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Experiment Ma8: Superconductivity

1 Overview

Superconductivity is a phenomenon occurring at low temperatures.

H.K. Onnes observed in year 1911 that the electrical resistivity of some metals sank abruptly
below a certain temperature (called transition temperature T.). Also the specific heat, the heat
conduction and the magnetic properties of superconductors differ themselves from the ones
of normal conductors. The transition from the normal conducting state (NCS) to the
superconducting state (SCS) is reversible and for type 1 superconductors occurs typically below
10 K. Superconductors of type 2 (typically alloys, T.<25K) are mostly exploited for technical
applications, for example for constructing magnets for high magnetic fields. The transition
temperature is characteristic for each material and it is related to the Debye temperature. Not
all the metals become superconductors (for example ferromagnetism excludes

superconductivity).

Purpose of this experiment is the measure of the transition temperature of two metals (Tin
and Indium) and to investigate magnetic fields effects. Moreover some confidence with a low

temperature setup should be gained.

2 Theory basics

In order to understand superconductivity it is important to keep in mind the theory of the free
electron gas [1]. The electron density of states in a normal conductor and the Fermi function
define the behavior at the Fermi surface. At the superconducting transition the behavior of the
electrons changes in the proximity of the Fermi surface. Why and how this happens is of

crucial importance in understanding superconductivity.

This phenomenon is explained through a model, the BCS theory [4], that has been developed
half a century after the discovery of superconductivity. This theory explains how two electrons
can form a Cooper pair as well as the isotopic effect and the occurrence of an energy gap

around the Fermi surface and other superconductors’ properties [1],[2],[3],[4]. A pictorial way
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of describing how a metal can undergo the transition to the superconducting state and

transport without any resistance can be found in Ref. [1].

The MeiBBner-Ochsenfeld effect will be exploited in order to proof the transition from the
normal to the superconducting state. This phenomenon occurs when a superconductor is
located in an external magnetic field; the knowledge of the behavior of a superconductor
under intense fields is fundamental for the experiment (in particular when the field is intense
enough to destroy the superconducting state itself) [2]. The value of the critical magnetic field
B. at which the superconducting phase is destroyed depends upon temperature [1]. For B<B,

the susceptibility of the superconducting phase is y=-1.

For temperatures below T, without any external magnetic field, the difference in entropy
between the normal and the superconductive phase is positive, implying that the electrons in
the superconductive phase possess a higher degree of order than in the normal one. A
discussion of this thermodynamical property of superconductors can be found in [1] as well as

the microscopic explanation in [4].

3 Experimental details

3.1Low temperature setup

The cryogenic system consists of two cryostats: one for the liquid nitrogen and, within this
one, a second one for liquid Helium. Between the two cryostats there is an additional vacuum
chamber for ensuring better isolation of the He-cryostat. The pressure of the N,-cryostat is the
atmospheric one while the pressure of the He cryostat can be changed by means of a pump.
Both cryostats are made of glass and silvered; the inner coating has been made leaving a
transparent window in order to ensure optical access to the chamber. In this way it is possible
to see the liquid nitrogen (LN;) in the outer Dewar and the liquid Helium in the inner Dewar. At

2.17 K the liquid He undergoes the superfluid transition and you can observe the different

behavior.

ATTENTION — PRECAUTIONS YOU NEED TO TAKE
A. All mechanical connections with the glass parts have to be applied carefully. Risk of
breaking!
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B. Liquid Nitrogen and liquid Helium must be filled in the cryostats just under the control

of the supervisor.

C. Before filling the liquid nitrogen please be sure that there is no water left within the

cryostat. Risk of breaking!

D. Before filling the Liquid Helium, please be sure the He cryostat and the connectors to

the pump are sealed.

3.2Measurement

The change of susceptibility, measured through the induction system, is used to proof the
change from normal to superconducting state. The sample, placed within the measuring
inductance, is located within the He bath-cryostat. Through variation of the pressure of the He
chamber, the temperature can be tuned between 1.5 and 4.2 K. The He cryostat is placed
within a coil; the intensity of the external applied magnetic field can be changed by tuning the
current flowing through the coil. The relation between current and magnetic field is given by

the calibration relation:

B [Gauss] = (45 + 1) | [Ampere]

The principle of measurement is based on the transformer (see Fig.1). The induced secondary
voltage depends upon the coupling of the inductances. As this depends upon the magnetic
properties of the probe material inserted between the inductances, a change of the secondary

inductance is due to changing of the permeability or susceptibility of the sample.

Sample o
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Figure 1: Transformer circuit for the determination of changes of the susceptibility of a sample; U, is the

primary voltage at frequency f; while Us is the secondary voltage.
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The secondary voltage will be registered as a function of the temperature or as a function of
the external magnetic field. To increase the sensitivity of your measurement you will use two
similar coupled inductances connected to each other (differential transformer). One of the two
transformers will have an empty sample compartment. The change of the secondary voltage in

the cryo-system will be analyzed by the lock-in amplifier in a frequency- and phase- sensitive

way (see Fig. 2).

o
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Figure 2: Sketch of the setup for the determination of changes in the sample voltage through the lock-in

technique. For T> T is|U,| = |Up|, while for T<T.is |U,| < |Uy].

For an accurate determination of the T. and the B, at different temperatures, the transition
from normal to superconductor will be measured pointwise. It is thus possible to obtain T, and
B. from the behavior of the AU, or AUy, as shown from the scheme in Fig. 3. The range 26T,

characterizes the range on which transition between the two phases takes place.

IX

Figure 3: Behavior of y during the transition from NCS to SCS.

3.3 Instrument list

Cryostats; two stages vacuum pump; valves; gas flow meter; absolute pressure meter;

Lock-in amplifier; oscilloscope; coil with power supply; multimeters.
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3.4 Pressure to temperature conversion
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The values of the He vapor pressure can be converted into the temperature ones through

the following table:
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4 Assignments

4.1 Measurement and evaluation

a) Determine the transition temperature T.(B=0) for two metals, Tin (Sn) and Indium

(In). Please, choose your sampling frequency in a proper way in order to be able to

follow the transition. What are the reasons for the finite transition region?

Here are some suggested values for a proper sampling of

samples:
Sn in the range (650,570) mbar
In in the range (440,420) mbar

(420,416) mbar
(416,400) mbar

(400,390) mbar

sampling:
sampling:
sampling:
sampling:

sampling:

1

2

the two

mbar

mbar

mbar

mbar

mbar

b) Determine for both samples the B.(T) value at four different temperatures

(suggested values: 3 K, 2.5 K, 2 K, 1.7 K). Please check that the critical magnetic field

depends quadratically upon T. Determine, by a linear regression of B((T) versus

(T/T.)%, the value of By =B(T=0 K).

c) Please give an estimation of the values of the binding energy and the relative

distance between two electrons forming a Cooper pair; how many other Cooper

pairs can be approximately found between the two electrons forming a Cooper pair?

d) Please calculate the theoretical values of thermodynamical critical fields B for tin

and indium and compare them with the experimental ones [1]. In order to perform

such calculations you will need the data:

Tin: Molecular Weight=118.7 g/mol; p=7.3 g/cm3;

Indium: Molecular Weight=114.8 g/mol; p=7.3 g/cm3;
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y=1.78*10" J/mol K*;

y=1.69*10'3 J/mol KZ;
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