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Supervisor’s Foreword

I am pleased to introduce this excellent thesis by Alex Jones. It addresses a long-
standing problem in low temperature physics: how to cool very small electronic
devices to ultra-low temperatures. Alex has demonstrated a new approach in which
demagnetisation refrigeration of on-chip refrigerant is used to cool electronic
devices significantly below the temperature of their surroundings. This thesis
describes the physical mechanisms of cooling and thermometry, the design of
suitable electronic devices and experimental demonstrations of the technique.

Low temperature electronic measurements of micro and nanoscale devices
underpin many areas of contemporary condensed matter physics. Research topics
from strongly correlated electron systems to quantum technologies rely on ready
access to millikelvin temperatures. It is relatively straightforward to cool an elec-
tronic device, circuit or material to ~ 0.1 K using a dilution refrigerator. However,
at lower temperatures, it becomes increasingly challenging to make a good thermal
connection between the coldest part of the refrigerator and the conduction electrons
in a device. This happens because the couplings between different thermal sub-
systems inside a material generally weaken at low temperatures. While a dilution
refrigerator may be effective at cooling the lattice of a sample (reducing the phonon
temperature), it is entirely possible that conduction electrons in the same sample are
more strongly coupled to the external wiring than their host lattice. As a result, it is
common to find that the electron temperature in a sample is significantly higher than
the temperature of the refrigerator. Careful work on electronic filtering and ther-
malisation is needed to reach electron temperatures below 10 mK.

For the last 15 years or so, the lowest reported on-chip electron temperatures
have been stuck around 4 mK. This thesis describes how on-chip demagnetisation
refrigeration was used to reach an electron temperature of 1.2 mK. Following this,
the same technique has been taken up by other research groups and the record low
temperature is currently just above 0.4 mK. This rapid progress suggests that the
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technique has real potential to become a standard tool of low temperature physics.
The challenge now is to use on-chip demagnetisation to cool the electrons in an
arbitrary sample. In the future, this could be used to improve the performance of
existing low temperature technologies, and perhaps to discover new physics in a
previously inaccessible regime.

Lancaster, UK Dr. Jonathan R. Prance
March 2020



Abstract

This thesis describes a novel cooling technique which allows the electrons within
nanoelectronic devices to reach new low temperatures: nuclear demagnetisation of
copper refrigerant mounted directly onto the chip of a nanoelectronic device. This is
within a field which has expanded in interest in recent years, due to the promise of
new low electron temperatures allowing the investigation of new physical phe-
nomena, the better fidelity of fundamental quantum effects and the improvement in
quantum technologies such as quantum computers and sensors. Throughout the
study, the effectiveness of the new technique is verified by applying it to a Coulomb
Blockade Thermometer (CBT), a nanoelectronic device which provides primary
(accurate without any need for calibration) thermometry of its own internal electron
temperature. This thesis follows the development of this technique, starting from the
initial proof of concept measurements made using a commercial, cryogen free,
dilution refrigerator, as would be found in many low temperature and quantum
transport laboratories. Here, the device electrons were cooled from 7 mK, the base
temperature of the dilution refrigerator, to 4.5 mK without using any other elaborate
experimental constructions, opening the technique up to many other laboratories.
This technique was then furthered by applying it to a newly adapted CBT which has
the lowest operation temperature capability yet reported of ~300 pK. This was done
in a dilution refrigerator custom built in Lancaster, resulting in a minimum electron
temperature of 1.20 &= 0.03 mK. This has opened the door to a new temperature
regime to study new quantum effects, and going forward this technique will, there-
fore, be applied to other devices in order to enable these further investigations.
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