Embedded mean field theory in ONETEP

Joseph C.A. Prentice
Robert J. Charlton

Departments of Materials and Physics, Imperial College London

ONETEP Masterclass, University of Warwick
29th August 2019

Joseph C.A. PrenticeRobert J. Charlton
Embedded mean field theory in ONETEP



Quantum embedding
€000

Quantum embedding

Embedded mean field theory in ONETEP



Quantum embedding
0000

Why embedding?

Often we want to consider the impact of a host environment on a
system of interest...

Joseph C.A. PrenticeRobert J. Charlton

Embedded mean field theory in ONETEP



Quantum embedding
0000

Why embedding?

Often we want to consider the impact of a host environment on a
system of interest...
...but the high accuracy methods required for the subsystem are
too expensive to treat the environment too

Joseph C.A. PrenticeRobert J. Charlton
Embedded mean field theory in ONETEP



Quantum embedding
0000

Why embedding?

Often we want to consider the impact of a host environment on a
system of interest...
...but the high accuracy methods required for the subsystem are
too expensive to treat the environment too

» Molecules in solution

Joseph C.A. PrenticeRobert J. Charlton

Embedded mean field theor



Quantum embedding
0000

Why embedding?

Often we want to consider the impact of a host environment on a
system of interest...
...but the high accuracy methods required for the subsystem are
too expensive to treat the environment too

» Molecules in solution

» Defects in crystals

Joseph C.A. PrenticeRobert J. Charlton
Embedded mean field theory in ONETEP



Quantum embedding
0000

Why embedding?

Often we want to consider the impact of a host environment on a
system of interest...
...but the high accuracy methods required for the subsystem are
too expensive to treat the environment too

» Molecules in solution
» Defects in crystals

» Doped molecular crystals
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» One method to deal with this would be via QM/MM —
environment described classically

» But sometimes quantum effects will be important — need to
describe environment quantum mechanically
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Idea has been around for some time...
THE JOURNAL OF CHEMICAL PHYSICS VOLUME 55, NUMBER 12 15 DECEMBER 1971

Theory of Separability of Many-Electron Systems

S. Huzmaca AND A. A. CanNTU
Department of Chemisiry, University of Alberta, Edmonton, Alberta, Canada
(Received 10 May 1971)

Atomic and molecular systems are often intuitively separated into almost independent subsystems
as, for example, the core and valence parts of an atom. Consequently, if this separation provides a good
approximation, one can obtain the states of the system from the states of the subsystems which best rep-
resent the entire system. In the light of the work of McWeeny, in which one assumes strong orthogonality
among subsystem wavefunctions, we determine an effective Hamiltonian for a given sukb which
should properly describe the states of that subsystem. Previous work is shown to have dealt with an improper
effective Hamiltonian.
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Idea has been around for some time...

Difficulty lies in making sure active region’s orbitals remain
orthogonal to environment's
Scheme we have chosen to implement is embedded mean-field
theory (EMFT)
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Theory

» Begin by partitioning density
matrix by basis function

p= <PAA PAB)
PBA PBB
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Theory

» Begin by partitioning density
matrix by basis function

» Separate total energy into

one- and two-electron parts E[p] = tr[pHo] + G [p]
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Theory

P Begin by partitioning density
matrix by basis function

> Separate total energy into
one- and two-electron parts  EEMFT [p] =tr [pHo] + G'" [p] +

» EMFT total energy is then (Ghigh [paa] — G'ow [pAA])
given as shown

» Ground state found by
minimising this as usual
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Advantages

>
>

>
>

In principle, very simple and very general
Partitions naturally along atomic basis functions

No need for a priori information: bonding, charges of
subregions

No chemical termination of subregions required
Interaction and entanglement between regions naturally
included

Simple to extend to obtain response theories, e.g. TDDFT?

Previous successes?

1JCTC 13, 4216 (2017)
2JCTC: 11, 568 (2015); 12, 5811 (2016); 13, 4216 (2017)
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Block orthogonalisation

» Normalisation is maintained as long as Tr[pS] = Ne

v

However, upon partitioning, charge spillover can occur

» Diagonal terms in this trace become unphysically large, being
balanced by large negative values for off-diagonal terms

» This can be avoided by block orthogonalisation — forcing the
environment orbitals to be orthogonal to the active region’s
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Considerations

» ONETEP is a DFT code — hence only DFT-in-DFT
embedding

» Intended mode of use is hybrid-in-semi-local (e.g.
B3LYP-in-PBE)

» Previous implementations used Gaussian basis sets —
unoptimised

» Block orthogonalisation makes NGWF optimisation much
more difficult — see similar charge spilling problems

» Instead, can converge NGWFs at lower level of theory, and
optimise only kernel with EMFT
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Theory

» We partition the

Hhigh Hlow
Hamiltonian, using different HEMFT _ < AA A )
. H ow H ow
levels of theory for different
blocks
AMEY = T+ Vigcal+ Vitartree + Vi
» Total energy is obtained by A A Alocal AHamee
minimiSing Tr [KHEMFT] HIOW =T+ Vloca|+ VHartree+ VlOW
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> V)'("é” is calculated from the total electron density (i.e. the full
system NGWFs and kernel)
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Theory

> V)'("é” is calculated from the total electron density (i.e. the full
system NGWFs and kernel)

> V)'(c’é’V’A and Vxhé:gh'A is calculated from the active region density
(i.e. Kaa and the active region NGWFs), using the
appropriate levels of theory

> Finally, Vi = Viy + (VA — e
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Results

Energy relative to full B3LYP result (eV)

| | | |
0 6 12 18 24 30 36
Number of atoms in active region
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Example input file

%block species

HH119.0

CC649.0

HI H119.0

Cl1C6409.0

%endblock species

%block species ngwf regions

C1 H1

CH

hendblock species_ngwf _regions
%block species_swri-for_hfx

C1

H1

%endblock species_swri-for_ hfx
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Example input file

task : singlepoint
cutoff_energy : 750 eV
xc_functional : PBE
active_xc_functional : B3LYP
do_fandt : F

freeze switch steps : -1
use_emft : T

use_emft follow : T
use_emft_lnv.only : T

block_orthogonalise : T
parallel_scheme : HOUSE
active_region : 1
read_sub_denskern : F
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Exact exchange with EMFT

» So far haven't really discussed exact exchange — this isn't
calculated from the partitioned electronic density
» Several ways that exact exchange can be included in EMFT:
» EXO: Only exchange within the active region is included
» EX1: Inter-region exchange is symmetrically averaged
> EX2: Full exchange interaction between regions
» EXO comparable in accuracy or better than others, at a much
lower cost — this is what is implemented

P> This means calculating inter-region exact exchange is not
implemented — hybrid-in-hybrid calculations will give a
different result to a single-region calculation
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Now over to James to described a bit more about HFX in general
in ONETEP...

Joseph C.A. PrenticeRobert J. Charlton

Embedded mean field theory in ONETEP



	Quantum embedding
	Embedded mean-field theory
	EMFT in ONETEP
	Hartree-Fock exchange with EMFT

