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Quantum Materials

• Quantum materials / quantum crystals:
– Both electrons and nuclei are quantum
– Nuclear quantum effects (NQE) strongly affect materials’ 

properties
– Light mass à nuclear delocalization: the quantum particle is 

not point-like but has a significant “spread” (particle-wave 
duality of quantum mechanics applies)

– Hydrogen-based materials belong to this family
– Hydrogen+Helium: 99% of hadronic matter in the universe!!!
– Remarkable properties
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Remarkable progress 
in high-pressure physics

2019: hydrogen metallization 
at 425 GPa (arXiv 1906.05634, Loubeyre et al.)
Wigner-Huntington transition at high pressure
Holy Graal in hydrogen physics, still debated result.(1) There is a sharp drop in resistivity with cooling, indicating a

phase transformation. The measured minimum resistance is at least as
low, ,10211 ohm m—about two orders of magnitude less than for
pure copper (Fig. 1, Extended Data Fig. 3e) measured at the same
temperature19. (2) A strong isotope effect is observed: Tc shifts to lower

temperatures for sulfur deuteride, indicating phonon-assisted super-
conductivity (Fig. 2b, c). The BCS theory gives the dependence of Tc on
atomic mass m as Tc / m2a, where a < 0.5. Comparison of Tc values
in the pressure range P . 170 GPa (Fig. 2c) gives a < 0.3. (3) Tc shifts
to lower temperatures with available magnetic field (B) up to 7 T
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Figure 2 | Pressure and temperature effects on Tc of sulfur hydride and
sulfur deuteride. a, Changes of resistance and Tc of sulfur hydride with
temperature at constant pressure—the annealing process. The sample was
pressurized to 145 GPa at 220 K and then cooled to 100 K. It was then slowly
warmed at ,1 K min21; Tc 5 170 K was determined. At temperatures above
,250 K the resistance dropped sharply, and during the next temperature run Tc

increased to ,195 K. This Tc remained nearly the same for the next two
runs. (We note that the only point for sulfur deuteride presented in ref. 9 was
determined without sample annealing, and Tc would increase after annealing at
room temperature.) b, Typical superconductive steps for sulfur hydride

(blue trace) and sulfur deuteride (red trace). The data were acquired during
slow warming over a time of several hours. Tc is defined here as the sharp
kink in the transition to normal metallic behaviour. These curves were
obtained after annealing at room temperature as shown in a. c, Dependence of
Tc on pressure; data on annealed samples are presented. Open coloured
points refer to sulfur deuteride, and filled points to sulfur hydride. Data shown
as the magenta point were obtained in magnetic susceptibility
measurements (Fig. 4a). The lines indicate that the plots are parallel at
pressures above ,170 GPa (the isotope shift is constant) but strongly deviate at
lower pressures.
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Figure 1 | Temperature dependence of the resistance of sulfur hydride
measured at different pressures, and the pressure dependence of Tc. a, Main
panel, temperature dependence of the resistance (R) of sulfur hydride at
different pressures. The pressure values are indicated near the corresponding
plots. At first, the sample was loaded at T < 200 K and the pressure was
increased to ,100 GPa; the sample was then cooled down to 4 K. After
warming to ,100 K, pressure was further increased. Plots at pressures ,135
GPa have been scaled (reduced) as follows—105 GPa, by 10 times; 115 GPa and
122 GPa, by 5 times; and 129 GPa by 2 times—for easier comparison with the
higher pressure steps. The resistance was measured with a current of 10 mA.
Bottom panel, the resistance plots near zero. The resistance was measured with
four electrodes deposited on a diamond anvil that touched the sample (top
panel inset). The diameters of the samples were ,25 mm and the thickness was

,1 mm. b, Blue round points represent values of Tc determined from a. Other
blue points (triangles and half circles) were obtained in similar runs.
Measurements at P .,160 GPa revealed a sharp increase of Tc. In this pressure
range the R(T) measurements were performed over a larger temperature range
up to 260 K, the corresponding experimental points for two samples are
indicated by adding a pink colour to half circles and a centred dot to filled
circles. These points probably reflect a transient state for these particular P/T
conditions. Further annealing of the sample at room temperature would require
stabilizing the sample (Fig. 2a). Black stars are calculations from ref. 10. Dark
yellow points are Tc values of pure sulfur obtained with the same four-probe
electrical measurement method. They are consistent with literature data30

(susceptibility measurements) but have higher values at P . 200 GPa.
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Hydrogen intercalation with pnictogens or chalcogens:
effective chemical pressure

2015: conventional superconductivity
at 203 K and 150 GPa in H3S (Nature 525, 73)
Critical temperature higher than Hg-based cuprates!

Sulfur hydride



Michele Casula Quantum Materials: a QMC approach 7

Towards room temperature 
superconductivity

Room temperature 
250

300 LaH10 @ 188 GPa

2019

Lanthanum hydride



Michele Casula Quantum Materials: a QMC approach 8

Towards room temperature 
superconductivity

Room temperature 
250

300 LaH10 @ 188 GPa

2019

La supraconductivité par couplage électron-phonon
Michele Casula Insulator-to-metal transition in YbH2

31

Theory predictionsMotivation: Metal hydrides

Rare earth hydrides (2017) à discovery 2019 
La instead of Y 

Lanthanum hydride
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Room-temperature superconductivity in a 
carbonaceous sulfur hydride

Elliot Snider1,6, Nathan Dasenbrock-Gammon2,6, Raymond McBride1,6, Mathew Debessai3, 
Hiranya Vindana2, Kevin Vencatasamy2, Keith V. Lawler4, Ashkan Salamat5 & Ranga P. Dias1,2 ✉

One of the long-standing challenges in experimental physics is the observation of 
room-temperature superconductivity1,2. Recently, high-temperature conventional 
superconductivity in hydrogen-rich materials has been reported in several systems 
under high pressure3–5. An  important discovery leading to room-temperature 
superconductivity is the pressure-driven disproportionation of hydrogen sulfide 
(H2S) to H3S, with a confirmed transition temperature of 203 kelvin at 155 
gigapascals3,6. Both H2S and CH4 readily mix with hydrogen to form guest–host 
structures at lower pressures7, and are of  comparable size at 4 gigapascals. By 
introducing methane at low pressures into the H2S + H2 precursor mixture for 
H3S, molecular exchange is allowed within a large assemblage of van der Waals solids 
that are hydrogen-rich with H2 inclusions; these guest–host structures become the 
building blocks of superconducting compounds at extreme conditions. Here we 
report superconductivity in a photochemically transformed carbonaceous sulfur 
hydride system, starting from elemental precursors, with a maximum 
superconducting transition temperature of 287.7 ± 1.2 kelvin (about 15 degrees 
Celsius) achieved at 267 ± 10 gigapascals. The superconducting state is observed over 
a broad pressure range in the diamond anvil cell, from 140 to 275 gigapascals, with a 
sharp upturn in transition temperature above 220 gigapascals. Superconductivity is 
established by the observation of zero resistance, a magnetic susceptibility of up to 
190 gigapascals, and reduction of the transition temperature under an external 
magnetic field of up to 9 tesla, with an upper critical magnetic field of about 62 tesla 
according to the Ginzburg–Landau model at zero temperature. The light, quantum 
nature of hydrogen limits the structural and stoichiometric determination of the 
system by X-ray scattering techniques, but Raman spectroscopy is used to probe the 
chemical and structural transformations before metallization. The introduction of 
chemical tuning within our ternary system could enable the preservation of the 
properties of room-temperature superconductivity at lower pressures.

In the past decade there has been an emergence of interest in the dis-
covery of materials relevant to room-temperature superconductivity. 
Extreme pressure has already been proven to be the most versatile order 
parameter because it facilitates the production of new quantum materi-
als with unique stoichiometries and a mechanism for pressure-induced 
metallization8–10. This has been most essential for non-metallic start-
ing materials11–13. All systems with high superconducting critical tem-
perature (Tc > 200 K) that have been accessed under pressure so far 
are hydrogen-rich materials, in which the superconductivity is driven 
by strong electron–phonon coupling to high-frequency hydrogen 
phonon modes14,15. However, the specific stoichiometry (that is, XHn) 
does not seem to be as critical as having a hydrogen-rich chemical 
environment that mimics the properties (electron density near/at the 

Fermi surface and high-frequency phonon modes) of idealized pure 
metallic hydrogen16–19. This is highlighted by the difference between 
purely covalent systems such as H3S compared to metal hydride sys-
tems. The most recent example of a metal hydride is lanthanum hydride 
(LaH10±x), which has Tc = 250–260 K at 180–200 GPa (refs. 4,5). A lan-
thanum ‘superhydride’ has been experimentally realized, although a 
precise determination of its stoichiometry is lacking, as are the tools 
to determine such parameters. Investigation of the predicted band 
structures of rare-earth (La and Y) superhydrides implies an ionic heavy 
atom that donates its valence electrons to the hydrogen network, sta-
bilizing a clathrate-like hydrogen cage structure20–22. Despite the large 
number of theoretical predictions for possible hydrogen-rich materials 
at high pressure, very few demonstrate superconducting behaviour at 
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high transition temperatures. This comes from either the predicted 
material not having the ideal chemical environment for H, or from the 
limitations of standard density functional theory tools to account for 
anharmonicity and for the quantum nature of H (ref. 23).

Covalent metals present an alternative path to realizing 
room-temperature superconductivity, with the superconduc-
tivity of the exemplary system of MgB2 being driven by strongly 
covalent-bonding/antibonding states crossing the Fermi energy24. 
Covalent hydrogen-rich organic-derived materials are another class 
of high-Tc materials that combine the advantages of covalent met-
als and metal superhydrides25,26; an example is H3S (refs. 3,27). Interest 
in these materials has been long-standing since Little’s proposal of 
superconductivity at room temperatures in one-dimensional organic 
polymers with highly polarizable side chains28 and Ginzburg’s model of 
two-dimensional alternating conducting/dielectric ‘sandwich’ layers2,29. 
The removal of the heavy metal from superstoichiometric hydrides in 
covalent hydrogen-rich systems offers a promise for ‘greener’ future 
materials synthesized using low-cost, earth-abundant organic reac-
tants. Here, we report superconductivity in a simple organic-derived 
C–S–H system with a highest Tc of  about 288 K over a large pressure 
range between ~140 GPa and ~275 GPa, characterized by electrical 
resistance, magnetic susceptibility and field-dependence electrical 
transport measurements, as well as Raman spectroscopy. A series of 
structural and electronic phase transitions from molecular to metallic 
and superconducting are confirmed.

Superconductivity in carbonaceous sulfur hydride
The photochemically synthesized C–S–H system becomes supercon-
ducting with its highest critical temperature being Tc = 287.7 ± 1.2 K at 
267 ± 10 GPa. The temperature probe’s accuracy is ±0.1 K. The supercon-
ducting transition was evidenced by a sharp drop in resistance towards 
zero for a temperature change of less than 1 K (Fig. 1a), which was measured 

during the natural warming cycle (~0.25 K min−1) from low temperature 
with a current of 10 µA–1 mA. The transition temperature determined from 
the onset of superconductivity appears to be approaching a dome shape 
as a function of pressure (Fig. 1b). It increases from 147 K at 138 ± 7 GPa 
until it levels off to ~194 K at about 220 GPa, with the pressures measured 
from the diamond edge using the Akahama 2006 scale30 and calibrated 
H2 vibron frequency (see Methods). Remarkably, a sharp increase in Tc 
is observed above 220 GPa with a rate of around 2 K GPa−1 (Fig. 1b). The 
highest pressure studied is 271 GPa, at which the material has Tc ≈ 280 K. 
A Pt lead inside the cell failed as the pressure was increased from 267 GPa, 
forcing the use of an adjacent Pt lead as a combined current–voltage probe 
(quasi-four-point measurement). We estimate the contribution from this 
shorted section of the Pt lead to be only ~0.1 Ω (Extended Data Fig. 4). 
Additionally, no change in the shape of the superconducting transition 
was observed when the current was reduced to 0.1 mA, hence indicating 
bulk—rather than filamentary—superconductivity. These results were con-
firmed by a large number of experiments with over three dozen samples 
(see Supplementary Information and Extended Data Fig. 7). We note that 
the resistance of the sample decreases with increasing pressure, showing 
that it becomes more metallic at higher pressures.

a.c. magnetic susceptibility
A superior test for superconductivity is the search for a strong diamag-
netic transition in the a.c. magnetic susceptibility. In Fig. 2a, the real 
part of the temperature-dependent a.c. magnetic susceptibility χ′(T) 
of the sample is shown for one of the experimental runs. The onset of 
superconductivity is signalled by a large (10–15 nV), sharp drop in sus-
ceptibility indicating a diamagnetic transition, which shifts to higher 
temperatures with increasing pressure. The highest transition tem-
perature measured in this way is 198 K (transition midpoint), reached 
at the highest pressure measured (189 GPa). The quality of the data is 
high given the small sample size (~80 µm in diameter and 5–10 µm in 
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Fig. 1 | Superconductivity in C–S–H at high pressures. a, Temperature- 
dependent electrical resistance of the C–S–H system at high pressures (P),  
showing superconducting transitions at temperatures as high as 287.7 ± 1.2 K at 
267 ± 10 GPa. The data were obtained during the warming cycle to minimize  
the electronic and cooling noise. We note that the left and right vertical axes 
represent results from two different experimental runs. b, microphotographs  
showing the photochemical process of superconducting C–S–H sample with 
electrical leads in a four-probe configuration for resistance measurements.  
c, Pressure dependence of Tc, as determined by the sharp drop in the electrical 

resistance (‘ρ’) and a.c. susceptibility (‘χ′’) measurements shown in Figs. 1a, 2a. 
Tc increases with pressure from ~140 GPa, then gradually levels off to ~194 K 
around 220 GPa, and then sharply increases afterwards, showing a discontinuity  
around 225 GPa. The highest Tc observed was 287.7 K at 267 GPa. The 
low-temperature quasi-four-point resistance measurement at 271 GPa (the 
highest pressure measured) shows a superconducting transition at ~280 K. The 
solid lines are to guide the eye and different colours represent different experiments.  
The red and black arrows represent room temperature (15 °C) and the freezing 
point of water, respectively. Error bars reflect uncertainty in the measured value.
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range between ~140 GPa and ~275 GPa, characterized by electrical 
resistance, magnetic susceptibility and field-dependence electrical 
transport measurements, as well as Raman spectroscopy. A series of 
structural and electronic phase transitions from molecular to metallic 
and superconducting are confirmed.

Superconductivity in carbonaceous sulfur hydride
The photochemically synthesized C–S–H system becomes supercon-
ducting with its highest critical temperature being Tc = 287.7 ± 1.2 K at 
267 ± 10 GPa. The temperature probe’s accuracy is ±0.1 K. The supercon-
ducting transition was evidenced by a sharp drop in resistance towards 
zero for a temperature change of less than 1 K (Fig. 1a), which was measured 

during the natural warming cycle (~0.25 K min−1) from low temperature 
with a current of 10 µA–1 mA. The transition temperature determined from 
the onset of superconductivity appears to be approaching a dome shape 
as a function of pressure (Fig. 1b). It increases from 147 K at 138 ± 7 GPa 
until it levels off to ~194 K at about 220 GPa, with the pressures measured 
from the diamond edge using the Akahama 2006 scale30 and calibrated 
H2 vibron frequency (see Methods). Remarkably, a sharp increase in Tc 
is observed above 220 GPa with a rate of around 2 K GPa−1 (Fig. 1b). The 
highest pressure studied is 271 GPa, at which the material has Tc ≈ 280 K. 
A Pt lead inside the cell failed as the pressure was increased from 267 GPa, 
forcing the use of an adjacent Pt lead as a combined current–voltage probe 
(quasi-four-point measurement). We estimate the contribution from this 
shorted section of the Pt lead to be only ~0.1 Ω (Extended Data Fig. 4). 
Additionally, no change in the shape of the superconducting transition 
was observed when the current was reduced to 0.1 mA, hence indicating 
bulk—rather than filamentary—superconductivity. These results were con-
firmed by a large number of experiments with over three dozen samples 
(see Supplementary Information and Extended Data Fig. 7). We note that 
the resistance of the sample decreases with increasing pressure, showing 
that it becomes more metallic at higher pressures.

a.c. magnetic susceptibility
A superior test for superconductivity is the search for a strong diamag-
netic transition in the a.c. magnetic susceptibility. In Fig. 2a, the real 
part of the temperature-dependent a.c. magnetic susceptibility χ′(T) 
of the sample is shown for one of the experimental runs. The onset of 
superconductivity is signalled by a large (10–15 nV), sharp drop in sus-
ceptibility indicating a diamagnetic transition, which shifts to higher 
temperatures with increasing pressure. The highest transition tem-
perature measured in this way is 198 K (transition midpoint), reached 
at the highest pressure measured (189 GPa). The quality of the data is 
high given the small sample size (~80 µm in diameter and 5–10 µm in 
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Fig. 1 | Superconductivity in C–S–H at high pressures. a, Temperature- 
dependent electrical resistance of the C–S–H system at high pressures (P),  
showing superconducting transitions at temperatures as high as 287.7 ± 1.2 K at 
267 ± 10 GPa. The data were obtained during the warming cycle to minimize  
the electronic and cooling noise. We note that the left and right vertical axes 
represent results from two different experimental runs. b, microphotographs  
showing the photochemical process of superconducting C–S–H sample with 
electrical leads in a four-probe configuration for resistance measurements.  
c, Pressure dependence of Tc, as determined by the sharp drop in the electrical 

resistance (‘ρ’) and a.c. susceptibility (‘χ′’) measurements shown in Figs. 1a, 2a. 
Tc increases with pressure from ~140 GPa, then gradually levels off to ~194 K 
around 220 GPa, and then sharply increases afterwards, showing a discontinuity  
around 225 GPa. The highest Tc observed was 287.7 K at 267 GPa. The 
low-temperature quasi-four-point resistance measurement at 271 GPa (the 
highest pressure measured) shows a superconducting transition at ~280 K. The 
solid lines are to guide the eye and different colours represent different experiments.  
The red and black arrows represent room temperature (15 °C) and the freezing 
point of water, respectively. Error bars reflect uncertainty in the measured value.

Pressure > 250 GPa

HCS ternary alloy, still unknown structure
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Technological Applications

High critical temperature,                                
high critical magnetic field, 
high critical currents
Possibly at ambient pressure
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Hydrogen-bond in water 
and aqueous compounds
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Hydrogen-bond in water 

and aqueous compounds

Many remarkable properties of water due to the hydrogen bond
→ liquid denser than solid, high melting and boiling points, 

high dielectric constant ε0

Water self-ionization: 2 H2O ⇌ OH− + H3O
+

very high ionic mobility of hydroxide and hydronium

hard to explain quantitatively
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Hydrogen/Water phase diagrams

Hydrogen

Water
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Hydrogen/Water phase diagrams

Hydrogen

Quantum materials:
Very complex and 
rich phase diagrams

Water
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Hydrogen/Water phase diagrams

Hydrogen

Quantum materials:
Very complex and 
rich phase diagrams

Competition/interplay of
internal (electronic) energies
and vibrational (ionic) entropy

Water



Michele Casula Quantum Materials: a QMC approach 19

Theoretical/computational challenges

• Accurate evaluation of electronic internal energies (i.e. full account of 
electronic correlation)

• Accurate treatment of the ionic degrees of freedom by a quantum 
description (i.e. full account of nuclear quantum effects)

• Non-trivial interplay between the two, sometimes a non-adiabatic 
framework is necessary (i.e. beyond the Born-Oppenheimer approximation)
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Theoretical/computational challenges

• Accurate evaluation of electronic internal energies (i.e. full account of 
electronic correlation)

• Accurate treatment of the ionic degrees of freedom by a quantum 
description (i.e. full account of nuclear quantum effects)

• Non-trivial interplay between the two, sometimes a non-adiabatic 
framework is necessary (i.e. beyond the Born-Oppenheimer approximation).

Notable examples:
– Superconductivity is a genuine non-adiabatic phenomenon
– Hydrogen bond needs both electronic correlation and NQE described at the 

highest level of accuracy
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Theoretical/computational challenges

• Accurate evaluation of electronic internal energies (i.e. full account of 
electronic correlation)

• Accurate treatment of the ionic degrees of freedom by a quantum 
description (i.e. full account of nuclear quantum effects)

• Non-trivial interplay between the two, sometimes a non-adiabatic 
framework is necessary (i.e. beyond the Born-Oppenheimer approximation).

Notable examples:
– Superconductivity is a genuine non-adiabatic phenomenon
– Hydrogen bond needs both electronic correlation and NQE described at the 

highest level of accuracy

Large variety of structures (in competition) and spanning a wide pressure-
temperature range à ab initio approach unavoidable
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New framework

• Accurate evaluation of electronic internal energies (i.e. full account of 
electronic correlation)

à correlated wavefunction based approach for electrons 
(Quantum Monte Carlo - QMC)
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New framework

• Accurate evaluation of electronic internal energies (i.e. full account of 
electronic correlation)

à correlated wavefunction based approach for electrons 
(Quantum Monte Carlo - QMC) 

• Accurate treatment of the ionic degrees of freedom by a quantum 
description (i.e. full account of nuclear quantum effects)

à Molecular dynamics for quantum ions (Path Integral Molecular Dynamics)
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New framework

• Accurate evaluation of electronic internal energies (i.e. full account of 
electronic correlation)

à correlated wavefunction based approach for electrons 
(Quantum Monte Carlo - QMC) 

• Accurate treatment of the ionic degrees of freedom by a quantum 
description (i.e. full account of nuclear quantum effects)

à Molecular dynamics for quantum ions (Path Integral Molecular Dynamics) 

• Inclusion of thermal effects
à Langevin thermostat
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New framework

• Accurate evaluation of electronic internal energies (i.e. full account of 
electronic correlation)

à correlated wavefunction based approach for electrons 
(Quantum Monte Carlo - QMC) 

• Accurate treatment of the ionic degrees of freedom by a quantum 
description (i.e. full account of nuclear quantum effects)

à Molecular dynamics for quantum ions (Path Integral Molecular Dynamics) 

• Inclusion of thermal effects
à Langevin thermostat

Combined approach: 
Path Integral Langevin Dynamics driven by Quantum  Monte Carlo forces

Félix Mouhat et al., J. Chem. Theory Comput. 13, 2400 (2017)
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New framework

Sandro Sorella 
SISSA, Trieste, Italy

Main developer 
of TurboRVB

Félix Mouhat
Former PhD student 

Sorbonne, Paris

Rodolphe 
Vuilleumier
ENS Chimie
and Sorbonne

A. Marco Saitta
Sorbonne, Paris
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Application to protonated water clusters
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Application to protonated water clusters

Computing support and grants:
•IDRIS, CCRT, CINES (France)
•CINECA (Italy)
•PRACE calls

Curie thin nodes
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The Zundel ion H5O2
+: 

a benchmark system

Ideal reference system for the study of proton transfer in liquid water 

• Simplest system to exhibit non trivial proton transfer.

• Widely studied both theoretically and experimentally.

• Testbed for novel methods.

The Zundel ion H5O+
2 : a benchmark system

Zundel ion H5O+
2 : ideal reference system for the study of proton transfer in

liquid water.

Simplest system to exhibit non trivial proton transfer.

Widely studied both theoretically and experimentally.

Test novel methodologies: is our QMC-based MD approach reliable?

Félix Mouhat (IMPMC - SU) Thesis defence September, 7 2018 24 / 43
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Correlated QMC wave function

q is the ion position, the wave function depends explicitly on the ion 
coordinates through the ion centered Gaussian basis set
The Jastrow and the AGP parts are parametrized by variational parameters 

with

J1body

q (r� q) = Zq
1� e�b|r�q|

b

Jq = exp

0

@
N

elX

i

N
atomsX

j
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In ab initio MD, nuclei move in a potential energy landscape provided by 
the electrons, via nuclear forces

Langevin nuclear dynamics 
with QMC electronic forces

f = �rqV (q)

V (q) =
h q|H(q)| qi

h q| qi

8
<

:

ṗ = ��p+ f(q) + ⌘(t)
q̇ = p
⌘ = ⌘ext + ⌘QMC

2kBT�ij = h⌘exti ⌘extj i+ h�fi�fji

QMC-DRIVEN MOLECULAR DYNAMICS
Way to compute phonons, anharmonicity, 

quantum and temperature effects

How to incorporate accurate but noisy QMC forces into classical and 
quantum MD simulations? → Langevin Dynamics! (Attaccalite, Sorella PRL 2007)

Generalized fluctuation-dissipation theorem (FDT)
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Extension to quantum nuclei

HM =
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Quantum-to-classical isomorphism

Quantum kinetic term replaced by a set of M beads, 
subjected to ring boundary conditions (Boltzmannon),
and interacting via a harmonic potential, whose coupling 

Two different energies scales: 
Born-Oppenheimer forces 
and quantum kinetic term
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Harmonic part 
with Langevin thermostat

X =

✓
p
q

◆

Harmonic forces included in the generalized friction, 
with interbead coupling K !!!
Mapping onto an Ornstein-Uhlenbeck process (damped Brownian motion) 
àPath Integral Ornstein-Uhlenbeck Dynamics (PIOUD)

Formal general solution

Joint momentum-position coordinates                 and noise 

The corresponding equations of motions for the harmonic Liouvillian
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Coupling PIOUD with QMC

Bead evolution by PIOUD à new bead positions

Wavefunction optimization by QMC à new ionic forces
(most time consuming part!)

Wavefunction depends on bead positions both 
explictly and via the variational parameters a

Bead-grouping approximation: 
same parameters for all replica

Significant gain in QMC statistics à quantum ions at the same cost as classical ones
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Zundel ion at finite T

T=300 K
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Taking solvation into accountTaking for account the solvation

Problem: Zundel ion does not take into account the solvation!

More realistic system: the protonated water hexamer H13O+
6

Félix Mouhat (IMPMC - SU) Thesis defence September, 7 2018 30 / 43

More “realistic” system: the protonated water hexamer H13O6
+
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NQE + Temperature

Taking for account the solvation

Problem: Zundel ion does not take into account the solvation!

More realistic system: the protonated water hexamer H13O+
6

Félix Mouhat (IMPMC - SU) Thesis defence September, 7 2018 30 / 43
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NQE + Temperature



Michele Casula Quantum Materials: a QMC approach 39

NQE + Temperature

Proton delocalization makes H-bond tighter
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NQE + Temperature

Instanton analysis of proton hopping:
Positive interplay between T and NQE

Work in preparation
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Conclusions and outlook

• New formalism to include both electronic correlation and quantum 
nuclear effects in quantum materials from first principles

• Application to protonated water clusters

• Possible application to hydrogen-based superconductors

• Extension to compute phonons
in the frame of a PIOUD crystal dynamics (first step to get renormalized
critical temperatures in the superconducting phase)

• Extension to couple the QMC potential energy surface 
with machine learning
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Job announcements

• Positions open in my group (Quantum Theory Group)

– PhD positions (through the Doctoral School PIF «Physique en Île-de-France»)

– Postdoc positions (through the ERC project TREX)

TREX: center of excellence in exascale computing by quantum Monte Carlo  methods

funding from the European Union Horizon 2020                   

research and innovation program

– Permanent positions (through CNRS, deadline for applications Jan 7th 2021)

If you are interested, please contact me at:      

michele.casula@gmail.com


