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Recent experiments on two-dimensional thin films showed that a metallic 
state exists between the superconducting and insulating phases.  Prior to 
its discovery, this finite-resistance state was predicted to be unobtainable 
according to existing theories.   In this paper I will review these 
experiments as well as emerging models explaining their results.  

 
 
 
 
 
 
 
 
 
 
 
 
 
 



 Physicists have always been looking for simple systems to test theories.  One 
way to simplify calculations is to reduce the dimensionality.  This is why 2-
dimensional (2D) systems have been studied extensively in the last few decades.  
Such systems are considered 2D when the relevant length scales to the problem are 
longer than one of the physical dimensions, the thickness.1  In this paper I will 
summarize the experimental work done in the field of 2D superconducting thin films 
and introduce some theories resulting from these experiments.  In Part I, I will state 
the problem at hand along with theoretical predictions by Kosterlitz and Thouless.  
Part II will be about the experimental setups used to make measurements on these 
films.  In Part III I will present and interpret the data from these experiments.  Part IV 
will be dedicated to some theories that attempt to explain the experimental findings.  
The final section, Part V, will summarize the paper and look into the future of the 2D 
SI transition. 
 
 
Part I. The problem introduced 
 
 Certain two-dimensional thin films are expected to undergo a quantum phase 
transition from an insulator to a superconductor.  Kosterlitz and Thouless predict such 
a transition for many 2D systems.  The argument can be simply stated as follows.  
Both the entropy and energy of a single vortex scale the same way with respect to 
system size.  Taking the free energy to be E-TS one can easily see that the energy 
term dominates for low temperatures.  Minimization of the free energy results in a 
lack of single vortices at low temperatures.  Vortex pairs formed from vortices of 
opposite vorticity are still possible because far from the pair they have little effect.  
However, at higher temperatures, the entropy term will dominate and single vortices 
become more probable.2  This argument explains how a two dimensional 
superconductor goes insulating as temperature increases.  The presence of free single 
vortices at higher temperatures effectively kills the superconducting state. 
 At absolute zero, this same mechanism is believed to cause a disorder driven 
transition much like the one mentioned above at finite temperature.3  At some critical 
value of disorder vortex pairs separate and destroy superconductivity.  At absolute 
zero these 2D thin films can be in one of only two states.  They can be in a zero 
resistance superconducting state or in an infinite resistance insulating one.  According 
to theory no other state can exist.  It is presumed that the critical resistance which 
separates superconductor from insulator is universal and has a value of h/4e2, which is 
approximately 6.453kΩ.  This is the quantum resistance of cooper pairs.  However, as 
experiments have shown there appears to be an interesting finite resistance state 
inside the transition region between the superconductor and the insulator, and the 
critical resistance may not be universal.1
 This ‘metallic’ state inside the superconductor-insulator (SI) transition is a 
topic of much interest as its existence was previously ruled out by existing theory.  
While many experiments have been performed on films of various materials this state 
is still not well understood.  In fact my own work involves the SI transition in thin 
films of amorphous MoGe.  I will use a two-coil mutual inductance technique to 
probe the superfluid response of these films at dilution refrigerator temperatures.  For 



a description of the technique see reference [4] and reference [2] for an analogous 
experiment on the superfluid transition in He4 films. 
 The following part will introduce the experimental setups used to study the SI 
transition. 
 
 
Part II. Experimental setup 
 
 In the case of 2D thin films, a film can be taken through the SI transition at 
T=0 by varying one of two parameters, disorder (film thickness) or applied magnetic 
field.  As film thickness increases thin films exhibit a transition from an insulator to a 
superconductor.  The application of a perpendicular magnetic field drives the films 
from the superconducting state to the insulating one. 

Most experiments on these systems are done at sub-Kelvin temperatures and 
involve measuring transport through these films in order to obtain the resistance per 
square (R□).  R□ comes from the resistivity (ρ) and thickness of the film.  Since the 
resistance R is directly proportional to length and inversely proportional to both the 
width and thickness, we obtain R□ by setting the length and width equal to each other 
(to form a square) such that they cancel.  This way R□ is a function of only the 
thickness and resistivity of a film.  Transport involves a simple 4 contact 
measurement to obtain the resistance which can be converted into R□. 
 Tuning the SI transition with film thickness was usually done in situ.  Jaeger 
and company did it the following way.  They built a two chamber system.  One 
chamber was used for growing the films while the other was for making 
measurements.  The chamber for measurements had a He3 refrigerator built on top of 
it.  An insulating substrate was prepared with contacts outside of the chamber and 
then attached to a copper block which could be cooled with the refrigerator.  The 
substrate was then lowered into the growth chamber where it was kept at a 
temperature of about 15K.  The authors hoped a higher temperature as this would 
decrease the amount of stuff that would condense on the sample.  This way the films 
were cleaner.  The chamber was kept at a pressure lower than 2x10-10 torr during the 
deposition.  A thin layer, of about 0.1 Angstroms, was then evaporated onto the 
substrate.  The substrate was then moved to the measurement chamber where it was 
cooled to sub-Kelvin temperatures.  Four-wire resistance measurements were 
performed during cooling, and then the sample was lowered into the growth chamber.  
Another thin layer was evaporated, and the process was repeated.  This way a map of 
the resistance could be obtained as a function of film thickness.5
 Others grew films of different thicknesses before hand and measured them 
inside a cryostat.  This technique does not usually provide as smooth of a transition as 
the above setup, but may be easier to do since a complex two chamber system does 
not need to be built.  The films can be evaporated or sputtered and then transferred to 
a cryostat for measurements. 
 The other way to tune the SI transition is with magnetic field.  To do this all 
one need is to make a film of the right thickness and then put it inside a cryostat 
inside of which the magnetic field can be varied.  Combining the above methods, 



many experiments have been done that measured the resistance as a function of 
temperature at various fields. 
 The SI transition is driven by disorder.  Disorder can be varied with film 
thickness or magnetic field.  I believe that it should also be possible to tune the 
transition by varying the composition of the films.  For example, it has been shown 
that MoGe films of different ratios of Mo to Ge have different temperatures (Tc) at 
which they go superconducting. 6  Since Ge is not a superconductor, there may be a 
range of compositions which exhibit the SI transition.  However, I have not come 
across any literature investigating this idea.  This may be because all experiments are 
done at finite temperature and the extrapolation to zero in this case would be quite 
difficult.  Also many films would have to be made of different compositions, unlike 
with film thickness where new layers can be added to the same film in situ. 
 The films used in these experiments were made of various materials.  These 
included Al, Bi, Ga, In, Pb, Sn, MoGe, and others.  In the experiment mentioned 
above the films were granular.  This was a result of the stronger adhesion of these 
elements to themselves rather than to the insulating substrate.  As the films were 
deposited they would form non-connected grains, whose size would increase with 
more deposition.   This led to a transition from insulator to local superconducting 
grains to a true superconductor.  To make the films smooth some experimenters first 
deposited a several Angstrom thick layer of Germanium.  This layer smoothed out the 
surface of the substrate as well as provided a better surface for adhesion of the films.  
Films with a Ge underlayer are believed to be smooth and not granular.  There is a 
possibility that the Ge underlayer interacts with the superconductor, but at present it is 
believed that if it does, it does not contribute significantly.7
 The next section will introduce the results of many of the above experiments 
and draw conclusions from them. 
 
 
Part III. Data 
 
 First I will look at the some data from the late 1980’s on the thickness tuned 
SI transition.  These experiments worked out many of the problems with growing 
films as well as showed behavior expected theoretically. 
 Figure 1 demonstrates the quality of the films grown by Jaeger and company.5  
It shows the reduction in R□ as more material is deposited.  One will notice the sharp 
drop in resistance as the thickness increases.  For the Ga20 sample we see that the 
resistivity approaches a constant value.  By a thickness of 30A the resistivity has 
leveled off.  This shows that the films are quite clean.  The resistance for films thinner 
than 30A makes sense when we take into account boundary affects as well as the fact 
that these films are not homogenous but granular. 
 Figure 2 shows the SI transition for a few different granular films.  These 
films exhibit the transition at many different critical thicknesses.  While the critical 
thickness varies between materials, the authors claim to observe a critical resistance 
of about h/4e2 when global superconductivity sets in.  However, the data is only taken 
down to a temperature of 0.7K, and some of the curves exhibit behavior that cannot 
be easily extrapolated to absolute zero.  Figure 4 supports the claim of a universal 



critical resistance of h/4e2, but the data is far from conclusive as the last data points 
range from 6 to 9kΩ.  
 

 
Fig. 1. R□ as a function of film thickness for 
various samples.  Dashed line representing constant 
resistivity shows asymptotic behavior of the Ga20 
sample.  Reprinted from [5]. 

 
 Figure 3 shows R□ as a function of temperature for various film thicknesses 
of a Bi film with a Ge underlayer.  Measurable resistance first appears at a thickness 
of 4.36A.  By 6.73A superconductivity appears. 7  For this Bi film these resistance 
curves appear to be going to zero, superconductor, or infinity, insulator, as the 
temperature decreases.  However, once again the lowest temperature achieved is not 
very low, only 0.45K, which is quite large to be able to extrapolate these curves to 
T=0.  Another interesting point is that the critical resistance appears to be around 
6.5KΩ, or h/4e2 which is the same as the previously mentioned films of different 
materials.  This evidence supports the fact that the critical resistance is universal and 
does not depend on film material. 
 In figure 5 we can see similar behavior to the previous figures for an 
amorphous MoGe film.  Here, however, the transition is tuned by application of a 
magnetic field.  From the inset we can see that at critical field Bc=4.19kG the critical 
resistance Rc=1750Ω.  This value is much less than the predicted universal value of 
6.45kΩ and it varies for different film thicknesses, which suggests that the critical 
resistance in the field-tuned SI transition is not universal as previously thought.  The 
authors argued that while the resistance for cooper pairs seems to be the predicted 
h/4e2, the presence of a magnetic field may break apart some cooper pairs, and these 
unpaired electrons somehow contribute to the transport.  As a result the resistance is 
lower than the expected value for the case of cooper pairs as the only charge carriers.8
 



  
 

Fig 2.  R□ as a function of T for various films as 
more layers are deposited.  Reprinted from [5]. 

Fig. 3.  R□ as a function of T for a Bi film as its 
thickness is increased.  Reprinted from [7].

 
 Figure 6 shows R□ of a MoGe film as a function of magnetic field measured at 
80mK.9  The data shows interesting behavior.  As the field is swept up and down the 
curves do not line up with each other.  Another interesting fact is how the curves are 
separated.  One would naively expect that the zero resistance region would persist to 
higher fields on the up sweep of the field than on the down sweep.  However, the case is 
reversed.  This has yet to be explained. 
 



 
Fig. 4. R□ at 0.7K graphed against its value at 14.0K.  Note 
that R□ at 14.0K approaches a value near 6.5kΩ.  Reprinted 
from [5]. 

 
 

 
Fig. 5.  R□ for an a-MoGe film as a function of T at different 
values of magnetic field B ranging from 0 to 6kG.  Inset, R□ 
as a function of B at fixed values of T ranging from 80 to 
110mK.  Reprinted from [8]. 

 
 

 
Fig. 6.  R□ plotted against field.  Note the hysteretic behavior of the 
resistance.  Reprinted from [9]. 

 



 In the next section I will introduce the present theoretical views attempting to 
explain the above data. 
 
 
 
Part IV. Theory 
 

 
Fig. 7.  A proposed phase diagram for superconducting thin films.  ∆ 
is a measure of disorder which is tuned with film thickness in the 
previously mentioned experiments.  Reprinted from [3]. 
 

 Matthew Fisher proposed a phase diagram shown in figure 7 for these 
superconducting thin films.3  The diagram shows 3 parameters that can be tuned to take 
the films out of the superconducting state.  The first of these is temperature.  As I 
mentioned in part I this is where a Kosterlitz Thouless transition occurs.  The cause of the 
destruction of superconductivity in this case is the unbinding of vortex pairs. 
 The second parameter for tuning the SI transition is disorder ∆.  In the above 
experiments disorder was varied by varying film thickness.  At T=0 the SI transition 
occurs around ∆c.  The critical resistance is expected to be universal, and this view seems 
to be supported by the above mentioned experiments.  The explanation of the transition is 
the same as the one for the Kosterlitz Thouless transition at finite temperature.  As 
disorder approaches criticality vortex pairs unbind. 
 The third tuning parameter is magnetic field.  The field tuned transition is 
believed to be different from the previously mentioned ones, however.  Matthew Fisher 
explains this case as the following.  He proposes that as a field is applied, the films 
transition from a superconducting vortex glass state into an insulating electron glass.  The 
superconducting and insulating states are very similar.  In the superconducting state 
vortices are localized and the cooper pairs Bose condense.  On the opposite side of the 



transition in the electron glass the situation is reversed.  Now the cooper pairs are 
localized and the vortices Bose condense.3
 While Fisher provides a good overview of the SI transitions in 2D films, I will 
now concentrate on the phase glass model proposed by Phillips and Dalidovich.10  In 
their paper they provide a good review of the studies of these superconducting thin films 
and propose a theory to explain the metallic state between the superconducting and 
insulating states.  Their argument follows. 
 From BCS theory we know that the superconducting state occurs when electrons 
form pairs called Cooper pairs and these pairs obtain global phase coherence and Bose 
condense into the lowest energy state.  Therefore, the destruction of superconductivity 
can come about in two ways.  Either the Cooper pairs are broken, or global phase 
coherence disappears.  The authors propose that as the magnetic field is increased it is the 
latter case that occurs first.  Global phase coherence is lost, and a new state forms which 
they refer to as the phase glass.  This phase glass is characterized by having a local phase 
that varies from site to site such that the average phase over quantum states for each site 
is nonzero, but the sum of this average over all sites is zero. 
 The order parameter describing this new phase is believed to approach its 
equilibrium very slowly.  The authors argue that this leads to excitations which 
effectively create many metastable states for the bosons, Cooper pairs, to move through.  
These states shroud the ground state but do not pin or destroy the Cooper pairs.   While a 
superconductor no longer exists, a finite resistance metallic state can and does exist.  The 
glassy nature of this state can be used to explain the findings, shown in figure 6, by 
Mason and Kapitulnik9 that the resistance shows hysteretic effects as the magnetic field is 
swept in opposite directions. 
 At higher fields, the emergence of the true insulating state, they argue, is the 
breaking of Cooper pairs and consequent localization of electrons. 
 
Part V. Conclusion 
 
 The SI transition in 2D superconductors has been studied to great extent.  While 
the disorder tuned transition at T=0 is believed to be a Kosterlitz Thouless transition, the 
field-tuned SI transition is still not well understood.  At present, this transition can be 
summarized as one from a superconductor, to a glassy metal, to a true insulator. 
 Many more experiments are being done.  Many involve transport measurements 
like the experiments mentioned in this paper, but at lower temperatures made available by 
newer and better cryogenic techniques.  Other experiments on these films include 
tunneling as well as the mutual inductance technique I will be using.  The mutual 
inductance technique has a distinct advantage over the previous ones as it does not 
require any processing of the films.  After measuring a film it can then be patterned, and 
its transport can be studied.  In this way it is possible to learn new things about these 
films while still being able to place them in the context of earlier experiments by 
comparing the behavior of R□ as a function of temperature and magnetic field. 
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