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Negative magnetoresistance in fractal Pb thin films on Si(111)
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Using a low temperature method, the authors have prepared atomically flat Pb ultrathin films on
Si(111)-7 X 7 surface. Room temperature annealing of the films results in a percolation morphology
with fractal vacancy islands where the Si substrate is exposed. The fractal film with a nominal
thickness of 23 ML exhibits enhanced onset superconducting transition temperature of 7.0 K and
negative magnetoresistance with wide magnetoresistance terrace under perpendicular magnetic field
when the film is in superconducting state. They attribute the phenomena to the coexistence of two
superconducting phases in this fractal film. © 2007 American Institute of Physics.

[DOL: 10.1063/1.2712511]

One of the most interesting problems in condensed-
matter physics is superconductivity in reduced dimensionali-
ties. As an ideal testing ground of low dimensional supercon-
ductivity, two-dimensional (2D) superconducting films have
attracted much attention recently.l’ Indeed, in amorphous or
granular 2D  superconductor films (including one-
dimensional case), negative magnetoresistance and other
anomalous behaviors have been found.”’™ The negative
magnetoresistance effect appears to be a signature of quan-
tum phase transition or interplay of disorder. From the point
view of technological applications, the films % and related
nanodevices'>™” have been predominately prepared or fabri-
cated on semiconductor substrates. Along this line, Pb on
Si(111) probably represents the most interesting system be-
cause of the strong quantum confinement effects that lead to
various intriguing phenomena such as “magic film thick-
ness,” “preferential island heights,” and “oscillating super-
conductivity transition temperatures.” 1821

In this letter, we report on transport property of Pb thin
films with a unique fractal-like morphology grown on
Si(111)-7X7 surface. Under the perpendicular magnetic
field, the films exhibit distinctive negative magnetoresistance
effect with wide magnetoresistance terrace. Structure analy-
sis by scanning tunneling microscopy and electron micros-
copy reveals that the observed effect originates from the co-
existence of two superconducting phases in the system.

Our Pb thin films were prepared on Si(111)-7 X7 sur-
faces by standard molecular beam epitaxy technique.22 To
achieve atomically flat single crystal Pb thin films over a
macroscopic area, the Si substrates were cooled down to
~95 K by liquid nitrogen (LN,) during growth, as reported
elsewhere.'”? Figure 1(a) shows a typical scanning tunnel-
ing microscopy topographic image of the Pb thin film of a
thickness of 23 ML; the atomically smooth nature of the film
is immediately evident. After depositing 4 ML Au on the film
as a protecting cover," the sample was transferred out of the
UHV chamber for transport property measurement by the
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standard four electrodes method on a physical property mea-
surement system (Quantum Design, model 6000). Four in-
dium electrodes with Au wires of 25 wm in diameter were
made and connected to the surface of the film. As shown in
Fig. 1(b), the sample exhibits a sharp superconducting tran-
sition at 6.1 K (T), and no residual resistance was found.
When the film stays at room temperature in atmosphere
for 48 h, the morphology of flat film becomes fractal-like, as
shown by the scanning electron microscopy image in Fig.
1(c). Figure 1(d) shows the resistance-temperature (R-T)
curve of the sample. The normal state resistance is much
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FIG. 1. (Color online) (a) Scanning tunneling microscope image (500
% 500 nm?) of the 23 ML atomically flat Pb thin film. (b) R vs T curve
measured from the Pb film in (a), showing a sharp superconductivity tran-
sition at 6.1 K. (c) Scanning electron micrograph of the fractal-like Pb film.
The dark regions are the Si substrate and the gray and white ones are the Pb
film. (d) R vs T curve of the fractal-like Pb film shown in (c).
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FIG. 2. Magnetoresistance of (a) the fractal-like Pb film and (b) the single
crystal Pb film with a magnetic field applied perpendicular to the film,
measured at the temperatures of 2 and 3 K, respectively.

larger than that of the continuous flat film. With decreasing
temperature, the resistance increases and reaches a maximum
at 7.0 K. Below 7.0 K, the resistance drops rapidly, reaches a
minimum at 5.4 K, and then increases exponentially. We no-
tice that the onset temperature T (7.0 K) in Fig. 1(d) is
higher than the T (6.1 K) of the Pb film in Fig. 1(b).

Figure 2(a) shows the resistance (R) measured at a tem-
perature of 2 K as a function of the magnetic field (H) ap-
plied perpendicularly to the film. It is clear that when the
magnetic field is smaller than 2.5 kOe, the sample shows an
obvious negative magnetoresistance effect. 2.5 kOe is a char-
acteristic critical field H,, above which the resistance in-
creases rapidly with field. It reaches another quick increase
regime at another critical field H, (16.9 kOe) after a wide
resistance terrace (~11.9 kOe) and eventually saturates at
21.5 kOe. For comparison, R-H scan of the flat film [Fig.
1(a)] measured at 3 K is shown in Fig. 2(b), which indicates
that there is only one perpendicular critical field H- and no
residual resistance is found below H.

The R-H curves of the fractal film at different tempera-
tures are shown in Fig. 3. The negative magnetoresistance
effect becomes weaker at higher temperature. At the same
time, the characteristic field H, drops rapidly and eventually
merges with H; at 5 K. Above 7.0 K, the superconductivity
vanishes.

As mentioned before, negative magnetoresistances in
disordered thin films and wires have been reported by several
groups.5’7_9 For quench-condensed ultrathin amorphous Bi
films, a parallel-field negative magnetoresistance was ob-
served in the immediate vicinity of the thickness-tuned
superconductor-insulator transition,7 which was attributed to
be a signature of quantum fluctuations of the order parameter
associated with quantum critical point. In the case of granu-
lar Pb thin films, the large negative magnetoresistance was
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FIG. 3. (Color online) (a) Magnetoresistance of the fractal-like Pb film at
different temperatures. (b) Close view of (a) near zero magnetic field for
clarity.

believed to be dominated by electron tunneling between the
superconducting grains.5 A common feature in these studies
is that the negative magnetoresistance effect always appears
with superconductor-insulator transition. In the present case,
the samples are of single crystal in nature despite the fractal
morphology and are still conducting (with a resistance
<500 ) when the negative magnetoresistance takes place.
Besides, the two critical fields observed have not been re-
ported before either. Superfluid density fluctuations could
lead to negative magnetoresistance in amorphous wires when
the temperature is close to the superconductor-insulator
transition.” Some magnetoresistance terraces were also ob-
served. However, the model cannot be applied here since the
negative magnetoresistance and wide resistance terraces oc-
cur at the temperatures lower than the 7.

The anomalous magnetoresistance effect observed here
can be understood qualitatively as follows. Owing to the
fractal-like structure of the Pb film, two kinds of supercon-
ducting phases, related to the percolation Pb structures and
the flat 2D Pb islands [Fig. 1(c)] should contribute to the
total resistance observed. In the low temperature regime,
electron tunneling dominates the transport property of the
percolation structures. When a magnetic field is applied, the
superconducting gap is suppressed. Reduction of the gap will
lead to a significant decrease of the resistance, which we
believe is the origin of the negative magnetoresistance. From
Fig. 1(c), we can see that the percolation structures (white)
are thicker than the flat 2D island parts (gray). Hence, a
higher critical field (H,) is expected for the flat parts while a
lower one (H,) for the percolation structures. Their differ-
ence defines the width of the magnetoresistance terrace
which can be controlled by the morphology. So far we do not
have a definite picture for the enhancement of the transition
temperature 7. A very speculative explanation is that it is
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related to the enhanced surface electron-phonon scattering,
since the surface area is significantly increased when the film
becomes fractal. >

In summary, negative magnetoresistance has been ob-
served in fractal-like Pb single-crystalline films. The effect
originates most likely from the interconnecting wires when
they are at superconducting state. The two characteristic
critical fields can be attributed to the coexistence of the two
kinds of superconducting phases in the system: the percola-
tion structures with lower H. and the 2D islands with higher
H,. The effect shows both fundamental interest and possible
application in fabrication of hybrid devices based on the tra-
ditional microelectronics and the emerging superconducting
quantum electronics.”2°
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