi-
mental points of view. Some of them exhibit, at low tempera-
ture, metal-insulator transitions �MITs� and others
anisotropic superconductivity.1–3 While these properties have
been intensively studied with bulk low-dimensional crystals,
growing efforts were recently made for low-dimensional
metals on solid surfaces. Atomically well-defined metallic
wires and layers were fabricated by choosing proper sub-
strates and adsorbates.4 One of the advantages of surface
systems is that they can be directly probed by various pow-
erful surface-sensitive experimental techniques, such as
angle-resolved photoelectron spectroscopy �ARPES� and
scanning-tunneling microscopy �STM�. Moreover, a recently
developed method, the micro-four-point-probe ��4PP� tech-
nique, has enabled surface-sensitive electron-transport
measurements.5 These techniques have been successfully uti-
lized to investigate interesting phase transitions and intrigu-
ing electronic properties of low-dimensional metals on
surfaces.5–15

As prototype one-dimensional �1D� metals on solid sur-
faces, atomic wire arrays on silicon surfaces, such as
Si�111�4�1-In and Si�553�-Au, are characterized by well-
ordered atomic chain structures and strongly anisotropic
band structures.7,16 Their well-nested Fermi surfaces �FSs�
lead to Peierls-type MITs upon cooling with periodic lattice
distortions.6–9 However, the Pb-nanowire �nanostripe� array
found recently on Si�557�, so-called Si�557���2-Pb ��
�2-Pb hereafter�, exhibits distinct behavior. This structure
forms �223� facets on Si�557� and has an interwire spacing of
15.4 Å with a 2a0-period structure along the wires �a0

=3.84 Å the lattice constant of Si�111��.17,18 In sharp con-
trast to the strongly anisotropic atomic structure with wires
separated by Si-bilayer steps, the electronic structure of the
Pb-nanowire array could be explained with two-dimensional
�2D� bands modulated moderately by a weak step
potential.19,20 Moreover, the previous conductance measure-
ment with a conventional macroscopic 4PP showed a pecu-
liar conductance transition from a 2D semiconducting behav-
ior to a 1D metal at 78 K.21,22 This transition was suggested
to originate from a very complicated structural change at low
temperature; the freezing of dynamic structural fluctuations
in the intrawire modulation23 to form a long-period �10a0�
superstructure along the wires and also, the freezing of the
dynamically fluctuating interwire spacing �so-called “dy-
namic refacetting”�.24 The previous low-energy electron dif-
fraction �LEED�, STM, and ARPES measurements at low
temperature suggested the formation of a 10a0 modulation.
However, the interconnection of these experimental results is
hardly demystified. For example, the semiconducting behav-
ior in conductance for the high-temperature phase is not
straightforward from the 2D metallic band structure in
ARPES. It is also not clear at all why the refacetting yields a
10a0 modulation along step edges and why this modulation
or the dynamic refacetting leads to a significant change in
conductance. Moreover, our recent high-resolution STM
study down to 78 K and ARPES down to 70 K could not find
any evidence of the 10a0 modulation.18,19

In this study, we have reinvestigated this surface thor-
oughly utilizing the conductance measurement with higher
surface sensitivity and STM and ARPES with higher reso-
lution in a wider temperature range. As expected from the
band structure, the surface conductance shows a metallic be-
havior down to 140 K in contrast to the previous
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measurement.21,22 Moreover, we could not reproduce the
transition at 78 K into a 1D metallic state but, instead, found
a significant reduction in the surface conductivity below 140
K. A temperature-dependent STM observation reveals the
formation of an out-of-phase ordering of the 2a0 interwire
modulation for parts of the wires at a consistent temperature
range but cannot find any refacetting or a 10a0 intrawire
modulation. This interwire ordering may suppress the elec-
tron transport across the wires to cause the change in the
surface conductivity. However, no significant change in the
band structure is observed by ARPES, which leaves the ori-
gin of the phase transition elusive.

II. EXPERIMENTAL

The experiments were performed in three separated
ultrahigh-vacuum systems; a commercial low-temperature
STM,18 an ARPES system with a high-performance electron
analyzer �R4000, VG Scienta, Sweden�, and a home-build
�4PP system described elsewhere.5 A �4PP chip with
20 �m spacing was chosen in the surface-conductivity
measurement.25 The surface reconstruction was checked by
LEED in STM and ARPES equipments and reflection high-
energy electron diffraction in the �4PP system. For ARPES
measurements, a He discharge lamp was used at the photon
energy of 21.2 eV �the He I line�. A n-type Si�557� wafer
with the bulk resistivity of 10 � cm was used, which was
cleaned following the established recipe to make a regular
step array.26 The Si�557���2-Pb surface was prepared by
depositing �2 ML of Pb onto a clean Si�557� surface, fol-
lowed by a mild annealing at 640–650 K.17–19 The coverage
of Pb was calibrated by core-level photoelectron
intensities.17

III. RESULTS AND DISCUSSION

First, we have measured the electric conductance through
surface states with a �4PP chip as a function of temperature.
The measured resistance �R� is shown in Fig. 1�a�. The sheet
conductance ��meas� is calculated from R as �meas= ln 2

�R �Fig.
1�b��. In principle, �meas contains the surface state, space-
charge layer, and bulk contributions all together. However, if
there is a strong band bending due to a surface layer on a Si
substrate with a proper doping level, then the current within
a narrow probe spacing �less than �100 �m� can be well
confined within the surface and space-charge layers.5,9 For
the present system, we estimated, by measuring the Si 2p
core-level shifts using synchrotron-radiation photoelectron
spectroscopy �data not shown�,17 that the bulk valence-band
maximum at the surface locates 0.21 eV below the Fermi
energy �EF�. This satisfies the proper band-bending condition
on the n-type substrate for the current confinement within the
surface and space-charge layers in �4PP measurements.
Then, the maximum contribution of the space-charge layer
conductance ��sc� can be calculated easily and reliably by
solving the Poisson equation.5 The calculated space-charge
layer conductance is smaller than �meas by an order of mag-
nitude at RT and decreases further upon cooling �order of
10−7 �S at 100 K� as plotted in Fig. 1�b�. Therefore, we can

conclude that the space-charge layer contribution is actually
negligible and �meas comes mostly from the surface-state
conductance. For the Si�557���2-Pb surface, the surface
conductivity at RT is measured to be �100 �S, which is
comparable with those measured for other well-characterized
metallic adsorbate layers on Si surfaces.5,9,12 Supporting fur-
ther its metallic nature, the conductivity increases upon cool-
ing from 300 K down to 140 K. However, the conductivity
starts to decrease abruptly from 140 K. That is, the surface
appears to transit into an insulating state at 140 K.

In contrast to the present observation, two previous stud-
ies from the same group reported a discrete conductivity
change at 78 K.21,22 Those previous studies used a Van der
Paw geometry with a macroscopic 4PP to measure the con-
ductance along and across the wires separately while we
used a linearly arranged �4PP geometry which measures the
geometric mean of the conductivity parallel and perpendicu-
lar to the wires �step edges�.27 Thus, in order to compare
quantitatively, we calculated the geometric mean values of
the reported wire-parallel and wire-perpendicular conductivi-
ties as shown in Fig. 1�b�. One can notice that the two pre-
vious studies are not consistent with each other not only in
the absolute conductivity values but also in the sign of the
relative conductivity change at the transition temperature.
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FIG. 1. �Color online� Measured four-point-probe resistance R
and the sheet conductance �meas derived from it for the Si�557��
�2-Pb surface are plotted as filled circles in �a� and �b�, respec-
tively. The open circles and squares �squares from Fig. 3�d� of Ref.
22� in �b� show the corresponding data derived from two previous
measurements �Refs. 21 and 22�; the geometrical mean of the con-
ductance along and across the wires were taken for comparison. �c�
The interwire shift of the protrusions in the STM images shown in
Fig. 2. The error bar is the standard deviation in measuring the shift.
The lines in �b� and �c� are guides for the eye. Tc of the previously
reported conductivity transition is indicated by the vertical broken
lines in �a�–�c�.
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Moreover, these studies do not exhibit any metallic behavior
above 78 K in contradiction to the ARPES results.19,20 Note
that we do not see any abrupt conductivity transition at this
temperature range but only a change in the slope of the con-
ductivity curve, which is shown more clearly in a logarith-
mic scale plot of the resistance in Fig. 1�a�. Qualitatively
speaking, the common feature of the previous studies and the
present one is only that there exists an obvious conductivity
change at low temperature. We have tried several different
samples with similar ��2 diffraction patterns,28 which were
prepared at slightly different coverages and temperatures.
They consistently showed the MIT at 140 K without any sign
of an abrupt transition at 78 K, which casts doubt on the
possible sample dependence in explaining the apparent dis-
crepancy between previous and present experiments. From
the nonmetallic behavior around RT, we speculate that the
previous macroscopic 4PP measurements may not have the
proper surface sensitivity due to a large probe spacing, which
dictates a large portion of the current to pass through space-
charge and bulk Si layers.29,30 It was indeed reported that the
conductivity measured at a macroscopic probe spacing �
�1 mm� is not qualitatively consistent with that probed with
a �4PP on the Si�111�4�1-In surface.5,31 While we cannot
completely rule out the possibility of a phase transition at 78
K within a very limited coverage range, the limited surface
sensitivity can also naturally explain why the previous study
could not detect the conductivity transition at 140 K.

Second, in order to investigate the structural origin of the
drastic conductivity change at 140 K, we have performed
temperature-dependent LEED and STM observations. As re-
ported previously,17,18 the LEED pattern consists of spot ar-
rays in the �7 7 10� direction and streaky �2 features be-
tween them �see Fig. 2�a��. Note that this LEED pattern is
consistent among previous reports from different research
groups. The spot arrays characterize the regular step super-
structure �or the periodic nanowire array� with a 15.4 Å
�=4 2

3a0 cos 30°� periodicity, which corresponds to four Si
unit cells and one step edge. However, as shown in Fig. 2�a�,
LEED does not show any significant temperature depen-
dence around 140 or 78 K, except for the reduced back-
ground intensity at low temperature. As the background in-
tensity is reduced, one can notice weak extra spots as shown
in Fig. 2�b�. These extra spots might lead the previous study
to conclude the formation of a long-period modulation along
the wires at low temperature. However, we find little tem-
perature dependence on these spots. Instead, their intensity
depends rather sensitively on the Pb coverage �or annealing
temperature� as detailed before;17 its intensity increases at a
lower Pb coverage �higher annealing temperature� with the
apparent deterioration of the ��2 LEED features �both spot
arrays and streaks� �see Fig. 2�b��. That is, it is rather clear
that these spots come from a different phase from the well-
ordered nanowire array as the surface becomes inhomoge-
neous through the step bunching.17,18 Indeed, those extra
spots, when optimized, can be easily identified as the so-
called “linear phase” of the dense Pb overlayer on flat
�wider� Si�111� terraces.17 The hexagonal symmetry of these
spots is obvious, appearing around the �3��3 points, which
further corroborates their origin from the 2D Pb overlayer.
The recent STM study already confirmed the step bunching

at this coverage and temperature range and the formation of
a dense Pb 2D overlayer on wider terraces than the nanowire
phase.18

In real space, STM reveals the well-ordered atomic-scale
wire array of the ��2 phase with a very prominent 2a0

modulation in the �1̄10� direction at 300 K �Fig. 2�c��. The
same image was observed previously at 78–120 K.18 Upon
decreasing the temperature, we find no change in the STM
image down to 4 K at least for the clear intrawire modulation
and the interwire spacing as also shown in the figure. This is
consistent with the LEED observations and denies more
clearly the possibility of a structural transition along the
wires.23 This also denies clearly, at least for the major sur-
face phase composed of nanowires, any change in the inter-
wire spacing or the refacetting transition suggested before
based on a LEED result to explain the phase transition at 78
K.24 That high-resolution LEED study24 focused on the
subtle change in the extra higher order spots, which we as-
sign as due to the minor surface phase on wider terraces.
However, the consistent LEED and STM images are also in
sharp contrast with the drastic change in the surface conduc-
tivity at 140 K discussed above.

This discrepancy provides us the motivation to scrutinize
the STM images more carefully. In particular, we focused on
the phase of the intrawire 2a0 modulation. As we pointed out
previously,18 the lateral coupling of the 2a0 modulation be-
tween neighboring wires can take both in-phase and out-of-
phase configurations. This yields rectangular or oblique 2D
unit cells locally �see Fig. 2�c��. Both units were observed
from 300 to 4 K without a noticeable change as shown in
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FIG. 2. �Color online� �a� LEED and �c� STM images of the
Si�557�-��2-Pb surface taken at the temperatures indicated. The
STM images were recorded with the tunneling conditions of 0.5 V
and 50 pA. Rectangular and oblique 4 2

3 �2 unit cells are superim-
posed. The domains of rectangular and oblique unit cells are
marked by arrows and gray bars at the bottom of the 4 K STM
image in �c�. �b� shows the LEED patterns taken at 70 K for the
samples with linearly split �3-like spots �within the ellipses�. These
samples were made by annealing at 640 K, 660 K, and 700 K,
respectively, following Pb deposition of 2 ML. The incident elec-
tron energy was 80 eV for all LEED observations.
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Fig. 2�c�. The population ratio of different units did not show
a significant change from 300 to 4 K with the rectangular
units covering 60–70 % of the surface. However, a careful
inspection of the line profiles of the intrawire modulation
indicates a subtle interwire ordering �see Fig. 3�. The protru-
sions shift slightly along the wires between neighboring
wires at low temperature to form an alternating interwire
order with a doubled periodicity �2� �15.4� Å�. This shift
was not observed within the wires with the out-of-phase in-
terwire configuration �the oblique unit cells� from RT but
only among those with the in-phase configuration �the rect-
angular unit cells�. From the line profile, the shift was mea-
sured to be 0.97	0.1 Å. This lateral ordering can be visu-
alized more clearly by taking out the dominant contrast due
to the step-terrace structure of the surface. This contrast
tends to exaggerate the protrusions along step edges and hide
the structure within terraces. The images in the right panel of
Fig. 3 was created by Fourier filtering the interwire period-
icity �4 2

3a0 cos 30°� from each horizontal line profile of the
STM images.32 The doubled periodicity is clear at 4 K but
absent at 300 K.

This interwire ordering has only a very short-length scale
as limited by the size of the domains with the rectangular
unit cells, eight neighboring wires at maximum �
12 nm�.
Thus, it is not detected in the Fourier transform of the STM
images �data not shown� and in the LEED patterns �Fig.
2�a��. However, this ordering is discerned even in the nar-
rowest rectangular domains as indicated by arrows in Fig.
2�c�. This subtle shift exhibits a systematic temperature de-
pendence as summarized in Fig. 1�c�; the shift is reduced at
higher temperatures and disappears above 140 K. This tem-
perature dependence indicates that the interwire shift is re-
lated to the conductivity change at 140 K and may be a good
order parameter for that phase transition. However, the de-
tailed structural change underlying the shift of the protru-
sions in the STM image is not clear at all at present.

Since a conductivity change may leave a more pro-
nounced signature in the electronic band structure, we care-
fully checked the temperature dependence of the surface
band structure around 140 K. We have shown in the previous
study that the electronic structure of this surface is well de-
scribed with simple 2D tight-binding bands of Pb in-plane p
orbitals and the weak periodic potential of the step

superlattice.19 Figure 4�a� shows schematically the 2D FSs,
which are based on a diamond-shaped electron pocket
around X̄ �only a quadrant is shown with a thicker line� and
a circular hole pocket around X�̄ �three quadrants are shown
with a thicker line�. They repeat themselves according to the
periodicity of the step superlattice and split into the bands
denoted as 1–4 and 5 and 6, respectively �the band gaps are
not indicated here�. The split bands 2–5 form wiggled
quasi-1D FSs while 1 and 6 bands, respectively, 2D electron
and hole pockets.

While our previous ARPES study could not find any
temperature-dependent change in the spectral features,19 a
more recent ARPES study reported that �i� there exists an
intensity modulation on the FS due to the long-period �10a0�
structure along the wires and �ii� there is a signature of the
gap opening, a noticeable reduction in the density of states at
EF, upon cooling.20 It was not explicitly mentioned whether
the long-period modulation of the FS is temperature depen-
dent or not. We, thus, examined the corresponding part of the

FS, which is the hole-pocket centered at X�̄ within our tight-
binding analysis. At first, along the wires, the Fermi contour
does not show any significant difference between 300 and 30
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FIG. 3. �Color online� Enlarged STM images �tunneling at 0.5 V
and 50 pA� taken at 300 and 4 K �left�, their line profiles along the
wires �center�, and the images after filtering out the Fourier com-
ponent corresponding to the interwire periodicity �right�.
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FIG. 4. �Color online� �a� Schematics of Fermi surfaces of
Si�557���2-Pb simulated by the tight-binding calculation, which

consist of circular X�̄ hole pockets and diamond-shaped X̄ electron
pockets repeated according to the step periodicity �Ref. 19�. �b� and
�c� show photoelectron-intensity maps around the hole pocket at EF

taken at 300 K and 30 K, respectively, with brighter contrast for
higher photoelectron intensity. This hole pocket is traced by broken
circles. �d� Photoelectron-intensity profiles �momentum distribution
curves� along the dotted line in �c� at the binding energies indicated
for the data at 30 K. Dotted lines indicate multiples of 2�

10a0
, that is,

the momentum space positions for the 10a0 modulation discussed
previously. �e� compares photoelectron energy distribution curves at

300 and 30 K taken at the midpoint of �̄ and X�̄ indicated by a
white dot in �b�. Solid lines are fitting curves which convolute
Fermi-Dirac distribution function with Gaussian on a linear
background.
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K �Figs. 4�b� and 4�c��. Furthermore, the detailed momentum
distribution curves at and below EF exhibit no temperature
dependence and no sign of a modulation due to a long-period
superstructure �Fig. 4�d��. All around this hole pocket, the
energy distribution curve �EDC� keeps consistent spectral
weight at EF between the two temperatures, ruling out the
possibility of a significant energy gap �Fig. 4�e��. By a care-
ful fitting of the EDCs, we estimate that any possible gap
should be smaller than �5–10 meV at 30 K. Therefore, this
result, performed with a higher energy and momentum reso-
lution than the previous studies, denies the possibility of the
formation of the superstructure along the wires in accord
with STM and LEED observations. It also indicates that the
effect of the subtle interwire order observed has little effect
on the overall band structure. This may be due to the fact that
the coherence length of the extra interwire order at low tem-
perature is too short to produce any change in the band struc-
ture. In summary, the detailed ARPES study does not provide
any clue to understand the drastic change in the surface con-
ductivity �or the conductivity transition reported at 78 K�.

Note that the present conductance transition is distinct
from the MITs known for other metallic systems on Si sur-
faces and looks apparently more complex than them. The
transitions in the 1D metallic systems of Si�111�4�1-In and
Si�553�-Au accompany the complete gap opening and strong
lattice �charge� modulations.7,8 These systems exhibit the
strongly anisotropic conductance, which drops drastically by
more than three orders of magnitude within several 10 K
below the transition temperature.5,9 This is not the case for
the present surface which keeps the metallic band structure
even below Tc. Moreover, the Arrhenius plot of the conduc-
tance is apparently not a single linear function below Tc but
breaks into two lines; the steep one with an activation energy
of �=55 meV above �100 K and the gentle one with �
=6.8 meV below �80 K �Fig. 5�. That is, the transition
cannot be explained by a single gap-opening transition. Al-
though the lattice modulation is also noticed in the present
system, it is thought to be fairly weak. It is worth noting that
the present transition accompanies not a global but a local
structural change; the surface is a mixture of two domains
with small domain sizes in the interwire direction and the
structural change occurs only within one domain. It may be

possible that this local change can disturb the conduction
channel across the wires through the enhanced scattering to
lead to the observed behavior in surface transport measure-
ments. The possible band-structure change may be blurred
out due to the very limited domain size and the possible band
gap involved is as small as 7–55 meV.

On the other hand, a different type of MIT was found on
the 2D metallic system of Si�111��3��3-Ag with a tiny
amount of defects or adatoms.12,13 This surface does not ex-
hibit any change in its band structure through the MIT in
conductance as in the present system. The driving force of
the MIT was argued in terms of the weak or strong localiza-
tion caused by the random potentials provided by scatterers
and enhanced by the electron standing waves.12 We thus
checked the possibility of a localization transition for the
present case. In the right panel of Fig. 5, �meas is plotted
against logarithmically scaled temperature. Since the surface
has a largely 2D electronic structure, we fitted �meas below
Tc with the theoretical curve of the 2D weak localization
model, �=cL00 ln T+const., where L00=12.3 �S, the quan-
tum conductance divided by 2�. The parameter c, which is
related to the exponent of T for the inverse phase relaxation
time of electrons, is reported to be 0.75 in a thin film33 and
0.71–0.90 in inversion layers of semiconductors.34 Compa-
rable values were also obtained for the localization cases in
other surface systems.13,35 The fitting is successful for the
present system below �80 K with a reasonable value of c
=0.79, but fails above �100 K with an unnaturally large c
of 43.5. Thus, although the electrons can be weakly localized
in the low-temperature region �T
80 K�, the transition at
140 K cannot be explained in this way. The previously found
transition at 78 K might be related to the onset of the weak
localization. Note that the other theories based on the weak
localization in 1D ��T−1/2� or the variable-range hopping
case in 2D ��exp�−�� /kBT�1/3�� or 1D ��exp
�−�� /kBT�1/2�� cannot fit the obtained conductance change at
all. The above comparison of the characteristics of the
present phase transition with other systems manifests the
uniqueness of the present one but the transition mechanism
itself remains elusive.

IV. CONCLUSIONS

The temperature dependence in the electron transport and
atomic and electronic band structures of the Si�557��
�2-Pb surface, a regular Pb-nanowire array on a stepped Si
surface was reinvestigated by �4PP conductivity measure-
ments, STM, LEED, and ARPES. The surface exhibits a sub-
stantial reduction in its electric conductance at 140 K in con-
trast to the previous study reporting a rather minor change at
78 K. We could not find any change in the structure along the
wires claimed previously. Instead, STM shows that this tran-
sition is accompanied by the subtle period-doubling interwire
ordering which occurs on part of the surface. While we can-
not completely rule out the possibility of a phase transition at
78 K within a very limited coverage range, this metal-
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=cL00 ln T+const. �right�, where L00=12.3 �S.

CONDUCTANCE TRANSITION AND INTERWIRE ORDERING… PHYSICAL REVIEW B 82, 045423 �2010�

045423-5



insulator-type transition is found to prevail for most of Pb
coverages with a good ��2 ordering. However, the overall
band structure does not change within the experimental res-
olution, which denies the partial gap opening raised to ex-
plain the conductivity change at 78 K. The present observa-
tion may indicate a drastic change in the electron-scattering
process across the wires through the interchain-order forma-
tion while the structural details of the interwire order and the

microscopic mechanism of the conductivity change remain
elusive.
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