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We review our investigations of electronic properties of strongly correlated materials using the combination
of first principles electronic band structures and the dynamical mean-field theory, so called LDA+DMFT
method. Our investigations focus on two phenomena, the spin state transitions and their relationship to the
metal-insulator transition, and the effect of hybridization between correlated and ligand orbitals in charge-
transfer type materials. The pressure driven spin transitions are studied for a group of materials containing
MnO, FeO and Fe>Os3. To investigate the hybridization effects we focus on NiO and NiS(Se)2. We identify
various mechanisms of the metal-insulator transition, which can take place in multi-band systems, in addi-
tion to the band-width control known from the single band Hubbard model.
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1 Introduction

The effect of electron-electron interaction on the physical properties of materials has been one of the cen-
tral questions of solid state physics since the early observation of the surprising properties of materials with
incompletely filled 3d-shells pointed out by de Boer and Verwey [1]. Over half a century long evolution
lead to the current paradigm for understanding the materials with strong electronic correlations, the Hub-
bard model. It is only the last decade that the Hubbard model has been used in material specific studies.
This development was enabled by the advances in numerical techniques for solution of quantum impurity
problems, but most of all by development of the dynamical mean-field theory (DMFT) [2], which allowed
the mapping of the lattice model onto a quantum impurity while preserving one of the most important
dynamical features, the on-site correlation.

The early success of DMFT was marked by the description of the metal-insulator transition in the
single-band Hubbard model at half-filling, controlled by the ratio of the interaction strength to the bare
bandwidth U/W [3]. Yet, real materials have rarely only one active orbital per atom. More often they
involve effects such as crystal-field splitting, Hund’s rule coupling, hybridization to ligand-orbitals, or
Fermi surface nesting [4]. These additional effects and the related degrees of freedom offer a broad range of
possible parameters, which control the metal-insulator transition. It is the aim of this review to demonstrate
this variety on the examples of materials we have studied using the DMFT approximation.

The paper is structured as follows. After a brief description of the computational method we investigate
the relationship between the spin transition and the metal-insulator transition in simple oxides MnO, FeO,
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and FeoO3 under applied pressure. Although in all three cases the ambient pressure phase corresponds to a
high-spin insulator the materials behave differently. The main control parameter in these cases appears to
be the crystal field splitting (and the bandwidth to some extent). In the second part of the results we focus
on the role of hybridization in insulators. We present the results for the charge-transfer systems NiO and
NiS,_;Se,. These provide yet another example of possible mechanism of metal-insulator transition.

2 Computational method

Our calculations proceed in two steps: (i) construction of the effective Hamiltonian from a converged
LDA calculation, and (ii) solution of the corresponding DMFT equations, usually called the LDA+DMFT
approach. [5] Here we express the Hamiltonian in the Wannier basis [7], which in the studied case consists
of the interacting transition-metal d orbitals and non-interacting ligand p-orbitals

d d
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k,o

oo’ d d
+ Z af niaaniﬁo" (1)

i,0,0'

Here diao and pg.o are Fourier transforms of d;q, and p;,», which annihilate the d or p electron with
orbital and spin indices o or yo in the ith unit cell, and n¢ _ is the corresponding occupation number
operator. The elements of UZ% " matrix are parameterized in the usual way by U and J as descibed in [6].
To account for the Coulomb interaction already present in LDA we renormalize the dd-diagonal elements

of the LDA Hamiltonian by the double counting correction
hztfaﬂ = Eztfaﬂ(k) - (Norb - 1)Und5a[3 (2)

where n is the average d occupation per orbital and Ny, = 10 is the total number of orbitals within the
shell.

Next we iteratively solve the DMFT equations on the Matsubara contour, a key part of which is the
auxiliary impurity problem solved by the quantum Monte-Carlo (QMC) method. We have employed the
Hirsch-Fye QMC [8] in the earlier works (NiO,MnO) and the strong-coupling continuous time QMC [9]
(CT-QMC) in the more recent ones. We have checked the consistency be reproducing some of the Hirsch-
Fye results with CT-QMC. To obtain the single-particle spectral functions analytic continuation to real
frequencies is performed using the maximum entropy method [10].

3 Spin transitions in transition-metal oxides

Many compounds classified as Mott insulators exhibit large local moments which fulfill the first Hund’s
rule for the corresponding partial filling of the d shell, so called high spin (HS) state. Application of a
sufficiently large pressure leads to destruction of the HS state and transition to a low spin (LS) state or a
state without local moment. The HS-LS transition can be accompanied by an insulator-to-metal transition.
We have investigated the relationship of these processes in several simple transition-metal oxides address-
ing the hen-and-egg question. All three materials MnO, FeoO3 and FeO are characterized by octahedral
coordination of the TM ions (with small distortion in Fe;O3) which gives rise to the pressure dependent
eg-tag splitting. MnO and Fe;O3 share the same local d° configuration of the TM ions, while FeO has a
formal d® configuration.
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3.1 FGQOg

At ambient conditions, FeoOs3 is an antiferromagnetic (AFM) insulator (Ty = 956 K) with the corun-
dum structure [11]. Photoemission spectroscopy (PES) at zero pressure [12] classified FeoOg3 as a charge-
transfer insulator with the charge gap of 2.0-2.7 eV, inferred from the electrical conductivity data [13].
Under pressure, a first-order phase transition is observed at approximately 50 GPa (82% of the equilibrium
volume) with the specific volume decreasing by almost 10% and the crystal symmetry being reduced (to
the RhyoOs-1II structure) [14]. The high-pressure phase is characterized by a metallic conductivity and the
absence of both magnetic long-range order and the HS local moment.

Using LDA+DMFT calculations [15] we have found a first-order HS-LS transition with the local spin
moment dropping from ~ 4.5 to ~ 1up. In Fig. 2 we show the evolution of the one-particle spectra,
which exhibits a gap in the HS phase and a metallic LS phase. Increasing the pressure within the HS phase
has two effects: (i) an increase of the crystal-field splitting between the e, and t5, peaks (well visible in both
upper and lower Hubbard bands), (ii) band broadening. Both these effects lead to continuous squeezing of
the gap down to zero. Once the gap disappears electronic reconstruction takes place and the system flips
into a LS state with lower kinetic energy. The volume collapse can be understood as a consequence of
emptying of the anti-bonding e, bands.

3.2 MnO

MnO crystallizes in the rock-salt structure and exhibits AFM order below 118 K. The shock data [16],
and later Raman and optical studies [17], had identified a transformation in MnO in the neighborhood
of 90-105 GPa. Transport [18], magnetic, structural and spectroscopic [19], and reflectivity [17] data all
point to a first-order, insulator-metal Mott transition near 100 GPa with volume (v = V/Vj) collapse
v = 0.68 — 0.63, and moment collapse (from ~ 5up to 1 p or less [19]). The structural data indicate a
B1 — B8 change just before the Mott transition, which thus occurs within the B8 (NiAs) phase rather than
the B1 (NaCl) phase.

The LDA+DMEFT calculations performed in the rock-salt structure found a continuous HS-LS crossover
as a function of volume. Investigating the total energy, however, revealed a discontinuous volume change
comparable to the experimentally observed one [20]. In Fig. 1 we show the evolution of the one-particle
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Fig.1 (online colour at: www.ann-phys.org) The one-particle spectra of MnO at various specific volumes
(T" = 1160 K) in the vicinity of the spin transition. The Mn d spectra are resolved into the e, and t24
contributions, O p spectra are not shown.
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Fig. 2 (online colour at: www.ann-phys.org) The single-particle spectra of Fe2Og at various specific vol-
umes (7" = 580 K). The HS solutions are shown in the left and LS solutions in the right panel. The Fe d
spectra are resolved into the e, (called eg in the legend) and t2, (further split in a1, and eg by distortion
from precise octahedral symmetry) contributions. The O p spectra are marked by blue shading.

spectra corresponding to Mn-3d orbitals. The HS spectra of MnO resembles that of FeoOg3 including the
reduction of the gap with pressure. Also the LS spectra of the two iso-electronic materials look similar.
However, the HS-LS transition in MnO proceed quite differently from FeoOs3. In particular, before the gap
between the e, valence band and ¢3, conduction band may be squeezed to zero the local moment starts to
dwindle and simultaneously in-gap states of o, character appear. We attribute this behavior to the on-site
competition between the Hund’s rule (favoring HS state) and the crystal-field splitting (favoring LS state).
A detailed discussion and comparison to model calculations of Werner and Millis [21] can be found in [22].

3.3 FeO

FeO also becomes metallic under high pressure. Resistivity measurements showed that FeO becomes
metallic at pressures exceeding 72 GPa [23]. At ambient conditions FeO has cubic rock-salt B1 struc-
ture [24]. It orders anti-ferromagnetically below Ty = 198 K. Under pressure at room temperature rhom-
bohedral distortion accompanying the AFM order is observed at ~ 15 GPa and this structure is preserved
up to at least 140 GPa [25]. In contrast to MnO and FesOg3 presence of HS-LS transition in FeO is con-
troversial. Mossbauer spectroscopy [26] shows that quadrupole splitting appears between 60 and 90 GPa,
which was interpreted as a signature of LS diamagnetic state. On the other hand high pressure X-ray
emission spectroscopy [27] demonstrates that the satellite feature in Fe K3 line associated with HS Fe?*
state does not disappear up to 143 GPa. Note, that accurate treatment of Mossbauer data [27] confirms the
absence of HS-LS transition.

In FeO LDA+DMEFT results [28] reveal yet another behavior shown in Fig. 3. Namely an orbital selec-
tive insulator-to-metal transition is found without a spin transition. Essentially the transition proceeds by
squeezing of the gap due crystal-field splitting and band broadening like in Fe,O3. However, since the gap
has a to4-to, character its closing does not involve changes in orbital occupancy and thus the spin transition
is missing. The difference between the HS valence-band spectra of d° and d° ions, in particular the two
peaks in the t5, channel, can be easily understood on ionic level. Starting from d° S = 2 state and emitting
a ta4 electron one can reach either S = 5/2 final state (low energy peak) or S = 3/2 final state (high
energy peak). By emitting an e, electron only S = 3/2 final state can be reached, which has an energy
between the states reached by ¢o, emission.
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Fig. 3 (online colour at: www.ann-phys.org) Spectral function of Fe-d states in FeO vs. pressure obtained
in LDA+DMFT (CT-QMC) calculations at room temperature.

4 Mott transition in charge-transfer systems

Zaanen, Sawatzky and Allen [29] introduced the name charge-transfer insulators for a class of Mott insula-
tors with the property that added electrons reside on the TM atoms while added holes reside on the ligand
atoms, cuprate perovskites being a notorious example. Here we address the physics of another classic
charge-transfer insulator NiO and its electronic analogs NiSo and NiSes. The interest in NiS,_ . Se,, solid
solutions arises from the metal-insulator transition, which they exhibit as a function of Se concentration =
or applied pressure.

NiXs, (X =S, Se) can be viewed as NiO with the O atom replaced by an X5 dimer, which accommo-
dates two holes in its p anti-bonding orbital leading to an X 2 valence state. The analogy is supported
by numerous photoemission studies [30]. The LDA+DMFT spectra [31,32], which capture quite well the
experimental features, are shown in Fig. 4. The first interpretation of the one-particle spectra of NiO was
based on small cluster exact diagonalization studies [33]. Multiple peaks in the valence part of the spectral
function of both e, and t5, electrons, arising from combination of the p-d hybridization and the electronic
correlation in the Ni d shell, appear in all three materials. Also the two-peak feature in the e, conduction
band spectrum of NiS, has the same origin.

The central question concerning NiSs_,Se,. is: why is NiSs an insulator while NiSes is metallic? Sev-
eral proposals appear in the literature: (i) larger d-band width in NiSes, (ii) overlap of the Se-p with the
upper Hubbard band in NiSes, (iii) smaller interaction strength U due to a large polarizability of the Se-Se
dimer. Our calculations [32] suggest that none of these scenarios actually takes place. As for (i), besides
the fact that the d-bandwidth is not a particularly meaningful quantity in CT systems, the d peaks in the
LDA as well as the LDA+DMFT spectra are narrower in NiSeq. The scenario (ii) is excluded as the upper
Hubbard band, which corresponds to the 3.5 eV peak in NiSs is not the lowest electron-addition excitation
of NiS,_, Se,. And finally proposal (iii) is ruled out since the presence or absence of the gap in the spectra
of NiSy and NiSey does not depend on the U value within the studied range of 4.5-7 eV (the calculated
U value is ~ 5 eV). Our interpretation of the metal-insulator transition is based on the observation that
the lowest electron-addition energy is determined by the position of the S-S (Se-Se) dimer anti-bonding
state, i.e. it reflects the bonding strength (bonding—anti-bonding splitting) in the dimer. A weaker bond-
ing in Se-Se dimer leads to the overlap of the dimer anti-bonding band with the valence band and thus
causes the disappearance of the gap. The pressure induced metal-insulator transition can be understood
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Fig.4 (online colour at: www.ann-phys.org) The single-particle spectra of NiO, NiS2 and NiSe> resolved
into the Ni-d e (black) and t24 (red) as well as the ligand (blue) contributions. The blue shading corresponds
to the orbitals forming the dimer o-bond in NiSz and NiSes.

as follows. While the S-S bonding—anti-bonding splitting remains constant, since the dimer behaves as
a rigid object, reduction of the inter-dimer distances leads to an overall broadening of the S-p bands as
well as an increased p-d hybridization. These effects lead to the closing of the gap as shown by explicit
calculations [32].

5 Conclusions

Using several examples we have demonstrated that combination of DMFT with band structures of real
materials leads to numerous possibilities for metal-insulator transition, which cannot be realized in simple
models. We have presented examples where MIT takes place simultaneously with spin transition, MnO
and Fe,03, as well as FeO where MIT takes place without significant reduction of the large local moment.
On the example NiSs_,Se, we have demonstrated a mechanism controlling MIT, which was not proposed
previously and which requires explicit inclusion of the ligand bands into the effective Hamiltonian.
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