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CONDENSED MATTER PHYSICS

Stable vortices in the anomalous metallic state
observed on monoatomic-layer superconductors

Yudai Sato"?3*, Masahiro Haze', Ryohei Nemoto*, Wenxuan Qian*®, Shunsuke Yoshizawa®,

Takashi Uchihashi*®, Yukio Hasegawa1

The superconductor-insulator transition in two-dimensional (2D) systems has been extensively studied as a typi-
cal example of quantum phase transition. Recent investigations of highly conductive 2D systems have revealed
an intervening metallic regime, in which the electrical resistivity saturates at the limit of zero temperature. The
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nature and origin of this metallicity remain debated, partly because of the lack of microscopic understanding.
In this study, using scanning tunneling spectroscopy, we investigate the metallic state and other phases ob-
served in crystalline Pb monoatomic-layer superconductors formed on vicinal semiconducting substrates. Our
spectroscopic images reveal stable and isolated vortices in the metallic regime, distinct from delocalized or
liquidized vortices. These findings suggest that the saturated resistance in the metallic state arises from the
pinning-free vortex motion driven by the finite current applied for the transport measurements. Our disorder-
controlled microscopic experiments provide new insights into the fluctuation-induced phases of ultrathin crys-

talline 2D superconductors.

INTRODUCTION
Recent technical progress has enabled the fabrication of atomically
thin two-dimensional (2D) superconducting systems, such as super-
conducting interface (1-5), atomic sheets of transition metal dichal-
cogenides (6-8), and metal atomic layers on semiconductor surfaces
(9-17), to reinvestigate exotic superconducting properties in a more
controlled manner than previously achieved. One of the unique phe-
nomena in 2D superconductors is a superconductor-insulator transi-
tion (SIT) that occurs at the limit of zero temperature (18-28) by
introducing disorder (18, 23, 27), applying perpendicular magnetic
fields (21, 24), and reducing thickness (19, 20, 22, 24-26). As a typical
example of quantum phase transitions, SIT has been extensively stud-
ied in various 2D electron systems, including amorphous or granular
thin films (18-25, 27) and Josephson junction arrays (29, 30).
According to conventional theory (31), SIT is driven by the local-
ization of Cooper pairs thorough the phase fluctuation of the super-
conducting order parameter. The theory predicts that the transition
occurs when a sheet resistance Ry is around the quantum resistance Rq
for Cooper pairs (= h/4¢” = 6.45 kQ, where h is the Planck constant,
and e is the electron charge). It is believed that SIT occurs directly
from the superconductor to the insulator without any intervening
phases. Unexpectedly, however, investigations of SIT on less disor-
dered systems or atomically thin superconductors, which exhibit nor-
mal sheet resistance Ry less than Rq, have revealed the presence of an
intervening metallic regime called the anomalous metallic (AM) state
(4, 5,7,8, 14, 32-43). The AM state is characterized by a saturated fi-
nite resistance, which is lower than Ry at the limit of zero temperature.
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The origin of the AM state has been debated (4, 34, 36, 37, 42-49), and
some claim that it is due to delocalized vortices induced by quantum
fluctuations (QFs) (4, 34, 36, 42, 44-46). However, this remains unre-
solved, in part because of the lack of microscopic investigations.

Previous SIT experiments on 2D superconducting systems pri-
marily used macroscopic methods (e.g., electron and heat trans-
port) (4,5, 8, 14, 18-27, 29, 30, 32-34, 36, 38-43). Although several
microscopic studies on SIT using scanning tunneling microscopy
and spectroscopy (STM/S) have been reported, their targets have
been limited to highly disordered amorphous thin films (50-52).
Therefore, a microscopic investigation of SIT using STM/S on high-
ly conductive and crystalline 2D superconductors, which may ex-
hibit an AM state with precise control of the disorder, is desired.

Here, we report the magnetic field-induced SIT of superconduct-
ing Pb monoatomic layers formed on flat and vicinal Si(111) sub-
strates, where the surface steps act as controllable sources of disorder.
We first identified the range of magnetic fields that exhibit the AM
state in electrical transport measurements. Using STM, we obtained
spectroscopic images showing the spatial distribution of tunneling
conductance at the bottom of the superconducting gap [zero-bias
conductance (ZBC)] and observed stable and isolated vortices under
magnetic fields that correspond to the AM state, where stable vorti-
ces mean the ones not moving during STM observation. The ZBC
maps taken in the AM state are clearly different from those taken in
higher magnetic fields, where the enhanced ZBC is distributed over
the entire surface, presumably owing to delocalized vortices. Our
observation of stable and isolated vortices contradicts the model of a
quantum vortex liquid (VL), in which vortices are supposed to be
mobile owing to QFs. Instead, our results suggest that the pinning-
free mobile vortices driven by the current applied for the transport
measurements are responsible for the AM state. In addition, we in-
vestigated the role of disorder in the emergence of various states by
controlling the step density through the adjustment of the miscut
angle of the vicinal substrate. We observed a state exhibiting metallic
temperature dependence above the critical magnetic field on the flat
sample and found that the state transitions into an insulating state
upon the introduction of the disorder.
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RESULTS

Superconductivity of atomically thin 2D crystalline layers
The highly crystalline 2D superconductor investigated in this study
is a striped incommensurate (SIC) phase of monolayer Pb formed
on Si(111) substrates (9-11, 15-17, 53, 54). We used flat and vicinal
substrates tilted from the (111) orientation by 0.5° and 1.1°, respec-
tively, to introduce surface steps. The temperature (T)-dependent R
measured at zero magnetic field (B = 0), presented in Fig. 1A, exhib-
its a superconducting transition of the SIC phases formed on flat and
1.1° substrates at critical temperatures T, of 1.53 and 1.21 K, respec-
tively. T, values were estimated by fitting with the 2D Aslamazov-
Larkin and Maki-Thompson terms (55, 56), as shown in fig. S3 (A
and B) in the Supplementary Materials. The reduction in T, with the
introduction of steps indicates that steps act as disorder and, in oth-
er words, a resistance for atomic metal layers (10, 15, 16, 57-59). It is
noteworthy that Ry at 7> T, was much lower than Rq. The smeared
onset of Ry also allowed us to estimate the Berezinskii-Kosterlitz-
Thouless transition (60, 61) temperature Tgxr as 1.29 and 0.83 K for
the flat and 1.1° samples, respectively (see fig. S3).
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Figure 1B shows an STM image captured on a 1.1°-tilted vicinal
SIC sample. Steps with a height of 0.31 nm are found at an average
interval of 16.0 nm. This spacing is much shorter than the typical
terrace width (~400 nm) and superconducting coherence length
(~35 nm) of a flat sample. The inset shows an atomically resolved
image of the SIC phase, revealing characteristic domain structures
consisting of a local \/ 3-by- \/ 3-Pb structure with quasi—\/ 7-by-
\/ 3-Pb boundaries (54). The tunneling conductance (dI/dV) spectra
obtained by STM for both the flat (Fig. 1C) and vicinal (Fig. 1D) SIC
samples exhibit a superconducting gap at B = 0 (black curves). Fit-
ting the spectra using the Dynes function (62) yields gap sizes of
0.33 and 0.22 meV, respectively. The V-shaped dip observed in the
dI/dV spectra taken at 2 T (red curves), which is much higher than
the critical magnetic field B, (250 to 400 mT), is a zero-bias anom-
aly (ZBA) owing to Coulomb interactions enhanced by electron
scattering (63, 64). This dip is common in 2D metal layers (see
fig. S3) (13, 50, 65) and is enhanced by the disorder. Because the
ZBA remains invariant under the relevant magnetic field range, its
contribution can be eliminated by normalizing the spectra with
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Fig. 1. Superconductivity of monoatomic-layer Pb layers formed on flat and 1.1°-vicinal Si(111) substrates. (A) Temperature dependence of the sheet resistance R
of flat (black curve) and 1.1°-vicinal (blue curve) SIC samples under a zero magnetic field. (B) STM image of the SIC phase formed on a 1.1°-tilted vicinal Si(111) sample.The
inset shows a magnified image (sample bias voltage Vs = 1V and tunneling current It = 20 pA). (C and D) Tunneling conductance (dl/dV) spectra taken at T=0.36 K on (C)
the flat and (D) 1.1°-vicinal samples under the out-of-plane magnetic field of 0 T (black circles) and 2 T (red circles), respectively. The tip was stabilized at Vs = 2.2 mV and
It = 400 pA. The blue line indicates a fitted Dynes function with parameters of a superconducting gap A, the pair-breaking parameter I, and effective temperature Tegt
(A =0.33meV,I"=2peV, and T = 0.97 K for the flat sample; A = 0.22 meV, I" = 2 peV, and Ter = 0.85 K for the vicinal sample). The fitting was performed after normalizing
the spectra to those obtained at 2 T.
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those obtained at a magnetic field above B,. The value of 2A/kgT.
for the vicinal sample (5.0) is larger than that of the flat sample (4.2).
The increase in 2A/kgT. can be understood as follows: The reduced
T, of the vicinal sample is mainly due to the suppression of the su-
perconducting phase coherence, while A and the Cooper pairs are
not suppressed in comparison with the phase (66). This suggests an
important role for the steps in the breaking of phase coherence,
which leads to the decoherence and localization of Cooper pairs.

AM states in SIT

We then performed transport measurements under an out-of-plane
magnetic field B. Figure 2A displays the Ry-T curves obtained for
the 1.1°-tilted vicinal sample under various magnetic fields. At B =
0, Ry decreases to zero, and the sample becomes a superconductor
at low temperatures. However, in the range of 25 mT < B < 100 mT,
R, exhibits saturating behavior near T'= 0, indicating the presence
of finite resistance in the limit of T = 0, that is, an AM state (4, 5,
7,8, 14, 33, 34, 36-41, 43). Near T = 0, Ry increases with T (dR/dT >
0); that is, R exhibits metallic temperature dependence below B =
200 mT. Subsequently, the temperature dependence switches to
insulating (dR/dT < 0) at approximately B = 300 mT. A similar
SIT with intervening metallic states was observed in the flat sample
(see fig. S4B).
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Fig. 2. Surface electron transport measurements under out-of-plane magnet-
ic fields. (A) Temperature dependence of R; for the 1.1°-vicinal SIC sample under
out-of-plane magnetic fields. (B) Arrhenius plots of (A). The dotted lines corre-
spond to the resistance resulting from the thermally activated vortex motion, and
the dashed lines are the saturated resistances at low temperatures. (C) Saturated
resistance as a function of the magnetic field.
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In the Arrhenius plot (Fig. 2B), the temperature-independent por-
tion (dashed line) represents the AM state. The linearly increasing
part (dotted line) corresponds to the thermally activated motion of
the vortices (67), described by R, o exp[—U(B)/kgT], where U(B) is
the magnetic field-dependent potential barrier for the vortex motion,
and kg is the Boltzmann constant (see text S4 in the Supplementary
Materials). The crossover temperature, T¢yos, Was determined as the
crossing point of the dashed and solid lines for each magnetic field.

STM on AM states

After confirming the presence of the AM state through transport
measurements, we performed STM for microscopic elucidation to
reveal the behavior of the vortices. Figure 3 (B to P) shows a series of
ZBC maps taken on a 1.1°-tilted vicinal sample at 0.36 K on the
same area as the STM image of Fig. 3A under various magnetic fields.

In the ZBC image of B = 30 mT (Fig. 3C), an oval-shaped vortex
was observed and different from the round vortex observed on the
flat sample (fig. S6). These elongated vortices are called Abrikosov-
Josephson vortices because of the limited critical current density
across high-density steps (12, 16, 28). Despite the presence of steps,
the vortices maintain an intrinsic triangular-lattice arrangement as
shown in Fig. 3 (D to F), indicating that the pinning force is still
weak compared with the intervortex interaction. Our previous work
indicated that in the SIC phase on the vicinal substrates, where the
oval vortices are situated across approximately four steps on average,
the pinning force at these steps is rather weak because of the very
weak electronic disruption across each single step (16).

With an increase in B, the density of the vortices increased,
which is consistent with that expected from the magnetic flux den-
sity (Fig. 3Q). However, at 120 mT (Fig. 3F) and above, the number
of observed vortices, which is obtained by counting the local maxi-
ma in the ZBC images, is less than that expected, suggesting that
some of the vortices are delocalized in the timescale of the STM
scanning, as will be discussed later in detail. At 240 mT and above
(Fig. 3,] to L), individual vortices are not resolved and the high ZBC
area spreads over the surface, presumably owing to the liquidation
of all the vortices (68). The flat sample also exhibits stable vortices
and vortex liquidation, as shown in fig. S6. We note that the transi-
tion from the stable vortex to the delocalized vortex, and subse-
quently to the VL, cannot be detected in transport measurements,
where the AM state appears.

According to the Arrhenius plot in Fig. 2B, at 0.36 K, where 1/T
is 2.8, the AM state appears under magnetic fields of 0 < B < 100 mT,
where the ordered vortex state is observed by STM. In this regime,
the saturated resistance increases proportionally with B, as shown
in Fig. 2C, indicating that the resistance is proportional to the den-
sity of the vortices. This proportional relationship suggests that the
resistance is due to the pinning-free motion of the vortices (4). The
slope of saturated Rs(B) (6.4 X 10% Q/T) is larger than the expected
value Ry/Be, (2.8 X 10° Q/T), as predicted by the Bardeen-Stephan
model (69). This suggests that in the AM state, vortices move more
diffusively than expected. This behavior is commonly observed in
systems exhibiting the AM state (4, 8).

In the AM state, the vortices are stable under no lateral cur-
rent flow, as observed by STM. However, they become mobile in a
pinning-free manner under the current applied for transport mea-
surements, presumably owing to weak vortex pinning. It is inconsis-
tent with that of quantum fluctuation-induced vortex mobility. The
extrinsic origin of the AM state we observed is in line with recent
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Fig. 3. STS measurements under out-of-plane magnetic fields. (A) STM image of the 1.1°-tilted vicinal sample. (B to P) ZBC maps under various out-of-plane magnetic
fields obtained in the same area as (A) (Vs = 2.2 mV, t = 400 pA). (Q) Number of vortices as a function of magnetic field. The solid black line indicates the number of vorti-

ces estimated from the applied magnetic field.

reports that it is suppressed by the insertion of a radio frequency
filter in transport measurements, where unintended ac components
of the current induce the motion of weakly pinned vortices in 2D
systems (41, 70-72).

As shown in Fig. 3Q, some vortices begin to delocalize at ~120 mT,
and all of them are liquidized at ~240 mT. In the VL phase [240
to 360 mT; see Fig. 3 (I to L)], the superconducting gap remains and
becomes shallower with the magnetic field because of the increase
in the number of delocalized vortices.

In the 360-mT ZBC map (Fig. 3L), ZBC appears homogeneous
over the entire area, indicating that the applied magnetic field is
close to B.,. We estimated B, from the evolution of ZBC as a func-
tion of B. In a plot of the peak value p in the ZBC histogram ob-
tained away from the vortex centers (Fig. 4B; see text S7 in the
Supplementary Materials for details), one can see that p increases
linearly with B (solid lines). B, is obtained from the intersection of
the solid line with the saturated value (dashed line) (9, 10). The ob-
tained critical field, B, = 344 + 6 mT (red line), is consistent with
that obtained from the transport measurement, as discussed later.

Above B, the gap remains but is slowly suppressed with B and
eventually disappears at ~600 mT. The magnetic field at which the
gap disappears is denoted by B = 552 + 34 mT, as indicated by the
green line in Fig. 4B. Figure 4D shows the color-coded dI/dV spec-
tra normalized by the spectrum taken at 2 T of the vicinal sample
under various magnetic fields. The blue region around 0 T corre-
sponds to the superconducting gap. Above B, (red line), the gap

Sato etal., Sci. Adv. 12, eadu9610 (2026) 20 March 2026

remains, albeit with no coherence peaks. Last, the gap disappears
completely at B*. The observed gaps are similar to a pseudogap re-
ported for MoGe amorphous thin films (52); thus, we attributed the
gap to phase-incoherent Cooper pairs induced by the phase fluctua-
tions following the interpretation of a previous study (38). We note
that we could see no distinct features corresponding to B* in trans-
port measurements.

B-T phase diagram in transport properties

B,’s and phases above the fields were investigated using transport
measurements. To estimate Bg,, we applied the Ullah-Dorsey (UD)
scaling theory (73) at T > T/2, as described in fig. S5D. The ob-
tained Bg’s are plotted in the B-T phase diagrams of the vicinal
samples in Fig. 5D. The Wertharmer-Helfand-Hohenberg (WHH)
theory (74) is used to evaluate B,(T) at T < T/2 (dashed curve). B,
obtained by STM at T'= 0.36 K (344 + 6 mT), marked with a black
square, is consistent with the WHH curve.

Above B, we define the superconducting onset temperature
Tonset as the boundary between the regions with metallic (dR/dT > 0)
and insulating (dR/dT < 0) temperature dependencies, correspond-
ing to the temperature at which dR/dT = 0, as shown in Fig. 5A. To
see the boundary in the lower temperature side, we took the cross-
point By of the two Rs-B curves obtained at the nearest tempera-
ture, which is equivalent to the magnetic field at Topger (5). Beross 1S
indicated by the dots in Fig. 5B. The obtained Topser and Beyoss data
points are plotted in the phase diagram. The same analyses were
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correspond to the upper critical magnetic field B.; and the field at which the pseudogap disappears B*, respectively. The dataset used for analysis is shown in fig. 56 and Fig. 3.
(C and D) Color-coded differential conductance (dl/dV) spectra under various magnetic fields taken on (C) flat (Vs = 9.2 mV, I = 200 pA) and (D) 1.1°-vicinal samples (Vs =2.2 mV,

Iy =400 pA). The values were normalized by the conductance under 500 mT for the flat sample (18 nS) and under 2 T for the 1.1°-vicinal sample (143 nS).

A
1200
1140
g
S
X 1080
1020
7 2 3 4
T (K)
c Flat
600 F - ' 7
b
400 - = R 7
e QF =g <0
E -
m S % Uy
200F ™, & 1
\.\ 17}
2N TF
o 1AM ey
0 1 2 3
T (K)

B
1200

1020

B (mT)

400

200

B (mT)
1.1°-vicinal
I . ' 1= 10T
= B,(T)by UD
= B,(T)by STM
:\ . 1" Ter(B)
\‘\ . Tcross(B)
\‘T.l._‘ Tonset(B)
I ‘\‘ ﬁ_ i - Bcross(T)
'/Z“' R PR B,(T) by WHH
¢ \h TF
AM = =
0 1 2 3
T (K)

Fig. 5. B-T phase diagrams of flat and vicinal samples. (A) Zoomed-in plots of Rs-T curves in Fig. 2A around points with dRy/dT = 0. (B) R-B curves taken at various temperatures
from 0.56 to 1.86 Kwith anincrement of 0.1 K. Crossing points B.ross, 0pen circles. (Cand D) B-T phase diagrams of the flat and 1.1°-vicinal samples. S, superconductors; AM, anomalous.

Sato etal., Sci. Adv. 12, eadu9610 (2026)

20 March 2026

50f8

9202 ‘02 Yoe I\ U0 80UBI0S S[RLIBIR A J0J 81n1iisu| jeuoiieN e 610'80us 105" Mamm//:sdny Wod) pepeojumoq



SCIENCE ADVANCES | RESEARCH ARTICLE

performed for the flat sample [see figs. S4 (B to D) and S5 (A to C)]
and are presented in Fig. 5C.

We first examine the region below B.,(T) in the phase diagrams.
Near B = 0, R, is zero when T < Tgkr. This area is defined as the
superconducting phase (S). The area where R # 0 can be separated
into two regimes by Ts: The region where T < Ty is the AM
state, and the remaining T > T region is the thermally activated
VL phase (TVL). In B > B,,(T), the superconducting onset curve by
Tonset (light green squares) and Beoss (green) divides the area into
two regions with metallic (pinkish) and insulating (orange) tem-
perature dependences. The metallicity outside the B,(T) curve is
due to the formation of Cooper pairs induced by fluctuations. The
region near B = 0 corresponds to the paraconductivity induced by
thermal fluctuation (TF) (55, 56). In the case of the flat sample, the
metallic region extends further than that of the vicinal sample,
reaching zero temperature above B.,(T). Because the TF is sup-
pressed in the limit of T' = 0, the metallic part near T = 0 likely
originates from QF. A similar metallic phase was observed in previ-
ous studies of slightly disordered systems and was attributed to the
quantum Griffith state (QGS) (5, 75). It is believed that in the QGS,
rare regions that are locally superconducting persist in normal met-
als by QF. Although the divergent behavior of the critical exponent,
one of the characteristic features of the QGS, was not confirmed in
our measurement, the multiple cross points in the R¢-B curves, an-
other characteristic of QGS, can be seen in our flat sample (inset of
fig. S4D). The observed multiple cross points are in marked contrast
to the conventional SIT, where all the Rs-B curves cross at a single
point (33). For the 1.1°-vicinal sample, the superconducting onset
curve did not reach zero temperature. The disorder induced by the
steps of the 1.1°-tilted vicinal sample prevents the QF phase, which
is consistent with the fact that the QGS emerges only in slightly dis-
ordered systems (5, 75).

Disorder-dependent phase evolution

Combining all the results obtained by the transport and STM mea-
surements, we created a phase diagram of magnetic field versus dis-
order at T = 0.36 K, as shown in Fig. 6. Here, we have added the
STM results obtained for a 0.5°-tilted vicinal sample (fig. S8). The red
and green dotted lines represent B, and B, respectively. The gradual
increase in B, with disorder is due to the reduced coherence length
induced by the presence of steps (16).

The region below B, (red line) is separated into the VL phase (light
blue) and AM phase (purple). In the AM states, stable vortices were
observed using STM. However, they were not observed in the VL
phase. The VL phase spreads over a wider range of B on the disordered
samples, which implies that the disorder promotes the liquidation of
the vortices, as explained by disorder-induced phase fluctuation. It is
consistent with previous studies that reported invisible vortices in thin
superconducting films (50) and the enhancement of the VL phase by
increasing the R; of the superconducting films (76).

In the range of B, < B < BY, a pseudogap due to fluctuation-
induced Cooper pairs was observed in the tunneling spectra. In the
transport measurements, this region is separated into two phases,
metallic and insulating, depending on the degree of disorder. The in-
sulating regime is due to the presence of localized pairs, whereas the
metallic regime is due to nonlocalized but incoherent Cooper pairs.
This implies that through the introduction of these steps, the system
approaches that of the conventional SIT (31). These localized pairs
disappear at B*, where the superconducting amplitude vanishes. The

Sato etal., Sci. Adv. 12, eadu9610 (2026) 20 March 2026

increase in B* with disorder corresponds to a previous numerical in-
vestigation of the SIT (77), where the amplitude survives at higher B
in the case of a highly disordered system. The persistent preformed
pairs with disorder are understood by the same analogy of B, en-
hancement: the reduced size of the localized Cooper pairs.

DISCUSSION

Here, we present the results of both macroscopic (transport) and
microscopic (STM) measurements of monoatomic-layer supercon-
ducting films on vicinal substrates to investigate magnetic field—
driven and disorder-driven phase evolution. Our study focuses on
the atomic-layer films as an ideal platform for probing the quantum
phase transition of 2D superconductors, given their intrinsic lack of
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Fig. 6. Magnetic field-disorder (step density) diagram at T = 0.36 K. The phase
diagram is obtained from the combined results of transport and STM measure-
ments. Background colors indicate phases corresponding to the AM state (purple),
metallic region (pink), and insulating region (orange) determined by transport
measurements. The black dashed line represents the border between the metallic
and insulating regions. The stars indicate the characteristic magnetic fields ob-
tained from STM analysis: B, (red) and B* (green).
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disorder and ability to precisely control disorder by adjusting the
miscut angle of the substrate without disturbing the crystal struc-
tures on terraces. Through a combination of macroscopic and mi-
croscopic measurements, we unveiled various unique phenomena
in quantum phases. Notably, we found unexpected stable vortices in
the regime of AM states, shedding light on the role of QFs in quan-
tum phase transitions.

MATERIALS AND METHODS

Sample preparation

In our experiments, we used both flat and vicinal Si(111) wafers as
substrates. The vicinal substrates were tilted by either 0.5° or 1.1°
toward the [ﬁZ] direction (see fig. S1 in the Supplementary Materi-
als). To create a SIC structure of Pb/Si(111), we initially prepared an
atomically clean Si(111) 7-by-7 surface by outgassing at 600°C for
several hours and flashing it at 1200°C multiple times. Subsequently,
the SIC structure was formed by depositing 1.5 Ml of Pb on a clean
Si(111) substrate at room temperature, followed by annealing at
358°C for 105 s. The resulting structure was confirmed by STM.

Surface electron transport measurements

For measuring the electrical conductance of the surface conductive
layer, a four-terminal pattern with a probed area of 1.2 mm by 0.3 mm
was created on the sample surface by Ar* sputtering through a shad-
ow mask, as illustrated in fig. S2. The sample orientation was ad-
justed so that the current flowed along the (1 10) direction, which is
parallel to the steps of the vicinal substrates (fig. S1A). Transport
measurements were conducted in a *He-cooled ultrahigh-vacuum
low-temperature system. To prevent current flow through the sub-
strates, nondoped Si(111) (p > 1000 ecm) was used. Resistance was
calculated as the measured voltage divided by the bias current (1 pA).
We confirmed that the current I is sufficiently low to avoid the en-
hancement of resistance with the increase in I5 (see text S2 for the
detail). The dc resistance of the samples was measured using a nano-
voltmeter (Keithley 2182A) with a dc bias current generated by a
source meter (Keithley 2401) without filtering.

STM/S measurements

STM/S measurements were carried out at 0.36 K using a *He-cooled
ultrahigh vacuum low-temperature scanning tunneling microscope
(Unisoku USM-1300 with a Nanonis controller) equipped with a
superconducting magnet capable of generating an out-of-plane
magnetic field of up to 7 T. The tunneling conductance (dI/dV)
spectra were acquired using a lock-in method with a modulation
amplitude and frequency of a 30-pV peak and 971 Hz, respectively.
Highly doped Si(111) substrates (As-doped, 1 to 3 mQecm) were
used for STM measurements.

Supplementary Materials
This PDF file includes:
Supplementary Text S1 to S7

Figs. S1to S8
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