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First-principles calculations of dynamical screened interactions for the transition metal

oxides MO (M=Mn, Fe, Co, Ni)
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To facilitate reliable and accurate modeling of the late transition metal oxides from first principles, we present
detailed and systematic calculations of the dynamical screened Coulomb interactions (Hubbard U) of MnO,
FeO, CoO, and NiO within the constrained random-phase approximation. The matrix elements of the screened
interactions are calculated in maximally localized Wannier functions. We consider the screened interactions not
only for conventional models that include only the d-like bands but also for models that include both the transition
metal d bands and the oxygen p bands. The screened interaction is found to be sensitive to the screening channels
subtracted from the polarization function. The frequency dependence of the screened interactions of these oxides
is characterized by the two sharp peaks in low-energy region that may be called “subplasmons,” which arise from

the particle-hole transitions between d and oxygen p states.
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I. INTRODUCTION

It is generally agreed that usual band-structure calculations
within an effective one-particle approximation such as the
local-density approximation (LDA) are insufficient to de-
scribe the electronic structure of so-called strongly correlated
materials, where very localized states form narrow bands
across the Fermi energy. The key parameter characterizing
these systems is the so-called Hubbard U, the effective
Coulomb interaction acting on these localized states of interest.
The approaches taking into account this interaction, such as
LDA + U (Ref. 1) and LDA + dynamical mean-field theory
(DMFT),>? significantly improve the description of these
systems. In early calculations, U was an adjustable parameter
and its value was chosen to reproduce experimental spectra.
To overcome this drawback, several approaches have been
proposed to determine the U parameter from first-principles.
One of the earliest is due to Herring* who estimated U
from atomic data. A similar technique was employed by
Cox et al> and Herbst et al.®’ to calculate U for transition
metals and rare earths, respectively. Dederichs et al.® used a
constrained LDA (cLDA) method which was later improved
by Hybertsen et al.’ by taking into account the change in
the kinetic energy of the electrons. A similar approach is due
to Cococcioni and de Gironcoli'” based on linear response
theory within the framework of cLDA, which has also been
used with success and allows for a self-consistent calculation
of U in the LDA+ U scheme. A cLDA approach using a
supercell calculation,''~'* where hopping integrals from the
orbital with localized electrons is cut off for the central atom
in the supercell, has been widely used to calculate U from
first principles. In the present work we use the constrained
random-phase approximation (RPA),'* a method which can
exclude any screening channels selectively depending on the
model considered, and also take into account dynamical or
frequency-dependent screening effects,'* which are found
to be important for the renormalization of the quasiparticle
bands.'”""” A precursor to the cRPA method may be found
in earlier works.'>!'® The cRPA method has been applied to
various systems ranging from graphene? to high-temperature
Cu-oxide superconductors.?!
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As discussed in previous works,?!~?* the value of the inter-
action parameters depends on the choice of the “downfolded”
model, namely, the orbitals treated in the model as well as
the basis functions employed, as the screened interaction is
determined by the various screening processes that are not
considered in the model. Therefore a careful analysis is needed
to make a proper model and choose appropriate parameters.
The aim of the present work is to study how the choice of
the model affects the value of the static screened interaction
as well as its dynamic properties. We study the screened
interactions of the late transition metal oxides (TMOs). These
materials are prototype of charge-transfer insulators where
the correlation effects between the localized states play a key
role; due to the hybridization between d and oxygen p states
the late TMOs are categorized to charge-transfer insulators>*
rather than Mott-Hubbard insulators, and one cannot neglect
the interaction between d-p states. Although modern one-
particle approaches, such as the GW approximation, the self-
interaction correction, and hybrid functionals, can describe the
insulating states of these materials by assuming the antiferro-
magnetic spin order,”>° describing the insulating mechanism
in the high-temperature paramagnetic phase requires theories
beyond one-particle approximations.

In this work we estimate the screened interaction in the
paramagnetic phase of the TMOs in three different models,
where a different set of states is excluded from the polarization
function. Our emphasis in this work is to analyze the
underlying various screening channels that affect static and
dynamical properties of the screened interaction. In the present
work we do not address the issue of self-consistency, as done in
previous works where the constrained RPA is combined with
the LDA 4 U assuming the antiferromagnetic spin order.3%3!
The paramagnetic phase is a natural starting point for model
calculations such as the LDA + DMFT where an insulating
state is reproduced while maintaining the paramagnetic phase
without breaking spin symmetry. We employ the maximally
localized Wannier functions*>?* as basis functions for the
localized states due to their flexibility, but another basis can
be used, such as the Nth-order muffin-tin-orbital (NMTO)
approach.** The results are compared with pure transition
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metals (TMs), and we estimate the effective interactions
between d electrons as well as the effective interatomic
interactions between the d electrons of the transition metal
and the p electrons of the oxygen, i.e., d-p parameters. The
interaction parameters are found to be sensitive to the states
excluded in the particle-hole excitations in the polarization
function although the d bands are well separated from the rest
of the bands. Frequency dependence of the screened Coulomb
interactions are also discussed.

II. METHODS

A. Constrained RPA

Since the cRPA method is well described in Refs. 14, 35,
and 36, here we only summarize the main points of the
approach. The approach starts by dividing the full polarization
function P as

P = Puodel + Prest (1)

where Prodel 1S the polarization involving only the states of
interest, such as narrow d bands near the Fermi energy that
will be treated in a model Hamiltonian, and P,y contains
all other transitions. In previous works,>3¢ Py ge1 and P
are called P; and P,, respectively. Within the RPA, Ppoqe 1S

calculated as

Pmodel(rvr/; )

occ. unocc.

=2 ) Y YY)

iemodel jemodel

X [ ! i ! . ] 2)
a)—ej+6,~+18 a)—i—Ej—G,'—l(S
where ; and ¢; are the eigenfunctions and eigenenergies of
a reference one-particle Hamiltonian, which in this work is
chosen to be the Kohn-Sham Hamiltonian within the LDA.
The polarization between other electrons as well as between
other electrons and the states of interest is calculated as Py =
P — Prodel- With this Py, we can define the “partially”
screened Coulomb interaction

Wo(@) =V + V Peg(@)W, (@) = [1 — V Pre(@)]7'V,  (3)

where V is the bare Coulomb interaction. The key idea of the
cRPA method is that this partially screened interaction W, may
be identified as the Hubbard U or the interaction for the model
Hamiltonian:

U(w) = W, (o), “

based on the observation that the fully screened interaction W
is obtained by screening U with the polarization of the model,

Proder:
W(w) = U(w) + U(®) Puodel(@) W ()
= [1 = U(®) Prodel(@)] "' U (). o)

B. Definition of the models

The Hubbard U parameters are determined by specifying
the states that will be treated in the model Hamiltonian and
the localized basis that describes those states. To illustrate the
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FIG. 1. (Color online) Band structure (left) and density of states
(right) of the paramagnetic TMOs calculated with the LDA. In the
left panels the Wannier-interpolated band structures’* are also plotted
by circles.

models considered in this paper, in Fig. 1 we plot the band
structure and density of states of TMOs in the paramagnetic
phase within the LDA, together with the Wannier-interpolated
band structure.*®> The band structure of these systems is
characterized by five narrow bands near the Fermi energy,
which consist mainly of d orbitals of TMs, and the three
broader bands below those d-like bands that consist mainly
of oxygen p orbitals. In these systems these d-like and p-like
bands are separated from other bands. Since the hybridization
of these two orbitals, especially for late TMs, is not negligible,
in this work we consider three different models following the
notation of Ref. 23:
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(1) d model: The model consists of five d-like bands near
the Fermi energy.

(2) dp model: The model also includes oxygen p bands as
well as the five d-like bands.

(3) d-dp model: In this model, the Wannier functions are
constructed from d and p bands, but in the cRPA calculations
only the polarization between the d bands are subtracted. This
corresponds to the case where the one-particle part of the
model Hamiltonian consists of d and p states but the Hubbard
U is only present in the d bands.

In the d-dp model, due to d- p hybridizations, there is some
arbitrariness on how to define the “d contribution,” Ppoder, that
should be subtracted from the polarization function. In this
work we consider the following two approaches:

(1) d-dp model (a) where the five bands near the Fermi
energy are regarded as d states and these are subtracted from
the polarization.

(2) d-dp model (b) where the d contribution is defined by
the projection of each state onto the space spanned by the d-like
Wannier functions, as done in Ref. 37. To be specific, for each
particle-hole pair (Y, Y1), where v, is the Kohn-Sham
wave function, we calculate the probability in which this pair
remain in the d-subspace as

Pae, sk ) = S 18, KPS, KD, (6)

ied jed

where S,,;(k) is the Wannier transformation matrix, and we
multiply this probability with each particle-hole transition
to calculate Ppoqe;. The Wannier function centered at R is
calculated as

1 .
Wik = - D e RS ()Y (r). @)

kp

C. Interaction parameters

The matrix elements of the screened Coulomb interaction
in the basis of the Wannier functions are expressed as

Un1R1n2R2n3R3n4R4 (0))

U((,z)) | me; wn4R4>

- (wan] wang

= f Crd’r'w g (Ow,R,(OU(r,r; ©)

Xw;zksR3(r/)wn4R4(r/)' (8)
(a) Bare Coulomb interaction
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In this work, we discuss the “diagonal” Coulomb parameters
for d and p orbitals in the same unit cell, which are defined as
&)

and “off-diagonal” matrix elements between two different
orbitals,

U, (w) = (wnO Wno | U(w) | wnOwn0> s

(n #n').

Other important matrix elements are the exchange interactions,
which are defined as

Unn’(a)) = <wn0wn0|U(w)|wn’0wn’0> (10)

Jnn’(w) = (wnOwn’O | U(U)) | Wy'o wnO) .

an

The values shown in this paper are the averaged values over
five d and three p functions. The full list of these parameters
is shown in the Appendix.

D. Computational details

The calculations in this work are based on the full-potential
linearized augmented plane-wave (FLAPW) method. We use
the DFT code FLEUR (Ref. 38) to calculate the LDA band
structures and the GW code SPEX (Ref. 39) to calculate the
polarization function and the screened interaction. Inside the
FLEUR code, the maximally localized Wannier functions are
calculated by using the Wannier90 library.*%#! All calculations
are done without spin polarization, and the lattice parameters
taken from Ref. 28 for TMOs and Ref. 42 for TMs except Mn,
in which the fcc structure is used.** For the LDA exchange-
correlation functional, the Perdew-Zunger parametrization**
is used. For the TMs, we construct the maximally localized
Wannier functions using the energy windows presented in
Ref. 35. In the constrained RPA calculations, 8 x 8 x 8 k
points are used in both TMOs and TMs, and around 100 and
50 unoccupied states are included in the polarization function
for TMOs and TMs, respectively. To calculate Ppoqe1 for TMs
in which the d bands are entangled with other bands, we use
two approaches proposed in Refs. 36 and 37.

III. RESULTS AND DISCUSSION

A. Static values
1. Bare Coulomb interaction and spread of the Wannier functions

First we discuss the values of the on-site bare Coulomb
interactions, which are solely determined by the localization
of the Wannier functions. In Figs. 2(a) and 2(b), we show

the diagonal matrix elements of the bare Coulomb interaction
(b) Wannier spread
E ol | ] Jooum
— —1 @£ 3d, TMO d-model
- 1 60— 3d, TMO dp-model
— é\\’é‘ A 3 AA 02p, TMO dp-model
= o AN 3
= <. 3
= © 4

MnO FeO CoO NiO

FIG. 2. (Color online) (a) Diagonal part [Eq. (9)] of the bare Coulomb interaction matrix in the Wannier function basis for each model.

(b) Spread of the Wannier functions.
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12(b) Partially screened interaction (U )
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FIG. 3. (Color online) (a) Fully screened Coulomb interaction W of 3d Wannier functions. (b) Partially screened Coulomb interaction U
of 3d Wannier functions. The values for the transition metals (TMs) are calculated with the methods in Refs. 36 and 37 for open circles and

crosses, respectively.

averaged over five and three Wannier functions of, respectively,
d and p orbitals in TMOs, and the spread of the Wannier
functions.’ The results for the pure TMs are also shown
for comparison. The overall trend of these quantities is as
expected: the d-like Wannier functions in the dp model, which
are constructed with larger energy windows and hence more
localized, yield the largest bare Coulomb interaction. The
values of the Coulomb interaction in the d model are smaller
than the corresponding values for the pure TMs, since the five
d-like Wannier functions in the d model contain some oxygen
2 p states and are less localized. As the atomic number of the
transition metal of the TMOs increases, the attractive Coulomb
interaction between nuclei and electrons gets stronger and
electrons become more localized to the atoms. This leads to
the increase of the Coulomb interaction and localization of
the Wannier functions, as seen in Fig. 2(b), although it should
be noted that the spread of the Wannier functions is mainly
determined by the tails of the functions and is sensitive to
the choice of the energy windows and the number of k points
used. On the other hand, the bare Coulomb interactions and the
spread for oxygen 2p Wannier functions do not depend very
much on the systems considered, indicating that the oxygen
bands are essentially the same in different TMOs.

2. d-d interaction

In Fig. 3(a) we plot the diagonal matrix elements of the
fully screened interaction W(w = 0) for the d-like Wannier
functions of TMOs in the d model and the dp model, together
with the results of pure TMs. As can be seen, as one goes from
MnO to NiO, the fully screened interaction W monotonically
increases by ~1 eV, while TMs show a smaller change. The
difference between the results in the d and dp models is
around 0.2 eV, which is much smaller than the difference
in the bare Coulomb interaction. The difference in the degree
of localization of the Wannier functions has a much smaller
absolute effect in W than in the bare Coulomb interaction. This
is understandable because the screened interaction W decays
faster with distance compared to the bare interaction due to
the screening. However, the percentage difference between
the screened interactions W of the two models is almost the
same as the one for the bare interactions.

In Fig. 3(b) the results of the partially screened interaction
U(w = 0) are plotted for various models. In the case of pure
TMs, the two approaches proposed in Refs. 36 and 37 are

used, and these two approaches are found to yield similar
results for the late TMs. In contrast to W, the values of U
are quite sensitive to the choice of the models. There are
two possible factors that determine the value of U: one is
the localization of the d Wannier functions that give large
contributions to the values of the bare interactions as seen in
Fig. 2(a), and the other is the polarization P.. As expected,
the dp model yields the largest U as this model takes out
a large part of the particle-hole excitations involving the d
and p states from the polarization function. The d model and
d-dp model (a) take out the same d-like contributions from
the polarization function, so the difference between the results
in these two models can be traced to the localization of the
Wannier functions. Indeed, since the Wannier functions of
the d-dp model are more localized than those of the d model,
the U values of the former are larger than the latter. Inthe d, dp,
and d-dp (a) models, the values of U increase monotonically
from MnO to NiO and this tendency could be explained by the
increase localization of the d Wannier functions.

The d-dp model (b), however, exhibits a somewhat different
tendency compared to other models. This model yields the
smallest U (=4 eV), and as the atomic number of the TMs
increases the value of U slightly decreases, while in other
three models the value of U increases. This tendency is closer
to the results of the pure TMs which may be explained by
considering the remaining polarization, Prg. In the other three
models, the polarization involving the d-like bands that cross
the Fermi level is completely removed from Preg SO that P e
is “insulatorlike,’while in the d-dp model (b), due to the d-p
hybridization some metallic screening remains in P after
the d contribution is subtracted. For this reason, U in the d-dp
model (b) is smaller than in the d-dp model (a) because, due to
some remaining metallic screening, the Coulomb interaction
is more efficiently screened in the former model than in the
latter. In this respect, the d-dp model (b) is similar to the case
of the pure TMs and the results are therefore closer to the case
of the TMs.

3. p-pinteraction and d- p interaction

In Fig. 4, we show the values of the diagonal screened
interaction parameters in the basis of oxygen 2 p-like Wannier
functions. Interestingly, the matrix elements of W for the
oxygen 2 p states, which are &3 eV for all TMOs, are found to
be larger than those of 3d orbitals [Fig. 3(a)]. This somewhat
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FIG. 4. (Color online) Fully screened interaction (W) and par-
tially screened interaction U of oxygen 2 p-like Wannier functions.

counterintuitive result can be explained by considering the
physical significance of W(r,r’;w), which is the screened
interaction at r’ arising from a point charge located at r. If a
hole is created on the oxygen site, this hole is not as effectively
screened as a hole created on the transition metal site because
electrons occupying the oxygen 2p bands need a lot more
energy to be polarized than electrons occupying the transition
metal d bands. The oxygen 2p bands are located deeper in
energy than the transition metal d bands so that more energy
is needed to excite electrons occupying the p bands than the
d bands. The variation of p-p interaction over materials is
smaller than the case in the d-d interaction. In the dp model,
in which the p orbitals are treated on equal footing to d states,
the interaction between p states, U, is around 7 eV, which
is comparable to Uyy (~10 eV). In Fig. 4 we also show p-p
interactions in d-dp models (a) and (b), although in these
models the interactions between the p states are not to be
included. In these cases the difference between U, and Ugq
is even smaller; this is another indication of the importance
of choosing proper models and excluding proper screen
channels.

In Fig. 5 we plot the interatomic interactions between d
and p states. In the case of the fully screened interaction W
and in the d-dp model (b), the interaction between d and p
states is negligible, while the partially screened interactions U
is around 1 eV in other models. This qualitative difference is
again due to the nature of the remaining polarization function
Prest; in the d-dp model (b), the polarization is metalliclike
and the interaction rapidly decays with distance, while in other
models the polarization is insulatorlike and the interaction is
more long ranged.
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FIG. 6. (Color online) (a) Fully screened interaction [W(w)] in
the d model. (b) Partially screened interaction [U(w)] in the d model.
(c) Partially screened interaction [U (w)] in the dp model.

4. Comparison with other works

Among the late TMOs, the value of the Hubbard U
parameter for NiO is intensively investigated. The value of
5-8 eV is deduced from the constrained LDA'3*#7 and a su-
percell calculation,*® and U = 8 eV is used in LDA + DMFT
calculations.**~>3 These values are similar to our results in the
d model and the d-dp model (a), in which the five d-like
bands near the Fermi energy (Fig. 1) are subtracted from
the polarization. As we discussed above, due to the metallic
contribution of the polarization Py, the value evaluated in the
d-dp model (b), in which the d contribution of the polarization
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is calculated from the projection, is considerably smaller
than the value obtained in either the d model or the d-dp
model.
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Recently Karlsson et al. and Shih et al. calculated the value
of U of antiferromagnetic NiO self-consistently by combining
the constrained RPA with LDA + U,3%3! and both obtained a
similar result of 6.6 eV. The work of Shih et al. is based on
the projection approach, similar to our d-dp model (b), but
nevertheless their calculated value of U is large. Their large
value can be explained by a large gap (~3 eV) in the initial
self-consistent one-particle states used in the constrained RPA
calculation, giving an insulatorlike P.. In the paramagnetic
phase, however, the insulating state cannot be obtained within
aone-particle approximation and one inevitably has to perform
calculations in the metallic state. In this sense, the other two
models, the d-model and d-dp model (a), yield more sensible
results, since in these models all the low-energy excitations are
removed so that the polarization Py is insulatorlike, similar
to the works of Karlsson et al. and Shih et al.

B. Frequency dependence

Next we discuss the frequency dependence of the screened
interaction, which reflects the band structure of the systems
through the polarization function. In Figs. 6(a)-6(c), we plot
the frequency dependence of the fully screened interaction
W(w) in the d model and the partially screened interaction
U(w) in the d and dp models. For comparison, W(w) and
U(w) in the d-dp model (b) and for the transition metals are
also shown in Figs. 7(a) and 7(b) and 8(a) and 8(b).

A striking feature of W(w) in TMOs is two sharp peak
structures at around 3 and 8 eV. By comparing W(w) in
Fig. 6(a) and partially screened interactions U(w) in the d
and dp models in Figs. 6(b) and 6(c), one can see that the first
peak at around 3 eV originates from the polarization among
the d states, while the second peak at around 8 eV comes from
the polarization involving the d-p transition. Similar sharp
peaks in the low-energy region are also seen in VO,,>* as
well as 4 f materials,>® and this seems to be characteristic
of the correlated materials. These peaks originate from the
particle-hole excitations between the localized states and may
be qualitatively understood by considering a simple two-level
model;> in this model, the peak position of ImW(w) is given

by
an/ = Ain’ + 2Jnn’Ann’a (12)

where A, is the energy difference between two states n
and n’, and J,, is the static value of the screened exchange
interaction [Eq. (11)] between them. In the TMOs considered
in this work, Agq ~3,A4p =7, Jsq 0.7, and Jyp, =~ 0.
Equation (12) shows that the two peaks are essentially the

TABLE I. The interaction parameters in the d model.

MnO FeO CoO NiO
U 5.5 5.7 6.0 6.6
Uy, 5.7 5.9 6.3 7.0
U, 5.3 54 5.6 6.0
U’ 4.2 43 4.6 5.1
J 0.6 0.7 0.7 0.7
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TABLE II. The interaction parameters in the dp model.
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TABLE IV. The interaction parameters in the d-dp model (b).

MnO FeO CoO NiO MnO FeO CoO NiO
U 9.2 9.5 9.8 10.3 U 4.2 4.2 4.1 3.7
Uy, 8.9 9.2 9.5 10.0 Uy, 4.1 4.1 4.2 4.0
U., 9.7 10.0 10.3 10.8 U., 4.4 4.3 4.0 34
U’ 7.7 7.9 8.1 8.6 U’ 2.8 2.7 2.6 2.2
J 0.7 0.8 0.8 0.9 J 0.7 0.7 0.8 0.8
U, 6.8 6.8 6.8 6.6 U, 4.1 4.0 3.9 3.6
UI’7 54 5.5 54 5.2 UI’7 2.8 2.7 2.6 2.4
Iy 0.7 0.7 0.6 0.6 I 0.6 0.6 0.6 0.6
Uap 1.1 1.2 1.2 1.2 Uap 0.1 0.1 <0.1 <0.1

particle-hole excitation between two localized states modified
by the interaction term. These peaks are given by the poles of
the inverse dielectric function, and hence these are collective
excitations that may be called “subplasmons.” In the TMOs
considered here the position of these two sharp peaks is rather
material independent, as the band structure of them is similar,
while the position of the plasmon peaks seen in ImW(w) and
ImU (w) in Figs. 6-8 depends on materials.

By comparing Figs. 6(b) and 7 it becomes clear that in
the d-dp model (b) there is significant remaining contribution
to the Ppoqe; from the excitations between the d-like bands
near the Fermi energy, especially for NiO, in which the d-p
hybridization is strong. This structure in ImU (w) affects the
static value of the screened interaction through the Kramers-
Kronig relation and yields smaller U, as discussed above. We
note again that as in reality the TMOs have large gaps due
to many-body effects, which shift these d-d peaks towards
higher energy and therefore modify the static and dynamical
properties of U, a proper treatment would require including
the vertex correction to the RPA.%®>° This point will be
investigated in future work.

IV. SUMMARY

In this paper we have performed a detailed investigation
on the dynamical screened Coulomb interaction for the
paramagnetic phase of the late transition metal oxides within
the constrained RPA. The screened interaction acting on the d
states shows a different trend depending on which screening
channels are subtracted from the polarization function, reflect-

TABLE III. The interaction parameters in the d-dp model (a).

MnO FeO CoO NiO
U 6.1 6.3 6.8 7.6
Us, 6.0 6.2 6.7 75
U, 62 6.5 6.9 7.7
v’ 46 48 52 5.9
J 0.7 0.8 0.8 0.9
U, 48 48 49 5.0
v, 3.5 35 3.6 3.7
7, 0.6 0.6 0.6 0.6
Usp 0.7 0.8 0.9 1.0

ing the properties of the remaining polarization function Preg.
The interaction parameters between the oxygen p states as well
as d- p interactions are also calculated. We have also calculated
the frequency-dependent screened interactions and found two
distinct peaks in the low-energy region, which are due to
transitions involving d and p states. It would be interesting
to investigate how this low-energy structure of U(w) will
affect the renormalization of the d states compared to usual
LDA + DMFT calculations with static U.
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APPENDIX: INTERACTION PARAMETERS

Here we list the screened interaction parameters of the
transition metal oxides and also for the transition metals. In
Tables I-V, U, U’, and J are the average values of diagonal
[Eq. (9)], off-diagonal [Eq. (10)], and exchange [Eq. (11)]
interactions between d Wannier functions, and Up,, U [/, and J,
are the corresponding values for oxygen p functions. For the
transition metal oxides we also show the diagonal interaction
of 1,4 and e, states (U,,, and U,,). The interaction between d
and p states is denoted by Uy,.

TABLE V. The interaction parameters in the transition metals.

Mn Fe Co Ni

Method of Ref. 36 U 4.8 4.9 4.3 3.9
U’ 3.5 3.5 2.9 2.5

J 0.6 0.7 0.7 0.7

Method of Ref. 37 U 4.8 4.7 4.3 3.5
U’ 3.6 34 2.9 2.1

J 0.6 0.7 0.7 0.7
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