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Ab initio absorption spectrum of NiO combining molecular dynamics with the embedded cluster
approach in a discrete reaction field
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We developed a procedure that combines three complementary computational methodologies to improve the
theoretical description of the electronic structure of nickel oxide. The starting point is a Car-Parrinello molecular
dynamics simulation to incorporate vibrorotational degrees of freedom into the material model. By means of
complete active space self-consistent field second-order perturbation theory (CASPT?2) calculations on embedded
clusters extracted from the resulting trajectory, we describe localized spectroscopic phenomena on NiO with an
efficient treatment of electron correlation. The inclusion of thermal motion into the theoretical description allows
us to study electronic transitions that, otherwise, would be dipole forbidden in the ideal structure and results
in a natural reproduction of the band broadening. Moreover, we improved the embedded cluster model by
incorporating self-consistently at the complete active space self-consistent field (CASSCF) level a discrete (or
direct) reaction field (DRF) in the cluster surroundings. The DRF approach offers an efficient treatment of
electric response effects of the crystalline embedding to the electronic transitions localized in the cluster. We
offer accurate theoretical estimates of the absorption spectrum and the density of states around the Fermi level of
NiO, and a comprehensive explanation of the source of the broadening and the relaxation of the charge transfer

states due to the adaptation of the environment.
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I. INTRODUCTION

Nickel oxide is a prototype transition-metal oxide with a
relatively simple crystalline structure but complex electric and
magnetic properties. Understanding the electronic structure
of this basic material is an important step to achieve a
better knowledge about more sophisticated systems such as
superconducting oxides and manganites with magnetoresis-
tance. NiO has a rocksalt lattice structure in its paramagnetic
phase, whereas below the Néel temperature (7y = 523 K),
the antiferromagnetic ordering induces a slight rhombohedral
distortion of the crystal structure! with a small increase of the
angle between the lattice vectors of 0.100°.> In both phases,
NiO behaves as an electric insulator, the conductivity of which
increases as temperature rises® and remains insulating up to
pressures on the order of 1 Mbar.*-¢

The clear nonconductivity observed in NiO is in con-
tradiction to what can be expected from simple arguments
regarding the partially filled 3d band. Various spectroscopical
techniques have been employed since the 1950s to study the
electronic structure of NiO and understand the nature of its
nonconductivity. The most widely used techniques have been
based on photoabsorption spectroscopy or the combination
of photoemission with inverse-photoemission spectroscopy.
These studies invariably showed that there is an energy gap
between the insulating electronic ground state of the system
and the lowest conducting excited states. This gap is the
source of nonconductivity in NiO and is measured to be
~4 eV. However, the interpretation offered by those studies
about the nature of the conductivity gap in NiO is diverse.
Each technique measures different electronic processes, which
cause the analysis to be dependent on the type of spectroscopy

1098-0121/2012/85(15)/155143(15)

155143-1

PACS number(s): 71.10.—w, 71.15.Pd, 71.35.Cc, 71.23.An

employed, even though they coincide in the measure of the
conductivity gap. The difficulty in encountering a satisfactory
and univocal explanation of the insulating behavior of NiO
is directly related to the complexity of its electronic structure
that can be observed from the spectroscopic data available.
Ultraviolet-visible absorption spectroscopy (UAS) offers
direct measurements of electronic transition energies. The
UAS spectrum of NiO shows a high absorption plateau above
~4 eV and some features with low optical activity below it.’
The high absorption plateau extends constantly to 8 eV with
some signals appearing along it.® Thus, the optical gap in
NiO can be defined as the optically almost inactive region
below the absorption edge at ~4 eV. The signals observed
below the optical gap are very similar to the spectrum of
Ni:MgO.? Therefore, these weak absorptions are assigned to
dipole-forbidden intra-atomic Ni d-d transitions’ revealing
the high localization of Ni(3d) orbitals on the Ni site.® The
Ni?* cation can be considered in an octahedral coordination
environment with six O?~ anions where the crystal-field
strength (10Dg) splits the Ni(3d) orbitals in e, and f,,
molecular orbitals (MO). The ground state of the Ni’* ion
in this octahedral environment is a 3Azg(tzﬁgeﬁ) and the lowest

d-d excited states have configurations of the form (tfgez).

The electron-hole pair formed by these d-d transitions is a
so-called Frenkel exciton localized on the Ni atom and does
not contribute to conductivity. The d-d transitions have been
studied experimentally with many different techniques.'®'
They all confirm the original assignment of Newman and
Chrenko, although not all techniques are equally well suited
to resolve all the different electronic states of the Ni-3d®
manifold.
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Early interpretations of the nature of the absorption edge
at ~4 eV were more differing than the assignments of the
weak features in the optical gap.”®!® The resonant Raman
scattering experiments by Merlin and collaborators for NiO
(Refs. 17 and 18) gave an empirical proof pointing toward
a ligand-to-metal charge transfer (LMCT), from the ligand
O(2p) to metal Ni(3d) orbitals, as the source of the absorption
band. However, it is not clear if this charge-transfer process
is a localized d® — d°L transition (here L means a hole
in the ligand) or an itinerant intersite d® + d® — d8L + d°
transition, with no interaction between electron and hole.
Evidence of photoconductivity slightly above the optical gap
indicates the presence of free carriers in the system as a
result of the absorption process.'®!° Since the electrons in
the localized Ni(3d) orbitals will be trapped, the only available
carriers formed by the LMCT are the holes in the ligand O(2 p)
orbitals, which by hopping can produce polaronic conductivity.
Hence, this observation points toward an intersite LMCT as
the source of the high absorption plateau. Nevertheless, the
fact that photoconductivity appears slightly above the optical
gap indicates that there are some excitonic effects involved
in the absorption process that point to a localized intrasite
LMCT instead, where the electron-hole pair will be moderately
trapped at the site of absorption. Therefore, the conductivity
gap of NiO should be slightly larger than the observed optical
gap.

Photoemission spectroscopy (PES) measures the binding
energy of valence electrons revealing the valence density of
states (DOS) in relation to the Fermi level (E ). The x-ray
photoemission spectroscopy (XPS),?’ resonant XPS,?"?? and
angle-resolved XPS (Refs. 23 and 24) have been used to study
the valence electronic structure of NiO. Furthermore, inverse
PES (IPES) measures the binding energy of electrons in the
lowest unoccupied levels, allowing the study of conducting
bands and complementing PES data. Thus, the PES/IPES
combination provides the complete DOS that covers both va-
lence and conducting levels of the system. The XPS combined
with bremsstrahlung-isochromat spectroscopy (BIS) shows a
gap between the top of the valence band and the bottom of
the conducting band of 4.3 eV for NiO.!” It must be noted
that the exact value of this conductivity gap is subject to
the band position chosen to define the highest valence and
lowest conducting levels, obtaining values that range from
3.20 to 5.67 eV.” The experimental results show that the
lowest conduction band has mainly d° character, and the upper
part of the valence band has contributions from both d’ and
d®L levels. Nowadays, it is widely accepted that NiO is a
charge-transfer insulator with a final d8L + d° state because
the d® L levels are found at slightly lower binding energies than
the d’ levels.

However, the descriptions of the nature of the conductivity
gap present many subtle differences regarding the degree of
localization of the transitions involved? and the contribution
and hybridization of the Ni(3d) and O(2 p) levels in the valence
band. Moreover, the indirect measure of the electronic levels
offered by PES/IPES techniques are inherently delocalized,
giving no information on local transitions which could be
important to get the complete picture of the electronic
structure of NiO. A study with site-specific x-ray photoelectron
spectroscopy (SSXPS) localized on Ni and O sites showed
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that the top of the valence band has a higher O(2p)-Ni(3d)
mixing than previously thought®® and the comparison of
these techniques with x-ray absorption spectroscopy (XAS)
proved that this kind of data obtained for the valence band
is dependent on the methodology applied.?” Furthermore,
all these spectroscopic methods produce core holes in the
sample during the measure, and these hole levels could be
not completely innocent, requiring a sophisticated theoretical
model to interpret the experimental results.?3-3°

An ongoing challenge during the last 60 years has been the
development of a theoretical model that could offer an accurate
description of both the electric and magnetic phenomena
observed on NiO. An early model based on band theory
capable of explaining the nonconductivity of late transition-
metal oxides is the Mott-Hubbard insulator concept.>'=33 The
source of the conductivity gap in this model is the large electron
correlation in NiO, which is caused by the high localization
of 3d states on Ni sites and generates a large onsite Coulomb
interaction (U) for the electrons in the 3d orbitals. This large
U opens a gap in the metal 3d band between the occupied
and unoccupied 3d levels, or the so-called lower and upper
Hubbard bands, making the system nonconducting.'®3+-3¢ U
is defined as the energy of the intersite d® + d® — d7 + d°
process, which makes PES/IPES techniques very convenient
to measure it. However, as shown by the spectroscopic data,
LMCT processes also play an important role in NiO. The
incorporation of the charge-transfer energy (A) into the
theoretical model was performed by Zaanen et al.,>” who also
defined the ratio U/A as a parameter to classify the source
of nonconductivity in different materials. According to this
model, NiO is an intermediate insulator with U and A on
the same order of magnitude. This behavior makes U and A
difficult to measure experimentally due to the hybridization
between Ni(3d) and O(2 p) states. Therefore, much theoretical
research has been performed in the last decades to obtain
accurate estimates of these parameters.

Density functional theory (DFT) calculations with the
local-density approximation (LDA) functional applied to
a periodic model of the system is known to be a solid
approach to the description of Bloch itinerant states in metallic
systems. However, the band-gap values obtained with LDA
are clearly underestimated for NiO (~0.5 eV) (Ref. 38) and
other ionic insulators. The latter is a consequence of the
shortcomings of LDA to correctly treat the electron correlation
and properly describe the localized Ni(3d) states in the vicinity
of Ey. Subsequent improvements over the LDA functional
offered more accurate methods to describe highly correlated
materials. Some examples are the self-interaction correction
(SIC-LDA),* the dynamical mean field theory taking into ac-
count many-body effects,*’ treating local states with Wannier
functions,*' or by means of hybrid DFT functionals.*> Other
approaches add explicitly the onsite Coulomb interaction
through various implementations of LDA + U (Refs. 43 and
44) and, additionally, the electron correlation can also be
accounted for through Green’s functions (GW).*#¢ The DOS
of NiO calculated with a recent application of GW @LDA + U
(Green’s functions applied perturbatively to LDA + U) is
in very good agreement with experimental PES/IPES data,
obtaining gaps for A =3.75 eV and U = 5.2 eV,*” which
enforces the description of NiO having A ~ U but being
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a charge-transfer insulator. An important drawback of the
LDA + U method is that it requires U as a starting parameter,
which can be either estimated from experimental data or
calculated specifically with some external method such as the
constrained DFT formalism.*3

An alternative to the periodic calculations is the embedded
cluster approach. The model of the system defined by this
approach is composed by few atoms that form the active
site of the material (cluster) which is immersed into a finite
approximation of its environment (embedding). Hence, the
cluster can be described “all-electron” by a wave-function-
based method capable to treat the strong electron correlation
found in systems such as NiO, without any a priori assumption
about the effect of correlation on the electronic structure. On
the other hand, several implementations have been reported
in the literature to treat the remainder of the crystal, i.e.,
the most appropriate way to embed the cluster. Many of
these approaches are based on the theory of separability of
McWeeny,* the subsystem formulation of DFT by Cortona,>
or the incremental scheme due to Fulde and Stoll.>! Either
atomic group of atoms or periodic calculations can be used
to construct a potential that represents the part of the crystal
outside the cluster. Successful implementations and applica-
tions have been reported for a large variety of compounds.’>~
Especially relevant for this work are the recently reported
studies of the d-d transitions in cuprates combining advanced
embedding techniques with high-level ab initio calculations
by Hozoi and collaborators.5>%6

Here, we follow a well-established approach in which the
embedding is formed by a combination of ab initio model-
potentials®” (AIMP) with a point charge distribution in order to
reproduce the long-range electrostatic interactions. Albeit this
approach is not able to deal with delocalized states such as the
Bloch states of periodic systems, in highly correlated materials
it has proven very accurate in the description of the ground
and excited states where the localized Ni(3d) states play an
important role.®®%° Fujimori et al.”’ gave a reinterpretation of
the PES/IPES spectrum based on parametrized configuration
interaction (CI) calculations on a NiOéO* cluster pointing to
the charge transfer as the source of the conductivity gap in
NiO. They also obtained d-d transitions in good agreement
with the UAS data but slightly overestimated LMCT energies
(7-8 eV). Furthermore, a multireference CI (MR-CI) based
method applied to a NiOéO_ cluster’! resulted in better values
for the LMCT process (6.2 eV). Ionization and electron affinity
calculations were also performed using a NiOg ~ and a NiO}'~
cluster, respectively, which resulted in estimations of U =
11.6eVand A = 10.3 eV. These results were further improved
in the same study by including semiempirical corrections to
the correlation energy and bulk polarization effects through
the discrete (or direct) reaction field (DRF) method obtaining
values in better agreement with the experimental band gap,
A=44eVand U =4.6eV.

The aim of this work is to continue developing the ab
initio approach offered by the embedded cluster model and
provide a more complete description of the electronic structure
of NiO. By combining ab initio molecular dynamics (MD)
simulations with highly correlated electronic-structure wave-
function calculations, we obtain not only the transition energies
of local excitations, but also their intensities and bandwidths.
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We use Car-Parrinello MD to explore the vibrational degrees
of freedom of the ground-state potential energy surface of
NiO. Subsequently, we calculate the electronic structure in
a representative sample of the simulation with the complete
active space self-consistent field second-order perturbation
theory (CASPT2), which has proven very efficient in treating
both the static and dynamic electron correlation on transition-
metal compounds.’>”7* The combination of Car-Parrinello MD
and CASPT2 calculations has proven very powerful in the
description of the spectroscopic properties of the cytosine
molecule in water.”> Hence, this work presents the application
of an analog approach to crystalline materials. Moreover, the
embedded cluster model has been improved in comparison
to previous studies by a self-consistent incorporation of the
aforementioned DRF method to take into account the extra
cluster polarization produced by the electronic excitations. We
give estimations of the low-energy region of the UAS spectrum
of NiO, including d-d transitions and LMCT processes, and
of its DOS nearby E, from which we extract the U and A
parameters, and compare the results obtained with a static
embedding and the DRF approach.

II. COMPUTATIONAL SCHEME

The comparison of the optical absorption spectra at 77 and
300 K (Ref. 7) shows that the position of the features in the
optical gap do not change with the temperature. However, the
principal goal of our molecular dynamics simulations is not
to investigate the temperature dependence of the transition
energies, but we aim to investigate to what extent the thermal
movement of the nuclei and the resulting deviations from the
ideal cubic structure influence the electronic structure and the
interpretation of the measured spectra.

The proposed ab initio procedure to study the electronic
structure combines Car-Parrinello MD (Ref. 76) simulations
at a given temperature with the highly efficient treatment of
electron correlation and excited states offered by the CASPT2
method.””’® Car-Parrinello MD explores the classically al-
lowed vibrational levels accessible in the electronic ground
state, and CASPT?2 calculates the vertical electronic excitations
in a limited number of snapshots of the simulation. Hence,
the effect of the movement of the ions on the electronic
structure can now be incorporated. The extraction of these
conformational structures from the MD trajectory is not
trivial because it requires the transformation of the employed
material model, from the periodic description of the molecular
dynamics to the embedded cluster model of the electronic-
structure calculations. The extraction step was automated by a
tool developed with FORTRANYS specifically for this purpose.
This algorithm selects multiple distorted structures from the
simulation using as reference the ideal structure of the cluster
and performs the required transformations on the model.

Furthermore, it is important to consider extra-cluster
polarization effects induced by the electronic excitations
considered, which can produce large electronic distortions
on the cluster’® and were shown to have a significant role
in NiO (Refs. 71 and 80) and other related compounds.’!8?
Hence, once the clusters are generated, the polarization of the
embedding is incorporated in a self-consistent scheme that
has been developed integrating the DRF method®3-% with the
electronic-structure calculations.
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A. Combination of Car-Parrinello MD with CASPT2

The simulation box in the Car-Parrinello MD consisted of a
NiO supercell of 15.7372 Bohr side length, which is equivalent
to a 2 x 2 x 2 crystallographic unit cell and contains 32 Ni
atoms and 32 O atoms. The core electrons are described by
Troullier-Martins norm-conserving pseudopotentials® and, in
the case of Ni, nonlinear core corrections were added. The
electronic potential was calculated by means of the Becke-Lee-
Yang-Parr (BLYP) density functional®’*® using a plane-waves
basis set with a cutoff of 80 Ry. The system was equilibrated at
300 K and then maintained at a steady temperature with a Nosé-
Hoover chain thermostat.’”? The simulation was performed
in time steps of 0.096 fs with a fictitious electron mass p =
700 a.u. Finally, the conformational structures were extracted
from a trajectory of 2 ps. This MD simulation was carried out
with the CPMD software version 3.11.1.

The number of extracted conformations varied depending
on the type of calculation performed on them. The main
factor in choosing the size of the set of conformations is
the computational cost of the subsequent electronic-structure
calculations to be performed on each structure. The simpler
calculations of small clusters in a static embedding were
performed over a set of 100 conformations, but the more
complex calculations of bigger clusters obliged us to use
a smaller set of 32 conformations. To check the sample’s
representativeness of the simulation, the thermal distribution
of Ni-O bond lengths of the two sets is compared in Fig. 1. The
close resemblance of the two density curves shows that both
sets used in this work can be considered effectively equivalent
in terms of simulation sampling.

The embedded cluster model of each conformation was
built from a single supercell equivalent toa 10 x 10 x 10 NiO
crystallographic unit cell with a total of 8000 atoms, which
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FIG. 1. Thermal distributions of Ni-O bond lengths resulting
from the Car-Parrinello MD simulation at 300 K for the 32
conformations set (gray) and the 100 conformations set (black). The
dashed line indicates the Ni-O bond length (3.9343 Bohr) derived
from x-ray diffraction (Ref. 91).

PHYSICAL REVIEW B 85, 155143 (2012)

FIG. 2. (Color online) Structure of the three cluster models of
NiO. From left to right they are NiOg, NiOy4, and NiO3g. The central
Ni atom is represented in yellow, O atoms in the cluster are in red,
and the smaller transparent gray spheres represent Ni-AIMP.

was formed by replication of one of the simulation supercells
extracted from the trajectory. Three different clusters of
increasing size and their embeddings were constructed: (i)
NiOg cluster + 6 Ni-AIMP(1s,1p) 4+ 2184 point charges;
(i) NiOj4 cluster + 42 Ni-AIMP(1s,1p) + 2140 point
charges; (iii) NiOsg cluster + 78 Ni-AIMP(0s) + 2080
point charges. Figure 2 shows a graphical representation of
the structure of these clusters. The smallest cluster is formed
by a central Ni atom surrounded by the first shell of six O
atoms in a pseudo-octahedral environment. Then, this cluster
is further expanded with the second and third O shells to better
describe the surroundings of the active site. The electrons of
the Ni ions in the cluster region, except for the central Ni
atom, are described by model potentials to avoid an artificial
delocalization of the electron density toward the positive
charges and because, additionally, their explicit inclusion in
the ab initio wave function would lead to a computational
problem of unmanageable size. The point charges around the
cluster form a cube of ~47 Bohr side length with the charges
placed on lattice positions. The charge values were set by
the Evjen’s method”> where the inner point charges have the
corresponding formal charge for Ni?* and O*~ ions, and the
charges on the outside of the cube have fractional charges to
ensure the overall charge neutrality. This way of representing
transition-metal oxides has been extensively used and proven
to accurately model the crystal for the description of local
electronic-structure properties.”>’

The basis sets used throughout the electronic-structure
calculations of all clusters are of the atomic natural orbitals
type including scalar relativistic effects (ANO-RCC). The
contracted basis functions for Ni were (5s, 4p, 2d, 1f)
(Ref. 98) and for the O atoms were (3s, 2p, 1d).”° These
basis sets were chosen as a balance between computational cost
and flexibility to describe electron correlation and polarization
phenomena in the cluster. The reference wave function of the
CASPT2 calculation is constructed following the complete
active space self-consistent field (CASSCF) approach, which
provides an unbiased treatment of the different electronic
configurations that play arole in the total electronic structure of
the cluster. The multiconfigurational CASSCF wave function
is obtained by distributing a limited number of valence
electrons over a set of valence orbitals in all possible ways.
In the present case, the so-called complete active space (CAS)
contains 10 electrons and 11 orbitals, in short CAS(10,11).
After the orbital optimization procedure, the active orbitals
can be identified as five Ni-3d orbitals, five more diffuse Ni-d
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orbitals in the so-called 3d’ shell,”> and one O-2p orbital. This
active space offers a solid footing to describe the electronic
ground state of NiO (Ref. 100) and the excited states arising
from internal Ni d-d excitations and from the lowest LMCT
excitations. The so-obtained zero-order wave function is
further improved by the aforementioned CASPT2 approach, a
second-order perturbation treatment of the remaining dynamic
electron correlation. We performed the CASPT2 calculations
with a shift factor of 0.10 a.u.,'”! which we previously tested
to be the minimum value to eliminate possible intruder states.

The intensity of the considered electronic transitions was
computed by state interaction calculations between the ground
state and all the excited states at the CASPT2 level, replacing
the Hamiltonian by the transition dipole operator.'”? The
electronic-structure calculations were carried out with the
MOLCAS 7.2 package.'"*!1%* The resulting data set of electronic
transitions was statistically treated with the R package'® to
generate the corresponding spectra or DOS. For this purpose,
we have employed a kernel density estimation with Gaussian
kernel functions with a variable bandwidth (bw) depending on
the length of the data set.

B. Self-consistent DRF

The electronic excitations such as the local d-d transitions
do not change substantially the electronic density on the site
of absorption. Therefore, the polarization on the rest of the
crystal in response to such excitation is expected to be small.
However, this is no longer the case for LMCT states and even
less for ionization and electron addition states, which produce
a larger electronic change in the atoms directly involved in the
excitation and will induce a major response in the surroundings
of that site. The adaptation of the extra-cluster region to the
changes of electron density in the cluster will be first electronic
and later structural, forming a polaron. The static embedding
used so far in the model of NiO is not capable to deal with
this situation. To overcome this limitation, we apply the DRF
method, which offers a rigorous treatment of the electric
response of the embedding through the inclusion of a set of
dipole polarizabilities and which can be combined with the
quantum description of the cluster.

Even though the DRF method was already applied to NiO
successfully,”! we present here an integration of DRF with
CASSCEF calculations in a self-consistent manner for highly
excited states using the embedded cluster model. In the first
step of the developed procedure, the electronic density of the
cluster is computed in a static embedding and used to generate
the corresponding induced extra-cluster polarization through
DRE. The polarized embedding is formed by the same AIMPs
and point charges of the static embedding, but adding induced
electric dipoles on the lattice sites around the cluster. Hence,
the response to changes in the cluster density is taken into
account for all lattice sites that are in a box of ~47 Bohr
centered around the cluster. The CASSCEF step is then rerun
with the DRF polarized embedding to produce a new electronic
density, and the process is repeated until the energy of the
excited state of interest remains constant. However, there are
two main issues with this basic design. The first one is that
the electronic density used by the DRF method should be
the one from the electronic state that causes the perturbation
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FIG. 3. Variation of eight induced dipoles of an arbitrarily chosen
conformation with respect to the increase of LMCT weight in a state
average including the ground state. The dipoles shown are those which
suffer the largest change with the increase of LMCT weight. The
dashed lines represent the linear adjustment performed on each dipole
with the following linear regression coefficients: R* = 0.9991; R =
0.9959; R =0.9994; RZ =0.9995; R2 =0.9994; Rg = 0.9969;
Rlzx =0.9993; R2 = 0.9969.

in the system. For example, the inclusion of the relaxation
due to the LMCT process requires the calculation of the
electronic density of the 11th excited state (the first 10 states are
d® spin-triplet states). Unfortunately, state-specific CASSCF
calculations for such high states do not converge and, thus,
we are forced to work with state-average calculations from
which the state-specific response can not be extracted directly.
Nevertheless, it is possible to get closer to the state-specific
situation by changing the weight of the states in the average.
We observed that the induced dipoles vary linearly with respect
to the weight of the LMCT state in the state-average CASSCF
procedure (Fig. 3). This behavior is observed in several
conformations and over a wide range of weights. Therefore,
under the hypothesis that the linear behavior is maintained
along the complete range of LMCT weights, it is possible to
obtain the polarization in the embedding caused by the LMCT
state through linear extrapolation.

The second issue finds its origin in the fact that the cluster
model lacks the translational symmetry found in the crystalline
material. The isolation of the active site and its surroundings
in an infinite void causes the DRF embedding to be highly
polarized even in the ground state. This behavior has no
physical basis because, from a global view of the material in
its ground state, the electronic density on one site is equivalent
to its neighboring sites, and no polarization should occur. In
order to study the physically meaningful electronic transition
between the ground state and the LMCT state in its polarized
embedding, we first generate an “artificial” DRF embedding
for the ground state and subtract it from the DRF embedding
induced by the LMCT. With this procedure, we obtain a
polarized embedding with contributions exclusively from the
charge-transfer process.
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The last step consists of the state interaction calculation at
the CASPT?2 level between the ground state in the nonpolarized
embedding and the LMCT state in its polarized embedding to
obtain the corresponding transition energies and intensities.
This step requires us to compute the LMCT state of the system
including the DRF embedding previously generated. However,
as shown before, it is in general not possible to perform the
CASSCEF state-specific calculations of these excited states.
Therefore, we perform once again a state-average CASSCF
calculation including the LMCT state and the ground state,
but this time with the polarized embedding by the LMCT.
Nevertheless, for one conformation, we were able to converge
the wave function for the LMCT state alone. The final result
is nearly identical to the one obtained using a state-average
reference wave function, less than 0.2 eV difference in the
energy of the LMCT state.

In the case of ionized (d°L and d”) and electron addition
(d®) states, the procedure is exactly the same but without
the difficulties inherent to the treatment of the LMCT states.
All these states are the lowest states with different spin
multiplicities and, hence, they can be calculated separately
by state-specific CASSCF calculations. The DRF method
requires us to define the atomic polarizability of each atom
in the system. We set ae- = 1.988 A3 (Ref. 106) for the
O atoms and anp+ = 0.653 A3 for the Ni atoms, based on
the total polarizability of NiO (anjo = 2.641 A3).% The DRF
calculations were performed with the DRF90 software.!'?’

III. RESULTS

A. Static nonpolarized embedding
1. Optical absorption

Figure 4 shows the computed UAS spectrum of NiO at
300 K. This spectrum is formed by electronic transitions of
100 conformations modeled with a NiOg cluster in a static
nonpolarized embedding. For each structure, we performed a
state-average CASSCF/CASPT2 calculation of the lowest 12
triplet electronic states and another state-average calculation of
the lowest 17 singlet states. Although there is no symmetry in
the analyzed distorted structures, we will use the term symbols
of the O;, symmetry group to facilitate the discussion and the
comparison with previous studies. Due to the conformational
distortions, the electronic transitions from the triplet 3A2g
ground state are no longer forbidden by the dipole selection
rule and, therefore, it is possible to compute their intensity.
Moreover, by including the spin-orbit coupling, we could also
take into account spin-forbidden transitions to singlet excited
states, which are less intense but nevertheless do significantly
contribute to the final spectrum. The combination of all the
electronic transitions from the 100 conformations, 14431
in total, was performed by means of a density estimation
using Gaussian kernel functions with a minimal bandwidth
of 0.038 eV. From this density estimate, the UAS spectrum
bands of NiO appear naturally.

The energy distribution of the calculated triplet and
singlet excited states is detailed in Table I. A comparison
with the experimental spectrum reveals good agreement of
the computed spectrum in the region below 4 eV, where
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FIG. 4. (Color online) Absorption spectrum of NiO at 300 K
obtained from 100 conformations modeled by NiOg clusters with a
static embedding (black) and the experimental spectrum (red) (Ref. 7).
The circles mark single electronic transitions from the ground state.
The average energy of the absorption bands is noted on the upper part
of the graph and in Table I. Density estimation with Gaussian kernel
functions (bw = 0.038 eV).

energetics, intensities, and bandwidths of the d-d bands are
accurately reproduced. The three spin-allowed transitions from
the ground state *A, to the excited states *Tr,, a’Tj,, and
b3T, ¢ are the origin of the three main bands on this region
of the spectrum. The remaining features below 4 eV are
spin-forbidden transitions to singlet excited states. Although

TABLEI Average CASPT?2 energies of the Ni-3d® and the lowest
LMCT states in NiO obtained from 100 conformations modeled
with a NiOg cluster in a static nonpolarized embedding. The results
provided are the mean energy (E) and the standard deviation (o) of the
absorption bands. Experimental data are also shown for comparison.

Expt®. This work
State E (eV) C, E (eV) 0, E@V) 0,0 (V)
Ay, 0.00 0.00 0.00
e 1.13 0.98 1.06 1.16 1.07 0.13
a’Ty, 1.95 1.70 1.851.93 1.83 0.18
a'E, 1.75 1.951.99 1.97 0.06
a'Ty, 2.75 2.782.852.95 2.86 0.12
b, 2.95 3.213.333.46 3.34 0.16
a'Ay, 3.25 3.36 3.36 0.06
T, 3.52 3.613.823.89 3.71 0.16
b'E, 433427 4.30 0.12
b'Th, 4.504.53 4.56 4.53 0.13
b'Ay, 6.88 6.88 0.35
a® LMCT ~4 7.25 7.25 0.50
b LMCT 7.43 7.43 0.47
a' LMCT 7.29 7.29 0.43
b' LMCT 7.46 7.46 0.40

“By Newman and Chrenko (Ref. 7).

155143-6



Ab INITIO ABSORPTION SPECTRUM OF NiO ...

1x107°
|

= Total Spectrum

3
ng

Oscillator Strength
1x10°  1x10™
] L

1%x10°°
|

1x1077
|

Energy (eV)

FIG. 5. (Color online) Breakdown of the absorption spectrum of
NiO into its contributing bands at the d-d region. Density estimation
with Gaussian kernel functions (bw = 0.038 eV).

the overall agreement with previous data is good, the results
suggest that some of the assignments in the spectrum should be
reconsidered. Most notably are the three features found in the
third d-d band (2.5-4.0 eV), where the first signal at 2.75 eV
can indeed be attributed to the 3A2g — aszg excitation, but
the other two features at 2.95 and 3.25 eV both belong to
transitions to the different nondegenerate components of the
b3Ti, state. The excitations to the a'Aj, and a'Tj, states
that also appear in this zone are completely masked by the
triplet band. Figure 5 decomposes the d-d region of the
global UAS NiO spectrum in the contributions of each single
band and shows how the transitions to a'E ¢ and aszg states
appear as weak shoulders on the a’Tj, and b}, bands,
respectively. Note that this decomposition strategy can also be
used to unravel the optical absorption spectra of more complex
materials for which the nature of the excited electronic states
is less clear.!08-110

On the other hand, the high absorption plateau extending
over 4 eV is clearly overestimated by ~2 eV. This band is
mainly formed by dipole and spin-allowed LMCT processes
where an electron is transferred from an O(2p) orbital to a
3d(eg)-like orbital on Ni. Hidden in this band there are also
less intense spin-forbidden LMCT and higher d-d transitions.
The large overestimation of the LMCT band is produced
by the shortcomings of the NiOg cluster employed. This
small cluster combined with a static nonpolarized embedding
is not well suited to properly describe the charge-transfer
process, which will polarize the surroundings to some extent.
Nevertheless, the relative intensity between the optically weak
d-d transitions and the dipole-allowed LMCT processes is
correctly reproduced. The increase in intensity among the d-d
bands observed in the experimental spectrum, but not found
in the computed spectrum, is due to a background signal of
raising intensity seen below 4 eV. This signal is caused by
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impurities in the sample analyzed in the original experiment,’
but not treated in our model.

2. Conduction band gap

We applied a similar approach to describe the band gap
of NiO. We increased the model size in this case because the
involved cationic and anionic states produce large electronic
distortions in the system. As a first step, we used a NiOyy4
cluster with a static nonpolarized embedding and the smaller
set of 32 conformations due to the increased computational
cost. For each conformation, we calculated the lowest anionic
doublet (A"*1), neutral triplet (3A§g), and cationic quartet

(*A"1) states, which are the ground states of their respec-
tive electronic configurations.!!! Furthermore, these anionic,
neutral, and cationic ground states were calculated using two
different active spaces: one with Ni(3d,3d") MOs and another
one with Ni(3d,3d") + O(2p) MOs. The difference in energy
between the cationic/anionic states and the neutral triplet state
is the n-electron equivalent of the binding energy of the
corresponding monoelectronic levels. The smaller Ni(3d,3d")
active space is used to study the Ni(3d") states restricting the
ionization to localize on the Ni atom and, thus, obtaining the
energies of the 3d7, 3d®, and 3d° levels, which are required
to calculate the Coulomb interaction U in NiO. On the other
hand, the larger Ni(3d,3d’)+O(2p) active space allows the
ionization to delocalize on the ligand, enabling the description
of ligand-hole levels, such as the 3d 8 L, and the calculation of
the A parameter. We have calculated the U and A parameters
of NiO by means of the relation given by Zaanen et al.*’:

Unio = ECAY) + ECAY) - 2E(°A3),
Anio = ECAM'L) 4+ ECAY) —2E(°A3Y).

Figure 6 shows the DOS nearby E, for NiO at 300 K
computed at the CASSCF level. Both 3d’ and 3d®L bands are
highly overlapping, but the top 3d3L levels appear at slightly
lower binding energies. This DOS is qualitatively in good
agreement with the generally accepted behavior of NiO, with
a conductivity gap defined by the charge-transfer process and
a large mixing between the metal-hole and ligand-hole levels.
Moreover, the calculation of Ay;o had to be done with data
from only 24 out of the 32 conformations, because only those
24 structures have a *A"~! electronic ground state of 3d8L
character, with the hole localized in an O atom. The other 8
conformations have the hole mainly localized in the Ni atom
independently of the active space used, being more similar to
a 3d’ level. This behavior confirms the large mixing between
the 3d” and 3d8L levels in NiO. However, even though the
hole-level character varies between different conformational
structures, we have not observed any direct relation with simple
distortions of the NiOg octahedron or the Madelung potential
on the Ni site.

The mean computed values of U and A parameters for NiO
are Unjo = 13.8 eV and Ayjo = 13.0 eV. As expected, both
parameters are largely overestimated in comparison to data
derived from experiment (U ~ 5eV and A =~ 4 eV). However,
looking at the computed DOS (Fig. 6), the actual picture is
somewhat better. The inclusion of dynamical data and the
associated phononic broadening reduce the gap by ~3 eV.
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FIG. 6. Density of states of NiO for the states nearby E at the
CASSCEF level. Obtained from a set of 32 conformations modeled
with NiO,4 clusters with a static nonpolarized embedding. The energy
of the *A,, state is set as the reference value. Density estimation
with Gaussian kernel functions (bw = 0.3 eV). The mean values
of U and A are representative for the ideal cubic structure and the
smaller values are taken with respect to the onset of the valence and
conduction bands.

Since the transitions involved are intersite processes, it will be
more probable that the two active sites are found in different
conformational states. This circumstance in the extreme case
reduces these parameters to Uyijo = 10.9 eV and Anio =
10.4 eV, which is of course a significant improvement, but
unfortunately these values are still too large. Nevertheless, the
observed degree of broadening points toward a dominant role
of the phonons over the hopping phenomena in determining
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the character of these ionic states, including the ligand-hole
states, thus, confirming the local nature of this system.

Moreover, the calculation of the DOS for NiO at a higher
level of theory, incorporating dynamical correlation effects
through CASPT2, resulted in largely uneven reductions of the
binding energy between the two cationic states. The 3d” levels
shift to ~2 eV lower energies, while there is practically no
change for the 3d3L levels, resulting in Unjo = 8.4 eV and
Anio = 11.0 eV. The difference in correlation between these
two types of states is caused by a deficient description of the
ligand-hole levels compared to the metal-hole levels by the
employed NiO,4 cluster model because the hole in a O ligand
is surrounded by five Ni AIMP, which do not contribute to
correlation.

Therefore, we have obtained a good qualitative description
of the DOS for NiO, but we also identified two main issues
derived from the embedded cluster model employed. The
static model employed is not able to correctly describe the
large polarization that the addition/subtraction of an electron
produces on the system and, on the other hand, the NiOy
cluster does not offer a good treatment of ligand-hole states.
Both effects lead to a deficient description of the states that
take part in these phenomena.

B. Discrete reaction field
1. Optical absorption

Previous results obtained with a cluster model of the
material in a static nonpolarized embedding revealed the
problems in treating the more polarizing excited states such as
the LMCT or the onsite electron-removal and electron-addition
states. These phenomena generate large electronic distortions
in the system that go far beyond the active site modeled by
the cluster. In order to correct this shortcoming of the model,
we included extra-cluster polarization effects by means of the
DRF method as described in Sec. II B.

We started with a NiOg cluster and computed the induced
polarization in the embedding caused by the lowest LMCT
process. Figure 7 shows the modulus of the induced dipoles on
the lattice sites surrounding the cluster (left) and a qualitative

LI - - - T
K1 % 2 2 # 2 2 3 % & % b & &
LA A N I I A
o G ¢ @ ‘\g\ 4 8 - A A
§ " 8 = ‘o‘x\i 0/.& o & g ¥ &
N S ¥
o & &% w» b 4 » D & B * o
= ¥ &
£ o~ = =t—o—s [ 4 = & o
=4 *®_w
§ F e 2 p 40P & e
(=] L ! hY 1
¢ & / N
8 o] & P/ C\‘ﬁ“ & B & o o
' ¢ & 5% q % T s @ . o e g
¢ 8 b v v 8 8 8 »
PR 8 Cluster aloms
3 L] ® ©® w9 ® s g |®0 Embed alms
a‘ Tl T = LMCT dipole
e B e B 5 2 ® D _g > Induced Dipoles
T T T T T
-20 10 1] 10 20

Coordinate Z (bohr)

FIG. 7. (Color online) Induced dipoles by the LMCT in a NiOg cluster. Left: Variation of the modulus of the dipoles with the distance to
the Ni central atom. The empty region between 0—5 Bohr is the cluster’s space. Right: Topological qualitative representation of the electronic

polarization in a slab of the embedding (red) and the cluster (gray).
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topological representation of the induced polarization in a
slab of the embedding (right) for one arbitrary conformation.
We observe large polarization effects near the cluster, which
gradually decrease and become very small for lattice sites
at more than 20 Bohr from the central Ni atom. Although
the chosen embedding size demonstrates to be large enough
to account for the major part of the bulk polarization, it is
preferable to increase the NiOg cluster by including the closest
32 oxygen ions with large induced dipoles and treat their
polarization in the ab initio wave function.

Notwithstanding that such a NiOsg cluster gives a quite
accurate treatment of the response phenomena, this large
cluster combined with the DRF embedding turned out to be
computationally too demanding and therefore we decreased
the size of the cluster to NiO4. This medium-sized cluster
model incorporates into the wave function most of the system
polarization with a reasonable computational cost, leaving
in the embedding only five highly polarized ions (1 Ni** +
4 0%) found at ~9 Bohr from the central Ni atom. In order
to check the consistency of this model, we performed DRF
calculations for the local d-d transitions because these kinds
of excitations produce very small electronic changes in the
crystal and, thus, the corresponding transition energies should
not vary significantly by adding the polarization effects that
they induce in the embedding. The resulting energies of all the
d-d transitions increase by less than 0.03 eV on application of
DREF, confirming the validity of the model.

Next, we repeated the calculations of the UAS spectrum of
NiO but now with the bigger NiO,4 cluster and incorporating
the bulk polarization induced by excited states. We performed
two series of calculations on 32 conformations applying the
DRF method separately to the lowest nine 3d excited states and
to the lowest two LMCT states. For both series, we obtained the
average polarization caused by these two types of transitions.
In this case, we neglected the spin-orbit coupling and hence
only considered spin-allowed transitions. Figure 8 shows the
computed spectrum including both the d-d region and the
charge-transfer band. The triplet d-d bands remain practically
unchanged compared with the nonpolarized static embedding.
The mean energy of each band changes by ~0.1 eV, which is
solely caused by the increase of the cluster model. On the other
hand, the situation for the LMCT band is completely different.
The relaxation produced by the induced bulk polarization
shifts the LMCT band to lower energy by ~2 eV bringing the
computed spectrum in good agreement with the experimental
one.

A detailed analysis of the origin of the broadening of
the LMCT band reveals some interesting aspects. Figure 9
shows a comparison of the charge-transfer band with and
without extra-cluster polarization. Once the bulk polarization
is conveniently treated, the induced polarization by the LMCT
becomes the main factor in defining the broadening of the
band. The polarization caused by the LMCT in the outer side
of the Ni-O bond subject to the charge-transfer process varies
linearly along the band, experiencing a larger relaxation the
LMCT states with a larger induced polarization. Since the
LMCT excitations are highly localized in NiO, we quantified
the degree of distortion of the NiOg octahedron along the
LMCT band to check if there is a correlation between the
induced polarization and the local geometry of the absorption
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FIG. 8. (Color online) Absorption spectrum of NiO at 300 K
computed with 32 conformations modeled by NiO,, clusters with a
polarizable DRF embedding (black) and the experimental spectrum
(red) (Ref. 7). The circles mark single electronic transitions from the
ground state. The average energy of the absorption bands is noted on
the upper part of the graph. Density estimation with Gaussian kernel
functions (bw = 0.092 eV).

site. Therefore, we defined two distortion parameters for the
NiOg cluster, the standard deviation of the 6 Ni-O bonds (o)
and the standard deviation of the 12 O-Ni-O angles (o) with
respect to the ideal Oj, structure of NiOg:

N,
Lo
o= |5 g[r(Ni—O)i — r(Ni-0)o, 1%,
1 &
oy = N, Z[l(O-Ni-O)i — Z(O-Ni-O)o,

i=l1

being r(Ni-O)o, = 3.9343 Bohr and Z(O-Ni-O)o, = 90°.
The mean values of o, and o, in intervals of 1.0 eV for
each LMCT band are shown with overprinted filled circles in
Fig. 9. Although we have no sufficiently large samples to go
in deeper detail than 1.0 eV, and these are simple measures
of the cluster distortion that only account for the immediate
environment of the Ni central atom, they do offer a first glimpse
to the internal structure of the LMCT band. In the first place,
we concentrate on the LMCT band obtained before including
the extra-cluster polarization. The center of the band arises
mainly from conformations that are weakly distorted with
respect to the ideal octahedral structure, with low values of both
o, and o,, whereas the distortion of the system increases to
both extremes of the band. The situation changes significantly
once the electronic response of the environment is taken
into account. The broadening of the band is now primarily
driven by the LMCT induced polarization. In this case, the
conformations with a highly distorted NiOg cluster, mainly
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FIG. 9. (Color online) Comparison between the LMCT bands
with polarization of the embedding (black) and without (gray). Filled
circles show the NiOg octahedron distortion along the band, ¢, in
green and o, in blue. Empty orange circles show the total induced
dipole in the five most polarized ions outside the cluster. Density
estimation with Gaussian kernel functions (bw = 0.229 eV).

because of a larger o, produce a higher polarization in the
Ni-O bond direction where the LMCT occurs and experience
a larger stabilization of their LMCT transition energies. As
a consequence, these states become the front of the band.
On the other hand, the more symmetric structures induce a
lower polarization on their surroundings having higher LMCT
states and appearing at the high-energy end of the band.
Moreover, we performed calculations of the LMCT states
for an idealized octahedral structure of NiO using the same
model employed for the rest of the conformations. The LMCT
energy of this ideal conformation of NiO resulted in 8.55 eV
with a nonpolarized embedding and 6.83 eV with DREF,
which are in good concordance with the analysis previously
made. Nonetheless, this is indeed a first simple analysis of
the broadening of the LMCT band, which indicates that the
crystalline structure has some influence in the stabilization
of the LMCT. Further analysis of this influence will require
a more detailed study with a larger conformational set and
considering long-range structural distortions.

These results demonstrate that the response phenomena
have a crucial role in those excited states that cause large
electronic distortions on the absorption site. Moreover, the
embedded cluster model proves to be adequate to study
these phenomena on highly correlated materials such as NiO,
where the underlying phenomena of the UAS spectroscopy
can be considered highly localized. The theoretical treatment
of the electronic structure based on the ideal and highly
symmetric geometry usually ascribes band broadening to
hopping processes of the holes or electrons. In the (effective)
one-electron tight-binding models, the variation of the in-
phase and out-of-phase overlap of the atomic orbitals that form
the Bloch orbitals causes a dispersion of the orbital energies,
while in explicit n-electron treatments of the band structure,
band dispersion arises from the variations of the hopping
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amplitudes along the different crystal directions.!'>"'!> Here,
the broadening of the valence and conduction bands is caused
by the inhomogeneity of the structure due to the movement of
the nuclei, which introduces variations in the relative energies
of the relevant n-electron states. Furthermore, the DRF method
showed as an adequate approach to treat the polarization in
crystalline environments under the condition that the largest
polarization effects are treated in the wave function, and that
the artificial polarization of the ground state is removed from
the system.

It has been suggested that aside from the above-investigated
local oxygen-to-nickel excitation as origin of the onset of
the optical absorption edge, nickel-to-nickel charge-transfer
excitations could also contribute to this onset.”” We have
explored this hypothesis by performing some calculations on
an embedded cluster with two Ni centers, similar to those used
in Ref. 70. The lowest optically allowed excitations have a
strongly mixed character making the identification as metal-
to-metal or ligand-to-metal charge-transfer state meaningless.
This was actually also observed in the work of Minami
and Fujimori, who described large screening effects of the
metal-to-metal excitation by the neighboring oxygens.

2. Conduction band gap

We applied the DRF method to the calculation of the U
and A parameters of NiO. We performed this study on only
five conformations due to the problems found in the DOS
calculation without DRF (Sec. IIT A), but nonetheless we
tried to address the issue regarding the lack of extra-cluster
polarization offered by the static embedding. The resulting
parameters at the CASPT2 level are Unjo = 3.0 eV and
Anio = 4.6 eV, which are in much better agreement with
the expected values of U ~ 5 eV and A ~ 4 eV than the
values obtained with the nonpolarized embedding. Hence, the
inclusion of electronic response effects turns out to be very
important for the description of the band gap, as it is expected
due to the large electronic distortions caused by the ionized
states involved.

However, these values for U and A still suffer from the
poor description of the ligand-hole states offered by the NiO4
cluster. Anjo should be lower than Uy;o, which is the case
at the CASSCF level, but U shifts from 7.2 to 3.0 eV upon
application of the CASPT2 step, whereas A practically does
not change. Figure 10 shows a qualitative representation of
the polarization induced by the cationic 3d’ (left) and 3d®L
(right) levels. There are large differences in the embedding
polarization depending on where the hole is localized. In the
case of the ligand-hole level involved in Ayjo (3d8L), there
is a large polarization on atoms outside the cluster region
which, preferentially, should be treated in the n-electron wave
function by enlarging the cluster.

Furthermore, the calculated U value is slightly lower than
previous theoretical estimations.*’” The source of this deviation
could be an overestimation of the extra-cluster polarization
by the DRF method, which relies on atomic polarizability
parameters. It must be noted that the calculation of the DOS
with the DRF embedding is not possible due to a limitation
of the employed model. The potential energy between the
cationic, anionic, and neutral systems results in large nonphys-
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FIG. 10. (Color online) Topological qualitative representation of the

level (left) and the 3d® L level (right).

ical differences. The NiO,4 cluster with 42 Ni?t AIMPs is far
from the stoichiometry of the NiO crystal and has a total formal
charge of 56+. This positively charged cluster combined with
a polarized embedding puts each state in a different potential
background, preventing the calculation of the electron affinity
and ionization potential and, consequently, the computation of
the DOS of NiO with DRF. Notwithstanding this shortcoming
of the material model, the calculation of U and A parameters
is possible because the involved cationic and anionic states
produce opposed electric potential shifts, which are mutually
compensated on the calculation of the band-gap parameters
applying the expression of Zaanen et al.’’ A more detailed
explanation of this limitation of the employed cluster model is
available in the Appendix.

C. NiOgzs

We compared the method proposed here for including the
extra-cluster polarization through DRF against calculations of
a big NiOsg cluster in a static nonpolarized embedding. The
NiOsg cluster is expected to include the major part of the
response due to the O>~ ions, the most polarizable atoms
in the lattice. The static model potential representation of
Ni?* neglects any polarization effect due to these cations.
We have calculated the LMCT absorption edge and the U
and A parameters with this big cluster (Table II). In the case
of the LMCT process, we observe an important lowering of
the excitation energy from 8.53 to 6.11 eV. This behavior
is expected, as we already showed that the ions with the
largest induced dipoles are left outside the cluster in the NiO 4

TABLE II. Comparison of the LMCT energy and U and A
parameters obtained with the different models employed in this work.
The computational time (¢) in hours of the LMCT calculations are
included.

LMCT U A
Cluster Emb. E (eV) t (h) E (eV) E (eV)
NiOyy Static 8.53 32 13.8 12.7
NiOsg Static 6.11 97 9.9 13.2
NiOyy DRF 4.09 141 4.5 5.4
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polarization in a slab of the embedding of a NiO,4 cluster by the 3d’

case, whereas the NiOsg incorporates them. However, the bulk
polarization extends beyond the limits of the NiOsg cluster
(see Fig. 7) and, moreover, the induced dipoles on Ni2* ions
in the cluster surrounding are significant. Therefore, it is not
possible to obtain accurate results of the LMCT energies with
a static nonpolarized model. We tried to improve this result
by using the DRF embedding obtained with the NiO4 cluster
in the NiOjsg, but even though the resulting LMCT energy is
better, it does not offer good accuracy (5.39 eV). Obviously,
the induced dipoles and the cluster electronic density must be
included in a self-consistent manner, which is computationally
too expensive, at present.

The situation is similar for the calculation of U: the NiOsg
cluster recovers ~40% of the polarization caused by the 3d’
and 3d° ionized levels. In the case of cationic/anionic states, the
polarization spreads further away and induces weaker dipoles
in the vicinity of the cluster than in the LMCT transition,
reducing the amount of polarization incorporated in the NiOsg
cluster. On the other hand, in the case of the A parameter, there
is no gain by using this bigger cluster. An important reason for
this situation is that the hole in the 3d®L state is not localized
on the center of the cluster (see Fig. 10); the localization of the
hole in the O atom induces large polarization on its neighboring
region, which will need even a bigger cluster than NiOsg to be
treated effectively.

In terms of computational cost, the NiOy4 cluster with
the DRF embedding calculations are the most expensive we
performed. Due to the iterative process required to reach
self-consistency, treating the bulk polarization has a cost
~5 times larger than using a static nonpolarized embedding.
However, the difference becomes rapidly smaller as the cluster
size increases. Compared to NiOsg, the difference is reduced
to 1.5 times approximately, but still resulting in a better
description of the system.

IV. CONCLUSIONS

We have combined successfully three different method-
ologies to provide a (nearly) ab initio description of the
electronic structure of local excitations in ionic insulators
taking NiO as a prototype. We used the Car-Parrinello MD
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simulations to incorporate the effect of the lattice vibrations
on the local structure at one of the Ni sites. By means of the
CASPT?2 method, we were able to study the electronic excited
states with an efficient treatment of the electron correlation.
Moreover, we could include electronic response effects in the
form of bulk polarization in the material model by coupling
the electronic-structure calculations self-consistently with the
DRF method. To do so, we assign polarizabilities to the ions
taken from the literature. A complete ab initio treatment in
the most strict meaning can be obtained by determining these
polarizabilities from calculations.

As a first application of the procedure, we have studied the
absorption spectrum of NiO and its DOS near the Fermi energy.
These features are convenient to be treated by the proposed
procedure as they imply localized changes in the electronic
structure, which can be described using the embedded cluster
model. The best results for both the absorption spectrum
and the DOS have been obtained with the NiO;4 cluster
incorporating the DRF embedding to take into account extra-
cluster polarization effects.

The computed UAS spectrum is in good agreement with
the experimental data (Fig. 8). The results obtained by
incorporating the Car-Parrinello MD simulations allowed us to
pinpoint the origin of some features observed in the spectrum,
such as the d-d transitions to a'E ¢ and aszg singlet states,
at 1.97 and 2.86 eV, respectively (Fig. 5). Moreover, by
integrating the DRF into the model, we could explain the
origin of the broadening of the LMCT band as caused by a
linear decrease of the induced polarization on the different
conformational structures that form the band (Fig. 9). Finally,
the computed U and A parameters are in good agreement with
their expected values. Even though the phononic broadening
reduces the conductivity gap by ~3 eV, the main reduction
factor with respect to a static embedding appears to be the
bulk polarization, which lowers this gap to Unjo = 3.0 eV and
ANiO =4.6¢V.

The major drawback of the method is the high compu-
tational cost, which makes cumbersome the use of larger
conformational sets to analyze with deeper detail the resulting
data for both the UAS spectra and the DOS. Furthermore,
it has been shown that it might be also necessary to use a
larger cluster than NiOsg to treat ligand-hole states such as the
3d3L, where the hole is localized in a ligand O atom away
from the center of the cluster. The effect of the extra-cluster
polarization in cationic/anionic states is still an issue not
completely resolved, which will need further investigation.

Nevertheless, the method presents an important advance in
the ab initio description and analysis of the electronic structure
of transition-metal oxides. We conclude that the local LMCT
process is the origin of the optical gap starting at 4.1 eV and
that the conductivity gap is slightly larger, between 4.5-5.0 eV,
being caused by U or A depending on the conformational
distortions. The computational issues are expected to become
less and less important given the ever increasing computer
power.
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APPENDIX: ELECTRIC POTENTIAL ENERGY SHIFT
UPON POLARIZATION OF THE EMBEDDING

The large shifts obtained for the cationic and anionic state
energies of NiO using a DRF embedding (see Sec. II1 B) can be
explained by application of the Coulomb’s law to a simplified
model of the system. We will use a bidimensional system
formed by a hole/particle (Q) surrounded by four point charges
(g) atadistance r (Figs. 11-13). The following discussion will
be first focused on the electric potential instead of the electric
potential energy for the sake of simplicity.

Independently of the considered process, the electric
potential produced at Q by the embedding point charges is

N,

Vol@) = Volai),

where the potential from each surrounding charge (g;) can be
written as

qi
Vo(gi) = k—
0(g:) .

In the case of adding an electron to the cluster (Fig. 11), the
electric potential at Q caused by the induced dipoles on the
four point charges can be written as

N, N,
ot 8q—

vV, =Y Volp)=Y k—2 k—1 0,

oP) =) Volp) =} ot

where p 1= | p |/2. Therefore, all Vp(p;) are positive for
isotropic polarizations (| 8,4+ |=| 8,— |) and the total electric

Q Central charge
g Embedding charges
p Induced dipoles

PAS
(:*6+
r,

P .':I.’J / r|l-'-_ p
6- ’.-,‘ 6+ Q 5+'__,- i

FIG. 11. Schematic representation of the induced polarization
caused by a created particle (anionic state).
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Q Central charge
g Embedding charges

6+ . 6-

|6+ p Induced dipoles
c*ﬁ-
."Is r '-II‘.
P iq q:'-. p

p*ﬁ+

FIG. 12. Schematic representation of the induced polarization
caused by a created hole (cationic state).

potential upon electron addition will be

VS = Vo(g) + Vo(p).

Analogously, the electric potential at O caused by the
induced isotropic polarization from the ionization (electron
removal) of the site (Fig. 12) is always negative and, hence,
the total potential will be

V§ = Volq) — Vo(p).

There is no such a change in potential for the LMCT process
(Fig. 13). The highly localized charge-transfer process in NiO
generates both a hole and a particle in the cluster, producing
a closed electric field around the absorption site that does not
affect the electric potential of the system. The induced dipoles
parallel [V (p)] and perpendicular [V, (p)] to the LMCT

CT Charge transfer
g Embedding charges
p Induced dipoles

q py
6“'."_ 5+"‘--,_
.
p-z-:lc pxq
o+ I-_ b- 5+ : ©-
: CT
e B 5
q F)_s|l

FIG. 13. Schematic representation of the induced polarization
caused by a charge-transfer process.
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TABLE III. Nuclear-external field potential energy for various
cluster models in a polarized embedding. The polarization corre-
sponds to a cationic state.

Cluster Charge Potential energy (eV)
NiOy4 56+ -99.10
NiOss 10+ —16.13
NiOjg 0 1.14

direction become mutually opposed and cancel each other:

Sq-+ 8y
Voi(p) = Vo(ps) + Vo(p-x) = | k Tk
r—p% r_p%
8 84—
+(k—— k1 =0,
r+pi r+p:
) , S (p_.
Wmm=%%wwww=waﬂwqfﬂ)

+ k(sq—(P)')+k8q+(P—y) -0
ry ry ’

where r; = /r2+ | p |%. Thus, there is no change of the total
electric potential caused by the LMCT.

This situation prevents the computation of the DOS includ-
ing extra-cluster polarization effects by means of the standard
clusters used so far. Due to the aforementioned electric
potential shifts, the electron affinity and ionization potential
energies obtained including a polarizable embedding will be
larger, in absolute terms, than the nonpolarized counterpart.
However, it is actually possible to calculate the U and A
gaps including the polarization response of the embedding.
Applying the definition of these parameters done by Zaanen
et al.,” the contributions to the potential from the particle and
the hole mutually counterbalance:

Vet =Vy +VE = Vo).

The calculation of the electron affinity and ionization
potential requires a description of the cationic, anionic, and
neutral states on the same potential energy background. Since
the polarization caused by these three states is completely
different, the only option to not drag the electric potential shift
to the electronic-structure calculation is to work with a neutral
cluster as reference system. The electric potential energy of the
central charge in the former simplified bidimensional model is
defined as

Eg = Q0 [Vo(q)+ Vo(p)].

Therefore, a embedded cluster model with a total cluster
charge Q = 0 will be capable to describe the different ionic
and neutral states of the system in the same potential energy
background, regardless of the polarization of the embedding.
We built various cluster models to explore and test this
possibility. Table III shows the nuclear-external field potential
energy of three different cluster models with varying global
charge. For all cases, we used the polarization produced by
a cationic state. The cluster charge is changed by including
additional model potentials or point charges in the quantum
region to compensate its charge. The results show how the
interaction between the embedding dipoles and the cluster
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lowers to practically zero energy upon neutralizing the cluster.
The lack of a complete suppression of this interaction is due
to slight asymmetries in the model used, and the fact that the

PHYSICAL REVIEW B 85, 155143 (2012)

cluster has a determined volume. This approach opens new
possible applications of DRF in future studies of ionic states
in crystalline systems.

“alex.domingo @urv.cat
fcoen.degraaf @urv.cat
'W. L. Roth, Phys. Rev. 110, 1333 (1958).
2S. Massidda, M. Posternak, A. Baldereschi, and R. Resta, Phys.
Rev. Lett. 82, 430 (1999).

3F. J. Morin, Phys. Rev. 93, 1199 (1954).

“D. R. Stephens and H. G. Drickamer, J. Chem. Phys. 34, 937
(1961).

5T. Eto, S. Endo, M. Imai, Y. Katayama, and T. Kikegawa, Phys.
Rev. B 61, 14984 (2000).

SA. Shukla, J.-P. Rueff, J. Badro, G. Vanko, A. Mattila, F. M. F. de
Groot, and F. Sette, Phys. Rev. B 67, 081101 (2003).

7R. Newman and R. M. Chrenko, Phys. Rev. 114, 1507 (1959).

8R. J. Powell and W. E. Spicer, Phys. Rev. B 2, 2182 (1970).

W. Low, Phys. Rev. 109, 247 (1958).

1A, Gorschliiter and H. Merz, Phys. Rev. B 49, 17293 (1994).

B, Fromme, M. Schmitt, E. Kisker, A. Gorschliiter, and H. Merz,
Phys. Rev. B 50, 1874 (1994).

128, G. Chiuzbiian, G. Ghiringhelli, C. Dallera, M. Grioni, P. Amann,
X. Wang, L. Braicovich, and L. Patthey, Phys. Rev. Lett. 95, 197402
(2005).

3B. C. Larson, J. Z. Tischler, W. Ku, C.-C. Lee, O. D. Restrepo,
A. G. Eguiluz, P. Zschack, and K. D. Finkelstein, Phys. Rev. Lett.
99, 026401 (2007).

14F. Miiller and S. Hiifner, Phys. Rev. B 78, 085438 (2008).

15Y. J. Kim, A. P. Sorini, C. Stock, T. G. Perring, J. van den Brink,
and T. P. Devereaux, Phys. Rev. B 84, 085132 (2011).

16D, Adler and J. Feinleib, Phys. Rev. B 2, 3112 (1970).

I7R. Merlin, T. P. Martin, A. Polian, M. Cardona, B. Andlauer, and
D. Tannhauser, J. Magn. Magn. Mater. 9, 83 (1978).

18R. Merlin, Phys. Rev. Lett. 54, 2727 (1985).

G. A. Sawatzky and J. W. Allen, Phys. Rev. Lett. 53, 2339
(1984).

203, Hiifner and G. K. Wertheim, Phys. Rev. B 8, 4857 (1973).

2IM. R. Thuler, R. L. Benbow, and Z. Hurych, Phys. Rev. B 27, 2082
(1983).

225.J. Oh, J. W. Allen, I. Lindau, and J. C. Mikkelsen, Phys. Rev. B
26, 4845 (1982).

237. X. Shen, C. K. Shih, O. Jepsen, W. E. Spicer, I. Lindau, and
J. W. Allen, Phys. Rev. Lett. 64, 2442 (1990).

24Z.X. Shen, R. S. List, D. S. Dessau, B. O. Wells, O. Jepsen, A. J.
Arko, R. Barttlet, C. K. Shih, F. Parmigiani, J. C. Huang, and P. A.
P. Lindberg, Phys. Rev. B 44, 3604 (1991).

23S, Hiifner, P. Steiner, I. Sander, F. Reinert, and H. Schmitt, Z. Phys.
B: Condens. Matter 86, 207 (1992).

26]. C. Woicik, E. J. Nelson, D. Heskett, J. Warner, L. E. Berman,
B. A. Karlin, I. A. Vartanyants, M. Z. Hasan, T. Kendelewicz,
Z. X. Shen, and P. Pianetta, Phys. Rev. B 64, 125115 (2001).

2IT. M. Schuler, D. L. Ederer, S. Itza-Ortiz, G. T. Woods, T. A.
Callcott, and J. C. Woicik, Phys. Rev. B 71, 115113 (2005).

2P S. Bagus, H. J. Freund, T. Minerva, G. Pacchioni, and
F. Parmigiani, Chem. Phys. Lett. 251, 90 (1996).

2P. S. Bagus, R. Broer, C. de Graaf, and W. C. Nieuwpoort, J.
Electron. Spectrosc. 98-99, 303 (1999).

30C. Gougoussis, M. Calandra, A. Seitsonen, C. Brouder, A. Shukla,
and F. Mauri, Phys. Rev. B 79, 045118 (2009).

3IN. F. Mott, Proc. Phys. Soc., London, Sect. A 62, 416 (1949).

32]. Hubbard, Proc. R. Soc. London, Ser. A 277, 237 (1964).

3], Hubbard, Proc. R. Soc. London, Ser. A 281, 401 (1964).

#N. F. Mott, Rev. Mod. Phys. 40, 677 (1968).

L. F. Mattheiss, Phys. Rev. B 5, 290 (1972).

3L. F. Mattheiss, Phys. Rev. B 5, 306 (1972).

37]. Zaanen, G. A. Sawatzky, and J. W. Allen, Phys. Rev. Lett. 55,
418 (1985).

38K. Terakura, T. Oguchi, A. R. Williams, and J. Kiibler, Phys. Rev.
B 30, 4734 (1984).

% A. Svane and O. Gunnarsson, Phys. Rev. Lett. 65, 1148 (1990).

408, Y. Savrasov and G. Kotliar, Phys. Rev. Lett. 90, 056401
(2003).

417, Kunes, V. L. Anisimov, S. L. Skornyakov, A. V. Lukoyanov, and
D. Vollhardt, Phys. Rev. Lett. 99, 156404 (2007).

“2[. P.R. Moreira, F. Illas, and R. L. Martin, Phys. Rev. B 65, 155102
(2002).

43S. L. Dudarev, G. A. Botton, S. Y. Savrasov, C. J. Humphreys, and
A. P. Sutton, Phys. Rev. B 57, 1505 (1998).

40. Bengone, M. Alouani, P. Blochl, and J. Hugel, Phys. Rev. B 62,
16392 (2000).

V. 1. Anisimov, P. Kuiper, and J. Nordgren, Phys. Rev. B 50, 8257
(1994).

4F. Aryasetiawan and O. Gunnarsson, Phys. Rev. Lett. 74, 3221
(1995).

4TH. Jiang, R. I. Gomez-Abal, P. Rinke, and M. Scheffler, Phys. Rev.
B 82, 045108 (2010).

M. S. Hybertsen, M. Schliiter, and N. E. Christensen, Phys. Rev.
B 39, 9028 (1989).

YR, McWeeny, Proc. R. Soc. London, Ser. A 253, 242 (1959).

S0P, Cortona, Phys. Rev. B 44, 8454 (1991).

STK. Doll, M. Dolg, P. Fulde, and H. Stoll, Phys. Rev. B 52, 4842
(1995).

52T, Kliiner, N. Govind, Y. A. Wang, and E. A. Carter, Phys. Rev.
Lett. 86, 5954 (2001).

3T, Kliiner, N. Govind, Y. A. Wang, and E. A. Carter, J. Chem.
Phys. 116, 42 (2002).

54C. Huang and E. A. Carter, J. Chem. Phys. 135, 194104 (2011).

53C. R. Jacob, T. A. Wesolowski, and L. Visscher, J. Chem. Phys.
123 (2005).

6C. R. Jacob, I. Neugebauer, L. Jensen, and L. Visscher,
PhysChemChemPhys 8, 2349 (2006).

57S. Hofener, A. S. Pereira Gomes, and L. Visscher, J. Chem. Phys.
136, 044104 (2012).

38B. Paulus, Phys. Rep. 428, 1 (2006).

¥L. Hozoi, U. Birkenheuer, P. Fulde, A. Mitrushchenkov, and
H. Stoll, Phys. Rev. B 76, 085109 (2007).

0C. de Graaf and R. Broer, Phys. Rev. B 62, 702 (2000).

155143-14


http://dx.doi.org/10.1103/PhysRev.110.1333
http://dx.doi.org/10.1103/PhysRevLett.82.430
http://dx.doi.org/10.1103/PhysRevLett.82.430
http://dx.doi.org/10.1103/PhysRev.93.1199
http://dx.doi.org/10.1063/1.1731696
http://dx.doi.org/10.1063/1.1731696
http://dx.doi.org/10.1103/PhysRevB.61.14984
http://dx.doi.org/10.1103/PhysRevB.61.14984
http://dx.doi.org/10.1103/PhysRevB.67.081101
http://dx.doi.org/10.1103/PhysRev.114.1507
http://dx.doi.org/10.1103/PhysRevB.2.2182
http://dx.doi.org/10.1103/PhysRev.109.247
http://dx.doi.org/10.1103/PhysRevB.49.17293
http://dx.doi.org/10.1103/PhysRevB.50.1874
http://dx.doi.org/10.1103/PhysRevLett.95.197402
http://dx.doi.org/10.1103/PhysRevLett.95.197402
http://dx.doi.org/10.1103/PhysRevLett.99.026401
http://dx.doi.org/10.1103/PhysRevLett.99.026401
http://dx.doi.org/10.1103/PhysRevB.78.085438
http://dx.doi.org/10.1103/PhysRevB.84.085132
http://dx.doi.org/10.1103/PhysRevB.2.3112
http://dx.doi.org/10.1016/0304-8853(78)90031-8
http://dx.doi.org/10.1103/PhysRevLett.54.2727
http://dx.doi.org/10.1103/PhysRevLett.53.2339
http://dx.doi.org/10.1103/PhysRevLett.53.2339
http://dx.doi.org/10.1103/PhysRevB.8.4857
http://dx.doi.org/10.1103/PhysRevB.27.2082
http://dx.doi.org/10.1103/PhysRevB.27.2082
http://dx.doi.org/10.1103/PhysRevB.26.4845
http://dx.doi.org/10.1103/PhysRevB.26.4845
http://dx.doi.org/10.1103/PhysRevLett.64.2442
http://dx.doi.org/10.1103/PhysRevB.44.3604
http://dx.doi.org/10.1007/BF01313827
http://dx.doi.org/10.1007/BF01313827
http://dx.doi.org/10.1103/PhysRevB.64.125115
http://dx.doi.org/10.1103/PhysRevB.71.115113
http://dx.doi.org/10.1016/0009-2614(96)00070-X
http://dx.doi.org/10.1016/S0368-2048(98)00295-3
http://dx.doi.org/10.1016/S0368-2048(98)00295-3
http://dx.doi.org/10.1103/PhysRevB.79.045118
http://dx.doi.org/10.1088/0370-1298/62/7/303
http://dx.doi.org/10.1098/rspa.1964.0019
http://dx.doi.org/10.1098/rspa.1964.0190
http://dx.doi.org/10.1103/RevModPhys.40.677
http://dx.doi.org/10.1103/PhysRevB.5.290
http://dx.doi.org/10.1103/PhysRevB.5.306
http://dx.doi.org/10.1103/PhysRevLett.55.418
http://dx.doi.org/10.1103/PhysRevLett.55.418
http://dx.doi.org/10.1103/PhysRevB.30.4734
http://dx.doi.org/10.1103/PhysRevB.30.4734
http://dx.doi.org/10.1103/PhysRevLett.65.1148
http://dx.doi.org/10.1103/PhysRevLett.90.056401
http://dx.doi.org/10.1103/PhysRevLett.90.056401
http://dx.doi.org/10.1103/PhysRevLett.99.156404
http://dx.doi.org/10.1103/PhysRevB.65.155102
http://dx.doi.org/10.1103/PhysRevB.65.155102
http://dx.doi.org/10.1103/PhysRevB.57.1505
http://dx.doi.org/10.1103/PhysRevB.62.16392
http://dx.doi.org/10.1103/PhysRevB.62.16392
http://dx.doi.org/10.1103/PhysRevB.50.8257
http://dx.doi.org/10.1103/PhysRevB.50.8257
http://dx.doi.org/10.1103/PhysRevLett.74.3221
http://dx.doi.org/10.1103/PhysRevLett.74.3221
http://dx.doi.org/10.1103/PhysRevB.82.045108
http://dx.doi.org/10.1103/PhysRevB.82.045108
http://dx.doi.org/10.1103/PhysRevB.39.9028
http://dx.doi.org/10.1103/PhysRevB.39.9028
http://dx.doi.org/10.1098/rspa.1959.0191
http://dx.doi.org/10.1103/PhysRevB.44.8454
http://dx.doi.org/10.1103/PhysRevB.52.4842
http://dx.doi.org/10.1103/PhysRevB.52.4842
http://dx.doi.org/10.1103/PhysRevLett.86.5954
http://dx.doi.org/10.1103/PhysRevLett.86.5954
http://dx.doi.org/10.1063/1.1420748
http://dx.doi.org/10.1063/1.1420748
http://dx.doi.org/10.1063/1.3659293
http://dx.doi.org/10.1063/1.2107567
http://dx.doi.org/10.1063/1.2107567
http://dx.doi.org/10.1039/b601997h
http://dx.doi.org/10.1063/1.3675845
http://dx.doi.org/10.1063/1.3675845
http://dx.doi.org/10.1016/j.physrep.2006.01.003
http://dx.doi.org/10.1103/PhysRevB.76.085109
http://dx.doi.org/10.1103/PhysRevB.62.702

Ab INITIO ABSORPTION SPECTRUM OF NiO ...

61A. Otera de la Roza, M. A. Blanco, A. Martin Pendds, and
V. Luafia, Comput. Phys. Commun. 180, 157 (2009).

©2A. Beltrdn, S. Bohm, A. Flores-Riveros, J. A. Igualada, G. Monrds,
J. Andrés, V. Luafia, and A. Martin Pendas, J. Phys. Chem. 97,2555
(1993).

L. Seijo and Z. Barandiardn, J. Chem. Phys. 94, 8158 (1991).

64J. L. Pascual, N. Barros, Z. Barandiaran, and L. Seijo, J. Phys.
Chem. A 113, 12454 (2009).

%1. Hozoi, L. Siurakshina, P. Fulde, and J. van den Brink, Nat. Sci.
Rep. 1, 65 (2011).

H.-Y. Huang, N. A. Bogdanov, L. Siurakshina, P. Fulde, J. van den
Brink, and L. Hozoi, Phys. Rev. B 84, 235125 (2011).

677 Barandiardn and L. Seijo, J. Chem. Phys. 89, 5739 (1988).

%M. W. Haverkort, A. Tanaka, L. H. Tjeng, and G. A. Sawatzky,
Phys. Rev. Lett. 99, 257401 (2007).

8. Huotari, T. Pylkkanen, G. Vanké, R. Verbeni, P. Glatzel, and
G. Monaco, Phys. Rev. B 78, 041102 (2008).

70A. Fujimori and F. Minami, Phys. Rev. B 30, 957 (1984).

"1G. J. M. Janssen and W. C. Nieuwpoort, Phys. Rev. B 38, 3449
(1988).

2K. Andersson and B. O. Roos, Chem. Phys. Lett. 191, 507 (1992).

3K. Pierloot, E. Van Praet, L. G. Vanquickenborne, and B. O. Roos,
J. Phys. Chem. 97, 12220 (1993).

74C. de Graaf, R. Broer, and W. C. Nieuwpoort, Chem. Phys. 208,
35 (1996).

5A. Domingo, A. Rodriguez-Fortea, and C. de Graaf, J. Chem.
Theory Comput. 8, 235 (2012).

76R. Car and M. Parrinello, Phys. Rev. Lett. 55, 2471 (1985).

"7B. O. Roos, P. R. Taylor, and P. E. M. Siegbahn, Chem. Phys. 48,
157 (1980).

K. Andersson, P.-A. Malmgvist, and B. O. Roos, J. Chem. Phys.
96, 1218 (1992).

P, Fulde, Electron Correlations in Molecules and Solids, Vol. 100,
Springer Series in Solid-State Sciences, 3rd ed. (Springer, Berlin,
1995), Chap. 9.

80M. B. J. Meinders, J. van den Brink, J. Lorenzana, and G. A.
Sawatzky, Phys. Rev. B 52, 2484 (1995).

81G. A. Sawatzky, L. S. Elfimov, J. van den Brink, and J. Zaanen,
Europhys. Lett. 86, 17006 (2009).

82A. Stoyanova, L. Hozoi, P. Fulde, and H. Stoll, Phys. Rev. B 83,
205119 (2011).

8B. T. Thole and P. T. van Duijnen, Theor. Chim. Acta 55, 307
(1980).

84A. H. de Vries, P. T. van Duijnen, A. H. Juffer, J. A. C. Rullmann,
J. P. Dijkman, H. Merenga, and B. T. Thole, J. Comput. Chem. 16,
37 (1995).

8P. T. van Duijnen, M. Swart, and L. Jensen, in Solvation Effects
on Molecules and Biomolecules, edited by S. Canuto (Springer,
Netherlands, 2008), Vol. 6, pp. 39-102.

86N. Troullier and J. L. Martins, Phys. Rev. B 43, 1993 (1991).

87A. D. Becke, Phys. Rev. A 38, 3098 (1988).

8C. Lee, W. Yang, and R. G. Parr, Phys. Rev. B 37, 785 (1988).

$9S. Nosé, J. Chem. Phys. 81, 511 (1984).

OW. G. Hoover, Phys. Rev. A 31, 1695 (1985).

PHYSICAL REVIEW B 85, 155143 (2012)

IR. W. G. Wyckoff, Crystal Structures, 2nd ed. (Wiley, New York,
1969).

92H. M. Evijen, Phys. Rev. 39, 675 (1932).

93K. Satitkovitchai, Y. Pavlyukh, and W. Hiibner, Phys. Rev. B 72,
045116 (2005).

94V, Staemmler and K. Fink, Chem. Phys. 278, 79 (2002).

%C. J. Calzado and J.-P. Malrieu, Phys. Rev. B 63, 214520
(2001).

%(. de Graaf, C. Sousa, and R. Broer, J. Mol. Struct (THEOCHEM)
458, 53 (1998).

%7]. L. Pascual, L. Seijo, and Z. Barandiaran, Phys. Rev. B 53, 1138
(1996).

%B. 0. Roos, R. Lindh, P-A. Malmqvist, V. Veryazov, and P.-O.
Widmark, J. Phys. Chem. A 109, 6575 (2005).

%B. 0. Roos, R. Lindh, P-A. Malmqvist, V. Veryazov, and P.-O.
Widmark, J. Phys. Chem. A 108, 2851 (2004).

1004 Sadoc, R. Broer, and C. de Graaf, J. Chem. Phys. 126, 134709
(2007).

10IN. Forsberg and P-A. Malmqvist, Chem. Phys. Lett. 274, 196
(1997).

12p_A. Malmgqvist and B. O. Roos, Chem. Phys. Lett. 155, 189
(1989).

183G, Karlstrém, R. Lindh, P-A. Malmgqvist, B. O. Roos, U. Ryde,
V. Veryazov, P.-O. Widmark, M. Cossi, B. Schimmelpfennig,
P. Neogrady, and L. Seijo, Comput. Mater. Sci. 28, 222 (2003).

4E. Aquilante, L. De Vico, N. Ferré, G. Ghigo, P-A. Malmgqyvist,
P. Neogrady, T. B. Pedersen, M. Pitonak, M. Reiher, B. O. Roos,
L. Serrano-Andrés, M. Urban, V. Veryazov, and R. Lindh,
J. Comput. Chem. 31, 224 (2010).

105R. Development Core Team (2009). R: A language and environ-
ment for statistical computing. R Foundation for Statistical Com-
puting, Vienna, Austria. ISBN 3-900051-07-0, [http://www.R-
project.org].

16R. D. Shannon and R. X. Fischer, Phys. Rev. B 73, 235111
(2006).

107M. Swart and P. T. van Duijnen, Mol. Simul. 32, 471 (2006).

18R, V. Pisarev, A. M. Kalashnikova, O. Schops, and L. N.
Bezmaternykh, Phys. Rev. B 84, 075160 (2011).

19C, Giannetti, G. Zgrablic, C. Consani, A. Crepaldi, D. Nardi,
G. Ferrini, G. Dhalenne, A. Revcolevschi, and F. Parmigiani, Phys.
Rev. B 80, 235129 (2009).

10C. Giannetti, F. Cilento, S. Dal Conte, G. Coslovich, G. Ferrini,
H. Molegraaf, M. Raichle, R. Liang, H. Eisaki, M. Greven,
A. Damascelli, D. van der Marel, and F. Parmigiani, Nat. Comm.
2,353 (2011).

@G, J. M. Janssen, Ph.D. thesis, Rijksuniversiteit te Groningen,
Groningen, The Netherlands, 1986.

2], Grifenstein, H. Stoll, and P. Fulde, Phys. Rev. B 55, 13588
(1997).

134, Stoyanova, C. Sousa, C. de Graaf, and R. Broer, Int. J. Quantum
Chem. 106, 2444 (2006).

U41, Hozoi, U. Birkenheuer, P. Fulde, A. Mitrushchenkov, and
H. Stoll, J. Chem. Phys. 76, 085109 (2007).

!5, Hozoi and M. Laad, Phys. Rev. Lett. 99, 256404 (2007).

155143-15


http://dx.doi.org/10.1016/j.cpc.2008.07.018
http://dx.doi.org/10.1021/j100113a015
http://dx.doi.org/10.1021/j100113a015
http://dx.doi.org/10.1063/1.460098
http://dx.doi.org/10.1021/jp9030199
http://dx.doi.org/10.1021/jp9030199
http://dx.doi.org/10.1103/PhysRevB.84.235125
http://dx.doi.org/10.1063/1.455549
http://dx.doi.org/10.1103/PhysRevLett.99.257401
http://dx.doi.org/10.1103/PhysRevB.78.041102
http://dx.doi.org/10.1103/PhysRevB.30.957
http://dx.doi.org/10.1103/PhysRevB.38.3449
http://dx.doi.org/10.1103/PhysRevB.38.3449
http://dx.doi.org/10.1016/0009-2614(92)85581-T
http://dx.doi.org/10.1021/j100149a021
http://dx.doi.org/10.1016/0301-0104(96)00083-3
http://dx.doi.org/10.1016/0301-0104(96)00083-3
http://dx.doi.org/10.1021/ct2007023
http://dx.doi.org/10.1021/ct2007023
http://dx.doi.org/10.1103/PhysRevLett.55.2471
http://dx.doi.org/10.1016/0301-0104(80)80045-0
http://dx.doi.org/10.1016/0301-0104(80)80045-0
http://dx.doi.org/10.1063/1.462209
http://dx.doi.org/10.1063/1.462209
http://dx.doi.org/10.1103/PhysRevB.52.2484
http://dx.doi.org/10.1209/0295-5075/86/17006
http://dx.doi.org/10.1103/PhysRevB.83.205119
http://dx.doi.org/10.1103/PhysRevB.83.205119
http://dx.doi.org/10.1007/BF00549429
http://dx.doi.org/10.1007/BF00549429
http://dx.doi.org/10.1002/jcc.540160105
http://dx.doi.org/10.1002/jcc.540160105
http://dx.doi.org/10.1103/PhysRevB.43.1993
http://dx.doi.org/10.1103/PhysRevA.38.3098
http://dx.doi.org/10.1103/PhysRevB.37.785
http://dx.doi.org/10.1063/1.447334
http://dx.doi.org/10.1103/PhysRevA.31.1695
http://dx.doi.org/10.1103/PhysRev.39.675
http://dx.doi.org/10.1103/PhysRevB.72.045116
http://dx.doi.org/10.1103/PhysRevB.72.045116
http://dx.doi.org/10.1016/S0301-0104(02)00389-0
http://dx.doi.org/10.1103/PhysRevB.63.214520
http://dx.doi.org/10.1103/PhysRevB.63.214520
http://dx.doi.org/10.1016/S0166-1280(98)00348-0
http://dx.doi.org/10.1016/S0166-1280(98)00348-0
http://dx.doi.org/10.1103/PhysRevB.53.1138
http://dx.doi.org/10.1103/PhysRevB.53.1138
http://dx.doi.org/10.1021/jp0581126
http://dx.doi.org/10.1021/jp031064+
http://dx.doi.org/10.1063/1.2715552
http://dx.doi.org/10.1063/1.2715552
http://dx.doi.org/10.1016/S0009-2614(97)00669-6
http://dx.doi.org/10.1016/S0009-2614(97)00669-6
http://dx.doi.org/10.1016/0009-2614(89)85347-3
http://dx.doi.org/10.1016/0009-2614(89)85347-3
http://dx.doi.org/10.1016/S0927-0256(03)00109-5
http://dx.doi.org/10.1002/jcc.21318
http://www.R-project.org
http://www.R-project.org
http://dx.doi.org/10.1103/PhysRevB.73.235111
http://dx.doi.org/10.1103/PhysRevB.73.235111
http://dx.doi.org/10.1080/08927020600631270
http://dx.doi.org/10.1103/PhysRevB.84.075160
http://dx.doi.org/10.1103/PhysRevB.80.235129
http://dx.doi.org/10.1103/PhysRevB.80.235129
http://dx.doi.org/10.1038/ncomms1354
http://dx.doi.org/10.1038/ncomms1354
http://dx.doi.org/10.1103/PhysRevB.55.13588
http://dx.doi.org/10.1103/PhysRevB.55.13588
http://dx.doi.org/10.1002/qua.21040
http://dx.doi.org/10.1002/qua.21040
http://dx.doi.org/10.1103/PhysRevLett.99.256404

