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We have systematically investigated the superconductivity of single crystalline Pb nanoribbons grown on Si
substrates by using low temperature scanning tunneling microscopy/spectroscopy. Superconductivity transition
is observed in the nanoribbons with a width �10 nm and a thickness of 2.9 nm. By studying the width
dependence of the superconducting parameters Tc and Hc2

, a dimensional crossover between two dimensions
and one dimension is identified.
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When the diameter of superconducting nanowires is com-
parable to or smaller than the superconducting coherence
length, the superconductivity of the nanowires exhibits one-
dimensional �1D� or quasi-one-dimensional behaviors. This
has attracted much attention due to both fundamental interest
and potential applications.1–9 In this regime, Cooper pairs are
squeezed into a very small volume, their wave functions are
strongly modified; thus, the quantum confinement effect in
transverse dimensions on the superconducting order param-
eter becomes important. The thermal and quantum fluctua-
tions of the superconducting order parameters7 will play a
dominating role and therefore suppress the
superconductivity.2 To address these issues, single crystalline
nanowires with atomic level-controlled sizes10–13 are re-
quired. However, the nanowires studied so far usually suffer
from some uncertainties, such as the presence of disorder and
defects.10,11,13–18 Particularly, precise size control of an indi-
vidual superconductive nanowire and its transport measure-
ment still remain a great technical challenge.

Recently, we have developed a method by which highly
ordered arrays of superlong Pb nanoribbons with atomic
level-controlled thickness and width could be prepared on Si
substrates by molecular beam epitaxy �MBE�. The method
employs a nanoscale template of the Al-decorated Si�111�
surfaces, where the width and thickness of the Pb nanorib-
bons are precisely controlled by the Al �less than 1 ML� and
Pb coverages, respectively.19 The superconductivity of such
nanostructures can be studied in situ by a scanning tunneling
microscope �STM� operated at low temperature and under
magnetic field. The latest progress in this aspect includes the
study of quantum size effects in two-dimensional �2D� thin
films and nanoislands of Pb.20–26 Here, we report the atomic
scale-dependent superconducting properties of the Pb nanor-
ibbons by using STM/STS.

Our experiments were carried out in an ultrahigh vacuum
�UHV� low temperature STM system combined with a MBE
chamber �Unisoku USM-1300 and RHK SPM-1000�. By si-
multaneously heating and pumping the low temperature in-
sert, the STM samples can be maintained at a temperature
range of 2.2–50 K by liquid 4He cooling. A magnetic field up
to 7 T can be applied along the direction perpendicular to the

sample surface. After in situ preparation of nanoribbons on
Si �111� substrate �As-doped, 1–5 m� cm� with a miscut of
�0.3° in the MBE chamber, as described in the previous
study,19 the samples were transferred to the STM stage for
STM/STS measurements. The tunneling conductance spectra
�dI /dV� were acquired using the standard lock-in technique
with a small ac modulation of 0.2 mV at a frequency
of 2 kHz. The tunneling junction was set at Vbias=10 mV,
I=0.2 nA. All STM/STS measurements were carried out by
using PtIr tips.

Figure 1�a� shows the normalized dI /dV spectra of a na-
noribbon at temperature from 2.60 to 6.85 K. The Pb nanor-
ibbon is 3.72 nm �13 ML� thick and 36 nm wide. The super-
conducting gap is clearly visible at 2.60 K, and completely
disappears at 6.85 K. The behavior is also seen in the zero
bias conductance �ZBC� in Fig. 1�b�. Using the tunneling
spectra acquired near the transition temperature, we find that
ZBC scales linearly to the temperature. By extrapolating the
linear relationship of ZBC versus T at the point where
ZBC=1, the superconductivity transition temperature, Tc, is
calculated as 6.49 K. With the same fitting procedure, we
obtain a Tc of 6.39 K for a narrower ribbon with a width of
15 nm, as shown in Figs. 1�c� and 1�d�. Despite a more than
doubling of the width, the two nanoribbons with the same
thickness exhibit nearly the same Tc �the difference is only
0.1 K�. The data for a series of nanoribbons are summarized
in Table I. Although some data are missing �for example, 12
ML is unstable against quantum size effect19–21 and cannot
be prepared�, several interesting features can be observed in
Table I.

First, a 2.86 nm �10 ML� thick and 10 nm wide crystalline
Pb ribbon shows robust superconductivity. Second, the Tc
decreases when either width or thickness decreases. As dis-
cussed above, the thickness has a more significant effect on
the Tc than the width. A change in two times in the width
leads to a change in approximately 0.1 K in Tc. However, the
same Tc change is observed with only a 2% change in thick-
ness. This is reminiscent of the “2D” nature of the nanorib-
bons regarding the large aspect ratio of width/thickness.

The suppression of Tc by reducing width may result from
the 1D dissipations in Pb nanoribbons due to thermal and

PHYSICAL REVIEW B 81, 054516 �2010�

1098-0121/2010/81�5�/054516�4� ©2010 The American Physical Society054516-1

http://dx.doi.org/10.1103/PhysRevB.81.054516


quantum fluctuations,2 which can induce phase slips and de-
stroy the superconductivity in certain local regions of the
ribbons below Tc. In addition, at reduced width, the increas-
ing lateral quantum confinement on electron movement low-
ers the screening potential and promotes the effective Cou-
lomb repulsion between electrons. The enhanced Coulomb
interaction suppresses the superconductivity in very narrow
ribbons.10–12 Compared to a nanoisland with the same thick-
ness but a lateral size �83 nm �the coherence length of the
bulk Pb�, a difference of 0.46 K in Tc can be seen for the 36
nm wide ribbon and an island with a size of �300 nm. The
difference is large and cannot be derived from the simple
scaling up of the difference of Tc �0.1 K� between the 15 and
36 nm nanoribbons. The result indicates that from large is-
land to 36 nm wide ribbon, the superconducting Pb crosses
from a quasi-2D to a quasi-1D superconductor.

The magnetic property of nanoribbons is then studied sys-
tematically. The upper critical field shown in Table I was
extracted from the magnetic field dependent tunneling spec-
tra. Figure 2�a� shows a series tunneling spectra of a 3.15 nm
�11 ML��60 nm nanoribbon measured at magnetic fields
from zero to 0.75 T at 3.32 K. The suppression of the super-
conducting gap and the increase in ZBC are visible with
increasing magnetic field. The superconductivity is com-
pletely destroyed at �0.65 T. To accurately determine the
critical magnetic filed, we first analyze the evolution of the
ZBC vs the applied magnetic field. For classical type II su-
perconductors, when a field H �Hc1

�H�Hc2
� is applied, the

magnetic field penetrates the superconductor in the form of
vortex. The localized states in the vortex cores lead to a
linear quasiparticle excitation at the Fermi level since the
population of the vortices scales proportionally to the field.
Therefore, a linear dependence of ZBC vs H is expected, as
observed recently in Pb islands.24 However, it is not the case
here. We observed a linear dependence of the �ZBC�1/2, not
ZBC, with H above 0.18 T and a near plateau below 0.18 T,
as shown in Fig. 2�b�. The filed dependence of �ZBC�1/2

might result from the reduced mean-free length in this two-
dimensional confined system, which will be discussed below.
One possible origin is the suppression of the superconduct-
ing order parameters via incomplete Meissner effect in low
dimensional superconductors, such as superconducting
nanowires,14 which usually causes a stronger quasiparticle
excition at the Fermi level. By extrapolating the linear rela-
tionship of �ZBC�1/2 vs H at the point where ZBC=1, we
estimated the upper critical field Hc2

of the nanoribbons. The
result is summarized in Table I.

The upper critical field also can be determined by the
Ginzburg-Landau �GL� theory with Gor’kov’s addition.27

For a small ratio of the film thickness to the penetration
depth �, the field dependence of the energy gap � obeys an
empirical equation �� /�0�2=1− �H /Hc�2, indicative of a sec-
ond order phase transition near Hc2

. We obtained the field
dependence of ��H� by analyzing the field-dependent tunnel-
ing spectra using Dynes function,22,28 in which the broaden-

TABLE I. Critical temperatures �Tc� and upper critical magnetic
fields �Hc2

� measured on Pb nanoribbons of different thicknesses
and widths. The data of Hc2

were obtained at a fixed temperature
�T=4.32 K�.

Thickness
Width
�nm�

Tc

�K�
Hc2

�T=4.32 K�

2.9 nm �10 ML� 10 6.20 1.46

23 1.16

37 6.40 0.82

51 0.44

102 0.29

3.15 nm �11 ML� 16 1.38

22 6.32 1.07

23 1.01

30 0.91

42 6.41 0.64

60 0.63

�83 �island� 6.68

3.72 nm �13 ML� 13 1.44

15 6.39 1.37

17 1.29

31 0.81

36 6.49 0.62

50 0.54

�83 �island� 6.95

FIG. 1. �Color online� �a� and �c� A series of normalized tunnel-
ing conductance spectra of �a� 36 nm and �c� 15 nm wide Pb nan-
oribbons with a thickness of 13 ML �3.72 nm�. The spectra were
acquired by locating the tip at the green point in the insert STM
image at different temperatures from 2.60 to 6.85 K. The scale of
the STM image is 160�200 nm2. The left nanoribbon in the image
is 36 nm wide, while the right 15 nm. �b� and �d� Temperature-
dependent zero bias conductance �ZBC� for �b� 36 nm and �d� 15
nm wide nanoribbons.
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ing effect based on BCS theory was included. The range of
broadening factor is 0.4�0.2 meV at 3.32 K. We found that
the dependence obeys the equation �� /�0�2=1− �H /Hc�2

well, as shown in Fig. 2�c�. Hc2
for the nanoribbon

�11 ML�60 nm� is 0.62 T, which is in good agreement
with 0.63 T measured in Fig. 2�b�. Since the ZBC depends
on the quasiparticle lifetime used in the Dynes equation to fit
the data, as well as energy gap �, these two methods should
produce similar results.

Figure 3�a� displays the width dependence of Hc2
, which

is essentially linear in a range from 10 nm to 40 nm for all
the thicknesses studied at T=4.32 K. An exception is the
13 ML�50 nm nanoribbon, the Hc2

deviates greatly from
the linear fit �indicated by the arrow in Fig. 3�a��. It probably
depicts a dimensional crossover from two dimensions to one
dimension, as reported previously in Pb nanowires,10,11 con-
sistent with the discussion of Tc described above.

From the Hc2
and the general GL expression

	GL�T�=	GL�0��1−T /Tc�−1/2, as well as 	�4.3 K�
= �
0 /2�Hc2

�4.3 K��1/2 �
0 is the magnetic flux quantum
�2.07�10−7 G cm2��, the GL coherence length 	GL�0� can
be deduced. The result for the nanoribbons of 13ML thick-
ness is shown in Fig. 3�b�. An overall reduction in 	GL�0� is
noted. The reduction in 	GL is primarily caused by the small
electronic mean-free l�w� length due to transverse surface
scattering. Based on the GL “full-value” formula,29

	�w,d� = 0.739�	0�
−2 + 0.747�	0�l�

−1�−1/2,

one can obtain all l�w ,d� at 0 K with w and d being the width
and thickness, respectively. Instead of 	0, the normalized co-
herence length 	0� from 	0�Tc

ribbon=	0Tc is used in the above
expression to explain the lowering of Tc in the
nanoribbons.30 As shown in Fig. 3�c�, l�w , 3.7 nm� scales
with w as 0.37+0.075w. For example, the mean-free lengths
are 1.3 and 3.1 nm for the 13 and 36 nm wide nanoribbons,
respectively, with a thickness of 3.7 nm. They are signifi-
cantly smaller than that of the 2D film at the same thickness
�about 7.4 nm�.31 A reduced mean-free length normally re-
duces coherence length and increases the magnetic field pen-
etration length; hence vortices would not be expected in such
narrow nanoribbons, and the linear dependent of ZBC on H
does not exist.

In summary, by using temperature- and magnetic-field-
dependent STM/STS, we have systematically investigated
the superconductivity of single crystalline Pb nanoribbons
with well-controlled dimensions and sizes. A dimensional
crossover from two dimensions to one dimension is identi-
fied. Furthermore, the result reveals that robust superconduc-
tivity can persist even in crystalline Pb nanoribbons with a
very small width ��10 nm� and thickness ��2.9 nm�. We
hope that our study can stimulate further experimental and
theoretical interest toward understanding the superconduct-
ing behaviors in the 1D limit.

FIG. 2. �Color online� �a� Magnetic field-dependent normalized
conductance spectra for an 11 ML thick and 60 nm wide Pb nanor-
ibbon. �b� Magnetic field dependence of �ZBC�1/2 measured from
zero to 0.75 T. The lines are a guide for the eye. �c� Energy gap ���
of the ribbon vs magnetic field �H�. The line is a fit based on
Ginzburg-Landau-Gor’kov theory.

FIG. 3. �Color online� �a� Width dependence of the upper criti-
cal magnetic field �Hc2� of Pb nanoribbons with a thickness of 10,
11, and 13 ML �T=4.32 K�. �b� Width dependence of the coher-
ence length 	 of 13 ML nanoribbon. �c� Width dependence of the
electronic mean-free path l of 13 ML Pb nanoribbon.
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