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In situ micro-four-point-probe conductivity measurements in ultrahigh vacuum revealed that the
Si(111)-striped incommensurate-Pb surface showed the superconductivity transition at 1.1 K. Both of
the hexagonal and rectangular phases of Si(111)y/7 X /3-In surface showed superconductivity at 2.4 and
2.8 K, respectively. By applying magnetic field perpendicular to the surface, the upper critical field was
deduced to be 0.1-1 T. The derived Ginzburg-Landau coherence length of the Cooper pairs was several
tens of nm, which was much smaller than the Pippard’s coherence length estimated from the band
structures. The short coherence length is determined by the carrier mean free path.
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Surface superstructures formed on semiconductor sub-
strates possess the surface states, which are inherently two
dimensional (2D) and decoupled from the bulk. Using
state-of-the-art techniques, it has now become possible to
study the electronic transport phenomena in the surface
states by conductivity measurements in ultrahigh vacuum
[1-6] and describe the results from the band structures
measured by angle-resolved photoemission spectroscopy
[7]. Ultrathin metallic films grown on semiconductor sub-
strates, especially superconducting ones, are also targets of
active research of transport properties in relation to their
structure and morphology [8—16]. However, there are no
works that have performed magnetotransport measure-
ments at subkelvin temperatures, which is likely needed
to unravel the superconducting properties of surface
superstructures.

Recently, Zhang et al. found by scanning tunneling
spectroscopy (STS) that monolayers of In- and Pb-induced
surface superstructures on Si(111), \/7 X \/§—In, \/7 X
\/§-Pb, and striped incommensurate (SIC)-Pb phases,
showed superconductivity at 1-3 K [17]. Uchihashi et al.
followed by detecting the macroscopic superconducting
current for \/7 X \/§—In [18]. These are the first examples
of superconducting surface states. However, no conductiv-
ity measurements were done at such low temperatures with
magnetic fields. Furthermore, although it has been known
that there are both rectangular (rect) and hexagonal (hex)
superstructures of the 7 X +/3-In surfaces [19], previous
studies failed to distinguish which phase is superconduct-
ing [17,18]. Since the transition temperatures reported
were slightly different (3.1 K in Ref. [17] and 2.8 K in
Ref. [18]), it may also be possible that both phases are
superconducting with different transition temperatures.

In the present Letter, we have attempted to clarify the
intriguing properties of these superconducting surface sys-
tems by performing in situ micro-four-point-probe (MFPP)
resistance measurements down to 0.8 K under magnetic
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fields up to 7 T. The Si(111)SIC-Pb surface is here shown
to be superconducting by transport for the first time.
Furthermore, we have made a clear distinction of the
superconductivity of the hex- and rect-v/7 X /3-In phases
with transition temperatures of 2.4 and 2.8 K, respectively.
Moreover, the superconducting coherence length of these
surface systems is very short compared with that estimated
from the surface-state band structures.

The measurements were performed in situ with our
MFPP conductivity measurement system [20] in which
the sample and MFPP was cooled down to 0.8 K and a
magnetic field as high as 7 T was applied perpendicular to
the surface. The probe spacing in MFPP was 20 um [21].
The apparatus is also equipped with reflection high-energy
electron diffraction (RHEED) for sample characterization.
A clean Si(111)-7 X 7 surface was prepared by annealing
an n-type substrate (P doped, 1-10 ) cm at room tempera-
ture) by a cycle of resistive heat treatments. Then In or Pb
was deposited at room temperature. The In coverage was
calibrated by the formation of \/§ X \/§ \/ﬁ X \/ﬁ , and
4 X 1 phases [6]. The \/7 X \/§—In surface was formed
after 2.3-3.2 monolayer (ML) deposition followed by
annealing at 430 °C for 2 s [6,18]. This surface super-
structure was believed to contain In of 1-1.2 ML [19],
but a recent theoretical calculation predicts nearly 2.4 ML
[22]. The Pb coverage was calibrated by the formation
of hexagonal-incommensurate and SIC phases [23]. The
SIC-Pb surface was formed after 1.9 ML deposition,
followed by annealing at 300 °C for 3 s [23-25]. The
SIC phase is known to contain Pb of ~1.3 ML [23]. By
the annealing, the excess In or Pb atoms evaporate or make
three-dimensional islands sparsely distributed on the sur-
face. The RHEED patterns of the respective surfaces are
shown in Fig. 1.

Figures 1(a) and 1(b) show the temperature dependence
of the 2D sheet resistance for the \/7 X \/§-In (rect phase)
and SIC-Pb surfaces, respectively. Both become a zero
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FIG. 1 (color online). Temperature dependence of the sheet
resistance for the Si(111)v/7 X +/3-In (the rect phase) (a), and
that of Si(111)SIC-Pb (b) surfaces, with the insets of RHEED
patterns. The solid lines are results of the least-square fits
to Eq. (1).

resistance state around 3 and 1 K, respectively. This is the
first transport evidence of superconductivity for the Si(111)
SIC-Pb surface.

In contrast to a sharp superconducting transition, the
data in Fig. 1 show that the resistance starts to decrease
above the superconducting transition temperature (7).
This is due to the fluctuation conductivity in reduced
dimensions since the present system is in the thickness
of the atomic scale. There are several mechanisms that
can lead to this correction [26]. Namely, they are
(i) Aslamazov-Larkin conductivity due to the new conduc-
tion channel of the Cooper pairs above T, (041, (ii) the
decrease in conductivity due to the decrease of the one-
electron density of state at the Fermi level (oppg), and
(iii) the Maki-Thompson contribution due to the coherent
scattering of electrons forming a Cooper pair on the same
elastic impurity (o). In oy, there is a regular term oy
and an anomalous term 012, opog and o7 give nearly the
same quantitative contribution to reduce the conductivity,
whereas o, and ofjp increase the conductivity.
Furthermore, it is known that opog and oy give a much
smaller correction for the in-plane conductivity and can be

neglected compared to o, and o3y [26]. Therefore, the
measured sheet resistance p above zero resistance can be
fitted by

1
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where o is the normal-state sheet conductivity. o, and
oy are explicitly expressed as
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respectively, where o is the “pair-breaking parameter”
[27]. The solid lines in Figs. 1(a) and 1(b) are fitted curves
which agree nicely with the experimental data. The T is
thus determined to be 2.8 (a) and 1.1 K (b), respectively,
[28]. 6is 0.19 (a) and 0.22 (b), which is in the same order of
magnitude as that observed for Nb films [27].

For the \/7 X \/-3—-In surface, STS reported 7, = 3.1 K
[17], while the previous conductivity measurements
showed T, = 2.8 K [18], in agreement with our result.
For the SIC-Pb surface, T, = 1.8 K by STS [17], while
T. = 1.1 K in Fig. 1(b). Thus conductivity measurements
always show a lower T. than that obtained by STS. This
may be because the onset of superconductivity is very local
due to fluctuations and can only be detected by STS, while
the zero-resistance state can be realized when the fluctua-
tion is suppressed at a lower temperature.

We have applied magnetic induction B in the surface-
normal direction. Figures 2(a) and 2(d) show the sheet
resistance at 0.8 K as a function of B for the /7 X v/3-In
(a) and SIC-Pb surfaces (d), respectively. The supercon-
ductivity is broken and finite resistance appears. Since it
is difficult to precisely determine the upper critical field
(Hy = B.o/ o where wg is the magnetic permeability),
we approximate it by the value linearly extrapolated to zero
resistance in the p-B curves of Figs. 2(a) and 2(d). From
the Ginzburg-Landau (GL) theory, H ., can be related to the
coherence length &g, by

H,,(T) = ch((»(l - Tl)

c

oh
27 poéaL(0)*
3)

where £, (0) is the GL coherence length at zero kelvin and
¢ is the flux quantum [29]. Therefore, it is possible to
estimate the coherence length £ (0) from the temperature
dependence of H,. Figures 2(b) and 2(e) show the resist-
ance change with temperature under B. The superconduct-
ing transition is even more blurred by applying B. We have
defined the ““upper critical temperature” T, as an extrapo-
lation of the linear part of decrease in resistance down to
zero [30]. It is clear from Figs. 2(b) and 2(e) that T,
becomes lower as the magnetic field is increased. In this

HC2 (0) =
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FIG. 2 (color online). (a)-(c) for Si(11 1)\/7 X +/3-In (rect phase), and (d)—(f) for Si(111)SIC-Pb surfaces, respectively.
(a), (d) Magnetic field (B) dependence of the sheet resistance at 0.8 K. The solid lines show the extrapolation of the linear decreasing
part of the resistance to zero resistance to determine woH,. (b), (¢) The change of the sheet resistance with temperature under different
magnetic fields. The solid lines show the extrapolation of the linear decreasing part of the resistance to zero resistance to determine
Tc2. (c), (f) The upper critical field as a function of temperature. The solid lines are the results of fitting to Eq. (3).

(B, T.,) measurement, the applied magnetic field H =
B/uy at temperature T, is regarded as the upper
critical field H,,. Figures 2(c) and 2(f) show such
(H, T) phase diagrams together with the data point of
Figs. 2(a) and 2(d). The solid lines are results of least-
square fitting to Eq. (3). The woH(0) is 0.49 £0.02 T
and 0.11 £0.03 T for the two surfaces, respectively.
Accordingly, £51.(0) can be estimated to be 25 = 7 nm
and 74 =6 nm. The pugH, estimated by STS in
Ref. [17] for SIC-Pb is also shown in Fig. 2(f), which is
roughly consistent with our data.

Now let us compare the present results with the band
structure parameters obtained by angle-resolved photo-
emission spectroscopy. From the BCS theory [29], there
is another coherence parameter characterizing the super-
conductivity called the Pippard’s coherence length &,
which is given by

W2k
m*kBTC ’

“4)

£ hvp 2 (

O kBTC)

2A(0)

where v is the Fermi velocity, A(0) is the gap size at zero
kelvin, kg is the Boltzmann constant, k. is the Fermi wave
number, and m* is the effective mass. For the \/7 X \/-3_—In
surface, T, =2.8K, kp~ 14 A7, m*~1.1m, [31],
and 2A(0)/kgT,. = 4.16 [17] result in &, ~ 610 nm. For
SIC-Pb, there is no reported value of kp, but for the V7 X
\/3-Pb surface with less Pb coverage, kr ~ 1.36 A™! and
m* ~ 1.16m, [32]. Using these values, the same analysis
gives £y ~ 1.35 um [T, = 1.1 Kand 2A(0)/kgT,. = 4.4].

For pure materials at temperatures well below T,
£61.(0) = &, should hold [29]. But our analysis suggests
éq(0) < &, for both surfaces, meaning that real
Pippard’s coherence length & must be rewritten as
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FIG. 3 (color online). Temperature dependence of the sheet
resistance for the Si(111)+/7 X /3-In surfaces formed by initial
deposition of 3.2 ML-In on a flat substrate (red, slightly dark gray)
and on a 0.9°-vicinal substrate (blue, charcoal gray), 2.3 ML-In
(green, moderate gray) and 1.7 ML-In (orange, light gray) initial
deposition on a flat substrate, respectively. All surfaces were flash
heated at 430 °C to form the v/7 X +/3-In superstructure after
room-temperature In deposition. The T is 2.8, 2.8, 2.4, and 2.4 K,
respectively. The inset shows the normal-state sheet resistance as
a function of the initial In coverage formed on a flat substrate.
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TABLE I. Parameters of the superconductivity in Si(11 1)-v/7 X +/3-In and SIC-Pb surface superstructures. py is the resistance just
above the superconducting transition. NA indicates data are not available since measurements were not performed.

Surface Substrate | Coverage (ML) | py () | T, (K)| oH»(0) (T)| €61.(0) (nm)| &y (nm)| Bulk 7, (K)| Bulk ¢ (nm)
Hex-+/7 X /3-In 1.7 17500 "4 NA NA
Flat 2.3 2200 | 1.0 19
I Ee— 610 341 250440 [34]
Rect-v/7 X +/3-In 32 610 . 0.49 25
0.9° vicinal 32 440 . 0.40 29
SIC-Pb Flat 1.9 1300 1.1 0.11 74 1350 7.20 83 [35]

1/€ =1/&, + 1/1, where [ is the carrier mean free path in
the system. Since &g (0) should be close to &, our results
suggest £61.(0) ~ [ because &g (0) <K &. This means that
the coherence length is limited by the mean free path due
to the presence of defects at the surface (atom vacancies,
domain boundaries, etc.). In fact, the mean free path at the
\/7 X \/§-In surface is [ ~ 10 nm [6], on the same order of
magnitude as &g (0) estimated above. Since the sample
prepared on a 0.9°-off vicinal surface shows lower normal-
state resistance than that of the flat surface (Fig. 3, red
and blue curves), we believe that not the steps but the
defects within the terraces are the main source of carrier
scattering [33]. Another possible reason for the small &g
may be the intrinsically large fluctuation of the 2D super-
conductivity [29].

We next discuss the difference between the hex and
rect phases of the ﬁ X \/§—In surface. We changed the
Si substrate and the initial In coverages. Figure 3 shows
the temperature dependence of the sheet resistance of the
Si(111)+/7 X /3-In surface formed by initial deposition of
3.2 ML In on a flat substrate [red, same as Fig. 1(a)],
3.2 ML In on a 0.9° vicinal substrate (blue), 2.3 ML In
on a flat substrate (green), and 1.7 ML In on a flat substrate
(orange). It can be recognized that the T, for the lower In
coverage surfaces (2.4 K) seems to be slightly lower than
that of the 3.2 ML deposited surfaces (2.8 K). Considering
the fact that a recent theoretical work suggests the coverage
for the rect phase to be 2.4 ML [22], the surfaces with less
In deposition should be the hex phase. Thus, Fig. 3 clearly
shows that both the hex and rect phases show supercon-
ductivity, but with different transition temperatures. The
difference between the hex and rect phases can also be
noticed in the RHEED pattern [36].

Table I summarizes the parameters obtained in the
present study [37]. All the surfaces have the GL coherence
length on the order of several tens of nm. The three data
sets for the \/7 X \/§—In surface on a flat substrate show a
tendency that the surface with a lower normal-state sheet
resistance has a larger £5;(0). But they are still smaller
than &, by an order of magnitude, meaning that ¢ is
determined by the mean free path. Thus the normal-state
sheet resistance is closely related to the superconducting
properties. In the inset of Fig. 3, we have shown the

dependence of the normal-state sheet resistance on the
initial In coverage. It decreases drastically with increasing
In deposition. This is due to a transition from a phase
mixed of hex and rect to the rect phase only; the domain
boundaries in the mixed phase enhance the carrier scatter-
ing. In Figs. S1(a) and S1(b), the presence of the 4 X 1-In
phase is clearly seen for the 1.3 and 1.7 ML deposited
surfaces, while it disappears for 2.3 and 3.2 ML surfaces
of (c) and (d) [36]. Thus, it seems that nearly 2 ML of In is
needed to form the \/7 X \/§ periodicity over the whole
surface. This actually suggests that the coverage for the
hex—\ﬁ X \/§—In phase should be around 2 ML, consistent
with Ref. [22].

In summary, we studied the superconducting properties
of the Si(lll)ﬁ X \/§—In and SIC-Pb surfaces by the
in situ MFPP method in ultrahigh vacuum down to 0.8 K
with applying magnetic field up to 7 T. The T, of the
SIC-Pb surface was 1.1 K. We clearly distinguished the
difference of 7. for the hexagonal (2.4 K) and rectangular
(2.8 K) phases of /7 X +/3-In. The values of uoH.,(0) was
0.1-1 T, and the deduced GL coherence length was several
tens of nm. We have found that the superconducting co-
herence length in the present systems is determined by the
carrier mean free path, not by the intrinsic properties of
the surface-state band structures.
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the Japan Society for the Promotion of Science
(No. 22246006).
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