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Slide 1: Project Summary
• Project Title:  High Accuracy simulation methods for realistic materials modelling
• Grant Number:  FA9550-19-1-7007
• Keywords: material modeling, electronic structure, quantum Monte Carlo, water, graphene
• Objective:  To investigate and establish the feasibility of developing a machine learning potential for molecular 

adsorption on two-dimensional layered systems. To develop and improve the accuracy of the quantum Monte Carlo 
method, in order to provide accurate benchmark energies for the training set of the machine learning procedure.

• Progress: Graphene finds an exceptional range of potential applications in industry and technology; it is exploited for 
drug delivery, water desalination, nerve tissue engineering to probe and augment cell behavior, and it is used as filler in 
tier materials to strengthen reinforcement properties. Many of these applications find water interfaced with graphitic 
surfaces, for instance in desalination and drug delivery. Understanding the interaction between water and graphene at 
the molecular lever can be of fundamental importance to foster technological developments and promote new 
applications. However, this kind of understanding is hard to achieve, because the traditional computational techniques 
do not have the required accuracy to describe these systems. We have used an advanced and highly accurate 
computational approach to investigate precisely the water graphene interaction: the diffusion quantum Monte Carlo 
(DMC) method. DMC is a stochastic approach to solve the Schrödinger equation and obtain an understanding of the 
physics underlying these systems from first principles. Moreover, DMC is exceptionally efficient on modern 
supercomputer facilities. This kind of investigations leads material modeling to new horizons, yielding a description of 
complex interface interactions with unprecedented accuracy. In the last year we assembled a benchmark set for the 
water-carbon  interaction, for which we provide accurate evaluations of the binding energy based on DMC. Moreover, 
we worked on an improved DMC algorithm. In particular, developed and implemented a new algorithm to employ 
pseudopotentials on DMC, yielding more accurate and reproducible evaluations.
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Slide 2: Project Team

• PI:  Dario Alfè
• Co-PI:  Angelos Michaelides
• Key Researchers: Andrea Zen
• Students:  none
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Slide 3: Activities and Accomplishments
• We published three papers in peer-review international journals (see slide 5)
• Our publication “Interaction between water and carbon nanostructures: How good are current 

density functional approximations?”, J. Chem. Phys., has been selected as an Editor’s pick.
• Our improvement to the diffusion Monte Carlo algorithm, described in our publication “A new 

scheme for fixed node diffusion quantum Monte Carlo with pseudopotentials: improving 
reproducibility and reducing the trial-wave-function bias” [J. Chem. Phys., 151, 134105], has been 
implemented in three different packages for QMC simulations: QMCPACK, CASINO and TurboRVB.

• We disseminated the results of our research:
• Andrea Zen, invited talk at the conference “MACHINE LEARNING FOR QUANTUM DESIGN” at the Perimeter 

Institute, Waterloo, Canada (July 10th , 2019)
• Andrea Zen, presentation at the Max Planck Institute for Solid State Research, Stuttgart, Germany (May 15th , 

2019)
• Dario Alfè, invited talk, APS March meeting “Chemical equilibrium at the Earth’s core mantle boundary”, Boston 

(March 2019)
• Dario Alfè, invited talk, State Key Laboratory of Lunar and Planetary Science (MUST) “Chemical equilibrium at the 

Earth’s core mantle boundary”, Macau, China (June 2019)
• Dario Alfè, invited talk, Workshop The interior of Jupiter and Saturn, MUST “The inner core nucleation paradox”, 

Macau, China (November 2019)
• We obtained an OLCF Director’s Discretion Project for 2020, one for 2021 and one for 2022, which 

granted us the access to some of the most powerful high-performance computing facilities on the 
planet, namely the Summit and Rhea supercomputers, to pursue our research.

• We profited from collaboration with (late) Prof. Sandro Sorella (SISSA, Italy) and his group.
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Slide 4: Technical Highlights

The figure shows the WaC18 benchmark set, that we have assembled and reported in our paper [J. Chem. 
Phys., 151, 134105] to test and train the interaction between water and graphitic surfaces. 

3

FIG. 1. WaC18 benchmark structures considered. Top panel shows the water adsorption structures: 0-leg, 1-leg, and 2-leg
motif on graphene, benzene, and coronene, as well as the adsorption inside and outside of a CNT. Lower panel shows the
primitive unit cells of 2D and 3D ice structures.

The reference interaction energies used in the follow-
ing analysis are obtained from studies published in the
past four years. All the reference values are reported in
Table I. The reference values for the 2-dimensional ice
crystals are taken from Ref. 47, while for the three bulk-
ice crystals are given in Ref. 42. The reference values for
water on benzene, coronene, and graphene with di↵erent
orientations are taken from Ref. 45. The reference inter-
action energy between water and CNT where previously
investigated in Ref. 64, but here we report new values
that are as tightly converged as the other references.

The computational approaches used to obtain the ref-
erence values are CCSD(T) and fixed-node DMC. In par-
ticular, the values for water on benzene and on coronene
are from CCSD(T) (where DMC yield within 6meV iden-
tical results), and all the other values are from fixed-node
DMC. Indeed, most of these systems are very challeng-
ing or even out-of-reach for CCSD(T) due to their large
size and the presence of periodic boundary conditions.
With DMC it is easier to assess the binding energy in
large complexes, because it is straightforward to simu-
late periodic systems, and DMC has favourable scaling
with system size. In terms of accuracy, there is gener-
ally very good agreement between CCSD(T) and DMC
in the evaluation of non-covalent interactions, provided
that care is taken to ensure that an accurate setup is used
for each method.41,65,66 Agreement between methods is
not expected beyond a given precision. To this aim, in
Table I we report the estimated uncertainty associated to
any evaluation. For the water on benzene and coronene
systems, where both CCSD(T) and DMC are a↵ordable,
there is an optimal agreement among them.45

Although reported DMC results are coming from dif-
ferent studies, the setup is consistent among them.

TABLE I. WaC18 reference interaction energies given per
water molecule in meV. The reported error represents the
uncertainty on the evaluation.

w@graphene
67

w@benzene
67

w@coronene
67

0-leg �90± 6 0-leg +43± 1 0-leg �61± 3

1-leg �92± 6 1-leg �124± 3 1-leg �118± 5

2-leg �99± 6 2-leg �136± 2 2-leg �143± 4

w@CNT
a

external �85± 18

internal �287± 16

3D ice
42

2D ice
47

Ih �615± 5 hex. �423± 3 pent. �419± 3

II �613± 6 square �404± 3 rhombic �389± 3

VIII �594± 6

a Evaluation based on Ref. 64, but recomputed in this work. See
details in Section II B.

DMC simulations were carried out with the casino

code.68 Dirac-Fock pseudopotentials69,70 with the lo-
calization approximation71 (LA) are used. The trial
wavefunctions were of the Slater-Jastrow type with sin-
gle Slater determinants and the single particle orbitals
obtained from DFT-LDA plane-wave calculations per-
formed with pwscf

72. The Jastrow factor included
electron-electron, electron-nucleus and electron-electron-
nucleus terms. The parameters of the Jastrow were
carefully optimized by minimising the variance, within
a variational QMC scheme. The recently developed size-
consistent DMC algorithm (ZSGMA)41 was used. Finite
time-step errors are carefully minimised by performing
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Slide 5: Publications
Publications
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