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The sheet conductivity of a Au-covered Sis557d facet surface was measured by microscopic four-point probe
methods using an independently driven four-tip scanning tunneling microscope and temperature-variable
monolithic probes. This surface is composed of a periodic array of Au chains and known to have a quasi-one-
dimensional metallic band structure. Its surface conductivities parallel to the Au chainsssid and perpendicular
to them ss'd, were obtained separately at room temperature(RT), and the anisotropysi /s' was ,3. The
temperature dependence of the surface conductivity showed a semiconductive character below RT with an
activation energy of,55 meV. Then it can be concluded that the transport along the Au chains is not metallic
band conduction.
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Low-dimensional electronic systems show exotic phe-
nomena in, e.g., phase transitions and transport properties,
and have attracted a wide interest. A crystal surface is a good
platform for low-dimensional physics on the atomic scale,
which is expected to exhibit characters different from those
of mesoscopic low-dimensional systems. Especially, steps on
surfaces have been known to play a crucial role in some
phenomena.1 Recently facet surface structures have been fre-
quently used as templates for making a quasi-one-
dimensional(1D) metallic system.2,3 For instance, Au depos-
its on vicinal Sis111d surfaces represent quasi-1D systems,
such as Sis111d532-Au,4,5 Sis557d-Au,5–9 Sis335d-Au,6,10

Sis553d-Au,6,11 and Sis775d-Au facets.6 These facets consist
of massive and periodic arrays of identical metallic atom
chains over the sample surface, but we cannot prepare single
atomic chains individually and separately. Therefore, the an-
isotropy in sheet conductivity of such a facet surface is an
important quantity for estimating the conductivity of indi-
vidual atomic chains.

Concerning the Sis557d-Au surface, which is the sample
for the present study, the interpretation of the surface-state
band structure is still under debate, such as spinon-holon
bands due to the Tomonaga-Luttinger liquid character,7 two
metallic bands,5,8 or one metallic and one semiconducting
band.9 In spite of such sophisticated studies of photoemission
spectroscopy(PES) of this surface, however, few transport
measurements have been done so far.12

Wasscher13 and Montgomery14 discussed methods for
measuring anisotropic conductivity. When we measure the
resistance of an infinite two dimensional(2D) sheet having
anisotropic conductivitiessx andsy along thex andy direc-
tions, respectively, by linear four-point probes4 PPd and
square 4 PP methods with equidistant probe spacing, it is
given by

Rlinear=
1

pÎsxsy

ln 2, s1d

Rsquare=
1

2pÎsxsy

lnS1 +
sy

sx
D , s2d

respectively. The current source probes are aligned alongx
direction for these calculations. It is obvious from Eq.(2)
that the square 4 PP method provides different values of re-
sistance by changing the probe alignment. So it enables us to
obtain thesx andsy separately, which is not possible by the
linear 4 PP method[Eq. (1)]. This has already been shown
experimentally in previous measurements for anisotropic sur-
face superstructure.15

Practically, however, it is not straightforward to measure
the surface 2D conductivity of semiconductor crystals be-
cause the measuring current flows not only through the sur-
face layer, but also through the substrate bulk region. As a
result, contributions from surface states, a surface space-
charge layer, and bulk region are included in the measured
conductance. Therefore, one needs some resources to mini-
mize the bulk contribution, such as using a silicon-on-
insulator (SOI) wafer,16 shortening the probe spacing,17–19

and using a surface inversion layer.20 The method of short-
ening the probe spacing(microscopic 4 PP method) has
turned out to be generally effective in detecting the surface
conductivity with high surface sensitivity.15,17–19

In the present study, we measured the surface conductivity
of the Sis557d-Au facet at room temperature(RT) by the
square microscopic 4 PP method using an independently
driven four-tip scanning tunneling microscope(STM),17

and also the temperature dependence by the linear mono-
lithic microscopic 4 PP method.21 The coverage
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was 0.20 monolayer(ML ), which induced a uniform
Sis557d-Au facet structure.25 We obtained the conductivity
parallel to the Au chainsssid and perpendicular to themss'd
separately. They are compared with the conductivity ex-
pected from the known surface-state band structure using
Boltzmann equation. The transport mechanism is discussed
in relation to temperature dependence.

The anisotropic conductivity measurements were carried
out at RT using our four-tip STM system installed in an
ultrahigh-vacuum scanning electron microscope(UHV-
SEM), combined with a capability of scanning reflection-
high-energy electron diffraction(RHEED).17 Its details are
described elsewhere.17,18 The RHEED pattern is indispens-
able, not only for analyzing the surface structure, but also for
determining the orientation of the Au chains. The four-tip
probes can be made to contact the sample surface in arbitrary
arrangements with minute direct contact.

The temperature-dependent conductivity measurements
were carried out using our temperature-variable monolithic
microscopic 4 PP system equipped with a RHEED apparatus
in UHV.21 We used 20mm spacing probes, which were com-
mercially available.22 The temperature was changed from
300–150 K using liquid N2 (or down to 10 K using Liq.
He).

A vicinal Si crystal (153330.525 mm3, P-doped,

1,10 V cm at RT) with a miscut of 9.45° toward thef1̄1̄2g
direction from thes111d surface was used as a substrate.
Gold was evaporated from a hot alumina basket onto the
substrate held at a temperature T=700 °C. The evaporation
rate was calibrated by RHEED patterns by depositing Au on
a flat Sis111d surface, following the phase diagrams in pre-
vious reports.23,24A recipe for preparing the Sis557d-Au sur-
face and the STM observations are described in Ref. 25. The
inset in Fig. 1 is the STM image taken at another single-tip
STM chamber. The terrace width is about 19 Å and each
terrace is separated by monatomic steps as reported
previously.8,25 Each terrace is known to contain a single Au
chain.26 One also notes irregular bright protrusions on a
regular background of the facet.

Figure 1 shows the results obtained by the linear micro-
scopic 4PP method using the four-tip STM, with changing
the probe spacing. The probes were aligned along the Au
chains(open circes) or in the perpendicular direction(open
squares). All measurements gave similar values of resistance
within the experimental error, irrespective of the probe spac-
ing and orientation.

These results indicate two things. First, as the resistance
does not depend on the probe spacing, we can say that our
sample is a 2D conductor. If the current flows in a three-
dimensional way in the sample, the resistance measured by
the 4PP method should be inversely proportional to the probe
spacing, as shown by solving the Poisson equation.13,17,18In
the present case, however, the electric current flows only
through the surface region whose thickness is negligible
compared to the probe spacing. Therefore, the measured re-
sistance does not contain the bulk contribution of the sub-
strate. As described later, this is due to a depletion layer at
the subsurface region that electrically separates the underly-
ing bulk region from the inversion-type surface space-charge
layer.

The second point that Fig. 1 tells us is the inability to
measure the anisotropic conductivity. Even by rotating the
probe alignment by 90° with respect to the Au chains, the
measured resistance does not change. This is expected from
Eq. (1). So our sample can be regarded as an infinite 2D
conductor because the sample size is much larger than the
probe spacing, and we can apply Eqs.(1) and (2).

Then, the anisotropic 2D conductivity can be obtained by
the square 4PP method as indicated by Eq.(2). In order to
improve the measurement precision, we did the square 4PP
measurements with rotating the square, i.e., a “rotational
square microscopic 4PP” method.15 As shown in the inset of
an SEM image in Fig. 2, the rotation angleu is defined
between the line linking the current source probes and the
Au chains. By solving the Poisson equation with this probe
configuration, the resistance is given as a function ofu by,15

FIG. 1. Resistance measured by the linear microscopic 4PP
method using the four-tip STM with changing the probe spacing.
The four tips were aligned parallel to the Au chains(open circle, the
average resistance =19±2 kV), or perpendicular to the Au chains
(open square, the average resistance =21±6 kV). Inset is a STM
image of Sis557d-Au surface taken at a single-tip STM chamber.

FIG. 2. Resistance measured as a function of the rotation angle
u in the square-4PP method. Probe spacing(side of the probe
square) was 75mm. Experimental data are fitted by Eq.(3). Inset
is a SEM image of the probes contacting the sample surface. The

Au chains run alongf101̄g direction (horizontal direction in this
image).

BRIEF REPORTS PHYSICAL REVIEW B70, 113404(2004)

113404-2



Rsquaresud =
1

2p

1
Îsis'

3 lnÎssi/s' + 1d2 − 4 cos2u sin 2ussi/s' − 1d2

ssin2 u + si/s' cos2 ud2 .

s3d

Figure 2 shows the result of rotational square microscopic
4PP measurements with 75mm probe spacing. By fitting
Eq. (3) with the experimental data in Fig. 2,si and s'

were obtained separately;si=9.3±0.9mS/h and s'

=3.5±0.2mS/h. The values are averages with other mea-
surements by the same rotational microscopic 4PP method
with different probe spacings. The conductivity along the Au
chains is actually higher than that in the perpendicular direc-
tion. The anisotropysi /s' is 2.7±0.3. This anisotropy is
much smaller than that for a Sis111d-431-In surface15

ssi /s',70d.
Next, we discuss this result by comparing the surface-

state band structure already determined by PES. The mea-
sured sheet conductivities contain contributions from the sur-
face statesssssd and the surface space-charge layerssscd. We
can ignore the contribution of bulkssbd, as mentioned be-
fore, because of the 2D nature as clarified by the probe-
spacing dependence in Fig. 1. According to our core-level
PES measurements of the Sis557d-Au surface taken at the
beamline BL-1C of the Photon Factory in KEK,27 the bulk-
valence-band maximum at the surface is located at 0.38 eV
below the Fermi level, using a reference value of 0.63 eV for
Sis111d737surface.28 This indicates a formation of a very
weak inversion layer under the surface on ann-type Si crys-
tal, and a resultingp/n junction between the surface space-
charge layer and the underlying bulk.15 A depletion layer at
the p/n junction electrically isolates the surface layer from
the underlying bulk region, so that the measurement current
is confined only near the surface. This is a reason why we
can ignore thesb.

Once we know the Fermi-level positions at the surface
and in the bulk, i.e., the band bending, the sheet conductivity
in the weak inversion layerssc can be calculated by solving
the Poisson equation.29 The thickness of the inversion
layer was calculated to be 70,260 nm, depending on the
bulk resistivity r=1,10 V cm of our sample cystals, and
ssc was estimated to be on the order of 10−3mS/h. This is
negligible compared with our measured sheet conductivity
(on the order of 10m S/h). Thus, we can say thatthe mea-
sured conductivity comes from the surface-state conductance
sss only.

The surface-state band structure of the Sis557d-Au facet
surface has already been measured by angle-resolved PES.5–9

So we can calculate the conductivity from the band structure
using the Boltzmann equation. For 2D conductors, it is given
by30

si j =
1

2p2

e2

"
E tk

vkivkjdkF

uvku
, s4d

wheretk, kF andvki=fs1/"d / s]Ek/]kidg are the carrier relax-
ation time, Fermi wave vector, and Fermi velocity along the

i direction at the Fermi level, respectively. The integral is
done on the Fermi surface. First, according to Ref. 11, we
assumed two metallic bands and used a tight-binding model
of the band dispersion. After integrating Eq.(4) on the Fermi
surface, the conductivity tensor was calculated to be
si=1.3310113tifS/hg, whereti is the mean-carrier relax-
ation time.

Next, by assuming that the calculated conductivities equal
the measured one, we can obtain the value ofti. By compar-
ing the experimentalsi with the calculated one,ti and the
resulting mean-free path along the Au chains are estimated to
be ,7310−17 s and,0.6 Å, respectively. Since this mean-
free path is much shorter than the lattice constant, the analy-
sis does not make sense. In other words,the Boltzmann pic-
ture is not applicable for the transport mechanism along the
Au chains. According to Ref. 9, one of the two surface-state
bands is semiconducting. Therefore, we did the same calcu-
lation [Eq. (4)] by assuming a single metallic band. Since,
however, this made just a difference of factor 2 in conduc-
tivities, the above conclusions hold.

Next we measured the temperature dependence of the
sheet conductivity. Figure 3 shows the result. The conductiv-
ity exponentially decreased with cooling below RT, indi-
cating a nonmetallic conduction. This is similar to the pre-
vious research.12 The data points are well fitted by
s~expf−D /kBTg, giving an activation energy
D=54.9±0.9 meV. This behavior contradicts the PES re-
sult that the Sis557d-Au surface has a metallic band at RT.

What is the nature of the electrical conduction along the
Au chains? By recalling the dense and irregular bright pro-
trusions on the Au chains in the STM image, which are said
to be extra Si atoms6 (inset of Fig. 1), they seem to cut the
chains into rods. In such a case, conduction is described in
terms of variable range hopping(VRH).31 In our temperature
range, VRH tells us that the conductivity is of activated type
hopping conductionss~expf−D /kBTgd, with the activation
energyD,e2/4pel wheree is a dielectric constant andl is
the rod length. By using for the value of the dielectric con-
stant that of bulk Si value(e=11.7e0, wheree0 is a dielectric
constant of vacuum) and l as 7.5 nm,D was calculated as
,16 meV. The difference between this value and
our measurement value of 55 meV is due to the overes-
timation of the dielectric constante. In the case of

FIG. 3. Surface conductivity as a function of inverse tempera-
ture. The 20mm spacing probes were aligned along the Au chains.
Inset is a typicalI-V curve at 200 K.
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Sis111d-431-In surface,15 for comparison, no such irregu-
larities exist on the chains, so that the Boltzmann picture is
quantitatively applicable. Or the band structure itself can be
altered to be semiconducting by the dense protrusions. For
the Sis111d532-Au surface, these protrusions change the
metallic chains into semiconducting chains due to electron
doping.32,33 The same thing may happen on the Sis557d-Au
surface, which divides the surface into metallic region and
semiconducting region. This is also the possible reason for
the semiconducting behavior of the transport measurement
and the metallic behavior of the PES measurement.

In summary, we have applied the rotational square micro-
4PP method and the temperature-variable monolithic linear
micro-4PP method to a quasi-1D system of Sis557d-Au fac-

ets. The conductivities along the Au chainsssid and across
themss'd were separately obtained. The ratio between them
si /s' was ,3. The temperature dependence of the surface
conductivity revealed a semiconducting character. It, thus,
turned out that metallic band conduction does not occur
along the Au chains in spite of the metallic band structure
revealed by PES. Dense irregularities, such as protrusions on
the Au chains observed in STM images, would play an im-
portant role to cause such a nonmetallic conduction.
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