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Two-dimensional superconductivity in atomic layers has recently attracted considerable attention owing to its
intriguing different physical properties compared to that of the three-dimensional cases. By using an in situ four-point
probe method in ultrahigh vacuum, we measured the transport properties of Pb atomic layers with different thicknesses
and structures grown on a Ge(111) substrate at low temperature. The transition to zero resistance was observed around 4
and 6 K for deposition amounts of Pb corresponding to 3 and 10 monolayers, respectively. We found that both samples
are two-dimensional superconductors because the coherence length is much longer than the film thickness. We also
found that even though the surface is not entirely covered by Pb(111) islands, the samples exhibit superconductivity
which indicates that superconductivity is induced in the wetting layer by the proximity effect from the Pb islands. For
understanding two-dimensional superconductivity, it should be discussed by combining the structure analysis.

Superconductivity has been studied in various materials for
a long time. Particularly, in recent years two-dimensional
(2D) superconductivity at one or a few atomic layers has
been reported!'™'” because of its interesting physical proper-
ties, e.g., anomalously large critical magnetic field in the in-
plane direction,!? significantly higher transition temperatures
T, at one-unit-cell layer compared to the bulk crystal,? and
Berezinskii-Kosterlitz—Thouless transitions.*"® A straight-
forward way to discuss and understand such 2D super-
conducting properties is to compare the transport character-
istics between bulk and thin films of the same materials.

Lead is a well-known superconducting material whose 7
and Bardeen—Cooper—Schrieffer coherence length at 0K &
are 7.2 K?? and 83 nm,?" respectively, for three-dimensional
(3D) bulk Pb. What happens to T, and &, when the thickness
of Pb decreases down to the atomic scale, i.e., the dimension
changes from 3D to 2D? It has already been reported that
2D Pb structures show superconductivity and their 7. is
suppressed owing to the reduced dimensionality.>>!'~1® For
example, for Pb thin films grown on Si(111), T, is dependent
on the nominal film thickness,?>"''=13 and the value of the
superconducting gap of Pb islands is affected by the
geometric size of the islands.'>1319 Most of these studies
have been performed using scanning tunneling spectroscopy
(STS)'>1519 and have determined 7T, locally from the
superconducting energy gap. We need to observe the
transition to zero resistance by transport measurement in
order to discuss the superconducting properties at the
macroscopic scale. However, there are only a few studies
regarding the lateral transport properties along the surfaces
of 2D Pb structures: in situ in vacuum?® and ex situ in air.”
On the other hand, to clarify the dimensionality of super-
conductivity, it is useful to compare &, with the film
thickness.” The dependence of & on film thickness is still
unknown for thinner Pb films; only one paper by Ning et al.
reports measurements of &, for Pb/Si(111) films with
thickness of 25, 60, and 165 monolayer (ML)?>" by analyzing
superconducting vortices by scanning tunneling microscopy
(STM).
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In this study, we investigated superconducting properties of
Pb/Ge(111). The structure of Pb atomic layers grown at low
temperature (LT) was measured by STM and reflection high-
energy electron diffraction (RHEED). We measured the
transport properties using an in situ four-point probe (4PP)
method in ultrahigh vacuum (UHV) under a surface-normal
magnetic field for two different structures: a continuous Pb
film structure and a surface that is not fully covered by Pb
islands. The former showed a superconducting transition
similar to that of a Pb thin film on Si(111).>!%!13 Surprisingly,
the latter also showed zero resistance although Pb islands
were not connected to each other, suggesting the presence of
the proximity effect caused by the penetration of Cooper pairs
from superconducting Pb islands to the wetting layer.

We obtained STM images by using the Omicron
MULTIPROBE system in the constant-current mode with a
mechanically cut Ptlr tip after annealing in UHV. Transport
measurements were performed using the in situ 4PP tech-
nique in a UHV system (Unisoku USM-13008S).2? Since we
used two separate UHV systems for STM and transport
measurements, we paid close attention to determine the
deposition amounts of Pb. The STM system is equipped with
a hemispherical analyzer for angle-resolved photoemission
spectroscopy; thus, we can confirm the Pb thickness by the
energy band dispersion of quantum well states in the Pb
film.?*2> We can also determine the Pb deposition amount by
RHEED oscillations for the transport measurement system.>>
The Pb coverages thus determined were cross checked by
using various Pb-induced phases on a Si(111) substrate.”® In
both systems, we were able to determine the characteristics of
the sample without exposing the surface to air.

An n-type Ge(111) substrate with a resistivity of 40—
65 Qcm at room temperature (RT), was cleaned by several
cycles of 1.0keV Ar" bombardment for 20min and
subsequent annealing up to 870K for 20 min in UHV. We
obtained a clean Ge(111)-c(2 X 8) surface structure on which
Pb was deposited. It should be noted that the deposition
temperature of Pb on the Ge substrate is very crucial for the
growth of Pb atomic layers.?>>*27-30 It has been reported that
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when depositing Pb at RT, Ge(lll)-ﬂ-ﬁ x v/3-Pb super-
structure is formed initially, and Pb(111) 1 X 1 islands are
formed sparsely on the superstructure afterward.”® On the
other hand, other groups reported that the layer-by-layer
growth of Pb layers on Ge(l111) was realized by LT
deposition.???**") In our study, therefore, Pb deposition
was carried out on the Ge substrate at LT (~110 K) to obtain
continuous atomic-layer structures. The Pb coverage was
controlled by the deposition time at a constant deposition
rate. The deposition rate was determined by using the
formation of striped incommensurate (SIC) phase Pb/
Si(111), which corresponds to 1.33ML.!%17:263D In our
study, the definition of 1ML is an atomic density of
7.22 x 10'* atoms/cm?, equal to the atomic density of the
Ge(111) unreconstructed surface.?” We always maintained
the substrate temperature below 110K during Pb deposition
and all processes in the chamber. We confirmed the 1 X 1
structure of Pb by RHEED pattern observation before and
after transport measurement; therefore, it can be said the
sample was maintained at low temperature during sample
transfer in the chamber.

Figures 1(a)-1(e) show the RHEED patterns of Pb atomic
layers on Ge(l111) obtained at ~110K for 0, 1, 3, 4, and
10ML coverages, respectively. By the deposition of Pb, the
fractional-order spots derived from the Ge(111)-c(2 X 8)
reconstructed surface [Fig. 1(a)] became weaker, and then,
they finally disappeared at 1 ML deposition, resulting in only
Ge(111) 1 x 1 fundamental spots remaining [Fig. 1(b)]. With
additional Pb deposition up to 3 ML [Fig. 1(c)], new streaks
gradually came to appear at positions different from those of
Ge(111) 1 x 1 fundamental spots which were simultaneously
disappearing. At last, only those new streaks were observed
with Pb coverage over 4 ML as shown in Figs. 1(d) and 1(e).
The structural changes are more clearly expressed by the line
profiles of the respective RHEED patterns in Fig. 1(f). By
comparing to the known value of the lattice constant of
Ge(111) (0.565nm), we estimated the lattice constant of the
4 ML-Pb-deposited sample [Fig. 1(d)] to be 0.495 + 0.007
nm. This value agrees well with that of Pb(111) 1x 1
(0.492 nm), which implies that the Pb(111) thin film grows
epitaxially on Ge(111) with Pb deposition more than 4 ML.

Next, STM measurements were performed on 0, 1, 3, and
10ML coverages of Pb at ~110K. Initially, the c(2 X 8)
structure of Ge(111) clean surface was observed with atomic
resolution [Fig. 2(a)]. After 1 ML deposition of Pb, the
surface was not covered completely by small clusters of
2-3nm in size [Figs. 2(b) and 2(e)], but the surface was fully
covered by the wetting layer under clusters. The wetting layer
showed a 4 X 4 periodicity only locally, while most of the
areas of the wetting layer were not well-ordered. Thus, we
could not discuss the structure and atomic density of the
wetting layer, but the height of this layer was approximately
one atomic layer of Pb.

At 3ML coverage of Pb, Pb(111) 1 X 1 islands of around
10nm in size were sparsely distributed as in Figs. 2(c) and
2(f), showing a Stranski—Krastanov-type (SK-type) structure.
The 1 x 1 periodicity was observed on the Pb islands by
atomic-resolution STM images, while no atomic images were
obtained on the clusters. With 10 ML deposition of Pb, the
surface was almost fully covered by Pb islands with different
heights [Figs. 2(d) and 2(g)]. We can define it as a film
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Fig. 1. (Color online) (a)—(e) RHEED patterns of Pb on Ge(111) deposited
at ~100 K with different Pb coverages. (f) RHEED intensity profiles along a
horizontal line near the shadow edge in (a)—(e). Purple and green dashed lines
correspond to Ge(111) and Pb(111) lattice constants, respectively.
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Fig. 2. (Color online) (a)—(g) STM images of Pb on Ge(111) with different
Pb coverages. (a) Ge(111) ¢(2 x 8) clean surface (Vy, = +1.0V, I = 1.0
nA). (b, e) IML-Pb (Vy, =+1.0V, [ =0.2nA). (c, f) 3ML-Pb [(c)
Vo =+1.0V, I = 0.5nA, (f) Vi, = +0.2V, I, = 0.1 nA]. (d, g) 10 ML-Pb
(Vb = +1.4V, I, = 0.1 nA). (h) Line profiles along yellow arrows shown in
@)

exactly because of their atomic lattice periodicity and layer-
by-layer growth. Hereafter, the SK-type structure at 3 ML
and the film structure at 10 ML are collectively called 2D Pb
structures.

Figure 2(h) shows the height profiles at different Pb
coverages from Figs. 2(e), 2(f), and 2(g), respectively. One
can see that the clusters and islands have different heights
(0.24nm measured from the wetting layer and 0.32nm
measured from clusters, respectively). The Pb island at
10ML Pb coverage shows several steps (0.28 nm/step)
which matches that of bulk Pb(111) lattice plane spacing
(0.286 nm). The clusters can consist of not only deposited Pb
atoms, but also Ge adatoms comprising the Ge(111)-c(2 X 8)
reconstructed surface structure. However, these are not
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distinguishable by STM. With Pb deposition more than
1 ML, more clusters appeared on the wetting layer, while the
Pb islands appeared on the wetting layer for 3 ML-Pb
deposition or more [Figs. 2(c) and 2(f)]. It seems that the
height of Pb islands measured at 3 ML coverage is 0.32nm
above the clusters, which is different from the value of the Pb
lattice plane spacing (0.286 nm) of bulk Pb(111) [Fig. 2(h)].
If Pb islands grow directly on the wetting layer, the total
height from the wetting layer should be 0.56 nm = 0.24 nm
(cluster) + 0.32nm, which roughly corresponds to 2 ML Pb
(= 0.286 x 2nm). Below the Pb islands and clusters, the
wetting layer exits. While its thickness is unknown, it should
be around 1 ML. Then, the total amount of Pb including the
wetting layer, clusters, and islands is more than 2 ML but less
than 3 ML, which corresponds to the deposited amount. This
estimation is reasonable when one considers the amount of
Pb by the atomic density of Pb(111). We estimate the 3 ML-
Pb/Ge sample in this study contains ~2.3 ML of Pb(111)
because the definition of 1ML is an atomic density of
Ge(111), which corresponds to 0.766 ML of Pb(111) because
of the different lattice constants between Ge(111) and
Pb(111). The estimation of the thickness is also compatible
with a sample of 10 ML Pb thickness.

Next, the transport results are discussed. We performed
in situ 4PP transport measurements of these structures in
UHV. The 4PP system consists of four copper wires of
100 um in diameter, aligned on a line with a probe spacing of
~200 um. The probes were gently brought in contact with the
sample surface. The sample and probes were cooled down
to ~0.8K, and magnetic fields up to 7T were applied
perpendicular to the sample surface in UHV.

Figure 3(a) shows the temperature dependence of the sheet
resistance of 1, 3, and 10 ML-Pb/Ge(111). We observed zero
resistance for 3 and 10 ML-Pb, while 1 ML-Pb shows no sign
of superconductivity down to 0.8 K. The resistance drop for 3
and 10 ML looks gradual even above T, which is typically
observed in 2D superconductors.!">3-11:1718.25) Egpecially,
the observation of the superconducting transition at 3 ML-Pb
is remarkable because the surface is not entirely covered by
Pb islands, as shown in Figs. 2(c) and 2(f).

First, we focus on the results of the 3 ML-Pb sample. The
sheet resistance was measured as a function of temperature
under different magnetic fields applied perpendicular to the
sample surface [Fig. 3(b)]. We observed that superconduc-
tivity is broken under a magnetic field of 1.7T. The
magnetoresistance at different temperatures are also shown
in Fig. 3(c). Here, the upper critical field [puoHo(T)] is
extracted from Figs. 3(b) and 3(c), by defining poH(T)
at which the sheet resistance is half of the normal-state
resistance. The obtained temperature dependence of
uoHo(T) is plotted in Fig. 3(d), which shows a linear
relation with temperature. This is in the framework of the
Ginzburg—-Landau (GL) theory, as shown below:

1 _ bo _ 1
HoHED) = 5 07 (1 Tc>’ o

where ¢ is the flux quantum. From the fitting of the
experimental data with Eq. (1), uoH»(0) and the GL
coherence length at 0K [£gL(0)] are estimated to be 1.5T
and 15nm for 3 ML Pb coverage, respectively. There would
be an argument that it is not reasonable to apply Eq. (1) to
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Fig. 3. (Color online) (a) Sheet resistance at 1, 3, and 10 ML Pb coverages
as a function of temperature. 7, = 3.58 and 6.00K for 3 and 10ML,
respectively, obtained by the theoretical fitting (black lines). (b, c¢) Sheet
resistance of Pb 3 ML with temperature under different magnetic fields (b)
and with magnetic field under different temperature (c). (d) Temperature
dependence of the upper critical field obtained from (b) and (c). Solid black
line denotes the fitting result by GL theory.

our 3 ML-Pb sample because it possesses an inhomogeneous
structure as shown in Figs. 2(c) and 2(f). However, since we
obtained the zero resistance globally, as the first attempt we
apply the GL theory to our transport results assuming the
3ML-Pb sample as a homogeneous 2D superconductor.
Since this value of {5 (0) = 15 nm is much longer than the
film thickness (3 ML = 0.28 X 3 = 0.84 nm in average), we
can conclude that the dimensionality of superconductivity is
actually 2D. Thus it can be said that the gradual resistance
drop above T, in Fig. 3(a) is caused by the superconducting
fluctuation of 2D superconductors.

We finally estimated 7 to be 3.58 K for 3 ML-Pb by fitting
to the Aslamazov—Larkin—Maki—-Thompson correction in-

cluding the effect of the 2D superconducting fluctuation®?-3*
as
1 32 Tc
= o3 = —0
P 00 + oAL + omT A7 Ten T-T.
e’ T, T-T,
=— 1 , 2
Mt = A T— (40T, 5T, 2)

where o( and 6 are the normal-state sheet conductivity and
the pair-breaking parameter, respectively. The solid (black)
lines fitted by Eq. (2) in Fig. 3(a) agree nicely with the
experimental data.

Likewise, the sheet resistance of the 10 ML-Pb film was
also measured while varying the magnetic field, as shown in
Fig. 4(a). The critical magnetic field depends linearly on the
temperature [Fig. 4(b)] again, similar to that as for the 3 ML-
Pb sample. The fitting results are poH(0)=1.4T and
£GL(0) = 15 nm, which is still longer than the film thickness
(0.286 x 10 = 2.86 nm on average). Thus, we conclude that
the 10 ML-Pb film is also a 2D superconductor, for which we
obtain a 7. = 6.00K by the same theoretical fitting as for
3 ML-Pb [Fig. 3(a)].

Now, we discuss the origin of superconductivity in these
2D Pb structures. We illustrate the schematics of the
structures in Fig. 4(c) for the respective Pb deposition

©2018 The Physical Society of Japan
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Fig. 4. (Color online) (a) Sheet resistance of 10ML-Pb sample as a
function of magnetic field under different temperatures. (b) Temperature
dependence of the upper critical field obtained from (a). Solid black line is
a fitting result by GL theory. (c) Schematics of 2D Pb structures, together
with superconducting penetration areas caused by the proximity effect for
1ML, 3ML, and 10 ML-Pb samples. (d) The thickness/deposited amount
dependence of T of 2D Pb structures on semiconductor substrates. Square
dots (blue) indicate our result on Ge(111) using the bottom axis [1 ML is
defined by the atomic density of Ge(111) unreconstructed surface]. Circle dots
denote results on Si(111) in previous reports by Qin et al.'? (filled, red) and
Eom et al.'? (open, pink), respectively, using the top axis [Thickness of
islands/film measured from the wetting layer is defined by the atomic density
of Pb(111)]. The deposition amounts are the same on the top and bottom axes.

amounts. The Pb film of 10ML deposition shows super-
conductivity, where Pb(111) 1 x 1 islands cover the whole
surface of the substrate. According to other 2D super-
conductors, the T, of a thin film is lower than that of the bulk
owing to the confinement effect.>!'™'® Out result is
consistent with those of the previous ones. In addition, the
result for our 10 ML-Pb/Ge (~6 K) is in good agreement with
that of 10ML-Pb/Si (~6.1K) in a previous report,'? which
implies the substrate does not affect the superconducting
properties significantly.

In contrast, for the sample of 3 ML-Pb deposition, Pb
islands are not interconnected [Figs. 2(c) and 2(f)]. A
previous study of Pb islands on a f-v/3 X +/3-Pb/Ge(111)
surface which was a different wetting layer structure from
ours, reported the superconducting proximity effect by
imaging the superconducting gap outside of a superconduct-
ing Pb island by STM.?® They also reported that the length of
the penetration of the superconducting gap feature extended
by ~80nm on the non-superconducting f-+/3 X +/3-Pb
wetting layer at 0.5 K. If the penetration length in our sample
was shorter than ~10nm (average distance among Pb
islands) below 3.6 K, the resistance should have shown a
finite value below 7, because the superconducting areas are

113601-4

not connected to each other. This interpretation is reasonable,
provided that the clusters on the 3 ML-Pb sample are non-
superconducting as those on the 1ML-Pb sample. This
assumption is, however, reasonable by considering that 7T
decreases below 3.6 K when the size of Pb islands becomes
as small as a few nm according to Kim et al.'¥ We also
should consider the temperature dependence of the pene-
tration length of the proximity effect. As is discussed by
Cherkez et al.>> the penetration length tends to become
shorter at higher temperature. Then, 7, by the proximity
effect should be lower than the 7. of Pb islands. If so, the
resistance reaches to zero by two-drops behavior in the
temperature-resistance curve; the first drop at a high temper-
ature is due to the superconducting Pb islands and the second
drop (to zero resistance) at a lower temperature is due to the
proximity effect. For our sample, however, we observed only
a single resistance drop to zero at ~3.6 K as shown in Fig. 3.
This means that the penetration length around 3.6 K in our
3ML-Pb sample is long enough to connect the super-
conducting areas around Pb islands whose T is also around
3.6 K. At the T, of Pb islands, the wavefunction of Cooper
pairs spills out from superconducting Pb islands at a distance
long enough to overlap each other and form superconducting
paths throughout the whole surface.

Next, we discuss the reason for the lower T, of 3 ML-Pb
compared with that of 10ML-Pb. As mentioned above,
judging from the one-drop superconducting transition in
Fig. 3, we can consider that the 7. ~3.6 K corresponds to
the 7. of Pb islands themselves. Kim et al. reported that 7, of
Pb islands on Si(111) tended to be lower as the islands
become smaller.'® In their experiments, the minimum size of
the Pb islands was 15nm and it showed a superconducting
transition at ~4.4 K by STS measurement. Since, in general,
T. determined via transport measurements is lower than that
via STS measurements due to the macroscopic nature of
transport measurements,'” it is reasonable that the T, of Pb
islands in 3 ML-Pb/Ge is even lower because our Pb islands
are smaller than 15nm and T, is determined by transport
measurements.

We are convinced that the origin of the superconducting
transition of 3 ML-Pb/Ge(111) is different from that of the
10 ML-Pb sample. We summarize our results in Fig. 4(d) by
plotting the 7. as a function of the deposited amount of Pb
(see bottom axis) and combining our data with previous data
on Pb/Si(111) by Qin et al.'” and Eom et al.'¥ (see top
axis). The top axis and bottom axis correspond to each other
to indicate the sample amounts of deposition. For our 10 ML-
Pb sample, the T is very similar (~6 K) among the reports,
irrespective of the substrates. By taking the results of the
STM measurement into account, we suggest that the 10 ML-
Pb film grows layer-by-layer above some critical thickness on
both Si and Ge. This indicates that the film is little affected
by the substrate above a certain thickness of the Pb. The
comparatively lower 7. compared to bulk Pb can be
explained by the limited dimensionality in both the Si and
Ge cases, as shown in Fig. 4(d). When we focus on 7. only,
there is almost no difference between Si(111) and Ge(111)
substrates above 8 ML Pb deposition.

However, at thinner Pb 2D structures, the structures of the
wetting layer and islands/clusters are not the same on the two
substrates. As mentioned above, the inhomogeneous struc-

©2018 The Physical Society of Japan
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tures of 3 ML-Pb/Ge(111) surface shows superconductivity

owing to the proximity effect. On the other hand, when 6)
Pb(111) thin films are grown epitaxially on Si(111) above
thicknesses of 2 ML, the superconductivity is not induced by 7
the proximity effect, but rather by the direct coalescence of
superconducting Pb islands. Therefore, the origin of super-
conductivity at lower thickness may be different even if 7, 8
has similar values on the two substrates. When one discusses

what induces superconductivity in a 2D system, it is very 9)
important to combine structure analysis at the microscopic  10)
scale with transport properties. Moreover, since the super-
conducting proximity effect has been recently frequently used 1D
to make topological superconductors, it would be important

to correlate the structures and the property of the spill out of )
the Cooper pair wavefunction in the non-superconducting  13)
phases. 3639

Finally, we discuss the 1 ML-Pb sample, which has only 14)
small clusters on the wetting layer. We could not observe | 5)
superconductivity on the 1 ML-Pb sample. It means that the
wetting layer is not superconducting by itself. When clusters  16)
are not connected to each other, we would have observed a
small resistance drop to a finite value at ~3.6 K if the clusters 17)
themselves were superconductors. However, we observed no
such resistance drop at the 1ML sample. Therefore, it is g
suggested that Pb clusters do not show superconducting
transition. Therefore, the superconductivity at our 3 ML-Pb
sample is not thought to be caused by the clusters themselves 19)
on the wetting layer. In other words, the 3 ML-Pb sample 20)
needs Pb(111) islands to show superconductivity.

In conclusion, we studied the superconducting properties  21)
of Pb atomic layers grown on the Ge(111) surface. By
depositing Pb at 110K, Pb atoms formed tiny clusters and 22)
larger Pb(111) islands on the wetting layer. By further
increasing the Pb coverage, the Pb(111) islands coalesce to  23)
make a continuous thin film. As the result of the in situ 4PP
transport measurements, a superconducting transition was 24
observed for 3 and 10ML coverages around 4 and 6K,
respectively, showing the nature of 2D superconductors. The 25)
2D superconductivity at 3 ML is interpreted to be induced by
the proximity effect in which the wavefunction of Cooper
pairs spills out from the unconnected superconducting — 26)
Pb(111) islands. We suggest that the understanding of 7
structure in microscopic scale is crucial to reveal super-
conductivity in atomic-layer 2D systems. 28)
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