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Nonmetallic transport of a quasi-one-dimensional metallic S557)-Au surface
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The sheet conductivity of a Au-coveredSh7) 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 dlgirend perpendicular
to them (o), were obtained separately at room temperat&®®), and the anisotropyy/o, 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- Rinear= —7—=1In 2, (1)
TNOYKOy

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, _ 1
which is expected to exhibit characters different from those Rsquare™ 2 oo In
of mesoscopic low-dimensional systems. Especially, steps on VOxTy

surfaces have been known to play a crucial role in som@espectively. The current source probes are aligned akong
phenomend.Recently facet surface structures have been fregirection for these calculations. It is obvious from HE)

g_uently_ useldD as tﬁmplatesn%goé making aA qgaSi'onefhat the square 4 PP method provides different values of re-
) |menS|pna( ) metallic systent.” For instance, Au depos-  gjgiance by changing the probe alignment. So it enables us to
its on vicinal S{111) surfaces represent quasi-1D systems, . -in thea, and o, separately, which is not possible by the

{ _ 45 qj _ 59 qj _ 6,10
;‘4%%3‘31 321111)5;(28?3' ASI(f557)tSAG\u'I"h Sl(f335)t Au, ist linear 4 PP methodEg. (1)]. This has already been shown
i(553-Au,>*and S{779-Au facets: These facets consis experimentally in previous measurements for anisotropic sur-

of massive and periodic arrays of identical metallic atomg, o superstructur,

cham_s over th? sgmple surface, but we cannot prepare single Practically, however, it is not straightforward to measure
atomic chains individually and separately. Therefore, the an;

isotropy in sheet conductivity of such a facet surface is arjfhe su?;ace 2D cqnductwnyt?lf semlc?ndlljctt(r)]r cryﬁt?rlls be-
important quantity for estimating the conductivity of indi- cause the measuring current flows not only through the sur-

vidual atomic chains. face layer, but also through the substrate bulk region. As a
Concerning the $657)-Au surface, which is the sample result, contributions from _surface _states, a surface space-
for the present study, the interpretation of the surface-stateN@rge layer, and bulk region are included in the measured
band structure is still under debate, such as spinon-holofonductance. Therefore, one needs some resources to mini-
bands due to the Tomonaga-Luttinger liquid charatterp ~ Mize the bulk contribution, such as using a silicon-on-
metallic band$;® or one metallic and one semiconducting insulator (SOI) wafer;'® shortening the probe spacihg;'®
band? In spite of such sophisticated studies of photoemissior@nd using a surface inversion layéThe method of short-
spectroscopyPES of this surface, however, few transport ening the probe spacingmicroscopic 4 PP methgdhas
measurements have been done sd%ar. turned out to be generally effective in detecting the surface
Wassché and Montgomery# discussed methods for conductivity with high surface sensitivity:1’-1°
measuring anisotropic conductivity. When we measure the In the present study, we measured the surface conductivity
resistance of an infinite two dimension@D) sheet having of the S{557)-Au facet at room temperatur@lT) by the
anisotropic conductivities, and oy along thex andy direc-  square microscopic 4 PP method using an independently
tions, respectively, by linear four-point prodd PP and driven four-tip scanning tunneling microscopg&TM),’
square 4 PP methods with equidistant probe spacing, it ignd also the temperature dependence by the linear mono-
given by lithic microscopic 4 PP methot. The coverage

1+ﬂ), (2

Oy
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FIG. 1. Resistance _measured_ by the I_inear microscopic 4PP FIG. 2. Resistance measured as a function of the rotation angle
method using the fqur-tlp STM with changing the prope SPacing.y in the square-4PP method. Probe spacisgle of the probe
The fournps_ were aligned parallel to the Au chajopen circle, th.e square was 75um. Experimental data are fitted by E@®). Inset
average resistance =19+2) or perpendicular to the Au chains s’y SEM image of the probes contacting the sample surface. The

gopen square, the average resistance :.2195. knset is a STM Au chains run alondg101] direction (horizontal direction in this
image of S{557)-Au surface taken at a single-tip STM chamber. image

was 0.20 monolayer(ML), which induced a uniform
Si(557)-Au facet structuré® We obtained the conductivity Figure 1 shows the results obtained by the linear micro-
parallel to the Au chainéo;) and perpendicular to theftar ) scopic 4PP method using the four-tip STM, with changing
separately. They are compared with the conductivity exthe probe spacing. The probes were aligned along the Au
pected from the known surface-state band structure usinghains(open circegor in the perpendicular directiofopen
Boltzmann equation. The transport mechanism is discusseshjuares All measurements gave similar values of resistance
in relation to temperature dependence. within the experimental error, irrespective of the probe spac-
The anisotropic conductivity measurements were carrieghg and orientation.
out at RT using our four-tip STM system installed in an  These results indicate two things. First, as the resistance
ultrahigh-vacuum scanning electron microscopeHV-  does not depend on the probe spacing, we can say that our
SEM), combined with a capability of scanning reflection- sample is a 2D conductor. If the current flows in a three-
high-energy electron l‘g'ﬁraCt'ofRHEED)'ﬂ Its details are  gimensional way in the sample, the resistance measured by
described elsewhefé:'® The RHEED pattern is indispens- e 4pp method should be inversely proportional to the probe
able, not only for analyzing the surface structure, but also fOEpacing, as shown by solving the Poisson equafidhiein

determining the orientation of the Au chains. The_ four'.t'pthe present case, however, the electric current flows only
probes can be made to contact the sample surface in arb|tra{|¥r0ugh the surface region whose thickness is negligible

arrangements with minute direct contact. .
The temperature-dependent conductivity measuremenf;sOmpared to the probe spacing. Therefore, the measured re-
Istance does not contain the bulk contribution of the sub-

were carried out using our temperature-variable monolithic 3 o X
microscopic 4 PP system equipped with a RHEED apparatu%trate' As described later, this is due to a depletion layer at
in UHV.2' We used 2Qum spacing probes, which were com- the subsurface region that electrically separates the underly-

mercially availablé? The temperature was changed from ing bulk region from the inversion-type surface space-charge
300-150 K using liquid N (or down to 10 K using Lig. layer.
He). The second point that Fig. 1 tells us is the inability to

A vicinal Si crystal (15X3x0.525 mni, P-doped, measure the anisotropic conductivity. Even by rotating the
1~10Q cm at RT) with a miscut of 9.45° toward the112] probe alignme_nt by 90° with respect to th_e Au chains, the
direction from the(111) surface was used as a substrate measured resistance does not change. This is expected from

Gold was evaporated from a hot alumina basket onto th&9- (1). So our sample can be regarded as an infinite 2D
substrate held at a temperature T=700 °C. The evaporatigrPnductor because the sample size is much larger than the
rate was calibrated by RHEED patterns by depositing Au orProbe spacing, and we can apply EG5.and(2). _

a flat S{111) surface, following the phase diagrams in pre- ~ Then, the anisotropic 2D conductivity can be obtained by
vious report€324A recipe for preparing the @57-Au sur-  the square 4PP method as indicated by @y. In order to
face and the STM observations are described in Ref. 25. ThEWProve the measurement precision, we did the square 4PP
inset in Fig. 1 is the STM image taken at another single-tipmeasurements with rotating the square, i.e., a “rotational
STM chamber. The terrace width is about 19 A and eactsquare microscopic 4PP” meth&tAs shown in the inset of
terrace is separated by monatomic steps as reporteth SEM image in Fig. 2, the rotation angteis defined
previously?2> Each terrace is known to contain a single Au between the line linking the current source probes and the
chain?® One also notes irregular bright protrusions on aAu chains. By solving the Poisson equation with this probe
regular background of the facet. configuration, the resistance is given as a functiom bfy,®
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Figure 2 shows the result of rotational square microscopic -+

4PP measurements with g6n probe spacing. By fitting . .. D o
Eqg. (3) with the experimental data in Fig. 25, and o, 3 4 5 B 7
were obtained separatelyp=9.3+0.9uS/00 and o, 1000/T (K_1)
=3.51£0.2uS/0. The values are averages with other mea-

surements by the same rotational microscopic 4PP method FIG. 3. Surface conductivity as a function of inverse tempera-
with different probe spacings. The conductivity along the Auture. The 20um spacing probes were aligned along the Au chains.
chains is actually higher than that in the perpendicular directnset is a typical-V curve at 200 K.

tion. The anisotropyoy/o, is 2.7+0.3. This anisotropy is

much smaller than that for a @il1)-4x 1-In surfacé® | direction at the Fermi level, respectively. The integral is
(oy/a, ~70). done on the Fermi surface. First, according to Ref. 11, we

Next, we discuss this result by comparing the surface@ssumed two metallic bands and used a tight-binding model

state band structure already determined by PES. The megf the band dispersion. After integrating ) on the Fermi
sured sheet conductivities contain contributions from the sursurface, thel conductivity tensor was calculated to be
face statego.) and the surface space-charge lager). We 1= 1.3>< 10' X 7[S/O], wherer; is the mean-carrier relax-
can ignore the contribution of bulksy), as mentioned be- &tion time.

fore, because of the 2D nature as clarified by the probe- Next, by assuming that the cglculated conductivities equal
spacing dependence in Fig. 1. According to our core—leve}he measured.one, we can obtain the value,dBy compar-
PES measurements of the(®7)-Au surface taken at the '"9 tlh.e expenmfentabu \r']‘”t? the ﬁaIZUIatﬁd. one; and the q
miine BL-1C of the Photon Factory in KX the bulk-  "€sulting mean-free path along the Au chains are estimated to
beamline C of the Photon Factory the bu ye ~7x10% s and~0.6 A, respectively. Since this mean-
A

valence-band maximum at the surface is located at 0.38 e ) -
below the Fermi level, using a reference value of 0.63 eV fo ce path is much shorter than the lattice constant, the _analy-
i sis does not make sense. In other wotts, Boltzmann pic-

Si(11197 x 7surtace™ This indicates a formation of a very ture is not applicable for the transport mechanism along the
weak inversion layer under the surface onratype Si crys- Au chains According to Ref. 9, one of the two surface-state

tal, and a resulting/n junction between the surface space- bands is semiconducting. Therefore, we did the same calcu-
charge layer and the underlying bufka depletion layer at lation [EqQ. (4)] by assuming a single metallic band. Since,

the p/n junction electrically isolates the surface layer fromilowever, this made just a difference of factor 2 in conduc-
[

Conductivity (uS/00)

the underlying bulk region, so that the measurement curre vities, the above conclusions hold.

is confined only near the surface. This is a reason why w Next we measured the temperature dependence of the

can ignore ther, L . -
Once we know the Fermi-level positions at the surfacesheet conductivity. Figure 3 shows the result. The conductiv

and in the bulk, i.e., the band bending, the sheet conductivity” exponentially decreased with cooling below RT, indi-
in the weak inversion layet. can be calculated by solving ating a nonm;;calhc conductlon._ This is similar to the pre-
the Poisson equaticf. The thickness of the inversion vious research: The data points are well fitted by

. exg —A/kgT], giving  an activation energy
layer was calculated to be #0260 nm, depending on the Uf B . . .
bulk resistivity p=1~ 10 Q cm of our sample cystals, and A=54.9£0.9 meV. This behavior contradicts the PES re-

7., Was estimated to be on the order of 36S/C1. This is sult that the Sb57)-Au surface has a metallic band at RT.

negligible compared with our measured sheet conductivity Vhat is?the nature of the electrical conduction along the
(on the order of 1Qw S/0O). Thus, we can say thabhe mea- Au chains? By recalling the dense and irregular bright pro-

sured conductivity comes from the surface-state conductandg!Sions on the Au ch.alns in the STM image, which are said
oos only. to be extra Si atonig(inset of Fig. 3, they seem to cut the
*The surface-state band structure of thé55N-Au facet  Chains into rods. In such a case, conduction is described in

H H 31
surface has already been measured by angle-resolveé’?’ES.termS of variable range hopplngH).. .In our temperature
So we can calculate the conductivity from the band structur ange, VRH tells us that the conductivity is of activated type

using the Boltzmann equation. For 2D conductors, it is giver'0PPINg conductionio = exg-A/kgT]), with the activation
by30 energyA ~ €?/4mel wheree is a dielectric constant andis

the rod length. By using for the value of the dielectric con-

_ 1@ vawgdk stant that of bulk Si valuge=11.7¢,, wheree, is a dielectric
gi=— T (4)
i o2y | Tk ol constant of vacuupnand| as 7.5 nmA was calculated as

_ ~16 meV. The difference between this value and
wherey, ke andv;=[(1/4)/(JE,/ k)] are the carrier relax- our measurement value of 55 meV is due to the overes-
ation time, Fermi wave vector, and Fermi velocity along thetimation of the dielectric constankt. In the case of
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Si(111)-4 X 1-In surfacét® for comparison, no such irregu- ets. The conductivities along the Au chaifis) and across
larities exist on the chains, so that the Boltzmann picture ishem(o ) were separately obtained. The ratio between them
quantitatively applicable. Or the band structure itself can bQ;-”/g-l was ~3. The temperature dependence of the surface
altered to be semiconducting by the dense protrusions. FQfonductivity revealed a semiconducting character. It, thus,
the S{111)5x2-Au surface, these protrusions change theyymed out that metallic band conduction does not occur
metallic chains into semiconducting chains due to electroryjong the Au chains in spite of the metallic band structure
doping®33The same thing may happen on thé55iN-Au  eyealed by PES. Dense irregularities, such as protrusions on
surface, which divides the surface into metallic region andhe Au chains observed in STM images, would play an im-

semiconducting region. This is also the possible reason fofortant role to cause such a nonmetallic conduction.
the semiconducting behavior of the transport measurement

and the metallic behavior of the PES measurement. Dr. K. Yoo and Dr. J.R. Ahn are gratefully acknowledged
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