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Electronic correlations beyond static mean-field theories are of fundamental importance in describing the
properties of complex materials—such as transition-metal oxides—where the low-energy physics is driven by
localized d or f electrons. Here, we show that it is possible to capture these correlations with a local and
dynamical self-energy, extending to the spin-polarized and multisite case in our recently introduced dynamical
Hubbard functional formulation. We apply this formalism to the prototypical transition-metal monoxide series
of MnO, FeO, CoO, and NiO in their ground state, finding excellent agreement with experiments for the spectral
properties. The results are comparable or improved with respect to state-of-the-art theories, both for the densities
of states and for the spectral functions—including band renormalization and spectral weight transfer—in a
numerically efficient and physically insightful treatment of correlations amenable to the study of realistic,
complex materials.
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Binary transition-metal oxides MnO, FeO, CoO, and NiO
are some of the most studied and characterized materials,
both experimentally [1–6] and theoretically [7–12]. These
compounds have been categorized, respectively, as Mott
and charge-transfer insulators, within the common Zaanen-
Sawatzky-Allen scheme [13], and they are insulating both
above and below their Néel temperatures. They represent ideal
test cases for electronic structure methods thanks to both
their simple crystal structures [rocksalt (Fm3m) in the para-
magnetic phase and slightly distorted rhombohedral (R3m)
with two transition-metal (TM) ions per unit cell in the
low-temperature AFM-II phase], and for displaying gradu-
ally varying properties throughout the filling of the 3d shell.
Describing quantitatively the complex interplay between the
electronic localization on the TM sites and the hybridization
with the ligands is a challenging task for Kohn-Sham density-
functional theory (DFT) with standard semilocal functionals
[5,9,14], as it underestimates the electronic gap in MnO
and NiO, and fails to predict the insulating state of CoO
and FeO. These shortcomings are inherited by many-body
perturbation theory approaches, such as G0W0 and GW0,

*Contact author: mario.caserta@epfl.ch
†These authors contributed equally to this work.

Published by the American Physical Society under the terms of the
Creative Commons Attribution 4.0 International license. Further
distribution of this work must maintain attribution to the author(s)
and the published article’s title, journal citation, and DOI.

when they start from the DFT metallic electronic structure
[9,15]. Improvements in the description of the excitation
spectrum can be obtained using, e.g., DFT + U and hy-
brid functionals [9,12,14,16], where the insulating states and
gap magnitudes are recovered, gauged by the effective U
and exchange-fraction parameters. These are often fitted to
reproduce experimental data, thus hindering the predictive
first-principles nature of the methods, or are unable to sys-
tematically reproduce the full spectral properties across the
series [9,12,16]. To improve on G0W0 and GW0 results,
one can instead either start from DFT + U [17,18] or hy-
brid ground states [19], and/or introduce vertex corrections
in quasiparticle self-consistent extensions (QSGŴ) [10,20].
While this improves the description of gap magnitudes and
hybridization effects typical of charge-transfer insulators,
the ability to describe k-resolved spectral weight transfer
and band renormalization, prototypical features of electronic
correlations [21,22], requires a theoretical framework that
incorporates complex and frequency-dependent self-energies,
giving access to correlation-induced particle lifetimes [8,9].
DFT + U and hybrids are inherently static mean-field so-
lutions, while in full GW or QSGW and QSGŴ the full
frequency dependence is commonly discarded because of the
heavy computational cost and numerical complexity. Given
that dynamical frameworks allow for energetic corrections
and localization pathways inaccessible to static solutions,
DFT + DMFT [23,24] has become the theoretical tool to
model complex transition-metal oxides [9,25]. In dynamical
mean-field theory (DMFT), the local correlated subspace,
often the TM d or f shell, is mapped onto an effective
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Anderson impurity model [26], which can be solved ex-
actly, often with Monte Carlo methods [27], and embedded
back into the DFT solution in a self-consistent cycle. Thus,
DFT + DMFT allows to describe local dynamical electronic
correlations and fluctuating magnetic moments, improving
the description of electronic gaps, band renormalization, and
spectral weight transfer. However, it also leads to high compu-
tational costs and increased numerical complexity, with exact
solutions scaling exponentially with system size [27,28]. Sim-
ilarly to DFT + DMFT, other approaches that include high-
order correlation effects and require exact impurity solutions
are GW + self-energy embedding theory (GW + SEET) [29]
for MnO and NiO, and GW + DMFT [30] for NiO.

In this Letter, we show that a simple and transpar-
ent dynamical formulation, obtained from the generalization
of DFT + U to host a local frequency-dependent screened
interaction, is able to capture all the correlated-electron sig-
natures of gap opening, band renormalization, and spectral
weight transfer, in excellent agreement with experimental
photoemission spectroscopy (PES) and inverse photoemis-
sion spectroscopy (IPES) data [2,5,6,31] and state-of-the-art
DFT + DMFT results [8,9], in all four compounds. This is
achieved by solving the Dyson equation with the algorithmic-
inversion method on sum over poles (AIM-SOP) for a
dynamical Hubbard functional (dynH) [32], generalized here
to treat magnetic systems with multiple TM sites. The func-
tional derivative of the dynH functional with respect to the
local Green’s function provides the dynH self-energy local-
ized on the correlated manifold. We apply here the framework
to study the MnO, FeO, CoO, and NiO series, obtaining be-
yond state-of-the-art results for the spectral properties of these
materials. In all cases, a very good agreement with experi-
ments is found, including the small gap for FeO, in agreement
with the experimental results [3] and in contrast with DFT +
DMFT [8] and QSGŴ [10] that predict a wide gap for all
four monoxides. Moreover, it is shown that in the case of
NiO the present approach predicts electronic bands present in
the experimental angle-resolved photoemission spectroscopy
(ARPES) data [5,6] that disappear in the strong correlation
regime of the DMFT impurity solution [7,8].

The dynamical Hubbard functional [32] has been intro-
duced to address local dynamical correlations, giving accurate
results for the spectral properties of prototypical correlated
oxide SrVO3, in agreement with experimental data [33]
and state-of-the-art GW + extendend dynamical mean-field
theory (GW + EDMFT) calculations [22,34]. Here, we gen-
eralize the functional to the multisite collinear spin-polarized
case, in order to treat magnetic systems. The generalization
of Eq. (8) in Ref. [32] to spin-dependent cases involves the
spin polarization of the momentum-band Green’s function and
of the random-phase approximation (RPA) screened interac-
tion. From the convolution of the two, one arrives at a local
spin-dependent exchange and correlation self-energy of the
form [35]
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The local spin Green’s function is defined as G = P†GP,
where the projectors P transform from the momentum-band
(k, n) indexes to the (m) index, representing the magnetic
quantum number of an atomiclike orbitals φm (e.g., 3d
shell with l = 2 and m = −2,−1, 0, 1, 2) centered on each
transition-metal site I in the cell. U (ω) is the local average of
the direct matrix elements in the basis of the Nd atomiclike
orbitals [36] of the screened Coulomb interaction [37]
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calculated from the RPA spin-DFT polarization function, and
U ∞ is its fully unscreened value (local matrix element of bare
Coulomb potential). The expression in Eq. (1) can be seen as
a complex and frequency-dependent generalization of the Du-
darev rotationally invariant formulation of DFT + U potential
[39], now hosting a dynamical and complex time-ordered
effective interaction potential, plus a static double-counting
term [32,40]. It also extends the model self-energy derived
by Vanzini and Marzari [40] to a full functional formulation.
It is important to stress that the local dynamical interaction
used here is screened by all, local and nonlocal, processes
at the RPA level. The local self-energy of Eq. (1) is then
upfolded to the k space, using � = P�dynHP†. The k-resolved
spectral function and density of states are then obtained from
the Green’s function that solves the Dyson equation G−1 =
G−1

0 − �. The solution of the Dyson equation is achieved via
the aforementioned AIM-SOP [32,41], where both the local
screened Coulomb interaction and local Green’s function are
represented as sums over first-order poles and amplitudes.
Importantly, when looking at spectral properties, AIM-SOP
avoids the use of imaginary Matsubara frequencies as in the
most common impurity solutions used in DMFT [27], which
requires the analytic continuation to the real axis, thus hin-
dering the accuracy of the calculations [42]. We refer to the
Supplemental Material [43] for the SOP representations of
the local dynamical screened U (ω) and to Ref. [32] for the
overall AIM-SOP framework. Importantly, we find that the
full solution of the Dyson equation for these materials is cru-
cial when looking at k-resolved spectral functions, where the
description of band crossings has to be properly accounted for.
Please note that, if a SOP representation for the self-energy is
adopted (as it is done in this work), the cost of the dynamical
Hubbard self-energy in Eq. (1) is NG

p NU
p Nk (NM )2, with NG

p the
number of poles of the Green’s function, Up the poles of U (ω),
Nk the number of k points, and NM the number of orbitals in
the local manifold. This scaling has to be compared to the
exponential scaling of DMFT-like methods, though with pos-
sible reductions when approximations are made [28]. For the
DFT ground-state calculation, we use the regularized-restored
Strongly Constrained and Appropriately Normed (r2SCAN)
functional [44], owing to its correct prediction of an insulating
phase in all four compounds [11] on an equal footing [45].
Computational details, DFT band structures, DFT + dynH
projected density of states can be found in the Supplemental
Material [43].

In Fig. 1, we show the total density of states of one-shot
DFT + dynH for the AFM phase of the four monox-
ides, together with state-of-the-art charge self-consistent
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FIG. 1. Density of states for one-shot DFT + dynH (solid ma-
genta lines) for MnO [panel (a)], FeO [panel (b)], CoO [panel (c)],
and NiO [panel (d)], compared to DFT + DMFT [8] (solid blue
lines). Experimental data in black markers from Ref. [2] for MnO,
Ref. [3] for FeO, Ref. [31] for CoO, and Ref. [38] for NiO. A
broadening of 0.1 eV has been used.

DFT + eDMFT [8] and PES/IPES experiments [1–3,31]. For
MnO, Fig. 1(a), the occupied density of states (DOS) is
consistent with DFT + DMFT results [8], where the overall
bandwidth is slightly contracted with respect to the exper-
imental one [2], as the high-energy satellites above remain
elusive to both DFT + DMFT [8] and DFT + dynH (and also
in QSGŴ calculations [10]). The lowest unoccupied moluec-

FIG. 2. DFT + dynH spectral function (purple/blue colormap)
and experimental ARPES data for NiO (AFM). The red (normal)
and yellow (off-normal) dots represent emission data from Ref. [5].
Green square data are normal emission from Ref. [6]. Experimental
data have been aligned at the top of the valence band in the 	 point, it
being the most accurate in resolution [5]. A broadening of 0.015 eV
has been used.

ular orbital (LUMO) excitation at 5 eV above Fermi appears
to be in agreement with IPES data in position, width, and
intensity. For FeO [Fig. 1(b)], DFT + dynH predicts a small
gap of about 2 eV, in agreement with the IPES data in Ref. [3]
and in contrast with state-of-the-art DFT + DMFT [9] and
QSGŴ [10], which predict wide gaps for all four monoxides.
The decrease in intensity after the first excitations is also
well described by DFT + dynH. It can be seen that the main
difference between DFT + dynH and DFT + DMFT results
in the occupied part is the larger distance between the a1g

highest occupied molecular orbital (HOMO) excitation and
the rest of the occupied spectrum. The O(2p)/Fe(3d) peak of
eg symmetry in fact appears around −4 eV, in contrast with
the −2.4 eV of DFT + DMFT, as it can also be seen in the
k-resolved spectral functions [panel (b) of Fig. 3 and Fig. 1
of Ref. [8]]. The dip between the first and second ionization
peaks (appearing also in QSGŴ [10]) cannot be seen in the
PES spectrum, though the total valence bandwidths of approx-
imately 10 eV in DFT + dynH match quite well. For CoO, in
Fig. 1(c), the DOS compares well with both DFT + DMFT
and PES data. The main difference with the former resides
in the first addition peaks, since in DFT + dynH the two
empty states of tg and eg symmetry have comparable weight,
whereas in DFT + DMFT the weight is mainly transferred to
the higher-energy one, resulting in a single peak and a minor
bump at 2.4 eV. The main peak at 3.5 eV is slightly lower than
the DFT + DMFT one at 4 eV. For NiO [Fig. 1(d)], it can be
seen that the agreement between the main experimental peaks
[38], in both addition and removal excitations, is very good,
especially for the main addition peak at 4 eV and the sharp
increase in the occupied spectrum. In Fig. 2, NiO ARPES
data and k-resolved spectral functions along the 	X direction
are shown, where all data from normal [4,6] and off-normal
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[5] emission are collected. The overall DFT + dynH band-
width of 6 eV is consistent with the ARPES data. The flat
Ni(3d)/O(2p) bands at the top, associated with the Zhang-
Rice doublet bound state [46,47], can be recognized, as well as
the flat Ni(3d)/O(2p) bands around −3 eV. The two dispersing
O(2p) bands departing from 	 and extending at around −4.4
and −8 eV are also present. As it can be seen from the
projected DOS (see also Fig. 8 in the Supplemental Material
[43]), the actual character of the valence band excitations
is mixed, confirming the charge-transfer nature of the com-
pound, as the first addition peak is mainly of Ni eg character.
The most relevant difference between the DFT + dynH and
DFT + DMFT results [7,8] is the presence of the dispersing
band at −8 eV and the AFM flat band at around −4 eV, both
close to 	. They can be labeled as AFM bands as they are
missing in nonmagnetic DFT calculations, while they appear
in the spin-DFT broken symmetry AFM solution [5]. Their
vanishing spectral weight in the DFT + DMFT spectrum and
absence in the ARPES data of Ref. [4] were conjectured [8,9]
to be a signature of strong correlations. It is important to note,
then, that these states are present both in ARPES data [5,6]
and in our DFT + dynH results. In fact, in the present work
the effective screened interaction is calculated at the first order
in perturbation theory, with a zero-frequency limit of U(0)
= 5.3 eV, which is half of the effective U value used in the
DFT + DMFT calculations [8,9]. The slight underestimation
of the AFM bands around −4 eV could be a feature of the
r2SCAN starting point, a lack of self-consistency, or the in-
trinsically approximate nature of the double-counting term. It
is important to note that, when comparing theoretical spectral
functions and experimental ARPES points, the lack of signal
in the latter can be due to the (vanishing) matrix elements of
the dipole operator. Moreover, in the region between −1 and
−3 eV in Fig. 4 (or Fig. 13) in Ref. [5], other transitions are
present, defined as subcomponents of the main feature A (see
Fig. 11 for their blown-up view). See page 44 in Ref. [5] for
further analysis on those components.

We show in Fig. 3 the k-resolved spectral functions for
all four monoxides on a standard path. In agreement with
DFT + DMFT [8], it can be seen that MnO possesses the
sharpest bands, whereas a stronger spectral weight transfer
from the quasi-particle (QP) peaks to the satellites appears in
FeO, CoO, and NiO [48]. We stress the impressive similarity
with the spectral functions presented in Ref. [8], which are
obtained with an (expensive) nonperturbative solution of an
effective impurity model.

In conclusion, in this work we have (1) generalized the
dynamical Hubbard functional of Ref. [32] to the treatment
of magnetic systems and (2) applied the framework to study
valence and conduction spectral functions of the prototypi-
cal Mott-Hubbard/charge-transfer monoxide series of MnO,
FeO, CoO, and NiO. We obtain remarkable agreement with
PES/IPES and ARPES experimental data and state-of-the-
art DFT + DMFT calculations [8,9], in a transparent and
inexpensive formulation. The fundamental gaps and relative
intensities and overall bandwidth of valence and conduction
excitations appear to be consistent with experimental data

FIG. 3. DFT + dynH k-resolved spectral functions (colormap)
for MnO [panel (a)], FeO [panel (b)], CoO [panel (c)], and NiO
[panel (d)]. The zero of the energy is set at the top of the valence
band. A broadening of 0.015 eV has been used.
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for all four monoxides. Moreover, the general features of
the spectral function for NiO along the 	-X direction are in
close agreement with available experimental data [5,6]. The
dispersing bottom of the valence band and the characteristic
flat antiferromagnetic bands are found, at variance with pre-
vious calculations [7,8], where these bands show an almost
completely vanishing spectral weight.

Importantly, the present dynamical framework provides
access to particle lifetimes, satellites, spectral-weight trans-
fer, and band renormalization, i.e., fundamental signatures of
electron correlations, unavailable to static methods such as
hybrid functionals and DFT + U, or to QSGŴ. In particular,
DFT + dynH, with appealing simplicity, minimal computa-
tional cost, and without free parameters, proves to be an
efficient tool for predicting electronic structure properties of
complex oxides with various degrees of symmetry-broken
orbital orderings and hybridizations, thus posing itself as a
promising tool for simulating realistic correlated materials,
which may be prohibitive for methods employing exact so-
lutions. Furthermore, the somewhat improved scaling of the
method opens the possibility to address the computation of

correlated solids with f or higher orbitals, e.g., lanthanides,
that remain difficult to address (as they are computationally
costly) with other state-of-the-art (nonperturbative) frame-
works.
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