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Hard Condensed Matter

• Part of SOPA’s Institute for 
Condensed Matter and Complex 
Systems

• 15+ Academic staff

• 10+ Postdoctoral fellows

• 20 PhD students

• Research Themes:
• Extreme Conditions Physics

• Quantum Ordering

• Computational Materials Science



Extreme Conditions Physics

• Interdisciplinary research centre
• 5 Schools from College of Science and Engineering

• In top-3 of academic high-pressure research centres

• 35+ Academic staff, 30 Postdocs, 70 PhD students

Centre for Science at Extreme Conditions (CSEC)



Extreme Conditions Physics

Synthesis Characterization

• Multi anvil presses

• Diamond anvil cells

• Crystal growth

• X-ray diffraction

• Optical spectroscopy

• FIB-SEM

• Dilution refrigerator

• PPMS

Centre for Science at Extreme Conditions (CSEC)



Extreme Conditions Physics
Central Facilities Work

Synchrotrons

Neutron sources

X-ray free electron lasers

Large laser facilities



Extreme Conditions Physics
Multi-megabar pressures

• Static compression

• Diamond anvil cells

• Dynamic compression

• Laser-induced shock waves

Planetary interiors

Materials science



Extreme Conditions Physics

•  Technological impact
– Novel gas hydrates

– Hydrogen Storage

– Carbon Sequestration

•  Fundamental science
– Miscibility

– Planetary Mineralogy

– Abiogenesis

High-pressure chemical physics



Quantum Ordering 

Research Areas

• Non-conventional superconductivity 

• Complex Magnetism, quantum criticality

• Ferroelectric Semiconductors 

• 2D materials

Experimental Techniques

• Crystal growth 

• Low temperatures (10 mK) and high magnetic fields (17 T)

• Scattering and transport measurements

• Central facility work (UK, Europe, USA).



Quantum Ordering
Computation and theory

Electronic structure calculations

• Exotic magnetism, superconductivity

Atomistic spin dynamics modelling

• 2D materials/magnets

• Optical and excitonic properties

• Functional materials for energy-efficient applications 

• Make smart devices smarter

First ly, the qc dependence of χ0(q) is integrated out to visualise the features in the plane of

the reciprocal unit cell, χ0(qa , qb) = (1/ Nk )
P

qc
χ0(q). χ0(qa , qb) is shown for a select ion of λ in

figure 4. For λ = 1 (U = J = 0) we see a broad peak at (1/ 3, 1/ 3) in the plane, indicat ive of the

chains being 2⇡ / 3 out of phase with one another, signalling inter-chain frust rat ion. Decreasing λ

(part icularly below ⇠ 2.50a− 1
0 ) sees a suppression of this peak and the emergence of other, satellite

features. So the frust rat ion becomes less st raight forward.

(a) (b)

Figure 3: Fermi surface for non-magnet ic UAu2 computed with uncorrected DFT (λ = 1 ; U =

J = 0). (a) shows bands 1 and 3 in blue and yellow respect ively, and (b) shows band 2. Band 1 is

a hole pocket whilst bands 2 and 3 are elect ron pockets.
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Figure 4: Integrated Lindhard funct ion in the plane χ0(qa , qb) for several values of the screening

wavevector λ . The red dot marks the point (1/ 3, 1/ 3).

To invest igate the contribut ions to the (1/ 3, 1/ 3) peak from along the qc direct ion we consider

χ0(1/ 3, 1/ 3, qc), so looking along the line from (1/ 3, 1/ 3, 0) to (1/ 3, 1/ 3, 1/ 2) in the reciprocal unit

cell. Figure 5 shows the Lindhard funct ion along this line for the full range of λ tested. We see here

that there is a prominent peak at qc ⇡ 1/ 6 for λ = 1 , which is near to the experimental δ ⇡ 0.14.

There are addit ional peaks at ⇠ 0.25 and 0.4, but given the proximity of the primary peak to the

experimental δ, this is deemed most likely to be responsible for a nest ing instability. This primary

peak is moved closer to δ as λ is decreased. However, the decrease of λ also its amplitude and

enhances the secondary peaks.

Given the features of the Lindhard funct ion seen above, there is topological evidence for a nest ing

instability in the Fermi surface of UAu2 with a nest ing vector (1/ 3, 1/ 3, 1/ 6). From analysing the

features of χ0(qa , qb) and χ0(1/ 3, 1/ 3, qc) as a funct ion of λ , uncorrected DFT (λ = 1 ) seems most

appropriate for modelling the magnet ic features of UAu2. In this limit the fermi surface captures

the simple frust rat ion in the plane, and has a clear peak along the qc direct ion which falls close to

the experimental modulat ion vector δ. Hence, uncorrected DFT will be the focus for the remainder

of this art icle.

4 Elect ronic st ruct ure

Here we present the band st ructure and density of states (DOS) of non-magnet ic UAu2 with

uncorrected DFT, following the conclusions of the previous sect ion. For this calculat ion the same

parameters as for the Fermi surfaces above are used to converge the ground state density. In figure

6 the band structure is shown along all unique paths in the irreducible wedge of the Brillouin zone,

with bands coloured according to orbital character. The DOS alongside is also decomposed into

the same orbital contribut ions.
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Figure 9: Naming convent ion for the inter-site exchange couplings. A 1⇥1⇥2 supercell is shown

where the vert ices are U sites, and green lines indicate the U chains along c. Au sites are omit ted.
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Figure10: Spin st ructures constructed in DFT as viewed in theac-plane. Green points areuranium

sites and the dashed line out lines the intersect ion of the primit ive unit cell with this plane.

J2 ⇡ − 0.34, J f ⇡ 0.081, Jf 2 ⇡ 0.019, a ⇡ 4.5 and b ⇡ 4.1.

We suppose that the spins along a chain may adopt the structure S(z) = S0 cos(2⇡qz). z is

the distance along the c axis, where spins sit at integral values of z. For a given q, the system

size is always chosen such that the structure is commensurate. So it as always t rue that q = m/ n,

where m is an integer and n is the length of the chain. The energy per spin of an isolated chain is

then given by:
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Where E0 has been set to zero and ⌫is the number of nearest neighbour interact ions considered

along the chain. So here, ⌫= 4, where J1 and J2 are determined by the DFT calculat ions of the

previous sect ion, and J3 and J4 are free parameters, the phase space of which we will explore. q = 0

refers to FM chains: { " " " " " . . . } , and q = 1/ 2 to convent ional ant iferromagnet ism: { " #" #" . . . } .

The energy associated with coupling a triangular lat t ice of these chains together is considered

for two possibilit ies: (i) the chains in phase with one another (∆ φ = 0), and (ii) the chains being

2⇡ / 3 out of phase with their nearest neighbours (∆ φ = 2⇡ / 3). For q = 0 and q = 1/ 2, we choose

to define case (ii) as being a state where each t riangle has two vert ices with spin S0 and the re-

maining vertex with − S0, or vice-versa. For q = 0 this is a ferrimagnet ic (FiM) state, which is

seen in the UAu2 phase diagram for a strong applied magnet ic field [2]. The energy shift per spin

from coupling the chains together, ∆✏f (∆ φ), is then given by
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Model Hamiltonian studies

• Non-Fermi liquids, Kondo physics



Computational Materials Science

Electronic structure calculations

• High pressure: new states of matter

• High temperature: planetary interiors

Machine learning

• Interatomic force fields

• Phase transitions, phase diagrams

	



Get Involved

• Discover supervisors and projects
• https://www.ph.ed.ac.uk/icmcs/research-themes

• Apply - by 17th January 2025
• https://www.ph.ed.ac.uk/studying/postgraduate-research/how-apply

• Questions?
• SOPA Graduate School, gradschool.physics@ed.ac.uk

• PhD in hard-CM, a.hermann@ed.ac.uk

https://www.ph.ed.ac.uk/icmcs/research-themes
https://www.ph.ed.ac.uk/studying/postgraduate-research/how-apply
mailto:gradschool.physics@ed.ac.uk
mailto:a.hermann@ed.ac.uk
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