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Abstract

The I-V characteristics of a HTS were studied in its normal and superconducting states. In no applied magnetic field, in its normal state, the HTS acted as a normal conductor (with a constant resistance). In its superconducting state the HTS had no resistance i.e. its voltage was zero until the critical transport current (Ict) was reached. Ict was experimentally determined to be 1829 + 6mA. From 1829mA to 2000mA the voltage across superconductor remained at 0.01 + 0.01 mV. Afterwards, the relationship between the critical current of the HTS and the applied magnetic field at 77K was studied but large uncertainties meant it was impossible to evaluate the critical magnetic fields.

Introduction

The science of superconductors is relatively modern; the notion of superconductors was not even considered until the tail end of the 19th century. Further to this, the first superconductor was not produced until 1911 (by Heike Kamerlingh Onnes)Ref 1. Hence the theory of superconductivity was only developed during the 20th century. 
A superconductor by definition is a “synthetic material that has very low or no electrical resistance”Ref 2. Most conductors would behaviour in this fashion as they approach absolute zero (OK); however, it was found that the resistance of some “superconductors” fell to nearly zero at a much higher temperature called its transition temperature. 

The Nobel Laureates Bednorz and Mueller in 1986 for the first time showed superconductor properties at high temperatures (far above absolute zero). The first high temperature superconductor (HTS) was a lanthanum-based cuprate perovskite material which had its transition temperature of 35KRef 1. The next year, Bednorz and Mueller designed an yttrium-barium-copper-oxide YBa2Cu3O7-x compound (Y123) which has a transition temperature above 77KRef 3. As 77K is the boiling point of liquid nitrogen, a readily available material, for the first time making superconductors had become a commercially viable process.
The aim of these experiments was to gain a basic understanding into the principles of superconductivity and how the voltage across a HTS varies with current flowing through it, in both its normal and superconducting states and in varying applied magnetic fields.
Theory

The favoured theory for explaining superconductivity is Bardeen-Cooper-Scrieffer (BCS) theory, its main postulate is that below the materials transition temperature, electrons spinning in opposite directions pair up. When a current flows un-paired electrons enter the system, this will disrupted a pair, creating two unpaired electrons. These two electrons will move to find other electrons to pair with. Then the pair is joined by a certain binding energy, if this energy is greater than the kinetic energy provided when the pair spilt (which is true, below the transition temperature), the electron pair stick and current flows without resistanceRef 4.
One of the important consequences of BCS theory is the Meissner-Ochsenfeld effect.
Meissner-Ochsenfeld Effect:
When a small magnetic field (below the “critical field, Bc”) is applied to a superconductor, all magnetic flux is excluded from the superconductor. When the applied magnetic field is larger then Bc this effect disappears in two distinct way depending on the superconductorRef 3. How this effect dissipates gives us a definition of a Type I and Type II superconductor. 
With a Type I superconductor the Meissner-Ochsenfeld effect immediately dissipates above Bc; whereas with a Type II superconductor there are two critical fields, Bc1 and Bc2. When the magnetic field strength lays in between Bc1 and Bc2 not all of magnetic flux is excluded from the conductor (the magnetic flux is “in the form of quantised flux vortices” Ref 3) yet it still exhibits superconductivity. As soon as the magnetic field strength exceeds Bc2 all superconductivity properties are lost.
Another important consequence of BCS theory is Silsbee’s Hypothesis.
Silsbee’s Hypothesis:
When a current flows through a superconductor in an applied magnetic field, the current must produce a magnetic field to cancel out the applied field, to create the Meissner-Ochsenfeld effect. Hence whenever a current flows in a superconductor it must have two components, the transport current It and the screening current IB. The latter is responsible for creating the magnetic field which cancels the applied one, whilst the former is responsible for transporting the charge through the superconductor. Hence, the total current is give by I = It +IB Ref 3. The current at which a voltage appears, hence superconductivity breaks down is known as the critical transport current Ict. As one would expect the characteristics of how Ict varies in a magnetic field depends on the nature of the superconductor. 
Method (For Experiment 1)
The equipment was set up as in Figure 1 however, with the constantan coil connected to the digital multimeters. Using the power supply as a current source, the voltage was measured across the constantan coil (at room temperature and with no applied magnetic field) for different applied currents. This gave a set of data for its I-V characteristics. The current was restricted to the range of less then 1000mA (1A), as any higher current would have caused enough heat to irreparably damage the contact at room temperature.
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Figure1:
The setup of the experiment which was carried out.
Even though the aim of the experiment is to gain a better understanding of the I-V characteristics of the HTS, a constantan coil was investigated as a form of reference. The constantan coil is a coil of a copper-nickel alloy (normally containing 60% copper and 40% nickel) and exhibits the unusual property of been able to maintain the same resistance over a large range of temperatures Ref 5, giving perfect reference frame for the unusual behaviour of the HTS.
Afterwards, the HTS was connected to the digital multimeters so its I-V characteristics could be measured in the same way, over the same range of applied currents and under the same conditions. Digital multimeters were used as they removed any ambiguousness in the reading of measurements. Although the readings flickered slightly they soon stabilised, meaning the error due to these machines are easily calculable. 
Following the tabulation of the data, liquid nitrogen was added to the Dewar flask, the Dewar flask was used to ensure that the liquid nitrogen remained at a temperature around its boiling point. The Dewar flask was cleaned and dried prior to the entry of the liquid nitrogen, to prevent any water droplets inside immediately freezing and cracking the flask. Enough liquid nitrogen was added so that the HTS at the top of the sample would be submerged. 
The I-V characteristics of the constantan coil and the HTS were then measured again (using the same principle discussed above and in no applied magnetic field) at this lower temperature. However, at this lower temperature the current restriction was raised to 2000mA (2A). As the boiling point of nitrogen is 77K, one could assume that the steady-state temperature of anything placed in the Dewar flask (after a short equilibrating time) would stabilise at 77K.
The data was then used to accurately calculate a value for Ict.
Results, Errors, Discussion (For Experiment 1)

The measurements taking during the experiment produced the following graphs. Figure 2 shows that as expected the constantan coil behaved as a normal conductor at room temperature, i.e. its resistance was constant as indicated by the straight line. It also shows that at room temperature (the HTS normal state) the HTS also acts like a normal conductor. This can be seen as the line of best fit is also a straight line; the only difference is the resistance of each material (as indicated by the different gradients).   
This experiment involved very little judgment so the errors were small. The largest errors came in from the digital multimetres. The intrinsic error in the measurement made from the digital multimetre was rather low, with the largest errors in the current been 97.28 + (1 + 
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97.28 + 3.69 mV. This value is relatively insignificant (3.8%); these errors can be seen in how miniscule the error bars are on Figures 2 and 3. Other small errors were accumulated from the four-point connection having some resistance so the voltage and current readings are not just the superconductor. Furthermore, as my line of best fit shows almost perfect regression (see Figures 2 and 3) it suggests my experiment was highly reliable with ignorable random errors. Another slight error could have occurred as the HTS got warmer at higher currents its resistance could have changed, hence affecting the I-V characteristics. This effect was minimalised by turning the power off after each reading, and allowing the device to cool.
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Figure 2:
I-V relationship of different conductors at room temperature and with no applied magnetic field (B=0mT)
At 77K (the HTS superconducting state), the constantan coil behaved as it did at room temperature i.e. maintained a constant resistance to within one-one-thousandth of an ohm. However, at this low temperature the HTS exhibiting superconductivity, below 1829 + 6 mA the superconductor had no voltage across it i.e. its resistance was 0. Above this current (to the 2000mA cap) the voltage remained at 0.01 + 0.01 mV. This suggests that the Ict value for the HTS is 1829 + 6mA.
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Figure 3:
I-V relationship of a constantan coil at 77K and with no applied  aaaaaaaaaaa magnetic field (B=0mT)
Method (For Experiment 2)
A current was then supplied to the toroid thus creating an electromagnet. By varying the current supplied to the toroid, the strength of the electromagnet could be evaluated by using a “calibration curve for electromagnet” Ref 3. Then the I-V characteristic of the HTS was investigated over a wide range of magnetic fields. By comparing the achieved results to standard results for a Type I and Type II conductor it was determined what type of superconductor the Y123 conductor was.   
Then Bc1 and Bc2 were approximated from the results.

Results, Errors, Discussion (For Experiment 2)
The measurements taking during experiment produced the following graphs. Figure 3 shows six curves all of which are the general shape expected of a Type II superconductor, i.e. in low magnetic fields the HTS remained it is superconducting state (the curved path of Figure 4) before showing normal conductive behaviour once the current exceeds a limit (the “straight” line part of Figure 4). 
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Figure 4:
I-V relationship of a HTS at 77K in different applied magnetic fields.

The first critical field strength (Bc1) was found by creating a tangent to the curve when the applied magnetic field is equal to 0mT, where the tangent intercepts the x-axis is the point the HTS enters its mixed state. It was found that for small results the readings were to inaccurate to extrapolate a valid value of Ict (this could be seen by drawing tangents to Figure 4). This inaccuracy could have been removed if the maximum current been allowed to flow through the HTS was increased above 2000mA (2A) limit. It was also equally difficult to evaluate a value for Bc2 the point at which the curve intercepts the x-axis. This was because it became more and more difficult to evaluate the applied magnetic field, as a calibration curve was used to evaluate it involved human judgement. The error bars of (+0.3mT) on Figure 5 show the uncertainty in the applied magnetic field arising from using the calibration curve.  
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Figure 5
The critical current (at a threshold voltage of 0.01mV) against the       applied magnetic field showing the expected relationship for a Type II superconductor. Although this graph is to inaccurate to calculate Bc1 and Bc2 at small and large applied magnetic fields. 

Conclusions

As stated above the aim of these experiments was to gain a basic understanding into the principles of superconductivity and how the voltage across a HTS varies with current flowing through it, in both its normal and superconducting states and in varying applied magnetic fields.
This first experiment was successful; this can be seen as the points on Figure 2 deviate very little from my lines of best fit; with the points for the constantan coil all been on the line of best fit (hence r2=1). The second experiment studied the I-V characteristics in varying applied magnetic field. This experiment was also successful as the graph obtained matched the general shape shown the lab script. The final part of the experiment investigated how the critical current varied with the applied magnetic field strength, whilst this was still accurate; it was probably the least accurate experiment. The experiment was less accurate as there were relativity large uncertainties in both the critical current and applied magnetic field strength. The uncertainties in finding the applied magnetic field could have been reduced by using another method rather then a calibration curve to evaluate the applied magnetic field. If more data was to be taken at both extremes of the applied magnetic field then the estimates in Bc1 and Bc2 would be more accurate. Furthermore, the results could have been made even more accurate by finding a better way of measuring Ict as finding the point of the voltage drop using a very sensitive power supply was difficult. 
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