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ABSTRACT
Effective Hamiltonian of Crystal Field (EHCF) is a hybrid quantum chemical method originally devel-
oped for an accurate treatment of highly correlated d-shells in molecular complexes of transition
metals. In the present work, we generalise the EHCF method to periodic systems containing transi-
tionmetal atomswith isolated d-shells, either as a part of their crystal structure or as point defects. A
general solution is achieved by expressing the effective resonance interactions of an isolated d-shell
with the band structure of the crystal in terms of the Green’s functions represented in the basis of
local atomic orbitals. Such representation can be obtained for perfect crystals and for periodic sys-
tems containing atomic scale defects. Our test results for transition metal oxides (MnO, FeO, CoO,
and NiO) and MgO periodic solid containing transition metal impurities demonstrate the ability of
the EHCF method to accurately reproduce the spin multiplicity and spatial symmetry of the ground
state. For the studiedmaterials, these results are in a good agreement with experimentally observed
d-d transitions in optical spectra. The proposed method is discussed in the context of modern solid
state quantum chemistry and physics.
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1. Introduction

Ever since the early 19th century, transition metals (TM)
complexes have been amajor focus of research, from the-
oretical and experimental standpoint, leading to major
developments in molecular orbital, crystal !eld, and lig-
and !eld theories. Molecular TM compounds have been
successfully used as photocatalysts [1], as an appropriate
choice of ligand coordination environment can support
the desired reactivity and balance the catalytic proper-
ties with robustness and durability. Some basic issues
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confounding the use of molecular TM photocatalysts
reappear in solid state systems, including possible rapid
deactivation of excited states and sensitivity of mate-
rials to degradation. In heterogeneous catalysis, addi-
tional uncertainties arise regarding the chemical nature
of the active photocatalytic intermediates at the interface.
When photocatalysis occurs, it is often unclear which
electronic states are involved. The active speciesmay have
di"erent density of states, populate with charge carriers
at di"erent rates, and may also interact with one another.
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The complex relationship between electronic and phys-
ical structure in both molecular and solid state systems
containing transition metals can be e"ectively probed
by optical absorption and photoelectron spectroscopy
techniques [2,3].

According to Zaanen et al., [3] TM compounds
can be classi!ed by the relative energies of the fol-
lowing charge #uctuations: in Mott-Hubbard insula-
tors, dni d

n
j ! dn+1

i dn"1
j excitations involving the d-d

Coulomb and exchange (U) interactions (i, j are TM
sites); and in charge-transfer insulators, dni ! L±dn±1

excitations (L is a hole in the valence band of an anion).
In TM oxides, the energies involved in these excitations
are typically high: 7–10 eV for Mott-Hubbard insulators
[3] and above 5 eV for charge-transfer compounds [3].

Electronic excitations localised inside the d-shell,
known as crystal !eld (CF) excitations, are of the order
of 1–4 eV, and these excitations de!ne the optical prop-
erties (colour which fascinates !rst-year chemistry stu-
dents) and chemical properties (catalysis which fasci-
nates all chemists) of TM solid compounds [4,5]. This
applies not only to well-studied TM oxides but to a wide
range of materials from metal-organic frameworks [6]
to single-atom catalysts deposited on substrates such as
ionic oxides, halogenides and amorphous carbon [7,8].
The properties of TM compounds in the energy range
of 1–4 eV correspond to the electronic states of partially
!lled isolated d-shells [9].

Over the years, various pseudopotential and linear
augmented-plane-wave methods within density func-
tional theory (DFT) have been used to study the elec-
tronic structure of solids containing TMs (see, for exam-
ple, [10–15] and references therein) claiming good com-
putational e$ciency. Although DFT methods typically
provide reliable estimations of the geometry and ground
state energy, it is di$cult to capture !ner details of
the correlated electronic structure using standard DFT
approaches. A correct description of the ground state d-
shell multiplicity and its d-d excitation spectra are known
to be a considerable challenge for DFT, which is a direct
consequence of the incomplete description of important
electronic correlations therein. A relevant representation
of the underlying electronic structure is that of the band
states of an (ionic) insulator supplied with the local mul-
tiplets of d-electrons. This prompts the development of
quantum chemical methods that can achieve an accu-
rate description of the d-shell embedded into a solid
phase/matrix.

This is a challenging theoretical problem which
remains open despite many established and more recent
signi!cant advances in the !eld, and where the celebrated
models of quantum chemistry, such as molecular orbital
(MO) or valence bond (VB) theory, do not provide a

description of the required quantitative accuracy [16].
Main di$culties in providing a quantitatively accurate
description of the d-shell weakly coupled to a solid state
matrix are due to the highly correlated nature of the prob-
lem. The emphasis is to be placed on a correct account
of electronic correlations in the d-shell, which inevitably
becomes a substantial issue oncemodels of a realistic size
are considered.

A detailed description of electronic correlations can
be, in principle, provided by con!guration interac-
tion (CI) method, which, for most chemical problems,
can hardly be used in its original formulation due
to extremely high computational costs. Therefore, less
expensive and approximatemethods are favoured such as
hybrid approaches where electronic sub-systems are con-
sidered at di"erent levels of theory. For example, strongly
correlated d-shell can be described using the fully cor-
related CI approximation, whilst the rest of the system,
where correlations are weaker, can be treated with more
approximate and less expensive methods. In such hybrid
approach, the required approximations can be derived
systematically [17]. A speci!c realisation of this idea has
led to the development of the e"ective Hamiltonian of
crystal !eld (EHCF) method, dating back to 1991, which
was originally developed and successfully applied to TM
molecular complexes [18–22], including spin-crossover
compounds of iron (II) [23,24]. Previously, EHCF has
been applied to predict the ground state and optical
spectra of insulating TM containing solids in the cluster
approximation [25–27]. Although, the results were quite
successful, the inherent limitations of a cluster model
in predicting properties of ionic bulk crystals remain.
This long standing problem requires signi!cant e"orts in
accurate description of the boundary or in studying the
convergence to bulk properties of clusters of increasing
size [28–30].

In this work, we generalise the EHCFmethod to study
the electronic structure and optical spectra of periodic
systems containing transition metals, we test the devel-
oped theoretical framework on well known examples
of TM oxides such as MnO, FeO, CoO, NiO, and we
study TM impurities in theMgOmatrix. In the proposed
approach, EHCF procedure is combinedwith theGreen’s
function (GF) formalism [31,32] suitable for describing
local perturbations in periodic solids, such as atomic
scale defects. In the combined approach, the band struc-
ture of a perfect crystal is !rst calculated and then trans-
formed to GFs of the crystal in the basis of local atomic
orbitals. Either perfect crystal (if the TM ions occupy the
periodic lattice of solid phase) or defect crystal (if the
TMs are impurities or point defects randomly embedded
in the periodic matrix) are produced, whilst d-shell(s)
are excluded at this stage. The in#uence of d-shell(s) on
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Figure 1. Classification of the experimentally observed low-lying transitions in TM oxides.

s- and p-electrons is taken into account following the
methodology described below, which was adopted from
Ref. [17]. The EHCFmethod, in turn, is also modi!ed so
that the de!ned Green’s functions serve as EHCF input.

A brief classi!cation of the experimentally observed
transitions in TM oxides is summarised in Figure 1,
together with the main computational methods used
for their interpretation. Typical Mott insulators cannot
be adequately described by conventional band theory
of solids due to the shortcomings in a correct treat-
ment of the electron correlation and in description of the
localised d-states in the vicinity of the Fermi level. The
band gap in a Mott insulator is between bands of like
character, such as d electron bands, whereas the band
gap in charge-transfer insulators exists between anion
and cation states, such as between O 2p and Ni 3d bands
in NiO [33]. Recent improvements of conventional DFT
o"ermore accuratemethods to describe the band gap and
electronic structure of highly correlated materials. Some
examples include single-determinant methods such as
self-interaction correction [34], or using hybrid DFT
functionals [35], adding explicitly the onsite Coulomb
interaction through various implementations of DFT +
U [36–38], or accounting for the electron correlation
through random phase approximation [39].

The periodic EHCF method, suitable for description
of crystal-!eld transitions inside an individual d-shell,
shares several common ideas with the dynamical mean
!eld theory (DMFT) [40–45] as well as with less expen-
sive DMET [46] and RISB [47] methods which can be
combined with DMFT into a uni!ed framework [48].
These methods are related to embedding of strongly cor-
related atom(s) into a weakly correlated bath (for a recent
review on embedding methods, see e.g. Ref. [49]).

In this manuscript, we compare and contrast the basic
features of both approaches, however, we do not dis-
cuss the delocalised magnetic excitations – magnons –

which are characteristic of transition metal compounds
on the energy scale of several hundredths of electron-
volts. These are described by Heisenberg and anisotropic
exchange interactions models developed for magnetic
materials with correlated electronic structure and signi!-
cant spin-orbit coupling and lay beyond the scope of this
paper.

2. EHCF theory for periodic systems

Derivation of the EHCF theory for periodic systems fol-
lows the same general steps as those for the method
developed for molecules and !nite clusters and described
previously in Refs. [17–20]. In the framework of EHCF,
the space of one-electron states, spanned by local atomic
orbitals, is divided into two sub-spaces: (i) l-space
spanned by s- and p-orbitals of TM atoms and all orbitals
of other (light) elements; (ii) d-space spanned by d-
orbitals of TMs. This division exploits the fact that s-
and p-orbitals experience signi!cant hybridisation and
subsequent delocalisation to such degree that the atomic
(many-electron) states completely lose their identity. The
d-shells, however, are less a"ected by hybridisation so
that electrons in d-orbitals retain atomic-like character,
and these are only split by the (e"ective) crystal !eld.
This argument conforms with the model ideas [9] on the
electronic structure of TM oxides, assumed to be formed
by sp-valence bands of an insulator (similar, for exam-
ple, to MgO for TM oxides in the rock-salt structure)
augmented with the local multiplets of d-electrons.

When multiple TM atoms are present in a periodic
solid, such as TM oxides, the d-space cannot be simply
divided into separate d-shells unless the resonance inter-
actions between themare neglected. To overcome this, we
recollect the two-step procedure, proposed by Anderson
[50,51], for estimating the magnetic interaction of local
momenta residing in di"erent d-shells. The Anderson’s
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recipe [50,51] prescribes that the states of an individ-
ual d-shell of a magnetic ion embedded into insulating
diamagnetic medium (l-space) are obtained using kind
of ligand !eld theory. At this stage, the exchange inter-
actions between TM ions are neglected, and the entire
d-system is divided into separate d-shells. After an ade-
quate description of individual d-shells is obtained, an
estimation of the interactions between electrons resid-
ing in the de!ned magnetic orbitals is constructed. Here,
when describing periodic solids withmultiple TM atoms,
we perform the !rst stage of Anderson’s procedure and
postpone the account of the exchange interactions to a
later stage [21,52].

Once the division of one-electron states into correlated
and uncorrelated subsets is performed, the total wave
function of the system, ! , is presented in a form pre-
scribed by the group function approximation [53] with
a !xed number of electrons in each subset:

" = "d (nd) # "l (N " nd) , (1)

where "l and "d are the many-electron wave functions
built in the l- and d-subspaces, respectively (nd is number
of d-electrons in the d-space, and N is the total num-
ber of electrons;# stands for the anti-symmetric product
of the wave functions). Since d-shells are the most cor-
related part of the chemical system, the wave function
"d is treated using the con!guration interaction (CI)
method [53], whilst the many-electron states built in
the l-subspace can be considered within a one-electron
approximation.

Representation (1) of the electronic structure of a solid
containing a TM ion is, of course, approximate. The
exact wave function contains additional terms describing
various distributions of electrons between the d- and l-
(sub)space. These additional terms are taken into account
by the Löwdin partition technique [54], which projects
the exact wave function with multiple distributions of
electrons between subspaces on the subspace spanned by
the functions with a !xed number of electrons (1). The
exact Hamiltonian of the system is then replaced by the
e"ective Hamiltonian of the form:

He! = PH0P + HRR, (2)

where

H0 = Hd + Hl + Hc, (3)

and

HRR = PHrQ (EQ " QH0Q)"1 QHrP. (4)

In Equations (2)–(4), P is a projector to the sub-
space of the many-electron functions in the form (1),
Q = 1"P, Hd and Hl are bare Hamiltonians for the

d- and l-(sub)systems excluding all mutual interactions,
Hc describes Coulomb interactions between sub-systems
without changing the number of electrons, and Hr
describes resonance interactions between sub-systems.
Operator HRR is the key element as it renormalises the
bareHamiltonian on the account of coupling between the
modelmany-electron states (1) and charge-transfer states
which present in the theory only implicitly. This assump-
tion is only acceptable when, within each d-shell, charge
transfer states are signi!cantly higher in energy than
the d-d excited states, which is, ultimately, the bound-
ary condition for the applicability of the present approach
[19].

Averaging the e"ective Hamiltonian (2), obtained by
the Löwdin partition, over the multiplier functions "d
and "l yields two separate Hamiltonians for the d- and
l-(sub)systems:

He!
d = Hd + $$Hc%%l + $$HRR%%l , (5)

He!
l = Hl + $$Hc%%d . (6)

In expressions (5) and (6), $$ %%d,l stands for averaging
over the ground state of the d- (or l-) system. The e"ective
Hamiltonian (6) for the l-system requires an estimate of
$$Hc%%d for which a density matrix # of the d-shell (sys-
tem) is required. Due to the abovementioned atomic-like
character of the TM d-shell in a crystal environment, the
following simple approximation can be employed [19]:

#µ$ = %µ$
nd
5
, (7)

where µ and $ numerate d-orbitals. Then $$Hc%%d can be
split into

Hintra
c =

!

i,j&TM

!

&

nd
5

'
"
!

µ

#
(µµ | ij) " 1

2
(µi | µj)

$%

l+i& lj& + h.c.

(8)

and

Hinter
c =

!

i/&TM

!

&

nd
5

!

µ

(µµ | ii)l+i& li& , (9)

where i, j runs over the atomic orbitals of the l-space,
µ runs over d-orbitals, & stands for the spin projection,
l+i& (li& ) are the operators creating (annihilating) an elec-
tron in the ith AO of the l-space, (µµ | ij) are Coulomb
two-electron integrals, h.c. stands for the Hermitian con-
jugate. The term Hintra

c describes repulsion of electrons
residing on s-, p-orbitals of theTMatom from d-electrons
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of the same atom, while Hinter
c corresponds to the two-

centre two-electron repulsion of electrons of the l-space
from d-electrons.

Having de!ned the e"ective Hamiltonian, the wave
function of the l-system can be obtained using one-
electron (Hartree-Fock) approximation and then used to
calculate the averages $$Hc%%l and $$HRR%%l entering the
e"ective Hamiltonian of the d-system, which yields

He!
d = Hd +

!

µ,$

!

&

&
Hintra

µ$ + Hcf
µ$ + Hres

µ$

'

' d+
µ&d$& + h.c., (10)

where d+
µ& (dµ& ) are the electron creation (annihilation)

operators for the µth d-orbital. E"ective terms in He!
d

involve the following contributions: (i) Hintra
µ$ describes

interactions of d-electrons with the electronic density
located on the s-, p-orbitals of the sameTMatom; (ii)Hcf

µ$

describes interactions of d-electrons with the electron
density located on other atoms/nuclei; it has the form of
classical (Coulomb) ionic crystal !eld matrix elements
[55]; (iii) Hres

µ$ represents resonance (covalent, charge
transfer) interactions between d- and l-systems, com-
ing from the Löwdin partition procedure (perturbation
theory) – the terms speci!c to the EHCF approach.

The above description can be applied to any chemi-
cal system containing a transition metal atom. Speci!c to
periodic systems is the form of the solution for the elec-
tronic problem of the l-system. In a crystal, it is given
as an assembly of the Bloch states |nk% (n is the band
number) expressed as linear combinations of the Bloch
sums

|ak% = 1
(
K

!

r
eikr |ar% , (11)

where |ar% are atomic (spin-)orbitals of the l-space
located in the rth unit cell of the crystal, k is a vector
in the 1st Brillouin zone, K is a number of unit cells in
the crystalmodel with periodic boundary conditions. For
the periodic l-system, the resonance contribution to the
e"ective Hamiltonian of d-shell is given by Tokmachev
and Tchougrée" [4]

Hres
µ$ =

!

n

!

k
'µnk'$nk

(
)G+

nk ("Id) + )G"
nk ("Ad)

)
,

(12)
where the !rst term in the brackets takes into account the
e"ect of the charge transfer states with an electron trans-
ferred from the d- to the l-system, the second term– from
the l-system to the d-shell, upon the e"ective potential
felt by the electrons in the d-shell; ' denotes the reso-
nance (hopping) integrals between the l-Bloch states and

the d-orbitals, Id andAd are ionisation potential and elec-
tron a$nity of the d-shell. Since the electron transfer to
(from) the l-bands happens only for unoccupied (occu-
pied) orbitals, the Green’s functionsG±

nk entering the last
equation are

G+
nk (() = lim

%!0+

(
1 " fnk

) |nk% $nk|
( " (nk + i%

, (13)

G"
nk (() = lim

%!0+
fnk

|nk% $nk|
( " (nk + i%

, (14)

where fnk is the occupation number of the given l-Bloch
state, which can only have two possible values: 0 for the
vacant states and 1 for the occupied states. Due to the
Kramers-Kronig relations, the real part of theseGFs is the
negative Hilbert transform of the imaginary part. Note
that both functions are de!ned as the analytic continu-
ation from the lower complex half-plane to the real axis.
These functions are evaluated from theGFof the l-system
which is as usually de!ned as

G (() = lim
%!0+

!

nk

!

&

|nk% $nk|
( " (nk + i%

. (15)

When addressing Hcf
µ$ in (10), we note that these inter-

actions of d-electrons with the electron density on
other atoms include the long-range Coulomb part (*
1/R). In ionic lattices, these long-range contributions are
described using the Ewald summation [56]. This gives
a correct energy shift of d-orbitals in the crystal !eld
of ionic solid, which indirectly a"ects the splitting by
changing the energies of electron transfer between d- and
l-systems (see below). At the same time, the Coulomb
splitting induced by the ions of the crystal itself is not
a"ected by this as more than 99% of its value comes from
the interactions with the 1st and 2nd neighbours of a TM
atom (dipole and quadrupole terms are proportional to
1/R3and1/R5, respectively).

Another important di"erence to the molecular case
comes from the fact that the transfer of electrons takes
place within the d-shell, and not between molecular
orbitals and vacuum. To account for this, one has to
shift the poles of the G±

nk by the interaction gdnk =
"(dd | nk, nk) of the electron (hole) placed to the l-Bloch
state (d-shell) with the hole (electron) located in the
d-shell (l-Bloch state). This shift, however, becomes neg-
ligible in the periodic solid since each individual l-Bloch
state is delocalised over a large (asymptotically in!nite)
number of atomic orbitals, and the electron-hole inter-
actions over atomic orbitals decay as * 1/R with the
distance from a TM atom. These intercations are repre-
sented by two-centre Coulomb integrals; other interac-
tions decay even faster. The value of gdnk is, therefore,
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inversely proportional to the number of unit cells in a
periodic model (see Appendix 1). Following the main
assumption of the EHCF method, denominators ("Id "
(nk,& ) and ("Ad " (nk,& ) entering GFs in Equation (12)
must be larger than the energies of the d-d excitations, so
that the integrals gnkd are negligible in comparison.

To evaluate the resonance integrals 'µnk over the
d-orbitals localised on the TM atom, it is convenient to
expand l-Bloch states over local atomic orbitals, which
gives

'µnk =
!

i
$nk | i%'µi. (16)

Resonance integrals 'µi decay exponentially with the dis-
tance from the TM atom, therefore, the summation is
reduced to a small number of l-AOs. Inserting (16) into
Equation (12) and rearranging the terms leads to the
following expression for Hres

µ$ :

Hres
µ$ =

!

i,j
'µi'$j

&
)G+

ij ("Id) + )G"
ij ("Ad)

'
, (17)

where theGFsG±
ij are now represented in the local atomic

basis. These can be calculated from the retardedGF of the
l-subspace in the same basis, obtained for an ideal peri-
odic l-system or for a defected system if a TM atom/ion
represents a point defect.

3. Implementation

The general methodology described in Section 2 can, in
principle, have various implementations depending on
the chosenmethod of calculating the requiredmatrix ele-
ments. One may recollect ab initio methods [57] where
the integrals are calculated exactly (and the number is
substantial due to the presence of two-electron inte-
grals), projector augmented wave PAW-DFT [58] where
the required matrix elements are derived through vari-
ous localisation/projection procedures, as implemented
e.g. in %&'()*+ [59–61] or ,-../*+90 [62] packages,
or semi-empirical methods [63,64] where some parame-
ters are extracted from experimental data and additional
assumptions are made to express the matrix elements.

As proof-of-concept implementation, we !nd a semi-
empirical setup to provide a reasonable compromise
between an agreement with experimental optical lines
and computational e$ciency. The main features of our
parameterisation scheme are:

• one-centre core attraction integrals and Slater – Con-
don parameters are extracted from the experimental
atomic data as described in Ref. [19];

• the number of multi-centre two-electron integrals is
reduced by either zero di"erential overlap (ZDO)

or neglect of diatomic di"erential overlap (NDDO)
approximations, the central andmost successful semi-
empirical methods of quantum chemistry;

• the resonance integrals are calculated using the fol-
lowing approximate expression involving the overlap
integral, Sµ$ :

'µ$ = 1/2
(
'0

µ + '0
$

)
Sµ$ ,

where the resonance parameters '0
µ and '0

$ are !tted
to experimental spectral data;

• the remaining integrals are evaluated analytically over
STO-based atomic orbitals expressed as a linear com-
bination of Slater-type primitives.

The G&G+**.G& software [31], developed previously
formodelling local perturbations in periodic systems due
to chemisorption or point defects, provides the necessary
information on the l-system (geometry, density matrix,
the GF matrix) which is used as an input for the EHCF
program. For the case of TM impurities, G&G+**.G&
calculates the density and GF matrices, perturbed due
to the presence of a defect, from the band structure of
an ideal, defect-free solid by solving the Dyson equation.
Popov et al. [31] The band structure of a perfect crystal
can also be pre-calculated using any available software
of choice, including most commonly used VASP [58],
ABINIT [65] or)* (ThetaPhi) [66–68]. More details on
G&G+**.G& software can be found in Refs. [31,32].

The combined approach, proposed here, allows to
use G&G+**.G& together with the EHCF method for
description of TM point defects in solids starting from
the band structure of an ideal solid. Visual represen-
tation of the data exchange between G&G+**.G& and
ECHF is given in Figure 2. Additional input informa-
tion includes the type of parameterisation and basis.
The EHCF program currently supports several semi-
empirical parameterisations: complete neglect of di"er-
ential overlap (CNDO), one of the !rst semi-empirical
methods of ZDO-type; modi!ed neglect of diatomic
overlap (MNDO), AM1, and PM3, all based on the
NDDO integral approximation. Several basis sets of STO
type are available such as single STOs, MAP [69], Bunge
[70], andKoga [71]; these choices can be readily extended
upon demand, and an option of using arbitrary atomic
parameters de!ned by the user is currently under devel-
opment.

All calculations performed in this work use param-
eterisation reported in Ref. [19] for both d- and l-
systems, where one-centre parameters were derived from
the spectral data available for neutral atoms and doubly
charged ions of the !rst-row TMs. The resonance param-
eters were !tted to the optical spectra of [M(H2O)6]2+
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Figure 2. Schematic representations of the proposed methodology and data exchange between EHCF and GoGreenGo modules.

– molecular aqua-complexes [72]. For all oxides, the
band structures of the l-systems were calculated using
the semi-empirical Hartree-Fock method in the basis
of local atomic orbitals. Long-range parts of two-centre
integrals entering matrix elements of the Fockian were
summed over the lattice by the Ewald summation. The
1st Brillouin zone spans (11 ' 11 ' 11)Monkhorst-Pack
k-grid [73]. Green’s functions were calculated using
G&G+**.G& software on an energy grid with a step of
0.01 eV.

4. Results and discussion

4.1. Transitionmetal oxides

In this section, we test EHCF approach against periodic
metal oxides of the !rst row transition metals (MnO,
FeO, CoO and NiO) with rock-salt structure. We com-
pare our numerical results with available experimental
data on optical spectra and previous EHCF calculations
performed within the !nite cluster approach [25] keep-
ing the same set of parameters. For NiO crystal with the
rock-salt structure, band structure calculations of the l-
system consisting of s-, and p-orbitals, performed with
the e"ective Hamiltonian He!

l , yield the density of states
presented in Figure 3. The low-lying wide 2s band located
in the energy interval between – 38 eV and – 17 eV is
not shown in the !gure, which focuses on the vicinity of
the Fermi level. The position of the d-multiplets is set to
" 1

2 (Id + Ad), which, however, does not re#ect the whole
complexity of the electronic structure. Density of states of
the l-system has the shape typical for insulators with the
rock-salt structure, and it is similar for all studied oxides.
NiO is a typical example, and fairly similar graphs of the

Figure 3. Periodic EHCF calculations of (a) total (black) and
orbital projected density of states for NiO: orange – O 2s, blue –
O 2p, green – Ni 4s and red – Ni 4p; (b) resonance term Vresµµ(()
defined in Equation (18) for both t2g (blue) and eg (red) d-orbitals.

density of states for the l-systems of the remaining oxides
can be found in Appendix 2.

Figure 3 shows orbital projected density of states. The
highest occupied band, has a shape of two narrow, high
peaks, consistingmainly of oxygen 2p-orbitals with some
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fraction of 2s-orbitals, while the wide low-lying band
corresponds to 2s orbitals. Transition metal 4s- and 4p-
orbitals, on the other hand, provide major contribution
to the conduction band: the !rst peak has a distinct 4s-
character while the others have 4p-character. These fea-
tures become particularly important in the discussion of
the resonance contributions to the e"ective Hamiltonian
Equation (17) for the d-shell.

Atomic charges (Q) and the values of the energy gap
between valence and conduction s,p-bands (Espgap) are pre-
sented in Table 1. The quantity Espgap should not be con-
fused with the experimentally observed band gap, which
is evaluated by taking into account partially !lled d-
multiplets lying between the s,p-valence and similar con-
duction bands. The predicted charges on the metal and
oxygen are signi!cantly lower than the formal charges
of ±2 due to delocalisation of the electron density over
the bands of the crystal. The charges obtained for peri-
odic solids are noticeably greater than those obtained
in the cluster approximation. This can be explained by
the Madelung electrostatic !eld, which cannot be fully
captured in the cluster approach. The values of charges
tend to increase with the cluster size [25], so that some-
what higher values in periodic calculations are antici-
pated. Another noticeable di"erence between these two
approaches is that the e"ective atomic charges in the
periodic model vary only insigni!cantly for di"erent TM
oxides.

E"ective Hamiltonian He!
d , calculated with the den-

sitymatrix andGreen’s functions obtained from the band
structure of the l-system, gives the position and splitting
of d-orbitals into triply (t2g) and doubly (eg) degener-
ate levels as must be expected for the octahedral point
symmetry of the TM environment. The splitting can be
characterised by a single spectroscopic parameter 10Dq,
which is usually known experimentally from the data
on low-lying transitions observed in optical absorption
spectra. Calculated values of 10Dq in comparison with
experimental data and previous cluster model results can
be found in Table 2. For all oxides, our results obtained
in the periodic solid approach reproduce experimental

Table 1. Periodic EHCF parameters of the electronic band struc-
ture of l-system: Espgap is the energy gap between valence and con-
duction s,p-bands, and Q(M),Q(O) are e!ective atomic charges
on metal and oxygen.

Espgap , eV Q(M) = "Q(O)

periodic model cluster model periodic model cluster model
this work [25] this work [25]

MnO 7.72 9.71 1.21 1.03
FeO 9.30 10.61 1.25 0.96
CoO 11.53 11.25 1.24 0.89
NiO 12.74 11.82 1.23 0.85

Table 2. Periodic EHCF splitting parameter of d-orbitals com-
pared to the experimental data and cluster model calculations
[25]; MAE and MPAE for optical spectra lines are calculated based
on Tables 3–6.

10Dq, eV

periodic model cluster model experiment MAE, eV MPAE, %
this work [25]

MnO 1.35 0.84 1.21 [74], 1.25 [75] 0.08 3.67
FeO 1.38 1.04 1.20 [76,77] 0.16 8.17
CoO 1.27 0.90 1.17 [74] 0.15 7.22
NiO 1.13 0.87 1.13 [2] 0.09 3.47

values for the splitting with a fairly good accuracy; the
relative errors are < 1% for NiO, c.a. 10% for MnO and
CoO, and 15% for FeO. Periodic EHCF yields better
quantitative agreement with experiment than the cluster
approximation, which tends to underestimate the split-
ting. This can be explained by higher charges and higher
population of oxygen orbitals in the periodic model and
by an improved representation of the electronic structure
of the l-system and the covalent terms in the e"ective
Hamiltonian He!

d .
Comparing ionic and covalent contributions to 10Dq

we notice that the electrostatic crystal !eld interactions
cause only ca. 10% of the total splitting, while the major
fraction of it comes from the resonance interactions (17).
The resonance interactions (17) contain a few di"erent
terms, and their in#uence on the splitting needs to be
analysed further. It is obvious that the orbitals centred
at the oxygen atoms nearest to the d-shell of TM play a
central role as the overlap (and resonance integrals) with
the d-orbitals is higher, at least by an order of magnitude,
than for any other atomic orbital in the system. The con-
tribution of the Bloch states |nk% to the resonance matrix
element Hres

µ$ at the energy ( can be characterised by the
quantity

Vres
µ$ (() =

!

n,k
'µnk'$nk% (( " (nk) , (18)

which re#ects the strength of the resonance between
d-orbitals and the Bloch states, taking into account
their density on the energy scale (%(() is the Dirac
delta-function). The resonance matrix elements, Hres

µ$ ,
in (17) are the Hilbert transforms of the functions
Vres

µ$(() taken at the particular points"Ad and"Id. Note
that Equation (18) resembles the imaginary part of the
hybridisation operator characteristic to theDMFT theory
(for the discussion see Section 4.3).

Due to the high-symmetry of TM ions in the stud-
ied oxides, both Hres

µ$ and Vres
µ$(() are diagonal with two

eigenvalues: one triply degenerate corresponding to µ =
$ = t2g and another doubly degenerate for µ = $ = eg .
The resonance term Vres

µµ(() in Figure 3b shows that the
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occupied states have much stronger (by order of magni-
tude) e"ect on the d-shell. This indicates the importance
of the states corresponding to an electron transferred
from the valence bands to the d-shell. The valence band
mostly consists of 2s and 2p orbitals of oxygen atoms
(Figure 3(a)). Therefore, major contributions to the total
splitting are due to 2p& ! eg and 2s ! eg charge trans-
fer, in the descending order. The 2p+ ! t2g charge trans-
fer provides a small contribution to the splitting (com-
pared to the interactions with eg orbitals) by slightly
shifting t2g states upwards on the energy scale.

We are reminded that the EHCF method represents
the electronic structure of TM oxides as a band struc-
ture of the l-system augmented with local d-multiplets
treated with quantitatively accurate CI method. This
makes EHCF methodology conceptually di"erent from
a variety of solid-state methods widely used to calculate
electronic band structure. The di"erencesmanifest them-
selves in themost apparent way whenwe attempt to com-
pare density of states. Although interpretation of density
of states produced by the EHCF method for the l-system
is straightforward, introducing d-multiplets is not trivial
due to an ill-de!ned character of the conventional con-
cepts within the approximation of electronic structure
underlying ECHF.Due to the local nature of d-multiplets,
a concept of d-band does not naturally appear in EHCF,
and the d-orbital projected density of states can only be
represented as a set of two discrete peaks (%-functions)
corresponding to t2g and eg orbitals. In addition, there
exists an uncertainty in the position of these peaks on the
energy scale, because ionisation potential and electron
a$nity of d-states are not equal. It means that di"erent
positions of d-multiplets are set depending on the process
of interest: if an electron is removed from the d-shell, the
position of d-multiplets is set at "Id, and if an electron is
added, the position corresponds to the value of "Ad. To
avoid this problem, one can use the value of" 1

2 (Id + Ad)
as a conventional position of d-multiplets, as it is done in
Figure 3, although it is obvious that such representation
does not re#ect the whole complexity of the electronic
structure. Finally, we note that due to the above men-
tioned factors the concept of the Fermi level also becomes
ill-de!ned.

TheCI calculations of the d-shell with e"ectiveHamil-
tonian He!

d produce spin and symmetry of the ground
state along with the energy of excited states correspond-
ing to the observable d-d transitions in optical spec-
tra. These results are compared to experimental lines in
Tables 3–6, whilst themean average andmean percentage
average errors (MAE and MPAE) between the calcu-
lated and experimental spectral lines are given in Table 2.
In general, the proposed methodology gives the correct
spin multiplicity and spatial symmetry of the ground

Table 3. Periodic EHCF d-d transitions in MnO compared to the
experimental data [74] and cluster model calculations [25].

Term periodic model cluster model experiment
this work [25] [74]

6A1g 0.00 0.00 0.00
4T1g 1.90 2.92 2.03
4T2g 2.47 3.30 2.58
4A1g 2.96 3.45 2.95
4Eg 2.96 3.45 –

Table 4. Periodic EHCF d-d transitions in FeO compared to the
experimental data [76,77] and cluster model calculations [25].

Term periodic model cluster model experiment
this work [25] [76,77]

5T2g 0.00 0.00 0.00
5Eg 1.38 1.05 1.20
3T1g 1.42 1.72 –
1A1g 1.40 2.02 –
3T2g 1.92 2.14 –
3T1g 2.58 2.58 2.64
3T2g 2.78 2.79 –
3Eg 2.98 2.94 –
3T1g 3.04 3.00 3.28

Table 5. Periodic EHCF d-d transitions in CoO compared to the
experimental data [74] and cluster model calculations [25].

periodic model cluster model experiment
Term this work [25] [74]
4T1g 0.00 0.00 0.00
4T2g 1.13 0.77 0.90"1.03
2Eg 0.84 1.64 1.61
2T1g 1.88 2.32 2.03
2T2g 1.95 2.35 2.05
4A2g 2.38 1.67 2.14
4T1g 2.39 2.45 2.26"2.33
2T1g 2.41 2.91 2.49"2.56
2A1g 2.90 2.93 2.60

Table 6. Periodic EHCF d-d transitions in NiO compared to the
experimental data [2], cluster model calculations [25], and recent
DMFT calculations of the triplet-triplet transitions [78].

Term periodic model cluster model DFT+ DMFT experiment
this work [25] [78] [2]

3A2g 0.00 0.00 0.00 0.00
3T2g 1.13 0.87 0.93 1.13
3T1g 1.86 1.48 1.55 1.75
1Eg 1.94 2.12 – 1.95
1T2g 3.02 2.92 – 2.75
1A1g 3.11 3.04 – 2.95
3T1g 3.25 3.28 2.91 3.25
1T1g 3.60 – – 3.52

state in all cases, and it allows to predict the energy of
the low-lying excited states in a very good agreement
with experimental observations (MAE does not exceed
0.16 eV, MPAE – 9%). As in the case of 10Dq param-
eter, the periodic version of EHCF method shows an
improvement over the cluster EHCF calculations in terms
of numerical accuracy. Note that in the case of CoO, we
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obtain a di"erent order of the excited 4T2g and 2Eg terms
as compared to Ref. [74]. In all other cases, the calculated
order of excited states and their multiplicity agree with
the cited experimental data.

4.2. Transitionmetal impurities inmagnesiumoxide

Another experimentally well-studied case is provided by
substitutional impurities in MgO where a small frac-
tion of Mg ions is replaced by doubly charged transition
metal ions. In this Section, we consider the electronic
structure and optical properties of Co:MgO and Ni:MgO
solids using the developed periodic EHCF approach. TM
impurity, which forms a point defect in periodic solid,
is treated di"erently to TM in pure oxides, namely the
parameters describing 4sp-orbitals of the TM impurity
are di"erent to those of the 3sp-orbitals of Mg. Starting
from the idealMgO band structure, we evaluate the e"ect
of a local defect on the l-system by applying perturbation
theory as implemented in G&G+**.G&. The perturbed
Green’s function of the modi!ed l-system is then used
to construct e"ective Hamiltonian for the d-shell of TM
impurity and calculate its spectrum.

The periodic EHCF density of states for pure MgO
is shown in Figure 4(a). The calculated charge of the
ions is ±0.958. G&G+**.G& calculations of Co:MgO
and Ni:MgO show that in both cases perturbations of
the orbital-projected GFs and density matrix elements
decay very fast with the distance from the impurity site,
as anticipated for a 3D insulator. For instance, the atomic
charges (and diagonal density matrix elements) demon-
strate no signi!cant changes starting from the 3rd neigh-
bours. Changes in the atomic charges for the impurity site
and its 1st and 2nd neighbours are collected in Table 7.
The perturbed site-projected density of states for these
sites are shown in Figures 4(b,c) in comparison to the
ideal MgO crystal. From these data we conclude that
impurities have a rather small yet noticeable e"ect on
the electronic structure, which is localised in the vicinity
of the impurity site. The calculated splitting parameters
10Dq for the d-shell of the TM impurity and the energy of
optical transitions are collected in Tables 8–10where they
are compared to experimental data. As one can see, the
predicted theoretical values of 10Dq are overestimated for
both Co:MgO and Ni:MgO. A signi!cant discrepancy of
0.47 eV is observed for Co, whereas for Ni the deviation
is much smaller and lies within an acceptable accuracy of
0.14–0.20 eV.

Our analysis indicates that the errors in the splitting
parameters originate from a poor quality of the ideal
MgO band structure used as a starting point in our
calculations. The most signi!cant contribution to 10Dq
comes from the resonance interaction with the 2p O

Figure 4. Periodic EHCF calculations of (a) total (black) and
orbital projected density of states forMgO: orange –O2s, blue –O
2p, green –Mg 3s and red –Mg 3p; (b) perturbed (red) and unper-
turbed (blue) density of states on the impurity site in Ni:MgO; (c)
same as (b) but for the oxygen sites surrounding the TM point
defect.

Table 7. Periodic EHCF atomic charges induced by the point
defect in Co:MgO and Ni:MgO compared to the corresponding
values in the ideal MgO crystal.

impurity site 1st neighbours 2nd neighbours

MgO 0.958 "0.958 0.958
Co:MgO 1.083 "0.983 0.954
Ni:MgO 1.043 "0.978 0.953

band located just below the Fermi level. Consequently, its
position on the energy scale, relative to d-orbitals, is an
important factor a"ecting the splitting. The position of
the 2pO band in MgO is located higher than that of NiO
by 2.88 eV; at the same time, the experimentalNISTX-ray
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Table 8. Splittingparameter ofd-orbitals for Co:MgOandNi:MgO
compared to the experimental data.

10Dq (eV)

periodic EHCF corrected value experiment

Co:MgO 1.67 1.49 1.20 [80]
Ni:MgO 1.21 1.07 1.07 [81]; 1.00 [82]

Note: Corrected values correspond to the shifted 2pOband as discussed in the
text.

Table 9. Periodic EHCF d-d transitions in Co:MgO compared to
the experimental data [80].

Term periodic EHCF corrected value experiment [80]
4T1g 0.00 0.00 0.00
4T2g 1.50 1.34 1.05
2Eg 0.46 0.63 1.13
2T1g 1.86 1.87 2.13
2T2g 1.95 1.95 2.13
4A2g 2.43 2.42 2.32
4T1g 2.75 2.58 2.43
2T1g 3.18 2.83 2.54
2A1g 3.28 3.11 3.05

Table 10. Periodic EHCF d-d transitions in Ni:MgO compared to
experimental data [81].

Term periodic EHCF corrected value experiment [81]
3A2g 0.00 0.00 0.00
3T2g 1.20 1.07 1.07
1Eg 1.95 1.78 1.68
3T1g 1.97 1.94 1.83
1T2g 3.10 2.96 2.69
1A1g 3.13 3.08 3.04
3T1g 3.36 3.16 3.21
1T1g 3.67 3.54 3.50

photoelectron spectroscopy results [79] indicate that the
di"erence between the Auger parameters 1s – KL2,3L2,3
for MgO and NiO is 1.1 eV. If the 2p O band of MgO
is shifted down by 1.78 eV to make its position to agree
with the experimental data, then the calculated values of
10Dq and optical transitions demonstrate a much better
agreement with experiment. These results are shown in
the third column in Tables 8–10.

4.3. Conclusive remarks

In this work, we propose a quantum chemical method for
computing the electronic structure and optical spectra of
periodic solids containing transition metals with open d-
shells. It combines the EHCF approach, previously used
for !nite clusters, with G&G+**.G& software designed
to model electronic structure of materials in the peri-
odic boundary conditions. The developed computational
framework has been used to reproduce optical spectra of
the well-studiedmaterials such as transitionmetal oxides
with the rock-salt structure and transition metal impuri-
ties in the MgO matrix. This combined approach can be

readily employed in more extensive studies on ideal and
defected periodic structures containing transitionmetals.

The EHCF method has apparent similarities with the
dynamical mean !eld theory (DMFT), widely used in
condensed matter physics, in particular, in the DFT +
DMFT implementation. In DMFT, the problem of a
strongly correlated orbital or atom(s) is mapped onto
another problem known as the Anderson impurity prob-
lem (AIP). This simpli!es its solution as, in principle, AIP
can be solved exactly, e.g. using quantum Monte Carlo,
Lanczos diagonalisation, orwith various approximations.
However, the mapping comes at a cost of neglecting the
spatial correlations by focussing on the exact temporal
correlations instead. Within DMFT, information about
the connection of a correlated atom (or subsystem, in
general) to the bath is contained in the quantity called
’hybridisation’, which is a !nite temperature Green’s
function encapsulating the !nite temperature dynamics
of electrons hopping between the correlated atom and
the bath. In DFT + DMFT approach, one has to dis-
tinguish between the Kohn-Sham, or lattice space, and
the correlated, or local sub-space. A connection between
these two unequal spaces is accomplished by downfold-
ing – for going from the lattice to the correlated space and
upfolding – for going from the correlated to lattice space.
The full lattice Green’s function (in the lattice space), if
downfolded and averaged over the Brillouin zone, gives
rise to the local Green’s function in the correlated sub-
space. An analogous operation of integration over the
frequencies, up to a constant coe$cient, produces the
occupationmatrix of the correspondingGreen’s function
states, either lattice or correlated.

The output of the AIP solver is another Green’s func-
tion named the impurity Green’s function. The DMFT
solution proceeds self-consistently, i.e. when the Green’s
functions of the impurity converge. Upon the conver-
gence of DMFT procedure, the electronic density is
updated according to the occupancies of the Kohn-Sham
levels determined from the lattice Green’s function, and
Kohn-Sham Hamiltonian is re-derived with the updated
density giving rise to the new lattice Green’s function.
This outer self-consistency loop proceeds until the elec-
tronic density is converged.

In the EHCFmethod, the e"ective Hamiltonians,He!
d

and He!
l , play a role analogous to the impurity and bath

Hamiltonians of DMFT, whereas the CI solution to the
e"ective Hamiltonian, He!

d , in EHCF corresponds to the
AIP solutionwithinDFT+DMFT. The Löwdin partition
acts as the downfolding within DFT + DMFT, however,
there doesn’t appear to be an upfolding counterpart. This
restricts the applicability of the EHCF method to the
systems where the density reconstruction in the corre-
lated sub-system is relatively weak, such as in the case
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of d-shells in TM impurity or, equivalently, where the
electronic structure of the l-system/bath is not a"ected.

Furthermore, within EHCF, calculations are per-
formed at the CI level of theory thus implying T = 0K,
whilst DFT + DMFT calculations are usually done at
!nite temperature. In addition, the EHCF hybridisation
is only taken into account in the static limit at two fre-
quency points, Id and Ad, as evidenced by Equation (17).
This corresponds to the previously mentioned require-
ment of a signi!cant energy separation between the d-
shells excited states and the states of the electrons trans-
ferred between d-shell and the band l-states. Finally, it is
worth noticing that the d"d optical transitions in NiO
and MnF2 have recently been reproduced within DFT +
DMFT [78].

The periodic extension of the E"ective Hamiltonian
of Crystal Field (EHCF) method presented here is tested
on exemplary transition metal oxides (MnO, FeO, CoO,
and NiO) with rock salt structure and MgO with transi-
tion metal impurities. The tests demonstrate the ability
of the EHCF method to accurately reproduce the spin
multiplicity and spatial symmetry of the otherwise prob-
lematic highly correlated ground states of the studied
materials. The obtained results are in a good agreement
with experimentally observed d-d transitions in optical
spectra.

Acknowledgments
With this contribution, we mark the 60th Birthday of Professor
Peter Gill and celebrate 20 years of friendship.

Disclosure statement
No potential con#ict of interest was reported by the author(s).

Funding
EB acknowledges the awards of a Royal Society Wolfson Fel-
lowship and a Royal Society Leverhulme Trust Senior Research
Fellowship for !nancial support. This work was also supported
by the Engineering and Physical Sciences Research Council
(EPSRC) Programme Grant ‘Metal Atoms on Surfaces and
Interfaces (MASI) for Sustainable Future’ (EP/V000055/1) and
by the grant number 122011300053-8 of the Russian Federa-
tion, ‘Surface phenomena in dispersed and colloidal systems;
physico-chemicalmechanics, adsorption and chromatographic
processes’.

References
[1] C.K. Prier, D.A. Rankic and D.W.C. MacMillan, Chem.

Rev. 113 (7), 5322–5363 (2013). doi:10.1021/cr300503r
[2] R. Newman and R.M. Chrenko, Phys. Rev. 114 (6),

1507–1513 (1959). doi:10.1103/PhysRev.114.1507
[3] J. Zaanen, G.A. Sawatzky and J.W. Allen, Phys. Rev. Lett.

55 (4), 418–421 (1985). doi:10.1103/PhysRevLett.55.418

[4] A.M. Tokmachev and A.L. Tchougrée", J. Solid. State.
Chem. 176 (2), 633–645 (2003). doi:10.1016/S0022-4596
(03)00411-0

[5] C. Morrison, Crystal Fields for Transition-Metal Ions in
Laser-Host Materials (Springer-Verlag, Berlin, 1992).

[6] H.-C. Zhou, J.R. Long and O.M. Yaghi, Chem. Rev. 112
(2), 673–674 (2012). doi:10.1021/cr300014x

[7] J. Zheng, K. Lebedev, S. Wu, C. Huang, T. Ayvalı, T.-S.
Wu, Y. Li, P.-L. Ho, Y.-L. Soo, A. Kirkland and S.C.E.
Tsang, J. Am. Chem. Soc. 143 (21), 7979–7990 (2021).
doi:10.1021/jacs.1c01097

[8] K. Liu, J. Fu, L. Zhu, X. Zhang, H. Li, H. Liu, J.
Hu and M. Liu, Nanoscale 12 (8), 4903–4908 (2020).
doi:10.1039/C9NR09117C

[9] W. Harrison, Electronic Structures and the Properties of
Solids: The Physics of the Chemical Bond (FreemanCo, San
Francisco, 1980).

[10] R. Gillen and J. Robertson, J. Phys: Condens. Matter 25
(16), 165502 (2013). doi:10.1088/0953-8984/25/16/165502

[11] C.J. Cramer and D.G. Truhlar, Phys. Chem. Chem. Phys.
11 (46), 10757 (2009). doi:10.1039/b907148b

[12] P.J. Hasnip, K. Refson, M.I.J. Probert, J.R. Yates, S.J.
Clark and C.J. Pickard, Philos. Trans. Royal Soc. A:
Math. Phys. Eng. Sci. 372 (2011), 20130270 (2014).
doi:10.1098/rsta.2013.0270

[13] A.Z. Jovanovi0, S.V. Mentus, N.V. Skorodumova and
I.A. Pa1ti, Adv. Mater. Interfaces. 8 (8), 2001814 (2020).
doi:10.1002/admi.v8.8

[14] H. Valencia, A. Gil and G. Frapper, J. Phys. Chem. C 114
(33), 14141–14153 (2010). doi:10.1021/jp103445v

[15] N.T.T. Tran, D.K. Nguyen, S.-Y. Lin, G. Gumbs and
M.-F. Lin, ChemPhysChem 20 (19), 2473–2481 (2019).
doi:10.1002/cphc.v20.19

[16] A.L. Tchougrée", Int. J. Quantum. Chem. 116 (3),
137–160 (2015). doi:10.1002/qua.25050

[17] A.L. Tchougrée", Hybrid Methods of Molecular Modeling
(Springer Verlag, London, 2008).

[18] A.V. Soudackov, A.L. Tchougrée" and I.A. Misurkin, in
Electron-Electron Correlation E!ects in Low-Dimensional
Conductors and Superconductors, edited by A.A. Ovchin-
nikov and I.I. Ukrainskii (Springer Verlag, Berlin Heidel-
berg, 1991), pp. 106–111.

[19] A.V. Soudackov, A.L. Tchougrée" and I.A. Misurkin,
Theor. Chim.Acta.83 (5–6), 389–416 (1992). doi:10.1007/
BF01113064

[20] I.M. A.V. Soudackov and A.L. Tchougrée", Int. J. Quan-
tum. Chem. 58 (2), 161–173 (1996). doi:10.1002/(ISSN)
1097-461X

[21] A.L. Tchougrée" and R. Dronskowski, J. Phys. Chem. A
117 (33), 7980–7988 (2013). doi:10.1021/jp404040c

[22] A.L. Tchougrée", A.V. Soudackov, J. van Leusen, P. Köger-
ler, K.-D. Becker and R. Dronskowski, Int. J. Quan-
tum. Chem. 116 (4), 282–294 (2015). doi:10.1002/qua.
25016

[23] A.L. Tchougrée", A.V. Soudackov, I.A. Misurkin, H.
Bolvin and O. Kahn, Chem. Phys. 193 (1), 19–26 (1995).
doi:10.1016/0301-0104(94)00410-C

[24] M.Darkhovskii, A. Soudackov andA. Tchougrée", Theor.
Chem.Acc. 114 (1–3), 97–109 (2005). doi:10.1007/s00214
-005-0649-9

[25] M. Razumov and A.L. Tchougrée", Russ. J. Phys. Chem.
74, 87–93 (2000).



MOLECULAR PHYSICS 13

[26] A.L. Tchougrée" and R. Dronskowski, J. Phys. Chem. A
115 (17), 4547–4552 (2011). doi:10.1021/jp201070w

[27] A.L. Tchougrée", J. Mol. Catal. A: Chem. 119 (1–3),
377–386 (1997). doi:10.1016/S1381-1169(96)00501-8

[28] A. Domingo, A. Rodríguez-Fortea, M. Swart, C. de Graaf
and R. Broer, Phys. Rev. B. 85 (15), 155143 (2012).
doi:10.1103/PhysRevB.85.155143

[29] V.M. Shakhova, D.A. Maltsev, Y.V. Lomachuk, N.S.
Mosyagin, L.V. Skripnikov and A.V. Titov, arXiv, 2019.
doi:10.48550/arXiv.1911.04332

[30] S.G. Semenov, M.V. Makarova, M.E. Bedrina and A.V.
Titov, Russ. J. Gen. Chem. 91 (3), 389–392 (2021).
doi:10.1134/S1070363221030087

[31] I.V. Popov, T.S. Kushnir and A.L. Tchougrée", J. Comput.
Chem. 42 (32), 2352–2368 (2021). doi:10.1002/jcc.v42.32

[32] I. Popov, T. Kushnir andA. Tchougrée",GoGreenGo, soft-
ware web-page <https://netlab.cartesius.info/doxygen/
gogreengo/index.html> , last accessed: 11 April 2022.
<https://netlab.cartesius.info/doxygen/gogreengo/index.
html> .

[33] P. Kuiper, G. Kruizinga, J. Ghijsen, G.A. Sawatzky and
H. Verweij, Phys. Rev. Lett. 62 (2), 221–224 (1989).
doi:10.1103/PhysRevLett.62.221

[34] A. Svane and O. Gunnarsson, Phys. Rev. Lett. 65 (9),
1148–1151 (1990). doi:10.1103/PhysRevLett.65.1148

[35] I. de P. R. Moreira, F. Illas and R.L. Martin, Phys. Rev. B.
65 (15), 155102 (2002). doi:10.1103/PhysRevB.65.155102

[36] S.L. Dudarev, G.A. Botton, S.Y. Savrasov, C.J. Humphreys
and A.P. Sutton, Phys. Rev. B. 57 (3), 1505–1509 (1998).
doi:10.1103/PhysRevB.57.1505

[37] O. Bengone,M. Alouani, P. Blöchl and J. Hugel, Phys. Rev.
B. 62 (24), 16392–16401 (2000). doi:10.1103/PhysRevB.
62.16392

[38] V.I. Anisimov, P. Kuiper and J. Nordgren, Phys. Rev. B. 50
(12), 8257–8265 (1994). doi:10.1103/PhysRevB.50.8257

[39] F. Aryasetiawan and O. Gunnarsson, Phys. Rev. Lett. 74
(16), 3221–3224 (1995). doi:10.1103/PhysRevLett.74.3221

[40] A. Georges and G. Kotliar, Phys. Rev. B 45, 6479 (1992).
doi:10.1103/PhysRevB.45.6479

[41] A. Georges, G. Kotliar, W. Krauth and M.J. Rozenberg,
Rev. Mod. Phys. 68, 13 (1996). doi:10.1103/RevModPhys.
68.13

[42] G. Kotliar, S.Y. Savrasov, K. Haule, V.S. Oudovenko, O.
Parcollet and C.A. Marianetti, Rev. Mod. Phys. 78, 865
(2006). doi:10.1103/RevModPhys.78.865

[43] E. Plekhanov, P. Hasnip, V. Sacksteder, M. Probert, S.J.
Clark, K. Refson and C. Weber, Phys. Rev. B 98, 075129
(2018). doi:10.1103/PhysRevB.98.075129

[44] E. Plekhanov, N. Bonini and C. Weber, Phys. Rev. B 104,
235131 (2021). doi:10.1103/PhysRevB.104.235131

[45] S.Y. Savrasov and G. Kotliar, Phys. Rev. Lett. 90 (5),
056401 (2003). doi:10.1103/PhysRevLett.90.056401

[46] S. Wouters, C.A. Jiménez-Hoyos, Q. Sun and G.K.-L.
Chan, J. Chem. Theory. Comput. 12 (6), 2706–2719
(2016). doi:10.1021/acs.jctc.6b00316

[47] F. Lechermann, A. Georges, G. Kotliar and O. Parcol-
let, Phys. Rev. B. 76 (15), 155102 (2007). doi:10.1103/
PhysRevB.76.155102

[48] T. Ayral, T.-H. Lee and G. Kotliar, Phys. Rev. B. 96 (23),
235139 (2017). doi:10.1103/PhysRevB.96.235139

[49] H. Ma, N. Sheng, M. Govoni and G. Galli, J. Chem.
Theory. Comput. 17, 2116 (2021). doi:10.1021/acs.jctc.
0c01258

[50] P.W. Anderson, Phys. Rev. 115 (1), 2–13 (1959). doi:
10.1103/PhysRev.115.2

[51] P. W.Anderson, Solid State Phys. 14, 99–214 (1963).
doi:10.1016/S0081-1947(08)60260-X

[52] A.L. Tchougrée", E!ective Hamiltonian Crystal Field for
Magnetic Interactions in Polynuclear Transition Metal
Complexes. Sequential Derivation and Exemplary Numer-
ical Estimates, arXiv 2013. <https://arxiv.org/abs/1301.
1036> .

[53] R. McWeeny and B. Sutcli"e, Methods of Molecular
Quantum Mechanics, 2nd ed. (Academic Press, London,
1992).

[54] P. Löwdin, Perturbation Theory and Its Application in
Quantum Mechanics (Wiley, New York, 1966).

[55] I.B. Bersuker, Electronic Structure and Properties of Tran-
sition Metal Compounds: Introduction to the Theory (John
Wiley and Sons, New Jersey, 2010).

[56] B.A.Wells andA.L. Cha"ee, J. Chem. Theory. Comput. 11
(8), 3684–3695 (2015). doi:10.1021/acs.jctc.5b00093

[57] R.G. Parr, Int. J. Quantum. Chem. 37 (4), 327–347 (1990).
doi:10.1002/(ISSN)1097-461X

[58] G. Kresse and J. Furthmüller, Phys. Rev. B. 54 (16),
11169–11186 (1996). doi:10.1103/PhysRevB.54.11
169

[59] V.L. Deringer, A.L. Tchougree" and R. Dronskowski, J.
Phys. Chem. A 115 (21), 5461–5466 (2011). doi:10.1021/
jp202489s

[60] S. Maintz, V.L. Deringer, A.L. Tchougree" and R. Dron-
skowski, J. Comput. Chem. 34 (29), 2557–2567 (2013).
doi:10.1002/jcc.v34.29

[61] S. Maintz, V.L. Deringer, A.L. Tchougrée" and R.
Dronskowski, J. Comput. Chem. 37, 1030–1035 (2016).
doi:10.1002/jcc.24300

[62] A. Mosto!, J.R. Yates, Y.-S. Lee, I. Souza, D. Vanderbilt
andD.Marzari, Comput. Phys. Commun.178, 685 (2008).
doi:10.1016/j.cpc.2007.11.016

[63] J. Pople and D. Beveridge, Approximate Molecular Orbital
Theory (McGraw-Hill, New York, 1970).

[64] M.J.S. Dewar, E.G. Zoebisch, E.F. Healy and J.J.P. Stew-
art, J. Am. Chem. Soc. 107 (13), 3902–3909 (1985).
doi:10.1021/ja00299a024

[65] X. Gonze, B. Amadon, G. Antonius, F. Arnardi, L. Baguet,
J.-M. Beuken, J. Bieder, F. Bottin, J. Bouchet, E. Bous-
quet, N. Brouwer, F. Bruneval, G. Brunin, T. Cavignac,
J.-B. Charraud, W. Chen, M. Côté, S. Cottenier, J. Denier,
G. Geneste, P. Ghosez, M. Giantomassi, Y. Gillet, O.
Gingras, D.R. Hamann, G. Hautier, X. He, N. Helbig,
N. Holzwarth, Y. Jia, F. Jollet, W. Lafargue-Dit-Hauret,
K. Lejaeghere, M.A.L. Marques, A. Martin, C. Martins,
H.P.C. Miranda, F. Naccarato, K. Persson, G. Petretto, V.
Planes, Y. Pouillon, S. Prokhorenko, F. Ricci, G.-M. Rig-
nanese, A.H. Romero, M.M. Schmitt, M. Torrent, M.J.
van Setten, B.V. Troeye, M.J. Verstraete, G. Zérah and J.W.
Zwanziger, Comput. Phys. Commun. 248, 107042 (2020).
doi:10.1016/j.cpc.2019.107042

[66] E. Plekhanov, A. Tchougrée" and R. Dronskowski, Com-
put. Phys. Commun. 251, 107079 (2020). doi:10.1016/
j.cpc.2019.107079

[67] E.A. Plekhanov andA.L. Tchougrée", Comput.Mater. Sci.
188, 110140 (2021). doi:10.1016/j.commatsci.2020.110140

[68] A. Tchougrée", E. Plekhanov and R. Dronskowski, J.
Comput. Chem. 42 (21), 1498–1513 (2021). doi:10.1002/
jcc.v42.21



14 I. POPOV ET AL.

[69] P. Reinhardt, I. Popov and A.L. Tchougrée", Int. J.
Quantum. Chem. 121 (17), e26690 (2021). doi:10.1002/
qua.v121.17

[70] C. Bunge, J. Barrientos and A. Bunge, At. Data Nucl. Data
Tables 53 (1), 113–162 (1993). doi:10.1006/adnd.1993.
1003

[71] B. Miguel, T. Koga and J.M.G. de la Vega, Theor. Chem.
Acc: Theory, Comput, Model. (Theoretica Chimica Acta)
104 (2), 167–171 (2000). doi:10.1007/s002140000125

[72] A. Soudackov, A.L. Tchougrée" and I. Misurkin, Russ. J.
Phys. Chem. 68, 1135 (1994).

[73] H.J. Monkhorst and J.D. Pack, Phys. Rev. B. 13 (12),
5188–5192 (1976). doi:10.1103/PhysRevB.13.5188

[74] G.W. Pratt and R. Coelho, Phys. Rev. 116 (2), 281–286
(1959). doi:10.1103/PhysRev.116.281

[75] D.R. Hu"man, R.L. Wild and M. Shinmei, J. Chem. Phys.
50 (9), 4092–4094 (1969). doi:10.1063/1.1671670

[76] K.W. Blazey, Jo. Phys. Chem. Solids 38 (6), 671–675
(1977). doi:10.1016/0022-3697(77)90236-0

[77] P. Cox,TransitionMetal Oxides (Clarendon Press, Oxford,
1992).

[78] S. Acharya, C. Weber, D. Pashov, M. van Schilfgaarde,
A.I. Lichtenstein and M.I. Katsnelson, A Theory for Col-
ors of Strongly Correlated Electronic Systems, arXiv 2022.
doi:10.48550/arXiv.2204.11081

[79] C. Powell,X-ray Photoelectron SpectroscopyDatabaseXPS,
Version 4.1, NIST Standard Reference Database National
Institute of Standards and Technology, <https://srdata.
nist.gov/xps/> 1989, last accessed: 27May 2022. <https:
//srdata.nist.gov/xps/> .

[80] W. Low, Phys. Rev. 109 (2), 256–265 (1958). doi:10.1103/
PhysRev.109.256

[81] W. Low, Phys. Rev. 109 (2), 247–255 (1958). doi:10.1103/
PhysRev.109.247

[82] J.E. Ralph and M.G. Townsend, J. Phys. C: Solid State
Phys. 3 (1), 8–18 (1970). doi:10.1088/0022-3719/3/1/002

Appendices

Appendix 1. Electron-hole interactions in the
electron transfer energies
Integral gdnk describing electron-hole interactions has the fol-
lowing form

gdnk = "(dd | nk, nk), (A1)
where d and nk refer to atomic d-orbitals and Bloch-states of
the l-system respectively. As it is written in the main text, the
latter is expressed as a linear combination of the Bloch-sums
Equation (11):

|nk% =
!

a
|ak% $ak | nk% . (A2)

Inserting this into Equation (A1) and employing the ZDO
approximation for two-centre Coulomb integrals we
get:

gdnk = " 1
K

!

a,r
|$nk | ak%|2 (dd | ar, ar). (A3)

Inter-atomic Coulomb integrals entering the last equation
decay as 1/Rwith the distance from the atom where the atomic
orbital d is located. Therefore, the sum in the equation con-
verges to a !nite number describing Madelung !eld acting on
electron (hole) in the d-shell. It means that gdnk * 1/K, where
theoreticallyK ! + and in practical calculationsK is equal to
103 " 104.

Appendix 2. Densities of states for all studied
oxides
Total and orbital projected densities of states for MnO, FeO,
CoO and NiO are depicted on Figure A1.



MOLECULAR PHYSICS 15

Figure A1. Total and orbital projected densities of states for MnO (a), FeO (b), CoO (c) and NiO (d). Low lying wide 2s bands located in
the interval from are not shown for clarity. Color code is the same as in Figure 3(a).


