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Introduction

Just as the site for a new telescope is very important, so is tb choice of the materials used for construction of the
system. One of the key technological questions in designingnd building scienti ¢ instruments is regarding their
function at the given working temperature. Although some instruments are operating at room/air temperature,
many instruments are operating at cryogenic temperatures. This lecture will cover the important aspects of
thermal and electrical conductivity at these low temperatures which need to be considered before and during

construction. This will lead to a discussion of the Weidemam-Franz-Lorenz law.

1 Example Applications

There are many examples in both life and science where low teperatures are important. Here is a summary

of a few instruments within astronomy where this work is essatial ( gure 1):

Figure 1. SCUBA-2, Telescopes on the summit of Mauna Kea, Huble Space Telescope and Hubble Space

Telescope

And some example is other areas of science (gure 2):

Figure 2: The Large Hadron Collider, The James Webb space Tekcope and a Magnetic Resonance Imaging

(MRI) Machine



2 Structure

2.1 Structure of an Atom

First to brie y recap the structure of an atom: Electrons are held in pairs in the energy level orbitals of an
atom around the nucleus (protons and neutrons), see gure 3An electrons can be promoted to a higher energy

level if it obtains enough energy.

Figure 3: Energy Level Diagram of an atom

2.2 Structure of Solid Materials

Solid materials exist as either amorphous or crystalline shstances- in looking at crystals, the structure and
surface properties are very important in regard to their medanical strength and transport properties.

Crystal structures are generally described in terms of latices, which are an array of points (atoms, ions,
molecules). Within this lattice we can de ne the unit cell which is the smallest repeating unit throughout the
lattice. There are seven di erent given shapes of unit cell,here | will show only the cubic forms ( gure 4) for

an overview (see appendix A for the others).

Figure 4: Crystal Lattice Structures: Simple Cubic, Body Centered Cubic, Face Centered Cubic



The notations a,b and c refer to the dimentions of the cubic c#. Think of the unit cell being repeated and
you'll notice that atoms are shared between cells, and the ttal number of atoms in a unit cell depends on the

layout. The following are the number of atoms present in the &amples given above:

SC: one atom (8x 1/8)
BCC: two atoms (8x 1/8 +1)

FCC: four atoms (8x 1/8 + 6x 1/2)
There are three types of crystal structure, which can be de red as:

lonic crystals: the positive and negative ions occupy altenate positions in the cubic structure mainly

dependant on the size of the ion. The bonds are weak with no pferred direction.

Covalent Crystals: Each atom forms a strong covalent bond wih the atoms surrounding it. These bonds

are strongly directional.

Metallic Crystals: One or more of the outermost electrons ineach atom becomes detached from the parent

atom (leaving a positive ion) and is free to move within the ciystal.

In looking in more detail at the metallic crystals, we can lodk at them as an array of positive ions with a
sea of free electrons. The free elctrons are not localized bare shared among many atoms, hence bonding is
neither localized or strongly directional. This sea of freeelectrons is what gives a metal its high electrical and
thermal conductivities. It has many properties of a gas, so$ sometimes spoken of as thelectron-gas modelof

metallic solids.

2.3 Energy Transfer

Figure 5 shows the structure of energy bands within an insulgor, semi-conductor and conductor. For electrons
to be free to move and hence to conduct, they need to exist in th conduction band. This is limited by the

energy they have to 'jump' from the valence band where they aiginate, through the energy gap (band gap) to
the conduction band. These electrons can be given this eneygoy thermal excitation or by applying an electric

eld.

Figure 5: Diagram of the energy band states in di erent metalic structures



At absolute zero, a conductor is the only material which has &ctrons in the conduction band. This is very
important in a lot of instruments as when operation is required at cryogenic temperatures they still need to be

able to conduct electricity to run instruments.

2.4 Crystal Defects

It is worth noting that in all of the crystal structures de ne d earlier, they will exhibit crystal defects: these
can be 'missing' atoms, a misalignment in arrangement of theatoms, a surface defect where there is a 'bash’
out of the surface therefore changing the crystal structurein that section. These will always play a part in the

mystery of materials at all temperatures.

3 Heat Capacity and Speci c Heat

Heat capacity is a measure of the amount of heat that needs to & extracted from a material in order to lower
its temperature by one degree. This value is commonly normaed against unit mass, volume or per unit mole.
The most common is to normalise by mass- this is known as speciheat.

Heat capacity decreases dramatically at cryogenic tempetares compared to room temperature. Below liquid
nitrogen (77 K) temperature it drops at T3, hence cooling of mechanical parts occurs relatively slowlfrom
room temperature to 77 K, then increases dramatically in sped. This means when carrying out measurments

at cryogenic temperatures, the temperature of the sample a¥a can be changed at a fast rate.

3.1 Electrical Conductivity

Remembering that electrical resisitance (Electrical resstance of an object is de ned as it's ability to oppose a
passage of steady electrical current) is de ned aR = V | we will think about Electrial conductivity which

is de ned as a material's ability to conduct an electric current. This is given by:

=1

1)

Where is the electrical resistivity, a measure of how strongly thematerial opposes the ow of electric

current (low resistivity = lots of movement of electrical ch arge):

= - ()

And with R being the resistance A being the cross sectional area andl being the length of material. So:

= RA 3)

This equation shows the direct relation between the resistace and conductivity hence in experimental work
allowing one to calculate the electrical conductivity (or resistivity) by measuring the resistance when the sample

size is known (gure 3.1).
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Figure 6: Demonstration of Temperature vs. Electrical Resstance



3.1.1 Classifying materials

Remember that materials can be classi ed, in terms of condutivity, into three catagories:
1. Conductor High conductivity and a low resistivity.
2. Insulator Low conductivity and a high resistivity.

3. Semi-Conductor Intermediate conductivity (to conductor and insulator), but varies under di erent condi-

tions.

The conditions which e ect semiconductors a ect them di er ent amouts but two of the most important are
thermal variations and variations with doping. Semicondudior swhich have been doped generally then have a

higher conductivity

3.1.2 Dependance on Temperature

Electrical conductivity is strongly dependent on temperature. In metals, electrical conductivity decreases with
increasing temperature, whereas in semiconductors, ela@tal conductivity increases exponentially with increas-
ing temperature. If you look at a speci c range, electrical ®nductivity can be approximated to being directly
proportional to temperature. To compare electrical condudivity results, they need to be correlated to a common
temperature. At cryogenic temperatures, some materials wi superconduct.

Electrical conductivity is a very important factor in instr ument design. When instruments are operating
at cryogenic temperatures, they need to fully function. Unlike room temperature instruments, it is impossible
to make changes to the mechanics when they are cold, as they Wwoperate in a closed and vacuum pumped
container. This means that all parts must be functioning, and guarenteed to function for long periods of time

at theses low temperatures.

3.2 Thermal Conductivity

Thermal conductivity is another important factor and is de ned as the ability a material to conduct heat (see
Figure 3.2). Before looking at thermal conductivity , we will look briey at thermal conductance which

shows the heat transfer through a material with respect to time. This is de ned as:

Q

: @

g =
where: Q is the change in heat and t is the change in time. For thermal conductivity (k) we add in
terms to take into consideration the dimentions of the material we are examining:
Q |

Sl e ®)

Where A is total cross sectional area of conducting surface, T is temperature dierence and | is the

thickness of the conducting surface.
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Figure 7: Demonstration of Temperature vs. Thermal Conducivity

One of the main resons that thermal conductivity is so important in instruments is that within one instru-
ment, many di erent parts will be di erent temperatures. Fo r example, imagine you have an instrument with
thermal straps joining sections held at 1 K and 300 mK. If the material joining these were to be a good thermal
conductor, then the energy in the form of heat would transferfrom the 1 K side towards the 300 mK side until
they were in thermal equilibrium. This is something which is not acceptable for instruments as it will a ect the

nal functioning of the instrument.

4 Weidemann-Franz-Lorenz Law

The Wiedemann-Franz-Lorenz (WFL) law states that "the rati o of the electronic contribution to the thermal
conductivity ( k) and the electrical conductivity ( ) of a metal is proportional to the temperature (T)":

Kot (6)

Where L is a proportionality numer known as the Lorenz number:

K

2
L= — = K 2;

2

T 3 o =2:44 10 8w K 7)

The WFL law is derived from the fact that both heat and electri cal transport require free electrons in the
material. Particle velocity is increased by thermal condudivity as the forward transport of energy motion is
increased. With this increase in particle velocity, electical conductivity is decreased as collisons will divert the
electrons from forward transport of charge. The assumptiorhas been made that the electrons are moving freely
in the solid like an ideal gas, but as this might lead to in nit e velocity, there must be something in the way-
obstacles such as defects (see section 2.4).

Measuredk and values for pure metals follow the WFL law at and above room tenperature. This suggests
that the law is best obeyed in real metals under conditions ofhigh thermal and electrical resistance. Alloying

a metal invariably increases the electrical and thermal reistance of a metal hence implying that the WFL law



should hold for alloys also. This suggests that one can allowhermal conductivity analysis to be made via

measurment of the electrical conductivity.

5 How Do We Carry Out These Measurements at Low Tempera-

tures?

One method of carrying out these thermal conductivity measuements as is shown in gure 5- The sample (in
this case the red coated copper wire) is place across the hadclamped at the two sides. In the centre of the
sample there is another clamp round with the top section conaining a heater and the botom section containing
a thermometer. Known heat is passed through the sample and th resulting temperature recorded. This can
be analysed through mathematical methods to allow for distibution of heat ow and for errors due to heat loss

etc.

Figure 8: Cryostat and sample holder for thermal conductivty measurements

6 Further Properties

6.1 Electrical Conductance

Electrical conductance is how easily electricity ows alorg a path through an electrical element. The conduc-

tance, G, of an object of cross-sectional area A and lengthcan be determined from the material's conductivity
by the formula:

G=

- ®



7 Conclusions

It is very important to have the knowledge of various materials before using them to build multi-million pound
instruments. Without this knowledge mistakes can be made wich can cost a lot of time and money. In inves-
tigating these inportant properties further of both currently known material, once-tested-now-used materials

and new unknown materials (such as man made plastics) we canidely further knowledge.
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A Further Crystal Structures

Below is some further descriptions and pictures of the 14 Braais Lattices- these are all based around the cubic
structure and describe the 14 lattices which are unique in tle translational symmetry (i.e. in rotating one you
cannot overlay it exactly to another). All crystal systems are one of these. Within the 14 Bravais lattices,
there are 32 point groups which refer to the symmetry optionsobtained by moving the lattice around one point.
The four possible ways to move the lattice are: Rotation, Re ection, Inversion and Improper rotation (rotation
followed by inversion). | will not go into any more detail about the point groups as it becomes very confusing

without a model in hand, but the information is out there!

Cubic  The cubic lattice is the simplest of all to understand. It is a lattice of equal length sides and all inner
angles are 90. There are 3 forms of cubic lattice as shown in gure 9: simplevhere atoms appear only at the 8
corners, body centered (bcc) where there is also an extra ato on the centre of the cube and face-centered (fcc)
where there are the 8 atoms on the corners as well as one in themtre of each face. If you have a substance
such as Sodium Chloride (NaCl), the Na ions all make up an fccdttice, but also if you make an fcc lattice with

the smaller Cl ions you can then interlay the two structures (as in gure 10 to get NacCl).

Figure 9: Simple Cubic (sc), Body Centered Cubic (bcc) and Fae Centered Cubic (fcc) structures

Figure 10: Sodium Chloride lattice
As shown the main fcc lattice visible is the green Cl lattice, but on closer inspecion you can see in the middle layer on ions there

are 4 corner and one central Na atoms forming one layer of the N a fcc lattice.

Hexagonal = The hexagonal structure (gure 11) is the second most recogisable and easy to adapt as again
there is symmetry in the basic structure that allows for many rotations. As you can see in the structure (as
you look at it from the 'front’) you can rotate it clockwise si x ties, and you can ip it round at each stage also.

Graphite is a good example of a hexagonal structure.
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Figure 11: Hexagonal crystal structure

Tetragonal  You can see the tetragonal structure is similar to the cubic $ructures in that is has a simple
cubic and a body centered cubic structure, the di erence beaig that all three sides are the same length hence

reducing the number of symmetries existing.

Figure 12: Tetragonal crystal structures

where the side lengths are a,a,c where a is not equal to c.

Rhombohedral The rhombohedral structure in gure 13 shows the eqality of dl sides, but that no angles

are orthogonal- it is like a cubic system which has been strehed diagonally along a body.

Figure 13: Rhombohedral structure

Like a 'misshapen and stretched' cubic system.

Orthorhombic Another example of 'stretching' a cubic system, this time sothat none of a, b or c are the

same in length resulting in a rectangular prism. All angles ae 90

Monoclinic  The momoclinic structure is formed of three unequal vectors where two of the intermittant
angles are equal to 90 and the other is not (i.e. a rectangular prism with a parallelogram as its base). simple,

base-centered

12



Figure 14: The four con gurations of Orthorhombic crystal | attices

Figure 15: The monoclinic crystal structure

Triclinic  The triclinic structure is the most irregular of all- all sid es are unequal and all angles are unequal.

One example of his structure is the mineral Torquoise.

Figure 16: the Triclic structure shown with all angles and sdes unequal
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