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Project highlights:  

• The strong interactions between electrons in quantum materials lead to exotic phases 

including unconventional superconductivity. The interplay between these exotic 

phases is of immense theoretical and experimental interest.   

• In this project, you will use a range of computational and mathematical techniques to 

understand the interplay between superconductivity, charge density waves and 

magnetism. 

• You will gain highly transferrable skills in theoretical condensed matter / quantum 

materials. 

• The project will benefit from interactions with long-standing research collaborators in 

the USA. 

Project description:  

The most interesting superconductors, often termed unconventional or high-temperature 

superconductors, exist in quantum materials with strong interactions and are of immense 

theoretical and experimental attention: By understanding the role of different interactions in 

quantum materials, theorists hope to predict the conditions and materials suitable for room 

temperature superconductivity and other useful electronic phases. Superconductors with 

strong electronic correlation tend to have unconventional order parameters with angular 

momentum [2,4]. The phase diagrams of unconventional superconductors also feature many 

different electronic states in close proximity. Examples of materials exhibiting unconventional 

superconductivity include cuprates, iron pnictides and chalcogens, fullerides and ruthenates. 

For example, the figure shows a schematic phase diagram of a cuprate, where magnetism, 

insulators, charge density waves and superconductivity exist in close proximity. 
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In this theory PhD you will study quantum materials with strong interactions using a range of 

analytic and numerical techniques to examine the interplay between strongly correlated 

states and superconducting mechanisms, gaining insight into these fascinating materials 

during your project. There is a need to understand (1) the role of strong interactions between 

electrons since these are common to unconventional superconductors (2) the role of 

Coulomb interaction, magnetism and phonons in the superconducting mechanism and how 

they collaborate, and (3) the interplay between superconductivity, the charge density wave 

state, antiferromagnetism and numerous other phases, since these are predicted to compete 

rather than act collaboratively. 

You will (1) study unconventional superconductors in quantum materials (2) examine the 

competition between different interactions (3) explore the interplay between different 

phases, to gain insight into how typically competing states can exist in close proximity. 

Depending on your interests, there will be scope to focus on different phases and techniques, 

under guidance from the supervisors. Owing to the broad experience of the supervisors, a 

wide range of key techniques can be offered for the project, including quantum Monte Carlo 

[1,2], exact diagonalisation [5], matrix product states [5], dynamical mean-field theory / 

dynamical cluster approximation [3], perturbative [3,4] and non-perturbative analytical 

calculations [3]. These will be done by developing and extending our C++ and python codes. 

There will be extensive training opportunities and you will develop a high level of 

transferrable skills suitable for both academic and other careers. 

You will join a group of active researchers in the School of Physical Sciences and the School of 

Mathematics and Statistics investigating theoretical physics and applied mathematics. The 

project will benefit from interactions with our collaborators in the USA. 
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