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entos is a new density functional theory code with a focus on mean field embedding and
first-principles molecular dynamics simulations. entos is written in modern C++ using

state-of-the-art software engineering concepts and nested parallelisation, with the goal of being
extensible, easy to maintain and fast.

Functionality

•Hartree-Fock and DFT

•Time-dependent DFT

•Embedded Mean Field Theory (EMFT)

•Time-dependent EMFT

•Gaussian basis sets

• LDA, GGA, hybrid and dispersion-corrected functionals

•Coulomb and exact exchange density fitting

•DIIS and Fock extrapolation

• Fock-matrix corrections

•Ab initio Born-Oppenheimer molecular dynamics

•Nuclear quantum dynamics (RPMD)

•Effective core potentials

•Geometry optimisation

•Unsöld UW12 correlation in DFT

Software Engineering

•Extensive use of modern C++

– Smart pointers

–Move semantics

• Input options from documentation

•Extensive unit tests (w/ Catch2)

•Nested parallelism (w/ Intel TBB)

•Generic and flexible functionalities

–Generic SCF

–Multiple spin/particle channels

–Generic Fock operators

� �
aimd(

nsteps = 10
time_step = 0.5
structure( molecule = ’h2o.xyz ’ )
save_trajectory_info = true

extrapolation(
type = FMD
nsteps = 4
polynomial_degree = 2

)

gradient(
dft(

xc = ’PBE ’
basis = ’cc-pVDZ ’
density_fitting = true
df_basis = ’cc-pVDZ -JKFIT ’

)
)

)� �

Embedded Mean-Field Theory (EMFT) [1]

Density matrix partitioning:

D =


DAA DAB

DBA DBB


DAA: Density matrix of the active region
DBB: Density matrix of the environment

DAB,DBA: Subsystems coupling

Advantages of EMFT:

•Parameter free

•Electron transfer between subsystems

•Reduced number of basis function

•Reduced cost of exchange calculation

• Simple gradient theory

Energy expression for DFT-in-DFT embedding:

EEMFT[D] = EL[D]− EL[DA] + EH[DA]

Energy gradients w.r.t. nuclear coordinates:

∂E

∂R
[D] = Tr

(
DF(R)

)
− Tr

(
WS(R)

)
W: energy-weighted density matrix

Time-dependent linear response EMFT [2]
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ABSTRACT: We present a time-dependent (TD) linear-response description of excited electronic states within the framework
of embedded mean-field theory (EMFT). TD-EMFT allows for subsystems to be described at different mean-field levels of
theory, enabling straightforward treatment of excited states and transition properties. We provide benchmark demonstrations of
TD-EMFT for both local and nonlocal excitations in organic molecules, as well as applications to chlorophyll a, solvatochromic
shifts of a dye in solution, and sulfur K-edge X-ray absorption spectroscopy (XAS). It is found that mixed-basis implementations
of TD-EMFT lead to substantial errors in terms of transition properties; however, as previously found for ground-state EMFT,
these errors are largely eliminated with the use of Fock-matrix corrections. These results indicate that TD-EMFT is a promising
method for the efficient, multilevel description of excited-state electronic structure and dynamics in complex systems.

1. INTRODUCTION
Excited electronic states are central to photoinduced processes
in a wide variety of chemical, biological, and materials
applications. In any molecular system, the choice of electronic
structure methods for calculating excited-state properties
involves a necessary compromise between accuracy and
computational cost. Despite its shortcomings,1−4 time-depend-
ent density functional theory (TDDFT) offers an appealing
balance between these factors and is thus widely used, and yet
the costly scaling of TDDFT (formally N( )46 ) makes the
approach unaffordable for many large-scale applications.
Various strategies have been developed to expand the

applicability of excited-state methods. For example, linear-
scaling implementations based on linear response take
advantage of spatial locality of either the atomic5−7 or
molecular8−13 orbitals. An alternative strategy employs
subsystem embedding to describe localized excitations,
including TDDFT implementations using either fragment
molecular orbitals14 or frozen-density embedding,15−20 as well
as the QM/MM approach.21−24

While each of these methods has merits, they also have
limitations. For example, methods based on localized molecular
orbitals lead to complicated implementations for analytical
gradients and properties, while many embedding methods place

constraints on the subsystem particle numbers, spin state, and
spatial extent of the excitation, or they neglect particle-number
fluctuations between subsystems or the environmental response
to the excitation. Removing such constraints has motivated the
recent development of embedding strategies that are formally
exact in the description of subsystem interactions25−37 and
allow for particle-number fluctuations between subsystems via
their description as open quantum systems.35−37

Here, we introduce time-dependent embedded mean-field
theory (TD-EMFT), a linear-response approach to describe
excited electronic states using the EMFT framework.37,38 TD-
EMFT provides subsystem embedding at different levels of
mean-field theory, avoiding the need to specify or fix the
particle number or spin state for each subsystem. It is simple to
implement, and because EMFT is itself a mean-field theory,
calculation of analytical nuclear gradients and response
properties remains straightforward. We demonstrate TD-
EMFT for a range of benchmark systems and applications,
both with and without Fock-matrix corrections,39 illustrating
that TD-EMFT allows for comparable accuracy to TDDFT
with the potential for vastly reduced computational cost. This
work is complementary to the recent extension of EMFT in
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Description of excited states within EMFT.

TD-EMFT eigenvalue equation:(
A B
B∗ A∗

)(
X
Y

)
= ω

(
1 0
0 −1

)(
X
Y

)
ω: excitation energy

(X,Y): transition density

Geometry Optimisation

Optimisation algorithm: Quasi-Newton method with BFGS Hessian update.

R1 = (x1; y1; z1)

R2 = (x2; y2; z2)

R3 = (x3; y3; z3)
a = 6 (R2

;R1
;R3

)Cartesian to RIC

RIC to Cartesian

b 1
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2
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Redundant internal coordinates [3]:

•Based on connectivity

•Automatically generated

•Natural description

•Decoupling of different DOF

• Simple initial Hessian estimate

•Easy to apply constraints

CC RIC ∆ δ

H2O 6 4 −2 −33%
CH3OH 13 5 −8 −62%

C7H8 15 6 −9 −60%
C2H5OH 17 5 −12 −71%
C6H6O 19 6 −13 −68%
C3H8O3 52 13 −39 −75%
C9 H8 16 6 −10 −63%

Transformations between cartesian coordinates (CC) and redundant internal coordinates
(RIC) have been implemented in an open-source library written in modern C++.

github.com/RMeli/irc
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A new ingredient for DFT: Unsöld-W12 correlation [4]

Double-hybrids correlation (MP2):

EPT2
c = −1

2

∑
ijab

〈ij|r−1
12 |ab〉 〈ab|r−1

12 |ij〉
εa + εb − εi − εj

Unsöld-W12 (UW12) correlation energy:

EUW12
c =

1

2

∑
ijab

〈ij|w12|ab〉 〈ab|r−1
12 |ij〉 , ws12(r12) =

1

(2s12 + 1)
rce
−r12/rc

w12: geminal operator

Unsöld-W12 hybrid functional (XCH-BLYP-UW12):

EXCH-BLYP-UW12
xc =

1

2
EB88
x +

1

2
EHF
x +

3

4
ELYP
c +

1

4
EUW12
c (rc)

Advantages of EUW12
c over EPT2

c :

•Rapid basis-set convergence

•Avoid divergences in denominator

• Full self-consistent optimisation

• Straightforward gradient theory

•O(N 4) scaling

Figure 2: Atomization energy errors for individual molecules in the AE6 test set for the existing hybrid functional B3LYP3, the
existing double-hybrid functional B2-PLYP12, and the new UW12 hybrid functional XCH-BLYP-UW12. The abbreviations
(pro.), (gly.), and (cyc.) refer to the isomers propyne, glyoxal, and cyclobutane respectively.
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Figure 3: MAEs (coloured bars) and MEs (black bars) for the larger test sets of atomization energies (G2) and reaction
barrier heights (DBH24) using a variety of DFT methods: The existing hybrid functionals B3LYP33 and B-HH-LYP10; The
existing double-hybrid functional B2-PLYP12; And the new UW12 hybrid functional XCH-BLYP-UW12. Chemical accuracy
(1kcal mol�1) is shown with a dotted line.
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