This manual shows the parts that are not relevant to the virtual experiment on a
grey background.

Condensed Matter Copper LT — virtual

The low temperature properties of
copper

Aims and Objectives

e Measure the temperature dependence of the resistivity of copper.
e Measure the temperature dependence of the heat capacity of copper.

e Understand the expected variations as a function of temperature of resistance
and heat capacity.

Introduction

Theories explaining how and why materials behave in the way that they do must be

tested against experiment. To do this, one usually needs to vary an environmental

factor and see how the behaviour responds. A controllable way of doing this is by

changing the temperature. In this experiment, you will be studying the temperature

dependence down to 4.2 K of the resistivity and the heat capacity of copper. These Why 4.2 K?
quantities are not constant as a function of temperature, and explaining the way in

which they vary provides crucial information for developing and testing any consistent

theories of metals.

Background

The resistivity and heat capacity of metals are well-known properties, with well-known
temperature dependences. In this experiment, you will measure these temperature
dependences experimentally, and then explain the observed behaviour.

Resistivity

The electrical conductivity, o, of a metal may be described by the following equation:
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where n is the number density of electrons, m is the electron mass, and 7 is the collision
time for the electrons. This equation may be derived by considering the free electrons
in the metal and their motion in an applied electric field, assuming random collisions,
as in the kinetic theory of gases. This gives rise to the collision time 7. This is typ-
ically dominated by collisions between the electrons and impurities, and between the
electrons and phonons (quantized oscillations of the atoms in the crystal, like sound
waves). Although the number of impurities usually remains constant as a function of
temperature, this is not the case for the phonon population, and so the collision time
will change as a function of temperature. This means that the temperature dependence
of the resistivity is dominated by the electron-phonon interactions.

Heat capacity

The heat capacity of a material is a measure of the amount of heat required to change
the temperature. A material has a number of potential sources of heat capacity, de-
pending on the number of degrees of freedom. In all materials, the motions of the
atoms (or phonons) are one source. This source of heat capacity is described by the
Debye model. In metals, the free electrons also contribute some heat capacity inde-
pendently. These two contributions have different temperature dependences, and you
should be able to observe both parts in this experiment.

Experimental Method

Overview

A sample of fine copper wire has been wound into a coil. This is then suspended in
vacuum in an insert into a helium dewar, providing weak thermal contact to the cold
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liquid helium. This acts to cool the sample. If a current is then passed through the
coil, energy will be dissipated into the coil, causing heating of the coil. By measuring
the current through the coil and the voltage across it, the resistance may be measured,
and hence the resistivity extracted. This resistance will change as the coil is heated,
providing a measure of the temperature dependence of the resistivity.

At the same time, the power put into the coil can also be calculated from the current
and voltage. The heat capacity, C(T) is the relationship between the heat put in and
the temperature change observed, since

dQ = C(T)dT

where dQ is the small amount of heat supplied. The power corresponds to %, which
gives
P
C(T)=——.
(T) dT /dr
This means that the heat capacity may be calculated if the temperature is also mea-
sured, so that the rate of heating of the sample is known.

Details

The sample is a copper coil, supported by nylon threads onto a holding structure, in a
tube that can be evacuated (see Figure[I)). This tube is then placed inside the helium
dewar (see Figure [2). These figures identify the various connections that you can see
on the top of the dewar.

The copper coil is cooled by thermal contact with the liquid helium in the dewar.
When the tube is evacuated, the copper takes about 10 hours to completely cool to
equilibrium. To speed this up, a sorb El is placed on the very bottom, so that when it is
heated, helium gas is released. This allows the copper to cool down faster.

The copper coil

A test example of the coil is available for you to look at. The coil is made from 34
SWG wire, and after being coiled, it is dried in Bostik glue to hold it in place. A Cernox
thermometer, of mass 0.05 g, is buried inside the coil. Figure|§| shows the coil installed

inthe holding structure. |GG NS HHGHNOTHEIETAE RIS ARG ACROSNISHHEASUREaNn
calibrated, and the conversion is handled by the CTC100 Temperature Controlle. The

LA sorb is an absorbant material that releases substances when heated
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Pairs of copper baffles cut most
of the radialion heat from above.
Wires are wound around the short
copper rod, which acts as a heat
sink to reduce heat transfer by
conduction through wires.

(Wires not shown for clarity).

A copper baffie viewed
from tap. White circles
are connection to the
holding structure: black
circle is the short copper
rod, and the rectangle
represents a protruding
structure to push against
the inner vacuum tube wall.

:

resistive wires decreases ratio of
A heat loss via conduction through wires
to heat gained.

e

Thin plastic foill wrapped the

wires leading from the thermometer
and copper sample to prevent short
between bare part of wires

and 1o provide thermal isolation

Thermomeler (Cernox) glued to
thin aluminium foil, then to the
inside of copper coil sample. which
is wrapped with aluminium foil and
suspended in vacuum by nylon
threads, looped in a triple figure-8
style.

o
Ui

T
I —
A brass rod connecting the base
to the sorb and its heater. The
silicon diode thermometer is
- screwed down to the sorb
holder,

Bottom view: outer circular indentalion
for indium ring and hole for screw rod.

Figure 1: The holding structure, along with the components which will fit in it.
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f;:::sl'ge pressire release tap
15-pin heater 15-pin thermometry
i serial cable outlet.
:_.nedaz"‘:;er::n‘;c"‘age (8 connections)
u
cable outlet. = 3 rubber 'O’ ring seal

(6 connections)

plastic sliding seal (grey) provides
insulation from cold metal.

helium return line

N pressure release

vacuum

wires

liquid helium

holding structure in grey,
base sealed down to the
end of vacuum tube with
indium ring, tighened with
screw rod and nut.
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Figure 3: The copper coil, as mounted in the holding structure.

mass of the coil and thermometer is 18.72 g. The insulation is estimated to form 2.76%
of the mass of the copper wire - this was estimated by taking a piece of the wire and
dissolving off the insulation using concentrated hydrochloric acid. What is the

purpose
To heat the coil, a current is supplied through the coil, so that it acts as its own heater. of the box

S e SUppEBY B CTCIO0TASEORI The current through the coil and arked 25
the voltage across the coil are measured independently ByFREHWOIKEitRISy muliime: ¢ »

The sorb

The sorb is made from crushed-up 87955 Alfa Aesar molecular sieve packed between
layers of copper plates, surrounded by copper wire gauze, as shown in Figure d The
sorb is screwed onto the brass rod on the bottom of the holding structure. The whole
process, from packing the molecular sieve to fixing it into the structure takes place
just before the holding structure is put into the tube and sealed to prevent unnecessary
exposure to atmospheric water vapour, which reduces the capacity of the sorb to hold
helium gas. The vacuum inside the evacuated tube has been spoiled with a small
amount of helium gas. When the sorb is at base temperature (~ 4.2 K), all of this gas
is absorbed in the sorb. On heating the sorb, this gas leaves the sorb, and can act as an
exchange gas. Heating the sorb to 10 K will release less gas than heating it to 20 K,
and this will alter the cooling power of the cryostat. The sorb heater has been set so Why  two

that it cannot be heated above 40 K. IS ERENSAOREMEASONIESSIENTE Hpes  of
which is controlled as *Out 2* on the CTC100. The sorb temperature is monitored by ~ihermome-
asilicon diode.
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Figure 4: The sorb packed with molecular sieve.
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Figure S: schematic of the wiring connections.
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Possible investigations

e Measure the resistance as a function of temperature, and compare this with val-
ues in the literature. Investigate the functional form of the curve.

e Measure the heat capacity as a function of temperature, and compare this with
values in the literature. Investigate the functional form of the curve.

o Investigate the effect of different heating rates on your results.

Recommended Reading

DoITPoMS, Introduction to thermal and electrical conductivity,
http://www.doitpoms.ac.uk/tlplib/thermal electrical/index|
php,

University of Cambridge (2014).
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