“Giant” Enhancement of the Upper
Critical Field and Fluctuations above
the Bulk 7 in Superconducting
Ultrathin Lead Nanowire Arrays

Mingquan He,"$ Chi Ho Wong, "8 Pok Lam Tse," Yuan Zheng," Haijing Zhang, Frank L. Y. Lam,* Ping Sheng,"

Xijun Hu,* and Rolf Lortz"™*

"Department of Physics and the William Mong Institute of Nano Science and Technology, Hong Kong University of Science and Technology, Clear Water Bay,
Kowloon, Hong Kong, People's Republic of China, and *Department of Chemical and Biomolecular Engineering, Hong Kong University of Science and Technology,

Clear Water Bay, Kowloon, Hong Kong, People's Republic of China. M. He and C. H. Wong contributed equally to this work.

ABSTRACT We have produced ultrathin lead (Pb) nanowires in
the 6 nm pores of SBA-15 mesoporous silica substrates by chemical
vapor deposition. The nanowires form regular and dense arrays. We
demonstrate that bulk Pb (a type- superconductor below 7, =7.2 K
with a critical field of 800 Oe) can be tailored by nanostructuring to
become a type-ll superconductor with an upper critical field (H.)
exceeding 15 T and signs of Cooper pairing 3—4 K above the bulk T..

The material undergoes a crossover from a one-dimensional

fluctuating superconducting state at high temperatures to three-dimensional long-range-ordered superconductivity in the low-temperature regime.

We show with our data in an impressive way that superconductivity in elemental metals can be greatly enhanced by nanostructuring.
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he greatest opportunity that nano-
Ttechnology brings is the possibility

to tailor materials through nanostruc-
turing. The confined geometry can have
various effects on superconducting materi-
als; for example, a slight increase of the
superconducting transition temperature
was observed in nanoparticles of In,'? Tl,!
and Ga* and Pb nanobelts®” some en-
hancement of the critical fields,>*%~° and
unusual magnetoresistance oscillations.>”
Quasi-one-dimensional (quasi-1D) behavior
occurs in nanowires that are thinner than
their superconducting coherence length.'®"!
In the extreme 1D limit of metallic nanowires,
Van Hove singularities are formed in the
electronic density of states.'? According to
the Bardeen—Cooper—Schrieffer (BCS) theo-
ry, a high density of states at the Fermi level is
one of the most important ingredients for
a superconductor with a high T.. Quasi-1D
superconductors thus have the potential for
T.'s well above that of the material in its bulk
form. Unfortunately, the Mermin, Wagner,
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and Hohenberg theorem' ' predicts that,

in dimensions smaller than 3D, any long-
range-ordered physical state will be sup-
pressed at finite temperatures. In a quasi-1D
superconducting material thermally in-
duced phase slips in the order parameter
will cause finite resistance at T > 0 K.'>'6
However, when many quasi-1D elements
are parallel and form arrays, it was predicted
from theory'” 2% and experimentally demon-
strated®?® that a 3D long-range-ordered
state can be formed, if these elements are
weakly coupled in the lateral plane.

Bulk Pb is a well-known elementary
superconductor with 83 nm coherence
length. Therefore, Pb nanowires thinner
than ~80 nm are potential candidates to
study the complex quasi-1D superconduct-
ing transition and associated finite size
effects. Pb nanowire arrays have been in-
vestigated previously, but only for diameters
of 56 nm or above.?” Our nanowires fabri-
cated in the 6 nm pores of SBA-15 silica (Pb-
SBA-15) are 1 order of magnitude thinner.
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Figure 1. TEM images of the arrays of parallel Pb nanowires (dark gray, the white arrows mark the walls of one of them) in the
6 nm pore channels of SBA-15 mesoporous silica crystals (light gray).

A significant fraction of their atoms is located within
the surface layer, which may have significant effects on
their superconducting characteristics. This composite
material is a powder of polycrystalline grains with
diameters up to a few 100 um. Figure 1 shows trans-
mission electron microscopy (TEM) images of the en-
capsulated Pb nanowires. The parallel dark gray lines
(indicated by the arrows) represent the nanowires
within the SBA-15 host (light gray). The image shows
a perfect filling factor of the pores in single crystals with
diameters of a few 100 nm. The typical lengths of the
SBA-15 single crystals range from 500 nm to several
micrometers. The pores, in which the nanowires form
regular and dense 3D arrays at a center-to-center
distance of 9 nm, are occupied over their full length.
According to our TEM images, the thickness of the
nanowires can be estimated as ~5 nm. To examine
their superconducting properties, we performed
magnetization, specific-heat, and electrical transport
measurements.

Magnetization. In Figure 2a the zero-field-cooled
(ZFC) and field-cooled (FC) magnetization data of Pb-
SBA-15 are plotted in comparison to normalized data
of bulk Pb. A clear Meissner effect is observed for Pb-
SBA-15. At first sight the superconducting transition
remains in the vicinity of the bulk T. at 7.2 K. The quasi-
1D nature of the material causes obviously a more
continuous transition in contrast to the sudden occur-
rence of the Meissner effect in bulk Pb. The magnetiza-
tion reaches a temperature-independent value only
below 3 K. The nanostructuring induces a certain
flux pinning, recognizable in the form of a difference
between the ZFC and FC branches. The presence of flux
pinning and a Meissner effect below ~7 K means that
macroscopic screening currents can be formed, which
requires transverse tunneling currents between the
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Figure 2. (a) Meissner signal in the magnetization of Pb-
SBA-15. Filled squares represent ZFC data and open circles
FC data compared to data of bulk Pb (stars). (For the latter,
the data were scaled for comparison and the ZFC and
FC curves were identical.) (b) Magnification of the onset of
the superconducting transition of Pb-SBA-15 under ZFC
conditions. A fairly sharp downturn shows the beginning
of diamagnetic fluctuations at 11 K. (c) Field-sweep data
for Pb-SBA-15 measured at T = 1.8 K. The sharp kinks mark
the lower critical field at ~600 Oe. The orientation of the
field with respect to the nanowires was arbitrary.

nanowires via the Josephson effect.?>?® The inset
Figure 2b shows an enlarged transition onset. A tiny
but sharp downturn in the ZFC magnetization at 11 K
can be resolved. This suggests that the nanostructure
induces weak diamagnetic fluctuations, 3—4 K above
the bulk T.. The bulk T, is preceded by a tiny upturn of
the magnetization upon decreasing the temperature.
Its origin is unclear, but it may be caused by a changein
the effective dimensionality when entering the fluc-
tuation regime above the bulk T.. This may lead to
a specific change of the distribution of microscopic
screening currents in the entire volume. The much
smaller contribution of this fluctuation signal obviously
suggests a 1D nature of superconductivity without
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Figure 3. Specific-heat data of Pb-SBA-15. (a) The electronic
specific heat in 0, 2, 3, 5, 7, and 11 T shows the broad
superconducting transition of Pb-SBA-15 with fluctuations
extending up to ~10 K. (b) Total specific heat of Pb-SBA-15
in 0 and 14 T applied magnetic fields (superimposed on this
scale). (c) Temperature dependence of the superconducting
fraction 1 — F(T) in our sample from direct deconvolution of
the specific heat®®** and the corresponding T distribution
dF/dT. The orientation of the field with respect to the
nanowires was arbitrary.

macroscopic screening currents in this temperature
range. Note that the magnetization is relatively insensi-
tive to phase-incoherent superconducting correlations
and fluctuation effects, as macroscopic phase coherence
is required for the formation of Meissner screening
currents. The smallness of this contribution therefore
does not necessarily mean that it comes from only a
negligible volume fraction of the material. As we will
prove later, the specific heat indicates that this contribu-
tion is from a significant volume fraction of the sample.

In the inset Figure 2c a magnetization hysteresis
loop (recorded at T = 1.8 K) is plotted. It shows the
typical behavior of a type-ll superconductor. Sharp
kinks at ~600 Oe mark the lower critical field (H¢,)
transition. Above H,, the amplitude decreases rapidly,
but the diamagnetic signal extrapolates toward much
higher fields, outside the field range of our magnet-
ometer. Note that bulk Pb is a type-l superconductor.
The nanostructuring seems therefore to change the
material in a type-Il superconductor.

Specific Heat. The inset Figure 3b shows the total
specific heat (C/T) of Pb-SBA-15 in 0 and 14 T. Only
a tiny difference of 2.6% of the total specific heat
(at 5.5 K) can be resolved between the two data sets.
Using the 14 T data as approximated normal state
background, we analyze the specific heat in a standard
way: Co(T— 0) = YT + Z3-1Boka T The first term is
the electronic contribution with the Sommerfeld con-
stant y, = 10 uJ/gk? which comes only from the Pb
nanowires. The second term is the low-temperature
expansion of the lattice specific heat of Pb and SBA-15
according to the Debye model. Figure 3a shows the
electronic contribution C*<"/T in various magnetic
fields. The 0 T data form the typical broad transition
anomaly of a quasi-1D superconductor.?® 32 A sharper
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jump occurs below 7 K (marked by the arrow), which is
certainly related to the main drop of the magnetization.
This partial contribution is no longer observed in 2 T, but
at least 11 T is necessary to suppress the broad main
anomaly, which extends at least to 9—10 K. This confirms
that superconducting correlations exist far above the
bulk T, of Pb. This presumably 1D fluctuating contribu-
tion (for which the specific heat as a true bulk thermo-
dynamic method is far more sensitive than the
magnetization) is surprisingly robust in high magnetic
fields, given that the critical field of bulk Pb is only 800 Oe.

For a standard BCS superconductor it is expected
that the normalized specific-heat jump at T, satisfies
the relationship A(C/T.)/y, = 1.43. This is not evident
from our data, as the broad specific-heat jump in C/T
(~6 1l/gK?) is smaller than y,,. This discrepancy is due
to the broadness of the transition. The high-tempera-
ture tail of the specific-heat transition likely originates
from the surface layer of the nanowires, which may
have a higher T.. This would create a broad T, distribu-
tion in such thin nanowires, and the BCS relation
should be tested separately for each contribution with
different T.. Applying a magnetic field has only a minor
effect on the onset temperature of superconductivity,
but reduces the overall size of the anomaly. This is
surely a consequence of the quasi-1D nature of the
material. The T, distribution can be extracted from the
specific heat.?®33 In Figure 3¢, 1 — F(T) (temperature
dependence of the superconducting fraction in the
sample) and dF/dT (T, distribution) are presented. In
dF/dT, a small peak appears (with maximum at 6.9 K
and onset at 7.2 K), superimposed on a broad bump,
which extends from 3 to 11 K. We attribute the part
of the curve above 7.2 K to the surface contribution.
The 7.2 K peak may be explained by the onset of 1D
superconductivity in the center of the nanowires, while
the broad bump represents the crossover from 1D to
a 3D bulk superconducting state within the array (as
indicated by the appearance of macroscopic screening
currents in the magnetization).

Electric Transport. Having probed the bulk supercon-
ductivity in Pb-SBA-15 by two complementary thermo-
dynamic methods, we will in the following investigate
the electrical transport properties. In Figure 4a the
resistance is plotted as measured by a standard four-
probe method. A gradual decrease in resistance occurs
in zero field, which begins at first sight in the vicinity
of the critical temperature of bulk Pb. The resistance
approaches zero at ~2 K. Magnetic fields suppress
the transition until the normal state is restored in
fields slightly higher than 15 T. This high upper critical
field is further confirmed by the magnetoresistance
data in the inset Figure 4b, which extrapolate to a field-
independent value in fields slightly higher than 15 T.

The 15 T data set is free of sharp anomalies in the
temperature range between 7 and 20 K and can there-
fore serve as an approximation of the normal state
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Figure 4. (a) Electrical resistance of Pb-SBA-15. The main
figure shows the temperature dependence of the electrical
resistance in various magnetic fields in the vicinity of the
superconducting transition. (b) Magnetoresistance at var-
ious temperatures. (c) Enlarged view of the onset of the
transition in zero field after subtraction of 15 T data. The data
show that superconducting fluctuations occur up to ~11 K,
while the main transition initiates at 7.3 K. The orientation of
the field with respect to the nanowires was arbitrary.

background. The inset Figure 4c shows an enlarge-
ment of the zero-field transition onset after subtraction
of a smooth polynomial fit to the 15 T data. A deviation
from the linear temperature dependence at higher
temperatures occurs in the form of a sharp drop at
~11 K, which was reproducibly observed in two differ-
ent devices (see Supporting Information). If we take
into account the different sensitivities of our experi-
mental techniques for fluctuating superconductivity,
this is consistent with the magnetization and the
specific heat. Resistivity thus provides a further indica-
tion that superconducting fluctuations extend up to
3—4 K above the bulk T.. The magnetoresistance data
show that superconductivity persists to at least 15 T.
The upper critical field (H.; ~15 T) is therefore almost
200 times increased compared to bulk Pb (800 Oe). This
change is quite enormous and certainly linked to the
dimensionality of the nanowires.

Discussion. Pb-SBA-15, a new form of ultrathin metal
nanowire arrays prepared in porous SBA-15 silica ma-
trixes, enables us to study quasi-1D superconductivity
in a material, which is in the bulk form a well-known
elemental superconductor. The superconducting
transition in such arrays of coupled nanowires is quite
complex: it is governed by the interplay of strong
fluctuations, crossovers in the effective dimensionality,
and Josephson coupling. Our data indicate the presence
of 1D superconducting correlations at temperatures
as high as 10—11 K (3—4 K above the bulk T,). At lower
temperatures, the superconductivity goes through a
dimensional crossover to a 3D bulk superconducting
state with a clear manifestation of a macroscopic Meissner
effect below ~7 K and zero resistance below ~2 K.

Obviously Pb-SBA-15 shows all the characteristics of
a type-ll superconductor, although Pb in bulk form is a
type-l superconductor. Does this imply a change in the
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material properties in the nanowires? Whether a super-
conductor is of type-l or type-Il depends on the ratio of
the penetration depth A and the coherence length &. If
Pb-SBA-15 is of type-Il, this means that A/& is increased
to a value greater than 1/4/2. A change in & would
mean that the electronic band structure is modified in
the individual nanowires. However, Pb is a very good
conductor with a high density of charge carriers, and in
dimensions of 5 nm, it is unlikely that the bandstruc-
ture and hence & would change significantly. The
penetration depth 4, on the other hand, depends
on the charge carrier density, which determines the
ability to shield the magnetic field. The carrier density
within the individual nanowires should be largely
identical to the bulk Pb. However, as we have a
composite material made of insulating SBA-15 and
superconducting Pb, 1 should rather be defined as a
characteristic quantity of the entire composite material.
For Pb-SBA-15, the carrier density is relatively low,
because only a certain volume fraction is occupied
by Pb. This means the ability to generate macroscopic
Meissner currents is reduced, and this should cause an
increase in A, which is certainly enough to change the
composite material in a type-Il superconductor.

If the material properties of Pb in the form of ~5 nm
thin nanowires remain mostly unchanged, then the high
transition onset is rather surprising. The most plausible
explanation can be found in the aspect ratio of the
ultrathin nanowires. In such thin wires the surface
represents a significant fraction of the total volume,
and phonon softening’>* can cause a locally higher T..
The surface layer contribution thus becomes observable
with bulk thermodynamic methods. T. enhancements in
nanomaterial were previously observed,> >3 but in our
material the effect is particularly strong.

The observed increase of the upper critical field
from 800 Oe in bulk Pb by a factor of nearly 200 to at
least 15 T in arrays of 6 nm thin parallel Pb nanowires
is certainly related to their 1D nature. Note that
the superconducting composite material Pb-SBA-15
represents an intermediate case between 1D and 3D,
as some macroscopic screening currents can be estab-
lished over the transverse Josephson effect. This is
evident, as individual superconducting Pb nanowires
of only ~5 nm diameters would fall in any case in the
1D limit, while Pb-SBA-15 shows a Meissner effect, zero
resistance, and a well-defined H,; transition.

The standard mechanism of the upper critical field
in a type-ll superconductor is the “orbital limit” for
superconductivity.3® At this field the vortex cores over-
lap and the material becomes a normal metal. The
formation of vortices requires that Cooper pairs can
move on a closed orbit. However, in our nanowire
arrays macroscopic screening currents around vortices
have to tunnel through the gaps between the wires.
This weakens the diamagnetic shielding and pushes
the orbital limit to very high field values. The upper
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Figure 5. lllustration of the preparation of four-pobe devices for the resistance measurements of Pb-SBA-15. (a) A
polycrystalline grain of Pb-SBA-15 is glued into a groove on a silicon substrate. (b) The surface is polished and then covered
with a Ti and Au layer. A focused-ion beam technique is used to separate four electrodes (gray lines). (c) SEM image of the
center area of the device The separation of the inner voltage terminals (V4 and V—) is 1 um, while the distance of the outer

current terminals (I+ and 1-) is 20 um (see text for details).

critical field can be determined in this case rather
by the Pauli limit. In this second characteristic field
(which is rarely achieved in conventional bulk super-
conductors) the Zeeman splitting energy of the two
electronic states in the Cooper pair overcomes the
binding energy.?” The Pauli limit should occur at 1.84 T,
(slightly above 13 T) and may be somewhat further
enhanced by strong spin—orbit coupling or the forma-
tion of a Fulde—Ferrell—Larkin—Ovchinnikov state 383°
This is in good agreement with our observation that
He, is slightly higher than 15 T. The replacement of the
orbital limit for superconductivity by the Pauli limit
thus serves as a likely explanation for the large increase
of the upper critical field.

It had been found for individual thicker Pb nano-
wires that the material of the electrodes can have a
strong influence on the superconducting state,” even
at distances between the voltage terminals exceeding
the superconducting coherence length. Could this play
a role in the resistance measurement on Pb-SBA-15?
This seems not to be the case, since the data from our
three experimental probes nicely match each other
(note that in the magnetization and specific-heat experi-
ments, there were no electrodes). Indeed Pb-SBA-15
cannot be compared with individual nanowires, as it
represents a regular 3D array of nanowires that are

EXPERIMENTAL SECTION

SBA-15 is mesoporous silica and has pores with tunable
diameter between 5 and 15 nm.*' For the growth of the Pb
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weakly coupled through the transverse Josephson
effect. Pb-SBA-15 behaves more like a strongly anisotro-
pic bulk superconductor, similar to intrinsically quasi-1D
superconductors such as TlLMogSeg? or (TMTSF),CIO0,*
with parallel metallic chains within their crystalline
structure. The thickness of our material in the direction
perpendicular to the current is a few tens of um and
exceeds the coherence length by 2 orders of magni-
tude. Therefore, the impact of the electrodes may be
hardly observed.

CONCLUSIONS

We have reported a detailed study of the thermo-
dynamic (dc magnetization and specific heat) and
electrical transport properties (resistivity) of Pb nano-
wire arrays in 6 nm pores of mesoporous SBA-15 silica
crystal matrixes. An enhancement of the onset of the
superconducting transition in the form of fluctuations
of up to 3—4 K above the T of bulk Pb and an extremely
high upper critical field of more than 15 T (almost 200
times higher than the bulk value) were observed and
attributed respectively to the significant contribution of
surface superconductivity in ultrathin nanowires and
the replacement of the orbital limit for superconductivity
by the Pauli limit in this quasi-1D superconducting
composite material on the nanoscale.

nanowires in the 6 nm pores of SBA-15, a chemical vapor
deposition (CVD) technique has been used as described in
detail in ref 42. The system consists of a tube furnace, a tubular
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CVD reactor with a vacuum pump, and gas sources. For the CVD
process, the substrate (SBA-15) was mixed with the precursor
(Pb(Il) acetylacetonate) and placed in the reactor. The furnace
is used to maintain a desired temperature (500 °C) for the
deposition to take place. Hydrogen acted as both a reactant and
carrier gas and was introduced at a flow rate of 1 sccm during
the precursor deposition for chemically reducing the precursor
to form elemental lead. In this way, continuous Pb nanowires
were formed in the pores of SBA-15, as evidenced by TEM and
energy-dispersive X-ray spectroscopy (EDX). High-resolution
TEM images showed no significant evidence of a Pb cover layer
on the surface of the SBA-15 under these growth conditions.
A few Pb nanograins were observed sticking on the surface.
However, before the measurements the samples were stored
for several weeks in a dry cabinet. At the time of the measure-
ment we verified by TEM that all such Pb clusters were fully
oxidized and insulating, while the nanowires in the pores were
protected and kept their metallic character. The length of the
nanowires is determined mainly by the size of the SBA-15
crystals, which were long columns, a few hundred nm thick,
and with a length of 500 nm to a few um. The average center—
center spacing between the nanowires is 9 nm.

The magnetization was measured with a commercial Quan-
tum Design Vibrating-Sample SQUID magnetometer under ZFC
and FC conditions and in field sweeps at fixed temperatures.
The small, mostly temperature-independent linear diamagnetic
contribution of SBA-15 was determined separately and sub-
tracted from the data. For the temperature-sweep data taken in
a field of only 5 Oe it disappeared into the noise.

A homemade microcalorimeter was used for the specific-heat
measurements. A standard ac technique43 was used, which
provides high relative resolutions (AC/C) of 107* to 107>, The
thermometry was calibrated very precisely in magnetic fields
up to 14 T. To remove the dominant phonon background of
SBA-15, the 14 T data were subtracted as a background, unless
otherwise indicated.

The electrical resistivity was measured with a Keithley model
6221 ac current source in combination with a Stanford Research
830 digital lock-in amplifier. A polycrystalline grain was glued
with epoxy resin in a groove, which has previously been cut by a
laser into a Si substrate. The grain was then polished, and 15 nm
of Ti was sputtered on the surface followed by 135 nm of Au.
Four electrodes were separated by a focused ion beam tech-
nique. Figure 5 shows an illustration of the fabrication process
with a scanning electron microscope (SEM) image of the
electrical contacts. The distance between the voltage terminals
was 1 um, and the distance between the current contacts
was 20 um. The orientation of the nanowires in relation to
the current was arbitrary. A standard four-probe technique was
used. Because of the small size and difficulties in accurate
assessment of the current path in the device, we present the
resistance rather than the resistivity.

Although the local filling factor of the silica pores can reach
high values close to 100% over length scales of a few 100 nm
(as evidenced by TEM in Figure 1), such Pb-rich regions were
typically separated by Pb-poor areas along the grain bound-
aries. Therefore, the exact Pb content of the material was
unknown, and we did not attempt to extract information about
the absolute values of our thermodynamic probes. Instead,
we normalized the data per gram of this composite material
instead of per mole. Note that in all the measurements the
magnetic field direction relative to the nanowires was arbitrary.
This is a consequence of the polycrystalline nature of the
material.
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