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Abstract
Finding more efficient ways of exploring the doping phase diagrams of high
temperature superconductors as well as probing the fundamental properties of
these materials are essential ingredients for driving the discovery of new materials.
We use a doping technique involving gating with ionic liquids to systematically
and continuously tune the Tc of superconducting La2 CuO4+x thin films. We probe
both the transport properties and the penetration depth of these samples and find
that Homes scaling λ−2 ∝ σTc is obeyed, consistent with these materials being
in the dirty limit. This result is independent of the precise mechanism for the
gating process as all of the parameters of the scaling relationship are determined
by direct measurements on the films.
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Chapter 1
Introduction
The field of superconductivity dates back to the initial discovery by Heike Kamerlingh Onnes in Mercury more than 100 years ago. The two fundamental properties
that make something a superconductor are zero resistance and the Meissner effect. Zero resistance means the ability to transfer charge without dissipation. The
Meissner effect is the expulsion of magnetic fields from inside the superconducting
material. We will be interested in both of these properties as we probe the materials presented in this work. The idea of a material having zero resistance presents
a number of possible applications. For example, one could build power lines out
of superconducting wires and there would be no loss in power no matter how long
the lines were. Another example would be to build coils out of superconducting
wire and store energy by ramping up a dc current which will flow indefinitely in
the superconducting loop. Versions of both of these applications are in use today,
but the major drawback with the current materials is they all have superconducting transition temperatures, the temperature below which the materials are
superconductors, that are well below room temperature. This means all of these
applications require some form of sophisticated cooling in order to make them
1
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work. There are many cases where this cost in cooling is worth the benefit of
zero resistance. Every MRI in use today is built using magnets constructed out
of superconducting wire. However, there is a strong desire to find materials with
higher transition temperatures, ideally greater than room temperature.
This study of high-Tc materials was initiated by the discovery of superconductivity in Lanthanum Barium Copper Oxide (LBCO) 30 years ago [1]. Figure 1.1
shows this discovery in context with the overall evolution of material discovery
in the field of superconductivity. LBCO is in a class of materials know as the
Cuprates. The common characteristic of all Cuprates is a CuO2 plane. These
layered oxide materials are built from stacks of many different compounds where
the layers between the copper oxygen planes often serve as charge reservoirs for
adding and removing dopants. We will explore using ionic liquid as an alternative
method for adjusting the doping of these materials. The idea is that by using
ionic liquids we can change the properties of a material just by applying a gate
voltage. This convenience allows us to cover a lot of ground in the doping phase
diagram of this materials in an efficient way. Where typically one would need
to grow a whole series of samples all at slightly different dopings, we can grow a
single sample and continuously tune the doping of that material using ionic liquids. We will see that this pretty picture of turning a knob and cleanly effecting
the doping of a sample is an oversimplified one and there will be disorder and
structure changes in addition to doping changes that we will need to be aware of
and take into account.
There are two basic strategies for finding superconductors with high transition
temperatures. The first is to blindly guess and then check and see if that material
is a superconductor and what is its transition temperature. While this is clearly
not the most systematic of strategies it has largely been the most successful up
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until now. An example of this strategy at work was the discovery of a whole
new family of materials, similar to the Cuprates in that they are layered compounds, but based on Iron Arsenic layers at their core [2]. Before this discovery
conventional wisdom would have said that magnetic materials are a bad choice
if one is trying to build a superconductor, and this materials discovery came as
quite a surprise. There are a great many details about both the Cu and Fe based
superconductors that are not well understood, and there is optimism that one
can compare and contrast these two families to hopefully focus in on the essential
properties that make these materials superconductors with relatively high transition temperatures. While up until now much of the success in finding better
superconductors has been close to a random search, there is optimism that we
can better understand the fundamentals of these materials and use that to inform
our material search.
The work presented in this thesis approaches the problem of high temperature
superconductivity on two fronts. First, we use ionic liquids to more efficiently
adjust the doping in these materials. This is an improved version of the guess and
check method. Second, we carefully track both the resistance and penetration
depth of the material and see that there are fundamental scaling relationships
between these quantities. The idea is that by finding these fundamental relationships we can better understand the key ingredients that make up a superconductor
and use that information going forward to find better materials.
Before we can get to tuning superconductors using ionic liquids or exploring the
fundamentals of these materials, we must first produce superconducting samples.
The material we will study in this thesis is La2 CuO4+x (LCO). The transition
temperature of this material when optimally doped is slightly above 40K. We
produce thin films of this material using ozone assisted Molecular Beam Epitaxy

4

Figure 1.1: Figure taken from[3]. Critical temperature of material plotted against
the year in which that material was discovered. The landmark discovery by Bednorz and Muller of LBCO in 1986 sparked a flurry of research activity that continues to today.
(MBE). By thin we mean 3-4 unit cells thick, which is roughly 30-40 nm. This is
the minimal thickness we can produce and have a single superconducting transition
throughout the entire film. The thin nature of these films make them prime
candidates for doping using ionic liquid. Ionic liquid will have a limited depth
over which it can affect a material and in the case of these ultra thin materials
we can alter the entire thickness of the sample using ionic liquids. Chapter 2 will
focus on the material growth techniques used to produce the LCO samples studied
in this thesis.
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Once we have a high quality LCO sample the next step is to tune this materials
properties using ionic liquids. The field of using ionic liquids to adjust the doping
of thin films is a relatively new one and there are still many details of the doping
process that are not fully understood. The naive picture is that by applying a
voltage between a gate electrode and the sample, both of which are immersed
in ionic liquid, one can force a buildup of ions on the surface of the sample.
This charge layer on the surface of the sample induces charges in the material
thereby changing the doping of the material. In reality there are also chemical
and structural changes induced by the ionic liquid on the surface of the sample.
In fact, just adding ionic liquid to the surface of LCO without applying a gate
voltage will increase the normal state resistance of the sample and decrease Tc .
We will explore to what extent we can control all of these factors and demonstrate
that despite some of these drawbacks, ionic liquids are still a powerful and useful
tool for studying high temperature superconductors. Chapter 3 will cover the
details of how we use ionic liquids and highlight some of the limitations of this
technique.
The next goal of this work is to explore more carefully the fundamental nature of the superconducting state. The focus of this thesis will be on the use of
a two-coil mutual inductance technique for probing the penetration depth of the
superconducting samples. In parallel with this two-coil measurement we will look
at the resistance and Hall Effect as well. Measuring the resistance of a superconductor is informative but only up to a point. In particular, once the sample
transitions into the superconducting state, we see that the resistance is zero but
cannot say anything move detailed than this. Alternatively, the two-coil measurement, which probes the penetration depth of the material, can quantify the
strength of the superconducting state. Not just is the sample superconducting but
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just how good a superconductor it is. In particular, there is a direct relationship
between the penetration depth and the superconducting electron density. Where
measuring zero resistance implies there are some electrons in the superconducting
state, measuring the penetration depth allows us to quantify how many electrons
are in the superconducting state. Section 4.2 will detail the experimental setup
used for making two-coil mutual inductance measurements in conjunction with
ionic liquid doping. Also we will walk through the numerical procedure used to
invert the measured voltage data to determine the penetration depth of the film.
The final piece of the puzzle will be presented in Chap. 5, where we will
put together our measurements of both the transport and penetration depth and
explore the fundamental ways in which these quantities are related. This will
closely follow previous work[4, 5] where it was shown that λ−2 ∝ σTc , where σ is
the conductivity of the material, Tc is the critical temperature, λ is the penetration depth of the sample and λ−2 is proportional to the superconducting electron
density. The idea is that in a wide variety of superconducting samples there is
scaling relationship between Tc and the number of charge carriers above the superconducting transition in the normal state and the number of charge carriers
that condense into the superconducting state. We find that our samples follow
this same universal scaling, which demonstrates the robustness of this relationship. In particular we are coming to this conclusion using a combination of novel
techniques. Both the sample preparation, using thin films and doping with ionic
liquids, as well as the measurement probes, standard four-terminal resistance with
two coil mutual inductance, are new paths for verifying this conclusion.
The work presented in this thesis addresses both technical challenges as well
as fundamental physics. We demonstrate how ionic liquids are a powerful tool for
producing large changes in the physical properties of thin film superconducting
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samples. This allows one to study the properties of these films in an efficient
and systematic way. Where it previously would require a whole series of sample
growths we can do the same study in a single sample. This is not just an advantage
in terms of time, but also fixes all the geometrical factors in the sample that would
otherwise introduce uncertainty in comparing one sample to the next. This thesis
presents a systematic study of LCO where we monitor the interplay between the
resistance, the penetration depth, and the critical temperature of this material.
We see that the previously observed scaling relationship of λ−2 ∝ σTc extends to
LCO samples doped using ionic liquids.

Chapter 2
Material Growth and
Characterization
Our goal is to study the underlying physics of superconducting materials. An
obvious first step in this process is producing superconducting materials. We
will focus on the material La2 CuO4+x , which at optimal doping has a transition
temperature of approximate 40 K. We use ozone assisted Molecular Beam Epitaxy (MBE) in order to produce thin films of this material and use a variety of
characterization procedures to check the films both during the growth and after
the growth. This chapter will walk through the recipe we follow to produce thin
films of La2 CuO4+x . In Sec. 2.1 we will detail the procedures used as well as
discuss some of the limitations in terms of source stability and how this effects
the overall yield of the films that we produce. In order to produce films with high
single superconducting transition temperatures throughout the film one must first
start with a substrate and Sec. 2.2 covers the characterization of the substrates
we use in more detail. In particular, we will show that the films we get from MTI,
without any processing, show distinct terrace structure and sharp rocking curves
8
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indicating they are of high quality. Finally, in Sec. 2.3 we will cover the many
probes we use to asses the properties of the films both during the growth and
after they have been removed from the deposition chamber. All this is the first
step in the larger goal of this thesis which is to take these superconducting films
and continually tune their doping using ionic liquids and monitor the underlying
superconducting properties.

2.1

Molecular Beam Epitaxy

Molecular Beam Epitaxy (MBE) is the tool we use for producing thin films of
La2 CuO4+x . MBE is a technique used for very precisely controlling the flux of
materials to the point where we can build films one atomic layer at a time. For
the growth of La2 CuO4+x we use Knudsen type effusion sources (K-cells) for both
lanthanum and copper, and we use a distillation procedure for creating a pure
source of ozone gas which reacts with the film. The film is grown on a SrLaAlO4
substrate which is held at high temperatures during the growth. The success of
MBE growth depends primarily on the precise control of the flux of the source
elements and we will discuss both how this is achieved and to what extent we
are limited in this regard. A schematic of the MBE setup used for producing the
samples in this study is shown in Fig. 2.1. The copper and lanthanum K-cells
are located on the bottom of the chamber and a glass pipe coated in gold delivers
ozone to a pair of points on either side of the substrate during the film growth. The
ozone pipe is coated in gold to reflect the radiation from the sources and minimize
heating. The ozone will dissociate and recombine into O2 at a rate that increases
the warmer the temperature and we want to maximize the concentration of ozone
that arrives at our sample. We use a quartz crystal monitor (QCM) to measure
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the material flux rate of the lanthanum and copper sources. Both the sample stage
and QCM can be moved. Our procedure is prior to the growth, we position the
QCM in the location where the substrate will be during growth and measure the
rates of lanthanum and copper. This means we do not need an additional tooling
factor calibration on these rate measurements. After we have measured the rates
we remove the QCM and move the substrate into its place. We then introduce
ozone to a pressure of 3x10−5 Torr and heat the substrate up to 700 °C. This
temperature was optimized by growing a series of films at temperatures from 500
°C

to 900 °C and measuring the two terminal resistance of each film. For 4 unit

cell films, the resistance decreased from 2 kΩto 1 kΩwith increasing temperature
up to 750 °C. Above 750 °C the resistance of the films increased sharply to ¿1
MΩ. The flux of material from the K-cells can be selectively blocked by a shutter
for each element. We control the amount of material we deposit by opening these
shutters for a precise amount of time. For the flux rates we use a typical shutter
time of 30 seconds to deposit material in 1/2 unit cell increments. The unit cell
of La2 CuO4+x is composed of pair of repeating layers. We deposit in 1/2 unit cell
increments, which each contain a complete formula unit. The shutter time is a
compromise between two competing goals. The time it takes for the shutter to
move from the closed to the open position is about 1 sec. Having the shutter open
for 30 seconds means that the uncertainty in the amount of material deposited
during the time the shutter is moving is relatively small compared to the overall
total amount of material during the time the shutter was open. On the other
hand we do not want to choose a time arbitrarily long because there are limits to
the stability of the sources and the longer the sample growth the more likely the
current material flux rate will deviate from the measured flux rate from before
the deposition. After we have deposited the desired amount of material we then
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turn off the substrate heater and let the sample slowly cool still in the presence of
ozone. Once the sample has reached 50-100 °C we turn off the ozone source and
recollect any extra ozone with a sorption pump which vents through a catalyst to
fully react the ozone before it is exhausted into the laboratory.

Figure 2.1: Schematic diagram of the MBE used for producing La2 CuO4+x films.
We use distilled ozone to ensure sufficient oxygenation of the films and control the
amount of La and Cu by timed shutters.
One of our primary concerns for growing high quality samples is precisely
controlling the material flux from the lanthanum and copper sources. We use kcell effusion sources for both materials. Lanthanum has a melting point of 920 °C
and after the sources has been warmed up from room temperature we always keep
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it above this point. For lanthanum we use an idle temperature of 1000 °C and a
deposition temperature of 1500 °C. Copper has a melting point of 1085 °C and
like lanthanum we hold the source above this point after the initial warm up. We
use an idle temperature of 1100 °C and a deposition temperature of 1200 °C for
copper. For both materials the deposition rate measured at the idle temperature
is 100 times smaller than the rate measured at the deposition temperature. Both
sources are held at their respective temperatures using Micristar controllers. We
measure the flux rate of both sources prior to the film growth using a QCM. We
are making the assumption that the sources stay stable during the time between
when we measure this rate and when we actually deposit the sample. This time
delay is approximately one hour. We have done careful studies of the stability
over time for the lanthanum and copper sources and this assumption of stability
is not confirmed. Ideally the fluctuations in flux rate would be no larger than 1 %.
In order to measure the rate to a resolution of 1 % requires monitoring the QCM
for 5-10 min. Fig. 2.2 shows an example of where this 5-10 min measurement
was repeated several times over the course of a day in order to see the long time
stability of the sources. We see that on time scales on the order of hours there
are drifts in the flux rate larger than 10 %. This means that we are not actually
maintaining the desired stability. The source of this instability is likely linked to
temperature fluctuations. We maintain temperature stability of 1 part in 1000,
but due to the exponential nature of the deposition rate this can still result in
significant changes in the deposition rate. For example, an increase of 10 °C in the
temperature of lanthanum K-cell will produce a 50% increase in the deposition
rate. As a result of this instability, the variation from one sample growth to the
next is very high. The result of this thesis will focus on samples that showed sharp
superconducting transitions at a single temperature under the assumption that

13
these samples were grown where the growth conditions were optimal even though
we could not always reproduce these same conditions.

Figure 2.2: Deposition rate stability of the lanthanum and copper sources over
the course of half a day. Both rates change over time by more than 10%.
A complication on top of the rate stability issue just outlined is that our
measurement of the rate, particularly copper, is sensitive to the cooling water
temperature of the QCM. The frequency that the QCM measures is a function of
its temperature and changes in this temperature will look like a flux of material.
Basically, when we measure the stability of the source we are actually measuring
a convoluted stability of both the source and the QCM temperature. Fig. 2.3
shows oscillations in the measured copper flux rate. This measurement was done
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with the copper shutter closed, which means any measured rate is artificial and
attributed to changes in the temperature of the cooling water for the QCM. We
use a closed system for the cooling water for all the MBE components. This
system uses a heat exchanger to couple the cooling power of the building cooling
water to this closed system. The cooling power is set by controlling a valve that
throttles the flow of the building cooling water on one side of the heat exchanger.
These rate oscillations where observed when the closed water system temperature
was set lower than the building cooling water and therefore the system had no
ability to regulate the temperature. The temperature fluctuations in this case
were less than 1 °F and correspond to a changes of 5% in the measured copper
rate. Copper is must more sensitive to these kinds of fluctuations because it has a
much smaller mass than lanthanum and therefore produces smaller changes in the
frequency of the QCM for a similar number of atoms. The solution in this case
was to set the temperature of the closed cycle water cooling system 5 °F higher,
from 60 °F to 65 °F, where it could more reliably maintain a steady temperature.
The temperature of growth is another critical parameter. Here the challenge
has more to do with knowing the actual temperature of the sample than overly
precise control of that temperature. We have two different means for measuring
the temperature of the substrate, each with their own drawbacks. The first is
a thermocouple situated in a position above the substrate heater. For reference,
the sample substrate is located below this heater. The position of the thermocouple is designed to be a distance away from the heater that is equavalent to the
distance the sample is away from the heater but in the opposite direction. The
assumption is that these two positions are at similar temperatures and therefore
the thermocouple is approximately reading the substrate temperature. Obviously,
this assumption is only true up to point and therefore the temperature we read
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Figure 2.3: Cu rate measured with the shutter closed so no actual material was
being deposited on the QCM. The observed oscillations are due to fluctuations in
the temperature of the cooling water for the QCM.
from the thermocouple at best gives us a rough estimate of the actual substrate
temperature during growth. The second temperature measurement is done using
a pyrometer. We use a Williamson Pro 92-38 dual wavelength pyrometer. This is
mounted externally on the MBE chamber and measures through a window pointed
at the substrate. The actual values measured by the pyrometer and thermocouple typically disagree by about 80 °C, with the pyrometer always reading higher.
With this discrepancy we operate on the assumption that both values have an
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uncertainty of roughly this magnitude. We control the temperature of the substrate by applying a fixed voltage across the heater of 20-30 V. As the heater
oxidizes over time its resistance steadily increases and one needs to apply higher
and higher voltages to maintain a constant applied power. The typical lifetime of
a substrate heater is approximately 30 sample growths.

2.2

Substrate Characterization

Starting with a high quality substrate is essential for growing high quality superconducting La2 CuO4+x thin films. We use SrLaAlO4 as the substrate material.
This material was chosen because it has a good lattice match to bulk La2 CuO4+x .
A summary of the lattice mismatch between the a and b lattice parameters of bulk
La2 CuO4+x and SrLaAlO4 is shown in table 2.1. It is worth noting that while
bulk La2 CuO4+x has an orthorhombic structure we are growing on a tetragonal
substrate and we do see epitaxial growth with the film locked to the a and b lattice constants of the substrate, which means the films we produce are tetragonal.
All the films presented in this thesis where grown on SrLaAlO4 substrates purchased from MTI Corp. The two primary ways in which we quantify the quality of
the substrates are through atomic force microscopy (AFM) and x-ray diffraction
rocking curves. A typical AFM scan of a bare substrate is show in Fig. 2.4. This
substrate was not treated in any way prior to this AFM measurement and it is surprising that a substrate straight out of the box like this displays a distinct terrace
structure. The terrace structure comes from the slight miss-cut of the substrate.
From previous experience in our lab we need to go through an involved etching
and annealing procedure to produce similar features on SrTiO3 (STO) substrates.
The histogram, also shown in Fig. 2.4, displays peaks associated with each flat
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terrace step. The spacing between these peaks gives us 5.5 Å as a measure of the
step height, which corresponds to approximately 1/2 the unit cell for SrLaAlO4 .
Like La2 CuO4+x , the unit cell of SrLaAlO4 consists of a pair of nearly identical
material stacks and there is a natural cleavage plane at the half unit cell point.
The RMS roughness of the substrate is 3.5 Å measured over a 1 µm square, which
corresponds to roughly 1/4 of a unit cell of La2 CuO4+x .
Lattice Constant
a
b
c

SrLaAlO4 (a = b) La2 CuO4+x (x = 0.12) [6]
3.754 Å
3.774 Å
3.754 Å
3.825 Å
12.630 Å
13.197 Å

Table 2.1: Lattice parameters for SLAO and LCO.

Figure 2.4: (a) AFM scan for a typical SrLaAlO4 substrate showing distinct terrace steps. (b) Histogram of AFM image showing peaks associated with each
terrace step. The distance between peaks is 5.5 Å, which corresponds with 1/2
unit cell step heights.
The second method we use for characterizing the substrate quality is x-ray
diffraction rocking curves. A crystal substrate can be composed of many smaller
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crystals that nucleated separately during the formation of the crystal. The rocking
curve gives us a measure of the mosaic spread of all these separate parts of the
substrate. For a well aligned crystal the rocking curve will produce a sharp peak
while a substrate with many separate crystals all out of alignment will produce a
broader peak. Fig 2.5 shows an intensity vs ω scan with the x-ray diffractometer
aligned to the 006 plane of the substrate. The measured width of the peak of
0.004 degrees indicates the individual crystals in the substrate are well aligned.

Figure 2.5: Rocking curve for a typical SrLaAlO4 substrate measured at peak
associated with the 006 plane. The FWHM of 0.004 degrees indicates that this is
a well aligned crystal.
Based on our AFM and x-ray measurements of the substrates supplied by MTI
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corp we conclude they are of good quality. With a good crystal substrate to use
as our pattern for epitaxially growing La2 CuO4+x thin films our next step is to
examine the quality of the film deposited on top of this substrate.

2.3

Sample Characterization

We have several methods for characterizing the quality of the samples grown by
MBE. During the growth we can monitor the crystal structure of the film using
reflection high-energy electron diffraction (RHEED). RHEED provides us with
information about the in-plane lattice parameters and the smoothness of the sample. After the sample is grown we use x-ray reflectivity (XRR), x-ray diffraction
(XRD), atomic force microscopy (AFM), and Rutherford Back Scattering (RBS)
to further characterize the properties of the film. XRR provides us with a measure
of the film thickness as well as the roughness of both the top and bottom surfaces.
XRD probes the c-axis lattice parameter. AFM is another measure of the sample
roughness and RBS is way of checking the film stoichiometry. We use all this
information to characterize the overall film quality and feed this information back
into the processes to optimize the growth conditions.
We monitor the sample quality during the growth using RHEED. We use an
RH-35 system from STAIB instruments and KSA-400 software. For a perfect 2D
thin film the RHEED signal would be a set of vertical streaks where the spacing
between the streaks is the reciprocal coordinate for the in-plane lattice parameter.
For a film where there is growth out of the surface the streaks will break up into
a pattern in the vertical direction. The streaks will form distinct spots indicating
the growth is more three dimensional than two dimensional. Three dimensional or
out of plane growth can occur if the stoichiometry of the film is incorrect or if the
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growth temperature is too high or too low. The top image of Fig. 2.6 shows the
RHEED signal for a typical La2 CuO4+x film were the growth temperature and film
stoichiometry were correct. The lower two images in Fig. 2.6 show the RHEED
patterns for films where their was either an excess of Cu or and excess of La. We
can see that in both of these off stoichiometry cases the ideal pattern of vertical
streaks breaks up in to distinct spots. This indicates that there are clusters of
binary oxides growing out of the surface of the film instead of spreading uniformly
across the surface. It is important to note that for both of the off-stoichiometry
cases shown in Fig. 2.6 the excess of Cu or La was greater than 10%. It is possible
for the stoichiometry to be incorrect but in a less severe way where it does not
show up in the RHEED pattern but still produces poor quality films in terms of
resistance and Tc . We use RHEED as a first measure of film quality but it is not
as sensitive as measuring the transport properties of the film.
After we remove the film from the MBE chamber we use x-rays to probe the
structure of the film. We measure both XRR and XRD. A typical XRR is shown
in Fig. 2.7. XRR is performed at small angles where we can think of the film as a
continuous unit and the information we derive comes from the x-rays probing the
different index of refraction of the film as opposed to the air and the substrate.
This means that XRR can probe the thickness of the film and the quality of the
top and bottom surfaces. For the 4 unit cell La2 CuO4+x film show in Fig. 2.7,
we fit the x-ray reflectivity data using GenX to determine the film thickness to
be 47.3 Å, the roughness at the sample substrate interfaces to be 3 Å, and the
roughness at the sample air interface to be 8 Å. We can take this same 2θ x-ray
scan to wider angles where the x-ray beam will diffract off successive layers of
the film and use this to probe the c-axis of the film. The wide angle diffraction
scan in Fig. 2.7 shows the 004 peak for the La2 CuO4+x film as well as a small
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Figure 2.6: The RHEED pattern of a film grown with the correct stoichiometry
as well as the cases where there is either an excess of Cu or an excess of La.
thickness fringe which is an indicator that this film is of good quality. The center
of the peak provides a measure of the c-axis lattice parameter, which is 13.3 Å,
and the width of the peak provides us with a measure of the film thickness, which
is 44.5 Å. We can compare the lattice parameters of the La2 CuO4+x film to the
bulk parameters in Tab. 2.1. The a and b parameters are fixed epitaxially to the
substrate and therefore we have a compressive in-plane strain. As a result of this
in-plane strain, the c-axis increases from 13.2 Å to 13.3 Å.
An alternative way to measure the roughness of the film is using AFM, and a
typical AFM scan of a 4 unit cell La2 CuO4+x sample is shown in Fig. 2.8. The
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RMS roughness of this sample is 3 Å. The important comparison to keep in mind
when examining the roughness of the film is how it compares to the thickness of a
unit cell and the overall thickness of the film. The roughness quantified by AFM
and XRR range from 1/4 to 2/3 of a unit cell where the films we will examine in
this study are 3-4 unit cells in thickness. This means that even if the interior of
the film is perfect the rough top and bottom surface still make up a significant
fraction of the whole and we will see in Sec. 5.2 that this puts these film into a
strong scattering limit.

Figure 2.7: X-ray reflectivity (left panel) and diffraction (right panel) for a 4 unit
cell LCO film.

23

Figure 2.8: Typcial AFM scan of a 4 unit cell La2 CuO4+x sample showing extremely smooth surface over a wide area of 10 µm2 . The RMS roughness of this
sample is 2 Å.
A key component of growing a good quality film is having the right film stoichiometry. We can use Rutherford Back scattering (RBS) to determine the ratio
of number of La to Cu atoms in our film and check whether we are indeed depositing them in a 2 to 1 ratio as we intend. Fig. 2.9 shows a typical RBS spectrum
for a 4 unit cell La2 CuO4+x film grown on an MgO substrate. The smaller peak
is from Cu and the larger peak is from La. MgO is used for this measurement
because the La in an SrLaAlO4 substrate would produce a strong step in the RBS
spectrum making it difficult to separate the La signal that is coming from the substrate from the La signal that is coming from the film. We determine the number
of atoms for each element by integrating the area under the peak and take that
area divided by the square of the atomic number for the element associated with
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Figure 2.9: Typcial RBS scan for a 4 unit cell La2 CuO4+x film grown on an MgO
substrate. The smaller peak is from Cu and the larger peak is from La.
that peak. We do this for both the La and Cu peak and then take the ratio of
those two quantities to determine the stoichiometry of the film.
The final and most sensitive check of film quality is the resistance. Section 4.1
will cover the procedure we use for making this measurement in more detail.
Here we would simply like to use the resistance of samples grown with different
thicknesses to get an estimate of the number of dead layers in our films. A dead
layer is a thickness of film where the properties of the film are different from the
bulk. We are growing our La2 CuO4+x films on SrLaAlO4 substrates where the
lattice mismatch is detailed in Table 2.1. Fig. 2.10 shows the sheet resistance vs
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temperature for both a 2 unit cell and a 3 unit cell film. The sheet resistance of
the film is related to the intrinsic resistivity of the material by Rs = ρ/t, where Rs
is the sheet resistance, ρ is the resistivity, and t is the film thickness. If there were
no dead layers in the film we would expect the resistance of the 2 unit cell film to
be 50 % larger than the resistance of the 3 unit cell film. We see that instead the
resistance of the 2 unit cell film is approximately 7 times larger than the resistance
of the 3 unit cell film. Assuming the resistivity of a dead layer is infinite we can
estimate the thickness of the dead layers in these films to be approximately 1.4
unit cells. We can also account for the 40 Å thickness of the 3 unit cell film to
determine the resistivity of the film at 400 µΩcm. This is 2-5 times larger than
typical bulk resistivity of similar materials[7].
We have outlined the procedure for using ozone assisted MBE to produce
La2 CuO4+x thin films. We must take care to precisely control the material flux
rate of the copper and lanthanum sources. Our limited ability to hold these rates
constant is the primary limit on repeatability of this growth procedure. We use
SrLaAlO4 supplied by MTI Corp. which based of our measurements of AFM
and x-ray diffraction rocking curves are of high quality. In fact, with no surface
preparation at all we see distinct terrace steps in these substrates. Both during
the film growth and after the film is removed from the MBE chamber we use a
variety of characterization tools to more fully understand the material properties
of these films. Our main tool during the growth is RHEED which shows epitaxial
growth with the a and b lattice locked to the substrate. After growth we can
characterize the film roughness both top and bottom using a combination of XRR
and AFM to see that even in the best films there is a surface roughness on the
order of 1/4 to 2/3 of a unit cell. We will keep this quantity in mind when we are
discussing the penetration depth measurements in Sec. 5.2 where we will conclude
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Figure 2.10: Resistance vs temperature for 2 unit cell and 3 unit cell La2 CuO4+x
films. The fact that the normal state resistance of the 2 unit cell film is 7 times
the resistance of the 3 unit cell film implies that there are 1-2 dead layers in a
typically grown film.
that these films are in the large scattering limit. Now that we have demonstrated
how we produce a strong superconducting sample near optimal doping our next
goal is to adjust the doping and for that we will use ionic liquids.

Chapter 3
Ionic Liquid Gating
Our goal is to systematically explore how doping effects the properties of the high
temperature superconductor La2 CuO4+x (LCO). Typically this would require us
to grow a whole series of samples at a range of different dopings. While this is
a perfectly reasonable strategy it does require a great deal of time and assumes
a precise level of control over the material growth. For the work presented in
this thesis we will use an alternative technique for electrostatically adjusting the
doping of our material that will make use of ionic liquids.
The idea of electrostatically modulating the carrier concentration of complex
oxides has been of great interest for many years [8, 9]. And the idea of using a conventional field effect device to adjust the doping of high-Tc materials has been an
active field over the past several years [10, 11, 12, 13]. Within our own lab we have
used a gate and a conventional dielectric to study the superconductor-insulator
phase transition in quench condensed bismuth films [14]. The conventional implementation of this device involves using a solid dielectric and metal gate to adjust
the doping of a material. For example, one can use strontium titanate, which has
a large dielectric constant at low temperatures, as the substrate for depositing a
27
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material and then adding a gate electrode on the opposite side of the substrate.
By applying a voltage between the gate and the sample one can adjust the doping
within the sample. The problem with a conventional solid dielectric and gate is
the magnitude of changes in carrier concentration that can be produced. Even
if one uses a material like strontium titanate, which has a very large dielectric
constant, as the dielectric material one can at most produce changes in carrier
concentration of up to 1x1013 carrier/cm2 . For a thin film, where there is only
a single copper oxygen plane a change 1x1014 carrier/cm2 would be just enough
to take the sample from the top of the superconducting dome to the fully undoped state. For LCO this would be a film that is 1/2 of a unit cell thick because
there are two copper oxygen planes in each unit cell. The thinnest films we can
grow which exhibit homogeneous superconducting properties are 3 unit cells thick,
which contain 6 copper oxygen planes. This means having a tool that can produce changes in carrier concentration on the order of 1x1015 carrier/cm2 is needed.
Thankfully ionic liquid is just such a tool.
An ionic liquid is a combination of compounds that form a molten salt at
relatively low temperature. For example, if we take table salt up to 801 °C it will
melt into a liquid with positive sodium ions and negative chloride ions. The ionic
liquid we will use for the work presented here is N,N-diethyl-N-(2-methoxyethyl)N-methylammonium bis(trifluoromethylsulphonyl-imide (DEME-TFSI). Like the
example of table salt at high temperatures this compound forms a liquid composed
of DEME cations and TFSI anions with the primary difference between table salt
and DEME-TFSI being their melting points. Whereas table salt needs to be
heated up to high temperatures to melt, DEME-TFSI melts at around 200 K,
which is well below room temperature. The rough lateral scale of both the DEME
and TFSI ions is 1 nm.
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Ionic liquids are a powerful tool for modulating the carrier concentration of
materials and recent studies using this tool to induce superconductivity in strontium titanate[15] sparked a great deal of interest in this field. However, the idea of
modulating the properties of high temperature superconductors with ionic liquids
goes back more than 20 years [16, 17] with more recent examples in La2−x Srx CuO4
[18], YBa2 Cu3 O7−x [19, 20], LCO[21], and Pr2−x Cex CuO4 [22]. The work presented
here is an extension of the work cited on LCO.
Figure 3.1 shows schematically how the setup involving ionic liquid works.
Both the sample and a gate electrode are immersed in the ionic liquid, which for
our experiments will be DEME-TFSI. By applying a voltage between the gate
and the sample we can induce a buildup of ions on the surface of the film. This
layer of ions on the surface of the film induces image charges in the sample of the
opposite sign. One way to think of this procedure is that we are building a pair of
capacitors at both the gate and the sample surface. Because the effective spacing
between the plates of this capacitor are the size of the ion, which is on the order
of a few nanometers, we expect this to be be a large effective capacitance and to
induce large changes in the carrier concentration of the sample. The is clear when
we look at the general expression for the capacitance where C = 0 r A/d and the
capacitance increases with as the distance between the plate is minimized. We
can also think about the depth within the material over which we expect to effect
changes. A simple estimate for the depth over which electrostatic fields will be
screened out is the Thomas-Fermi screening length defined as
~πr 0  3π 2 1/3
2
λT F =
.
4me e2 n
If we use r = 20[13] and n = 2.5 × 1021 cm−3 , we estimate λT F = 0.4 nm. This is
roughly one tenth of the thickness of the thinnest films we can produce. We are
able to fully modulate the properties of these films which implies there is likely
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more than electrostatic changes at play.
In this picture we are assuming that all the changes effected in the sample
are due to electrostatic effects caused by this capacitor type of charging. In this
idealized picture the changes in doping of the material would be fully reversible,
and the primary source of disorder would be from the random distribution of the
ions on the surface of the material. In practice we see that we also affect the
intrinsic chemical doping of the material. This still has the advantage of being
an in-situ method which does allow for precise control of the doping and offers a
degree of reversibility.

Figure 3.1: A schematic of the use of ionic liquid to adjust the doping of a material.
Both the sample and a gate electrode are immersed in the ionic liquid. In this case
we are applying a positive gate voltage which attracts negative ions to the gate
and positive ions to the sample surface. This layer of positive ions on the surface
of the material acts like a nanoscale capacitor and induces electrons (removes
holes) from the material.

31
Of the many challenges associated with using ionic liquids sorting out electrostatic effects from electrochemical effects can be key. Previous work on gold films
[23] shows that much of the conductivity modulation exhibited by ionic liquid gating is actually due to a reversible oxidation reaction at the film surface. Previous
work on VO2 [24] shows that ionic liquid gating can induce oxygen vacancies for
a positive polarity applied to the gate, which account for much of the induced
carriers rather than electrostatic forces. Also in VO2 it was shown that ionic liquid can induce reversible structural changes in this material [25]. Previous STEM
studies on La1/3 Sr2/3 FeO3 show that the addition of ionic liquid can actually remove material from the surface of the sample and incorporate it into the bulk of
the ionic liquid [26]. One strategy that has been proposed for minimizing these
chemical effects is putting a flake of boron nitride between the sample and the
ionic liquid to act as as a shield[27]. While this flake can suppress the chemical
effects it also decreases the effective capacitance of the device by increasing the
spacing between the ions and the sample.
Over the next three sections we will explore in detail to what degree we are
dealing with an idealized electrostatic charging process and to what degree there
are chemical effects taking place. Section 3.1 will look at what happens when we
simply add ionic liquid to the surface of an La2 CuO4+x film without applying a
gate voltage. In Sec. 3.2 we will discuss to what degree the crystal structure is
affected by ionic liquid. Finally, in Sec. 3.3 will look at a couple of examples of
what happens when we try to reverse the gate voltage and return a sample to it’s
initial state.
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3.1

Sample Degradation

In a perfect scenario, all the changes induced in our sample would come solely
from applying a gate voltage between the sample and gate electrode and these
changes would be perfectly reversible. For some material systems this may be
largely true, but for the work we present here involving LCO and DEME-TFSI
this is not explicitly true. The choice of DEME-TFSI was arbitrary and based
on the previous work in our lab and other groups performing similar experiments.
It is likely that is is not the optimal choice. The first example of this kind of
non ideal behavior comes from simply putting ionic liquid on the surface of the
sample. Figure 3.2 shows resistance vs temperature for a 4 unit cell LCO film
before and after the addition of ionic liquid. In this case, the ionic liquid was
applied to the surface of the sample at room temperature and then the sample
was cooled down to 200 K, which is below the melting point of the ionic liquid.
The time to cool down was approximately 30min. We see that simply adding
ionic liquid to the surface of the sample increased the normal state resistance
and decreases Tc . There is nothing about these changes that can be attributed
to electrostatic charging because the gate voltage was left at zero throughout
this experiment. It is important to note that while the applied voltage is set to
zero this does not force the electrochemical potential between the sample and the
ionic liquid to zero. What is more, we can also look at the Hall effect in this
same sample. Figure 3.2 shows the transverse resistance, Rxy , as a function of
the an applied perpendicular magnetic field, measured at 180K. This transverse
resistance is inversely proportional to n, the carrier concentration in the material.
If we assume a simple Drude model with only a single type of charge carrier for
the conductivity of our film as σ =

ne2 τ
,
m

we would expect the sheet resistance to
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change proportionally to the transverse resistance if we are primarily changing the
number of carriers. The ratio of the sheet resistance before and after the addition
of ionic liquid is 0.7, and the ratio of the transverse resistance at 9 T before and
after the addition of ionic liquid is also 0.7. This means that the changes in
resistance are primarily explained by changes in doping and therefore we expect
in this case we are producing a minimal change in the disorder of the material.
We can understand this increase in resistance by considering the role of the
interstitial oxygen in this material. The as grown material La2 CuO4+x films we use
for our studies are at a doping of approximately x=0.12. This doping is estimated
by comparing the transition temperature measured in our films to those in the
literature[28, 6]. The excess oxygen resides in interstitial spaces between the
lanthanum oxide layers. It is known from previous work that these interstitial
oxygen atoms are mobile down to 200 K [29]. What is more the phase diagram
of La2 CuO4+x has miscibility gaps depending exactly on the concentration and
structural staging of the interstitial oxygen.

FigureWe can experiment with

the interstitial oxygen stability by examining a film where we do not add ionic
liquid and instead just increase the temperature. We see that just increasing the
temperature to slightly above room temperature in a vacuum environment we can
steadily increase the resistance and reduce Tc of a LCO film. Figure 3.4 shows
the results of warming a 3 unit cell La2 CuO4+x film to 340 K. We see that the
resistance increases at a faster and faster rate as the temperature is increased. We
interpret this result as the interstitial oxygen steadily leaving the sample, reducing
the doping and therefore increasing the resistance of the sample.
Based on this result we conclude that going to lower temperatures should
decrease this effect. So there is a chance that keeping the ionic liquid and sample
below some temperature we can eliminate the steady loss of oxygen that we see
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at higher temperatures. We need to warm the liquid to 240 K in order for the
ions to be mobile and effect changes in the sample using the gate, which puts a
minimum on how low we can keep the ionic liquid and sample system. We tested
the addition of ionic liquid at 240 K to see if this steady loss of interstitial oxygen
is still a problem at these reduced temperatures. We rigged up a setup inside the
PPMS where we could load both the sample without ionic liquid and a bucket
containing the ionic liquid. We cooled both the sample and bucket down to 240 K
and then pulled a string to tip the bucket and pour the ionic liquid on the sample.
Figure 3.5 show resistance vs temperature for the sample first without ionic liquid
and then for a series of steps after the ionic had been added at 240 K. Each step
consisted of warming the sample and ionic liquid to 240 K and waiting for 1 hour.
We see that even if the sample and ionic liquid never go above 240 K there still is
a steady increase in the normal state resistance. We conclude that there is always
a steady loss of interstitial oxygen throughout the experiments presented here.
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Figure 3.2: (a) The sheet resistance of a 4 unit cell La2 CuO4+x sample before
and after adding ionic liquid to the sample surface. In this case ionic liquid was
added to the surface of the film at room temperature and then the whole setup
was immediately cooled to below 200K over the course of approximately 30 min.
We see both an increase in the normal state resistance and a decrease in Tc of the
film after adding ionic liquid. (b) The transverse resistance of the film measured
at 180 K both before and after the addition of ionic liquid. We see that change we
see in the normal state longitudinal resistance is accompanied by a proportional
change in the transverse resistance. This implies that while the changes cannot
be electrostatic in nature because we are not applying any gate voltage, we are
primarily affecting the doping of the material.
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Figure 3.3: Phase diagram of La2 CuO4+x taken from Wells et al.[28]. We can
see that for the chemically doped material there are miscibility gaps where the
material phase separates into regions with different interstitial oxygen staging and
corresponding superconducting transition temperatures.
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Figure 3.4: (a) A series of sheet resistance vs temperature curves for a 3 unit
cell La2 CuO4+x film, where each step involved warming the sample to 340 K in
a vacuum environment and waiting for 20 minutes. (b) The sheet resistance vs
time for this same sample. We see that the rate at which the resistance increases
grows with temperature.
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Figure 3.5: (a) The sheet resistance of a 4 unit cell La2 CuO4+x sample after adding
ionic liquid. The liquid was added to the surface of the sample while the sample
and liquid where both inside the cryostat and stable at 240K. (b) Shows the sheet
resistance at 180K for each measurement step continuing a couple of steps beyond
the data in (a). For each step the sample with ionic liquid was warmed to 240K
and held for 60 min and we see that the normal state resistance steadily increases
with each step.
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3.2

Structural Effects

Based on the results of the previous section we hypothesize that interstitial oxygens are leaving our samples over time and that this loss is accelerated by the
addition of ionic liquid to the sample surface. If this is a correct conclusion there
should be a corresponding change in the structure of these samples, namely the
c-axis lattice parameter should shrink as we lose oxygen. Figure 3.6 shows the
result of an experiment where we took an 8 unit cell LCO film to the Advanced
Photon Source (APS) at Argonne National Lab. By using the strong flux of
this synchrotron x-ray source we were able to measure x-ray diffraction patterns
for the sample while ionic liquid was on the surface. We see that the addition
of ionic liquid to the surface of the sample had two effects. The center of the
peak associated with the (008) plane of the LCO film shifts to smaller L values,
which would correspond to the c-axis growing. This is in contradiction with our
interpretation that adding ionic liquid to the surface of the sample encourages
the migration of interstitial oxygen out of the sample. The second effect we see is
that the (008) peak, as well as the thickness fringes associated with this peak both
broaden out. This broadening corresponds to the effective thickness of the sample
shrinking. This could mean the ionic liquid is etching away the top surface of the
sample or at least increasing the surface roughness. It also could correspond to
an overall disordering of the film. It should be noted that all these measurements
were performed at room temperature and repeating this experiment with better
temperature control and at low temperatures are important next steps.
In addition to exploring the effect of simply adding ionic liquid to the surface of the sample we also would like to learn how applying a gate voltage to
the ionic liquid adds to these effects. Figure 3.7 shows the results of additional
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measurements using the APS and the same 8 unit cell LCO film as before. Here
we alternate between applying positive and negative 2 V between the sample and
the gate electrode and track the position of the peak associated with the (108)
plane. We see that for positive voltages the peak shifts to larger L values which
corresponds to a decrease in the c-axis lattice parameter. For negative applied
gate voltages we see the peak shift to smaller L values which corresponds to an
increase in the c-axis lattice parameter. If we assume that these shifts in magnitude of the c-axis are associated with adding or removing interstitial oxygen,
we would say that applying a positive gate voltage is removing interstitial oxygen
and applying a negative voltage is adding it back. Removing interstitial oxygen
should also decrease the free carrier density in the material and this agrees with
what we see from transport measurements, where applying a positive gate voltage
increase the resistance of a sample. In addition to stepping up and down associated with the changes in gate voltage we also see a steady drift to smaller L values
in agreement with the effect shown in Fig. 3.6. While these results are consistent
with a picture where oxygen is the only chemically active element we can not rule
out the possibility that the La:Cu ratio is being effect as well.
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Figure 3.6: X-ray intensity as a function of the magnitude of the L reciprocal
lattice vector calibrated to the substrate’s c-axis spacing. The sharp peak is
associated with the < 008 > plane of the substrate. The broader peak is associated
with the (008) plane of the sample. We see that adding ionic liquid to the sample
surface slightly shifts the sample peak to smaller L values which would correspond
to an increase in the c-axis. We also see that the fringes broaden with the addition
of ionic liquid which correspond to the effective thickness of the sample shrinking,
which could be due to a roughening of the sample surface.
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Figure 3.7: (Provided by Guichuan Yu). Tracking the center of the peak associated
with the 108 plane in an 8 unit cell La2 CuO4+x film as the gate voltage is alternated
between positive and negative 2 V. We see that for positive gate voltages the
peak shifts to larger L values, which corresponds to a decrease in the c-axis lattice
parameter.
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3.3

Reversibility

A final strategy for separating electrostatic from electrochemical effects it to check
the reversibility of the ionic liquid doping procedure. A purely electrostatic process
where there is a minimal number of trap states will be largely reversible, and
returning the gate voltage to 0V should fully recover the initial state of the sample.
Figure 3.8 shows a pair of examples where we attempted to reverse the ionic liquid
doping procedure. We see that there is in fact a large hysteresis associated with
the doping, in that returning the voltage to zero does not recover the initial state.
It is only after applying a negative voltage that we recover something similar to the
initial state. What is more, while we can return the sample to the a similar value
of Tc , the sharpness of the transition has changed. For panel (a) the transition
is broader on the return trip and in panel (b) the transition is sharper. Both of
these results point to the fact that the doping is not uniform over the entirety of
the sample. This could be due the size and shape of the charging electrode, which
is smaller than and differently shaped than the sample. The sample is a plane and
the gate is a coil of Pt wire. But we hypothesize that the small sheet resistance
of the sample (< 10 kΩ) should force the ions to distribute themselves uniformly
across the surface of the sample. The other possibility for nonuniformity would
be a thickness dependent effect where the top surface of the sample is affected
more strongly than the underlying layers.
We see that much of the change in LCO doped films using DEME-TFSI is not
electrostatic in nature. The mobility of the interstitial oxygen in this material
likely make this a particularly sensitive material to electrochemical effects some
of which change the underlying crystal structure of the material. We also see that
while returning the gate voltage to 0 V does not return the sample to it’s initial
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state we can produce a degree of reversibility by switching the sign of the applied
gate voltage. Overall, we see that using ionic liquids to dope thin films of LCO is
a powerful tool and we will further examine the potential of this tool in Chap. 5.
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Figure 3.8: (a) Resistance vs temperature at a series of gate voltages for a 4 unit
cell LCO film showing a clear hysteresis. (b) The imaginary component of the
pickup coil voltage as outlined in Section 4.2 for a series of gate voltages in a 3
unit cell LCO film. We are plotting the pickup coil voltage for this sample instead
of the resistance because the contacts failed before we had a chance to reverse the
voltage. In both, the initial sample was near optimal doping and we first applied
a positive gate voltage followed by a negative gate voltage.

Chapter 4
Measurement Techniques
Our goal is to understand the fundamental properties of superconducting materials and we have three primary probes in this regard. Two of these probes are
connected to the two fundamental properties that are integral to all superconductors. Those properties are zero resistance and the Meissner effect. We are
interested in probing both of these fundamental properties and use a combination of techniques. We use standard four-terminal transport measurements to
measure the resistance of the sample as a function of temperature. We use a
two-coil mutual inductance technique to probe the screening currents produced
in the superconducting state. The idea is that measuring transport alone will
tell us that a superconducting sample has zero resistance and nothing more. By
probing the Meissner effect of the superconductor we can quantify the strength of
the superconducting state, namely the density of superconducting electrons. We
are also interested in how both of these properties change as we adjust the doping
of our material using ionic liquids, and we will use the Hall effect to determine
where we are in the doping phase diagram. Section 4.1 will cover the details of
the resistance and Hall Effect measurements and Sec. 4.2 will go into detail on
46
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Figure 4.1: The typical layout for a superconducting La2 CuO4+x sample. The
gold electrodes are shown in yellow, the dark blue is the La2 CuO4+x thin film and
the light blue is Al2 O3 . The LCO film actually covers the Al2 O3 region as well
but due to the roughness created by the underlying Al2 O3 film the La2 CuO4+x
does not grow epitaxially and is disordered and is nsulating in this region.
the two-coil mutual inductance technique we use for measuring the penetration
depth.

4.1

Transport

We use a four terminal setup for measuring the transport properties of our La2 CuO4+x
(LCO) thin films. The sample and electrode pattern are shown in Fig. 4.1. The
sample is patterned into a circular disk to produce a cylindrically symmetric shape
for the two coil mutual inductance technique, which we will look at in more detail
in Sec. 4.2. We pattern the sample by first depositing Al2 O3 in the region where
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we do not want superconducting LCO. We then deposit LCO on the entire sample surface but the regions where LCO is on top of Al2 O3 do not grow epitaxially
due to the rough surface and lattice mismatch created by the Al2 O3 film and the
film in these regions is disordered and insulating. The last step is to deposit gold
electrodes in the four corners of the sample for measuring resistance. We use the
procedure developed by L. J. van der Pauw [30] to determine the sheet resistance,
Rs , of the film where
e−πR12,43 /Rs + e−πR23,14 /Rs = 1.

(4.1)

The numbering convention of the resistance measurements in Eqn. 4.1 refer to
RI + I − ,V + V − , where the first pair of numbers refererence the current leads and the
second pair reference the voltage leads. The numbering convention in Eqn. 4.1 is
the same as in Fig. 4.1. In principle there is no problem with solving the above
equation for every measured resistance, but in practice when R12,43 and R23,14 are
within 20% of each other, which is true for the data presented in this thesis, and
we can use the simplification of
Rs =

π R12,43 + R23,14
.
ln(2)
2

(4.2)

In addition to determining the sheet resistance we also want to measure the
Hall Effect to find the doping of our film. For this we define the transverse
resistance using
Rxy =

R13,24 + R24,31
.
2

(4.3)

This combination of resistances cancels out the longitudinal component in each
of the two measurements and leaves us with the bare transverse resistance. The
transverse resistance allows us to determine both the type of the charge carrier
in our material and the density of charge carriers. A sample data set of Rxy is
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Figure 4.2: (a) Rxy vs temperature for a typical 4 unit cell La2 CuO4+x film at 0,
9T, and -9T. The zero field case shows no signal demonstrating the combination
of resistances from Eqn. 4.3 do in fact remove the longitudinal component of the
resistance. The positive and negative field curves mirror each other about the
x-axis implying the hall signal is symmetric We can also see that the signal is
linear in (b), which is a sweep of the magnetic field taken at 300 K.
shown in Fig. 4.2 for a four unit cell LCO film. We see that the Hall signal
is symmetric about zero and linear with magnetic field. We also see that as a
function of temperature the transverse resistance goes though a maximum before
diving to zero below Tc .
From the transverse resistance we calculate the 2D carrier concentration as
n2D =

B
qRxy

assuming a free electron gas model with only a single type of charge

carrier, where B is the applied perpendicular magnetic field and q is the charge
of an electron. We can also calculate the Hall mobility as µH =

1
,
qn2D Rs

where Rs
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is the sheet resistance found from Eqn. 4.2 . The van der Pauw formalism makes
an assumption that our contacts are infinitely small. Because our contacts are in
fact a significant fraction of the size of the sample we estimate an error of up to
20% in our calculations for sheet resistance and carrier concentration due to the
finite size of our contacts [31] .

4.2

Two-Coil Mutual Inductance Technique

The two-coil mutual inductance measurement is a technique for probing the penetration depth or kinetic inductance of a material. Kinetic inductance and penetration depth are simply two different sides of the same coin. If we want to talk
about penetration depth we are thinking about the length scale over which magnetic fields die away at the surface of a superconductor. This screening of magnetic
fields is referred to as the Meissner effect and along with zero resistance makes
up the two fundamental properties of a superconducting material. The other way
we can think is in terms of kinetic inductance. The idea here is to picture the
charge carriers within the conducting material. These charge carriers are moving
and therefore have kinetic energy. This kinetic energy or momentum makes these
carriers resist changes in the applied current, which on a macroscopic scale is the
same as an inductance. Either picture, kinetic inductance or penetration depth,
is equally good, and there is no standard within the literature. More importantly
in the limit of a thin film (λ > d) they are directly related by
µ0 λ2
Lk =
,
d

(4.4)

where Lk is the kinetic inductance, λ is the penetration depth, d is the thickness
of the film and µ0 is the permeability of free space[32].
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The two-coil mutual inductance technique, as the name implies, makes use of
a pair of coils. The first is a drive coil used to create an alternating magnetic
field, which will induce screening currents in our superconducting sample. The
second coil is a pickup coil which is used to sense the magnetic field produced
by the screening currents of the sample. An early development of the two-coil
technique was by Fiory and Hebard in 1980[33], where they showed evidence for a
Berezinskii-Kosterlitz-Thouless transition in Al thin films. They also applied this
technique to the high-Tc superconductor YBCO as early as 1988[34]. As early as
10 years ago there was working being done using a conventional gate and solid
dielectric to adjust the doping and transition temperature in LSCO and track
the corresponding changes in kinetic inductance[12]. We are specifically modeling
our two coil setup on a design by Jeaneratte[35] and first implemented in our lab
by Zhong-Heng Lin[36, 37]. The unique aspect of this design is that both the
drive and pickup coils are on the same side of the sample. This is critical for our
experiments involving ionic liquid because the top side of the sample is already
occupied by the ionic liquid and gate.
We use the following numerical procedure for extracting the material property
of penetration depth from the measured quantities of the real and imaginary components of the pick-up coil voltage. Our goal is to develop a procedure where we
can input voltages, which are our measured quantity, and output the penetration
depth, which is the material property we are interested in. It turns out this is
a much simpler problem to work in reverse and our strategy will be to initially
work the problem starting from the penetration depth and determining the corresponding measured voltages. The strategy will be to first develop a procedure
for inputing the material properties of resistance and penetration depth, which
we will represent as a complex film impedance. We will use this input complex
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film impedance to calculate the voltage produced in our pickup coil. The second
step will be to develop an efficient guess and check procedure for inverting this
process to convert the actual measured voltages into the material properties.
Our first goal will be to derive the steps needed to calculate the measured
voltages from the input complex film impedance. There will be two main steps
in this derivation. First we divide the sample into a series of rings, derive a
linear system of equations, which we use to solve for the current in each ring.
Once we have determined the currents in the film we then derive the magnetic
field produced by these currents and the corresponding voltages produced in the
pickup coil due to these currents.
We begin with a statement of Ohm’s law in the form

J = σE = −iωσA,

(4.5)

where σ is the complex conductivity of the material and we have assumed that all
fields have a time dependence of the form exp(iωt). In general, the conductivity
is a complex quantity with both real and imaginary components. Going forward
we will rewrite the conductivity in terms of a complex impedance, Z, as
d
= Z = Rs + iωLK ,
σ

(4.6)

where Rs is the sheet resistance and LK is the kinetic inductance defined in Eqn.
4.4. Rs is the same as the sheet resistance defined in Eqn. 4.2, which we will
measure using a four-terminal DC technique, and the two coil will provide us
with an independent measurement of this same quantity.
We define the vector potential in general as
Z
µ0
J(x0 ) 3 0
d x.
A(r) =
4π
|x − x0 |

(4.7)
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Figure 4.3: The current loop and coordinates we use for defining the vector potential produced by a loop of current in Eqn. 4.8. The circle shown in orange is
the current loop of radius a. Due to the cylindrical symmetry of the setup, we
define the vector potential using the coordinates r and z.
Our film is patterned into a disk, which we will numerically treat as a series of
concentric rings, and both coils are arranged to maintain cylindrical symmetry
with the sample disk. This means the relevant vector potential we will need
to calculate is that of a ring which we can take from Jackson[38]. Using the
coordinate definition shown in Fig. 4.3 with the loop to be in the xy plane there
is only a phi component for the vector potential expressed as


4Ia
(2 − k 2 )K(k) − 2E(k)
µ0
√
,
Aφ (r, z, a) =
4π a2 + r2 + +z 2 + 2ar
k2

(4.8)

where K(k) and E(k) are elliptic integrals whose argument k is defined as
k2 =

a2

4ar sin θ
.
+ r2 + z 2 + 2ar

(4.9)

We combine Eqn. 4.5 and Eqn. 4.6 as
JdZ
= Adrive + Af ilm ,
iω

(4.10)
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where we have broken the vector potential into two components originating from
the drive coil and the screening currents in the film.

Figure 4.4: The geometric layout of the drive and pickup coils. Tab. 4.1 details
the exact measurements for the two coil used in this work. The pickup coil is
wound in two parts with the part near the sample wound in one sense and a part
far from the sample wound in the opposite sense in order to minimize the direct
coupling between the drive and pickup coil.
We write Eqn. 4.10 in a more explicit form using the exact geometry of our
coils shown in Fig. 4.4 and Tab. 4.1. With this information we build a linear set
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Rd
δd
Ld
Td
Rp
δp
Lp
Tp
hgap
hof f
Nrings
Rf ilm
d
Id

1.5 mm
0.1 mm
2
23
1 mm
0.1 mm
5
5
1.4 mm
0.67 mm
100
2.5 mm
40 Å
1 mA

Table 4.1: The geometric properties of the two coil setup used for determining
the penetration depth of superconducting thin films. The subscript d refers to the
properties of the drive coil and the subscript p refers to properties of the pickup
coil. The diameter of the wire is δ, L is the number of layers in a coil, and T is
the number of turns per layer. For the pickup coil Lp and Tp are the values for
each of the oppositely wound pairs.
equations, one equation for each ring of current in the film, as

Nrings
Ld X
Td
X
Ji dZ X
=
Id Aφ (δd (t − 1), ri , Rd + δd l) −
Jj d∆rAij .
iω
j=1
l=0 t=1

(4.11)

The drive coil component requires a sum over each loop of the drive coil, which
takes the form of a pair of sums, one over the loops in each layer of the drive
coil and one over the number of loops in the drive coil. The film component is a
summation over each ring of current in the film. Care needs to be taken when we
consider the Aii term, which is the vector potential produced by a ring of current
in the film on itself. We follow the work outlined in Z. H. Lin’s thesis [36], which
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solves for this term as
µ0
Aii = Ii
2π

 
2

2 
!
16ri
∆ri
1 ∆ri
16ri
ln
+
+
ln
.
∆ri
12ri
3 8ri
∆ri


(4.12)

The only unknowns in Eqn. 4.11 are the current in the film, Ji , and the complex
impedance of the film, Z. By making a guess for the impedance, we then have
all the information needed to solve for the current in the film. An example of
such a solution is shown in Fig. 4.5 using a the geometric values listed in Tab 4.1
and a penetration depth of 3700 Å, where we have assumed Rs is zero and used
Eqn. 4.4 and Eqn. 4.6. For reference the critical current in YBCO can exceed
109 A/m2 [39] and the current we calculate are approximately 100 times less than
that value.
The next step is to go from the calculated screening currents in the film to
the measured voltage in the pickup coil. We begin with a definition of mutual
inductance as
Vp (emf ) = −M

dId
= −iωId M,
dt

(4.13)

where once again we have made the assumption that the driving current have a
time dependence of the form exp(iωt) and the mutual inductance can be defined
as
1
Mij =
Ij

I
Aij · dl.

(4.14)

Using the specific geometry outlined in Fig. 4.4 and Tab. 4.1 we rewrite

Lp
Tp Nrings
X
X
2π X
M=
(Rp + δp l)
Ji ∆rdAφ (δp (t − 1), Rp + δp l, ri )
Id l=0
t=1 i=1
Lp
Tp Nrings
X
X
2π X
(Rp + δp l)
Ji ∆rdAφ (δp (t − 1) + hgap , Rp + δp l, ri ) (4.15)
−
Id l=0
t=1 i=1
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Figure 4.5: The calculated current density of a 3 unit cell La2 CuO4+x film with a
5 mm diameter. We see the currents in the film reaches a local maximum at 1.5
mm, which corresponds to the radius of the drive coil, and peaks at the edge of
the film.
The combination of Eqns. 4.11, 4.13, and 4.15 provide a function for inputting
a guessed complex film impedance and calculating the resulting voltage in the
pickup coil. In practice we measure the voltages in the pickup coil and wish to
determine the corresponding film impedance. Our next goal is to determine how
to invert this data.
The inversion procedure, taking the measured voltage and calculating the penetration depth and sheet resistance, follows a guess and check strategy. There are
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two primary forms this strategy can take in order to invert the data. One involves building a large table of all the possible values we expect to encounter in
a given experiment and then use that table to process each sweep. The second
strategy we have employed is to take each data point one at a time and search
out a matching set of voltages. The first strategy requires both more time up
front and detailed knowledge of exactly what the parameter space of the data will
be. The time element is approximately 12-24 hours to build a single table. This
is a reasonable amount of time for creating a table that will then be used invert
several days to weeks of data. However, if our initial estimate on what parameter
space this table needs to cover is wrong or if a calibration factor changes we need
to rebuild this table and spend another 12-24 hours. The alternative approach
that in a big picture sense is less efficient is to a each data point one at a time.
It is less efficient in the fact that we will sometimes recalculate the same voltage
combinations we covered previously because we are treating each data point as
a separate problem that does not inform the next data point. The advantage
of the point by point inversion is it will adapt specifically to the data and does
not require any prior prediction of what parameter space will need to be covered.
The time cost is about 1 hour per data sweep, which means if you are processing
less than 10-20 curves it is actually faster than the alternative method where one
builds a giant table.
In detail the point by point guess and check inversion procedure involves a
function that is made up of two main components. One component minimizes the
error in the overall magnitude of the complex measured voltage by adjusting the
guessed penetration depth. The other component minimizes the error in the ratio
of the real to the imaginary component of the voltage by adjusting the guess in the
sheet resistance. The magnitude of the adjustment scales with the magnitude of
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the error and these two components cycle back and forth until the error between
the calculated voltages and the measured voltages is smaller than the noise level
of the measurement, which is 10 nV.
For the two coil measurement we use an SRS830 lock in amplifier in conjunction with an SRS 560 filter and amplifier to both apply and measure the two coil
signals. The typical drive coil current is 1mA, which produces a magnetic field of
approximately 15 mOe at the center of our sample. The drive frequency for our
measurements is 50 kHz. A typical set of voltage measurements as well as the
corresponding components of the film impedance are shown in Fig. 4.6. We first
subtract off a zero signal which we measure by performing the same temperature
sweep without the sample. This background subtraction removes the direct coupling between the drive coil and pickup coil. The coil is designed to minimize this
direct coupling by winding the pickup coil in two components each wound in an
opposite sense. The signal we are interested in is only the coupling though the superconducting film. Due to imprecise knowledge of the distance between the coils
and the sample, we cannot determine the absolute size of the penetration depth.
For example, an error of 0.05 mm in the distance hof f would correspond to a 40%
error in the calculated penetration depth. Instead, to set the scale, we use 2700 Å
based on literature values for La2−x Srx CuO4 [40, 41, 42] a compound with a similar transition temperature, to calibrate the unknown spacing between the sample
and the coils. This calibration is used with the optimally doped sample and then
subsequent measurements after changing the doping using ionic liquids can be
determined relative to this initial state. We are plotting the penetration depth as
λ−2 because this quantity is proportional to the superconducting electron density.
We can see that below Tc , which we define using the peak in Vx , the superconducting electron density steadily grows and the sheet resistance goes to zero. A check
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of our measurement comes from comparing the sheet resistance measured by the
two coil and the sheet resistance measure by the DC van der Pauw procedure.
We see good agreement between these two measurements, which is a confirmation
that our numerical procedure for determining the film impedance from the two
coil signal is behaving as expected.

Figure 4.6: (top) the real and imaginary components of the resistance of a superconducting La2 CuO4+x film expressed as the sheet resistance and λ−2 . The blue
data points are the sheet resistance measured using a standard 4 probe DC technique and we see that it overlaps with the resistance determined from the two-coil
resistance. (bottom) The real and imaginary parts of the measured voltage in the
pickup coil used to calculate the film properties plotted above.
There are three primary material properties that we wish to measure in the
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superconducting films under study in this thesis. We want to measure the sheet
resistance, the Hall Effect, and the penetration depth. We use a four terminal
van der Pauw configuration for measuring both the sheet resistance and the Hall
Effect. From the Hall Effect we calculate the carrier concentration and mobility
of this film, both of which inform our understanding of how exactly ionic liquid
is affecting the film. We use a two-coil mutual inductance technique for measuring the penetration depth of the films. The penetration depth provides insight
into the superconducting electrons in the film telling us about the strength of the
superconducting state. By explicitly measuring all of these variables we will be
able to explore the interplay and fundamental relationships underlying the superconducting state with a minimal need for assumptions about where we are in the
superconducting phase diagram.

Chapter 5
Results and Discussion
The previous chapters outlined all the tools we need to thoroughly explore the
doping phase diagrams of superconducting films. In this chapter we will put these
tools to use and see how the resistance, T c , doping, and penetration depth are all
interconnected. There are a number of empirical relationships about how T c is
fundamentally connected to the penetration depth in a superconductor and our
experimental setup is uniquely designed to test these empirical relationships. We
will see that the scaling relationship of λ(0)−2 ∝ σTc established by Homes et al.
[4, 5, 43] is upheld in our samples, and we present a simple explanation for this
scaling based on the fact that scattering is strong in these films. We also explore
the proposal established by Uemura et al. [44] of λ(0)−2 ∝ Tc and find that our
results do not support this empirical relationship. In fact, a central result of our
measurements is that the superconducting electron density is proportional to the
carrier concentration in the normal state of the material. A consequence of this
proportionality is that instead of observing the Uemura relationship, we find a
remapping of the superconducting dome. Section 5.1 will detail the experimental
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setup and how using ionic liquid to adjust the doping drives changes in the resistance, Tc and the penetration depth. We look closely at the low temperature
dependence of the penetration depth in Sec. 5.2, which will inform our understanding of the pairing state in these films. Finally, Sec. 5.3 and 5.4 will cover
the degree to which our results agree with the empirical relationships established
by Homes and Uemura, respectively.

5.1

Dependence on Carrier Concentration

The experimental setup is shown in Fig. 5.1. Both the drive and pickup coils are
located on the back side of the sample. The holder is constructed out of Delrin
in order to minimize stray coupling between the drive and the pickup coil. We
use the numerical procedure outlined in Sec. 4.2 for determining the penetration
depth of the sample from the measured real and imaginary components of the
voltage read by the pickup coil. We model the film with a complex impedance,
Z = R +iωLk , where R and Lk are the sheet resistance and the kinetic inductance
of the film, respectively. In the case of a thin film with thickness λ  d, the kinetic
inductance is directly related to the London penetration depth as Lk = µ0 λ2 /d.
We used the ionic liquid DEME-TFSI to tune the properties of our superconducting samples. The ionic liquid is initially applied to the surface of the sample
at room temperature but all further gating is done at 245 K. Figure 5.2 shows
how the resistance, carrier concentration, and mobility evolve with the applied
gate voltage at a temperature of 180 K. All three quantities were determined using the four-wire resistance technique in a Van der Pauw configuration as outlined
in Sec. 4.1. Each measurement step involves warming the sample and ionic liquid
to 245 K, which is above the melting point of the liquid. The gate voltage is then
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changed at this elevated temperature and allowed to relax for 20 min. We apply
a positive voltage to the gate, which corresponds to removing holes or reducing
the number of charge carriers in the sample. As the gate voltage is increased we
see both an increase in the resistance of the film and a decrease in the carrier
concentration. While the mobility does begin to decrease at higher gate voltages
we see that the primary effect of the applied voltage is to reduce the number
of free holes in the material. We note that the gating procedure is not purely
electrostatic as the changes upon gating are irreversible. The evidence for this
conclusion comes from removing the applied gate voltage and observing that the
resistance does not return to the zero-voltage state. In fact, we must apply a
negative gate voltage in order to return the resistance to its initial state. Now,
while there are advantages to a purely electrostatic process, namely reversibility
and no introduction of disorder, an in-situ electrochemical doping method, which
we believe may be involved in the process presented here, is still a powerful and
useful tool.
The real and imaginary components of the voltage in the pickup coil at a
series of applied gate voltages are shown in Fig. 5.3. The real component has a
peak centered at the superconducting transition and the width of the peak is, in
part, a measure of the homogeneity of the sample at that doping. We see that
with increasing applied gate voltage the peak moves to lower temperatures and
broadens. We interpret this as a change in the doping of the material, removing
holes, but not necessarily in a fully homogeneous way. We will use the center of
this peak as our definition of Tc for the purposes of checking the Homes scaling
relation. The imaginary component of the voltage, while not explicitly equal to
it, represents the kinetic inductance of the sample which is directly related to
both the penetration depth and superconducting electron density. We see the
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imaginary component move to lower temperatures and go to zero with increasing
gate voltage.
We follow the inversion procedure outlined in Sec. 4.2 to convert from the
measured voltage to the penetration depth. Fig. 5.4 shows the results of this
conversion, where we are plotting the quantity λ−2 , which is proportional to the
superconducting electron density ρs . The measurement of the resistance of the
sample obtained in parallel with the two-coil signal is shown in Fig.5.5. We see
that as we increase the gate voltage and remove holes the normal state resistance
increases and Tc steadily decreases.
A summary of the results is shown in Fig. 5.6. The range in doping covered
here is from the underdoped edge of the superconducting dome to near the peak
of the dome. We can convert from 2D carriers/cm2 to holes/Cu using the fact
that there are six CuO2 planes in a three unit cell LCO film. Given this conversion we cover a range of 0.07 to 0.21 holes/Cu, which is in agreement with the
generally accepted phase diagrams for high-Tc superconductors. The conductivity
roughly follows a Drude form, where the conductivity is proportional to the carrier
concentration. The quantity λ−2 , which is proportional to the superconducting
electron density, ρs , also increases directly proportional to the normal state carrier
concentrations. This means that the number of electrons that collapse into the
superconducting state is proportional to the number of electrons in the normal
state. While the superconducting electrons must be a subset of the normal state
electrons, this result showing that these quantities are explicitly proportional is
new and a product of our unique experimental setup that allows us to track both
of these quantities in parallel.
Following the work of Zuev et al.[45] we can use the relationship
kB T2D =

Φ20
d
,
2
8πµ0 λ (T2D )

(5.1)
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to define T2D , which is the Berezinskii-Kosterlitz-Thouless-transition temperature.
Here Φ0 is the flux quantum. If we use the entire film thickness of 40 Å as the
value of d we find good agreement between this definition of T2D and the value
of Tc we determine from the peak of the real component of the two coil signal.
The dashed line in Fig. 5.4 is a plot of Eqn. 5.1 assuming d is 40 Å and the
temperature at where this dashed line crosses the λ−2 (T ) curve defines T2D .
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Figure 5.1: Schematic of the sample setup. The entire sample is immersed in
the ionic liquid DEME-TFSI. A gate electrode made of Pt is also immersed in
the ionic liquid. Not pictured are leads going to the corners of the sample for
making resistance measurements. The sample holder is made of plastic (Delrin)
to minimize extraneous screening currents. The two-coil assembly is composed of
an outer drive coil and and inner pickup coil. The inner pickup coil consists of
two oppositely wound sections to minimize the direct mutual inductance between
the drive coil and the pickup coil. The sample is patterned into a disk with a 5
mm diameter. The inner diameters of the pickup coil and drive coil are 2 mm and
3 mm respectively. The gate is a coil of Pt wire with a surface area double that
of the sample.
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Figure 5.2: Plot showing how RS (squares), n2D (circles), and µH (triangles) evolve
as the gate voltage is increased. All three quantities were measured at 180 K.
We see that as we increase the gate voltage the resistance steadily increases and
the number of free carriers decreases. We also note that, while the mobility does
begin to decrease above 2.5 V, we are primarily affecting the carrier concentration
of the film and for the most part the mobility remains constant.
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Figure 5.3: The real and imaginary components of the 2 coil signal showing how
both evolve as a function of applied gate voltage.
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Figure 5.4: λ−2 vs Temperature for a range of applied gate voltages obtained from
using the numerical procedure oulined in Sec. 4.2 to invert the real and imaginary
components of the voltages in the pickup coil shown in Fig. 5.3. The dashed line is
an estimate for the BKT transtion temperature assuming the entire film thickness
is acting as a two dimensional unit.
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Figure 5.5: The sheet resistance vs temperature for a 3 unit cell La2 CuO4+x film
at a range of applied gate voltages. We see that as the gate voltage is increased
the normal state resistance increases and Tc decreases.

72

Figure 5.6: Plot showing how Tc (triangles), λ−2 (circles), and σ(squares) evolve
as a function of doping in a 3 unit cell LCO thin film. For reference we include
markers at the top and the underdoped edge of the superconducting dome, where
the conversion from charges per square cm to holes per copper is done using the
fact that we have a 3 unit cell sample which corresponds to 6 copper oxygen
planes.
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5.2

Low Temperature Dependance of Pentration
Depth

There is important information about the pairing state of the superconductor
contained in the low temperature dependence of the penetration depth. Depending
on the pairing state of the superconductor we expect λ(T )−2 to have a specific
temperature dependence. For an s-wave pairing state with a full gap we expect
an exponential dependence for λ(T )−2 . For a d-wave pairing state, where there
are nodes in the gap, we expect a linear dependence for λ(T )−2 [46]. In the case of
strong scattering this linear dependence shifts to λ(T )−2 ∝ T 2 [47, 48, 49, 50, 51].
Figure 5.7 shows that this sample exhibits a quadratic temperature dependence,
which implies scattering is playing a significant role. The ultra thin nature of this
sample means that the upper and lower surface roughness make up a large fraction
of the thickness of the entire film. We used both X-ray reflectivity (XRR) and
atomic force microscopy (AFM) to characterize the film roughness. From XRR
our estimates of the substrate-sample interface roughness and the sample surface
roughness are 3 Å and 8 Å, respectively. Using AFM we measure the sample
surface roughness to be 3 Å. All of these quantities are significant compared to
the c-axis lattice parameter, which is 13.3 Å. Considering that the entire film
thickness is 3 unit cells and the roughness of both of the top and bottom surface
are significant fractions of a unit cell it is reasonable to expect this film to be in
the strong scattering limit.
We are interested in the value of the penetration depth at absolute zero, but
our measurement is limited to a minimum temperature of 2 K. We will use the
assumption that these film are in the dirty limit, based of the results in Fig. 5.7, to
find the zero temperature penetration depth, λ(0), by fitting the low temperature
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Figure 5.7: . λ(T )−2 plotted on a T2 axis to emphasize the quadradic dependance
at low temperature in agreement with this film being a d-wave superconductor in
the strong scattering limit. The red lines are linear fits to the data from T=2 K
to T= Tc /2 where the y-intercept of the fit is used to determine λ(0)−2 .
penetration depth data using the form
λ(0)−2 − λ(T )−2 ∝ T 2 .

(5.2)

We plot λ−2 (T ) vs T 2 and then use a linear fit to the data where T < Tc /2 to
extrapolate to the zero temperature value. This extrapolated value is what we
will use in our analysis of the Homes and Uemura scaling relationships in Sec. 5.3
and 5.4.
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5.3

Homes Scaling

A primary conclusion of this thesis is that for ionic liquid gated LCO thin films
we observe ρs ∝ Tc σDC in agreement with the results obtained for a wide variety
of superconducting samples by Homes et al. [4, 5, 43]. Where the previous work
required a massive collection of distinct samples, we are able to cover a similar
range of parameter space in a single film continuously doped using ionic liquids.
The convenience of this setup is one obvious advantage. Another advantage is that
any uncertainty in the geometry of the sample is fixed. Because we are examining
changes in the quantities of interest, small uncertainties in the absolute values do
not effect the conclusions we draw here.
There are a number of different proposals for the interpretation of the λ(0)−2 ∝
σTc relationship [52, 53, 54, 55]. The simplest argument comes from the fact that
the film is in the strong scattering limit (∆  hτ −1 ) to begin with. For our films
we use a simple Drude model to estimate the scattering rate. Taking the values of
Rs and n2D from Fig. 5.2 and the relationship

1
Rs

=

n2D e2 τ
m

we can calculate hτ −1

to be 1.3 eV, which is much larger than the superconducting gap in these types
of materials [56, 57, 58]. This comparison is important because we can make a
simple argument for why the Homes scaling relationship should hold in this limit.
If we continue to assume a Drude model for the conductivity of our film, in the
normal state the frequency dependence goes as

σ(ω) =

ne2
τ
.
m 1 + ω2τ 2

(5.3)

The energy range over which the conductivity is approximately constant is set by
the scattering rate. When the sample transitions into the superconducting state
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Figure 5.8: λ(0)−2 vs Tc σ for a 3 unit cell LCO film. The properties of the film
were systematically tuned using the ionic liquid and gate electrode setup pictured
in Fig. 5.1. We see a linear relationship between λ(0)−2 and Tc σ in agreement
with the scaling relationship seen by Homes et al.
the electrons at energies less than the superconducting gap collapse into the superconducting state. If the superconducting gap is much smaller than the scattering
rate, then the number of electrons that transition to the superconducting state,
which is ρs , will be proportional to the product of the DC conductivity and the
energy gap in the superconductor. If we take the transition temperature, Tc , as a
proxy for the superconducting gap we see that the Homes scaling relationship of
ρs ∝ Tc σDC follows from this simple argument. It is important to note that while
the Homes data set is a compilation of many samples measured over the course
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of many years, the data shown here is from a single sample continuously doped
to cover a range of Tc values in a systematic and efficient manner. This points to
the power of using ionic liquids in an electric double layer transistor configuration
to systematically study the fundamental properties of superconducting samples.
It is important to examine to what extent the choices we made for defining Tc
and σ effect the conclusion that the Homes scaling is a good model of our film.
For the data plotted in Fig. 5.8 we define Tc as the temperature at which Vx is
maximal and σ is taken using the value at 180 K. Both of these choices are clearly
and unambiguously defined and produce a power of x = 1.0 using a linear fit of a
Log Log plot of λ(0)−2 ∝ [σTc ]x . If we instead define the conductivity using the
value just above the transition but still use the maximal value of Vx to define Tc
we find x = 0.9. If we adjust our definition of Tc to be the onset temperature
of the λ(T )−2 signal instead of the peak value we find x = 1.5 for either of the
previous definitions of σ. The conclusion is that our result is particularly sensitive
to our choice of how we define Tc . This is, in part, due to inhomogeneity in the
film which leads to a broad superconducting transition.

5.4

Uemura Scaling

The initial motivation for exploring whether there is a fundamental relationship
between Tc and λ(0)−2 was derived from the empirical relationship proposed by
Uemura et al.[44]. The data presented here does not follow the relationship proposed by Uemura of Tc ∝ λ(0)−2 . This is actually readily seen by a more careful
examination of Fig. 5.6. We see that the quantity λ(0)−2 , which is proportional
to the superconducting electron density, increases linearly with the number of free
carriers in the normal state. Simply, the number of superconducting electrons in

78
the superconducting state is proportional to the number of free holes in the normal
state. This means that we could simply switch the x-axis of Fig. 5.6 from doping (carrier concentration) to λ(0)−2 without affecting the shape of the Tc curve.
This means the relationship between Tc and λ(0)−2 will just be a remapping of
the superconducting dome and therefore not a linear function as seen by Uemura
in other, chemically doped high-Tc materials.
Figure 5.9 shows a plot of Tc vs λ(0)−2 , which would be a straight line with
slope of 1 in the case of the scaling relationship established by Uemura. We see
what looks like a sub linear power of x = 0.7 at the edge of the superconducting
dome. Then a much smaller power x < 0.2 near the top of the dome. The power
at the edge of the dome is similar to the 1/2 scaling seen by Zuev et al.[45] in
thick YBa2 Cu3 O6+x films. This result could follow from the presence of a QCP
at the edge of the dome where scaling arguments show that ρs ∝ δ ν(d+z−2) and
Tc ∝ δ νz , which for the case of a 3d material reduce to Tc ∝ ρs0.5 [42, 59, 60, 61]. If
we fit the whole of our data we do get a power close to 0.5 but it looks like this is
an average of two separate powers one near the edge of the dome and a different
one near the top of the dome.
Alternatively we can take the above Homes scaling result and see that we
should not expect a pure power law for our material. The Homes scaling shown
in Fig. 5.8 establishes the result
Tc σDC ∝ ρs

(5.4)

and from Fig. 5.6 we see that σ ∝ n2d and ρs ∝ n − n0 where n0 is the critical
doping at the edge of the superconducting dome where superconductivity appears.
The important fact here is that while both the conductivity and superconducting
electron density are proportional to the 2D carrier concentration they go to zero at
values shifted relative to each other. We can combine the previous two equations
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to produce
σ ∝ ρs + ρ0

(5.5)

where ρ0 is a constant to account for the fact that conductivity is a power law
centered about n2d = 0 while the super-electron density is a power law centered
about n2d = n0 . Combining Eqn. 5.4 and Eqn. 5.5 we can produce an empirical
relationship
Tc ∝

ρs
.
ρs + ρ0

(5.6)

We see from this result that given the Homes scaling, a Drude model for the
conductivity, and the empirical result of this thesis that ρs ∝ n − n0 we do not
expect there to be a pure power law relationship between Tc and ρs .
Overall we have demonstrated a unique experimental setup where we can track
resistance, doping, and penetration depth all in parallel for the same sample. This
combination of measurements provide us with a direct means of probing the empirical scaling relationships established by Homes and Uemura. We observe that our
results are in agreement with the scaling relationship of λ−2 ∝ σTc established by
Homes and in disagreement with the scaling relationship of Tc 2 ∝ λ−2 established
by Uemura. Finally, a primary result of this work is that the superconducting
electron density is proportional to the normal state carrier concentration.
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Figure 5.9: A plot of λ(0)−2 vs Tc where the empirical Uemura relationship would
show up as a straight line. If we only include the data at lower Tc values we have
something approximately linear but there is no reason to break the data into that
subset.

Chapter 6
Conclusions
The problem of finding superconducting materials that have higher and higher
transition temperatures is of great technological interest. One of the primary
hurdles to progress in this field is the nearly infinite material parameter space that
needs to be explored. Ionic liquids offer the possibility of exploring this parameter
space is a more efficient manner. Rather than needing to grow a whole series of
samples at discrete dopings we have demonstrated the ability to continuously
dope La2 CuO4+x (LCO) superconducting thin films from optimal doping into the
insulating state. While the initial promise of ionic liquids in recent years was of a
tool that can cleanly adjust the doping in a purely electrostatic way, we see that
for the combination of LCO and DEME-TFSI, the ionic liquid we chose for the
studies presented in this work, there are electrochemical changes as well. While
a purely electrostatic process has definite advantages in terms of reversibility, we
find that a process that is closer to an in situ chemical doping mechanism is
still a powerful and useful tool. In particular, we demonstrate that by explicitly
measuring the doping of the film using the Hall Effect we can carefully track the
nature of the changes effected by the ionic liquid.
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In addition to being a more efficient means of exploring the doping parameter
space, this tool allows us to systematically study how the resistance, transition
temperature, doping, and penetration depth are all interconnected. We present
an experimental setup that brings together ionic liquid doping, standard 4-wire
transport measurements, and a two coil mutual inductance measurement of the
penetration depth. This parallel combination of measurements is uniquely positioned to explore the empirical scaling relationships established by Homes[4, 5]
and Uemura[44]. We find that our films fit the Homes scaling relationship and
attribute this to the fact that scattering is strong in these films due to their ultra
thin nature and effect of the roughness of the top and bottom surface. We find
that Uemura relationship does not provide a good explanation of our measurements. In fact, a central result of our measurements is that the superconducting
electron density is directly proportional to the normal state carrier concentration.
A result of this proportionality is that instead of finding the Uemura relationship
we see a simple remapping of the superconducting dome, which does not explicitly
follow any power law.
Going forward, one of the primary challenges is to produce a more repeatable
film growth process. As outlined in Sec. 2.1, the flux of the La and Cu sources
during the MBE growth is only stable to about 10%. This means that the yield of
high quality samples is low, also approximately 10%. There are many interesting
experiments yet to be done involving high magnetic fields or continuations of
the syncrotron studies mentioned in Sec. 3.2. The primary factor limiting these
studies is the reproduction of high quality samples on demand.
Overall, we demonstrate the power of using ionic liquids to dope high temperature superconductors and efficiently explore the still not fully understood phase

83
diagram of these materials. Specifically, we find that the empirical scaling established by Homes is upheld in our measurements and we present a simple explanation for this result based of the fact that scattering is playing a significant role
in these films. Ideally, this combination of more efficient searching through material space coupled to a firmer understanding of the fundamental driving forces of
the superconducting state can lead to continued progress toward finding materials
with higher still transition temperatures that could unlock many new technologies
and applications.
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