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Magnetic collapse and the behavior of transition metal oxides at high pressure
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We report a detail theoretical study of the electronic structure and phase stability of transition metal oxides
MnO, FeO, CoO, and NiO in their paramagnetic cubic B1 structure by employing dynamical mean-field theory of
correlated electrons combined with ab initio band-structure methods. Our calculations reveal that under pressure
these materials exhibit a Mott insulator-metal transition (IMT) which is accompanied by a simultaneous collapse
of local magnetic moments and lattice volume, implying a complex interplay between chemical bonding and
electronic correlations. Moreover, our results for the transition pressure show a monotonous decrease from ∼145
to 40 GPa, upon moving from MnO to CoO. In contrast to that, in NiO, magnetic collapse is found to occur at a
remarkably higher pressure of ∼429 GPa. We provide a unified picture of such a behavior and suggest that it is
primarily a localized to itinerant moment behavior transition at the IMT that gives rise to magnetic collapse in
transition metal oxides.
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I. INTRODUCTION

The effect of strong electron correlations plays a crucial
role in the formation of a variety of electronic and magnetic
phenomena experimentally observed in transition metal oxides
[1]. The pressure-induced Mott insulator-metal transition
(IMT) [2] is of particular importance for both fundamental
science and modern technology, for example, due to its
potential application in micro- and optoelectronics. Moreover,
transition metals Mn, Co, and Ni are known to be siderophile
elements, i.e., together with iron, they are extensively abundant
in the Earth’s interior [3]. Because of that, the electronic
structure and phase stability of these basic oxide compounds,
especially in the high-pressure and temperature range, is of
fundamental importance for understanding the properties and
evolution of the Earth’s lower mantle [4].

It has been shown that the pressure-induced Mott insulator-
metal transition in these compounds is followed by a mag-
netic collapse, a remarkable reduction of magnetic moments
of transition metal ions [5,6], which strongly influences
their electronic and structural properties. Since our present
knowledge of the Earth’s interior structure is mainly based
on average geophysical observations, e.g., from seismology,
quantifying the effects of magnetic collapse on the electronic
and structural properties of these minerals is of particular
interest for geophysics. While the properties can be calcu-
lated employing, e.g., standard band-structure methods, these
techniques cannot capture all the generic aspects of a Mott
IMT, such as a formation of the lower- and upper-Hubbard
bands, coherent quasiparticle behavior, strong renormaliza-
tion of the electron mass, etc., because of the neglect of
the effect of strong correlations of localized 3d electrons.
Therefore, these methods have only limited applicability and
cannot provide a quantitative description of the electronic
and lattice properties. In particular, at low pressures they

predict a metallic behavior for FeO and CoO, which are, in
fact, insulators [5,7,8]. This obstacle can be overcome by
employing, e.g., a state-of-the-art method for calculating the
electronic structure of strongly correlated materials [density
functional plus dynamical mean-field theory (DFT+DMFT)]
[9,10]. It merges ab initio band-structure techniques, such
as the local density approximation (LDA) or the generalized
gradient approximation (GGA), with dynamical mean-field
theory (DMFT) of correlated electrons [9], providing a good
quantitative description of the electronic and lattice properties
[11–28]. In particular, this advanced theory makes it possible
to determine the electronic structure and phase stability of
paramagnetic correlated materials at finite temperatures, e.g.,
near a Mott insulator-metal transition [13–15,20–28]. The
DFT+DMFT approach has been used to study the electronic
and structural properties of correlated electron materials [11–
20], including transition metal monoxides [22–29]. In practice,
however, these calculations employed different approxima-
tions, resulting in various scenarios for the IMT. For example,
a local moment collapse at the IMT was found to occur in
MnO [22]; for FeO, different calculations predicted either
a Mott transition in the high-spin state followed by a slow
crossover into the low-spin one [24] or the complete absence
of magnetic collapse [23]. In addition, most of these theoretical
calculations used experimental equations of state, neglecting
the effects of coupling between the electrons and lattice at the
IMT [23,24,26].

In this paper, we employ a state-of-the-art fully self-
consistent in charge density DFT+DMFT approach [30] to
explore the electronic structure, magnetic state, and phase
stability of all late transition metal monoxides, from MnO to
NiO. We use this advanced theory to systematically study these
oxides at high pressure and temperature in their paramagnetic
cubic B1 lattice structure. We find that in all four compounds
the Mott insulator-metal transition is accompanied by a
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simultaneous collapse of local moments. Our results suggest
that the magnetic collapse is driven by a transition from
the localized to itinerant moment behavior at the IMT. The
phase transition is of first order with a significant fractional
volume collapse �V/V ranging from 8.6% to 13.6% for
MnO, FeO, and CoO, and it is only about 1.4% for NiO.
We predict a monotonous decrease of the transition pressure
from MnO to CoO, namely, from ∼145 to 40 GPa, implying
a complex interplay between chemical bonding and electronic
correlations in these materials. In contrast to that, the Mott
transition and magnetic collapse is predicted to occur at
∼429 GPa in NiO, i.e., it has a substantially higher value
than that in the other monoxides, which can be understood
as a crossover in the effective degeneracy of low-energy
excitations from five-orbital (as in MnO, FeO, and CoO) to
two-orbital behavior (as in NiO). Overall, our calculations
provide a unified picture for the pressure evolution of all late
transition metal monoxides, that of a first-order Mott transition
accompanied by a simultaneous collapse of local magnetic
moments.

II. METHOD

Here, we investigate the electronic and structural properties
of correlated transition metal oxides MnO, FeO, CoO, and
NiO at high pressure and temperature using the GGA+DMFT
computational approach. To this end, we employ a fully
self-consistent in charge density DFT+DMFT scheme [30] im-
plemented with plane-wave pseudopotentials [31] to calculate
the electronic structure, magnetic state, and phase stability of
these compounds. For the partially filled Mn, Fe, Co, and Ni 3d

and O 2p orbitals we construct a basis set of atomic-centered
symmetry-constrained Wannier functions [32,33]. To solve the
realistic many-body problem, we employ the continuous-time
hybridization-expansion quantum Monte Carlo algorithm [34].
The calculations are performed for a cubic rocksalt (B1)
crystal structure in the paramagnetic state at a temperature T =
1160 K. We use the following values of the average Hubbard U

and Hund’s exchange J as estimated [8,22–27,35] previously:
U = 8.0 eV and J = 0.86 eV for the Mn 3d orbitals, 7.0 and
0.89 eV for Fe, 8.0 and 0.9 eV for Co, and 10.0 and 1.0 eV
for Ni, respectively. The Coulomb interaction has been treated
in the density-density approximation. The spin-orbit coupling
was neglected in these calculations. Moreover, the U and J

values are assumed to remain constant upon variation of the
lattice volume. We employ the fully localized double counting
correction, evaluated from the self-consistently determined
local occupations, to account for the electronic interactions
already described by GGA. The spectral functions were
computed using the maximum entropy method.

III. RESULTS AND DISCUSSION

Our results for the local moment versus volume and pres-
sure equations of state are summarized in Fig. 1. To this end,
we calculate the total energy and fluctuating (instantaneous)
local moment

√〈m2
z〉 for these compounds as a function of

volume. We evaluate pressure by fitting our results for the
total energy to the third-order Birch-Murnaghan equation of
states separately for the low- and high-volume regions. We
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FIG. 1. Local moment
√〈m2

z〉 calculated by DFT+DMFT as a
function of lattice volume (top) and pressure (bottom). The IMT
associated with the lattice volume collapse is shown by vertical
solid (top) and dashed lines (bottom). The inset shows the total
energy calculated by DFT+DMFT and the Maxwell construction for
paramagnetic MnO. Note that for NiO the pressure scale is shrunk by
a factor of 5.

obtain that all four compounds exhibit magnetic collapse—a
remarkable reduction of the local magnetic moments upon
compression of the lattice. Indeed, the local moments are
seen to retain their high-spin values, e.g., for NiO and MnO
of ∼1.8μB–4.8μB , respectively, upon compression down to
about 0.6–0.7V/V0. In fact, these values correspond to the
high-spin magnetic state of the Mn2+ and Ni2+ ions. Thus, in
a cubic crystal field, the Mn2+ (3d5 electronic configuration)
and Ni2+ (3d8) ions have a local moment of 5μB and 2μB ,
respectively. Upon further compression, a high-spin (HS) to
low-spin (LS) crossover takes place in all four materials, with
a collapse of the local moments to a LS state. The resulting
low-spin local moments are about 1.6μB , 1.1μB , 1.26μB ,
and 1.28μB for MnO, FeO, CoO, and NiO, respectively. In
addition, upon compression, a substantial redistribution of
electrons between the t2g and eg orbitals is found within the
transition metal 3d bands of MnO, FeO, and CoO [shown
for MnO in Fig. 2(b)]. Thus, the t2g orbital occupations are
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FIG. 2. Evolution of the spectral function (a) and orbital oc-
cupations (b) calculated by DFT+DMFT for paramagnetic MnO
as a function of volume. Spectral function (c) and local spin-spin
correlation function χ (τ ) = 〈m̂z(τ )m̂z(0)〉 (d) of paramagnetic NiO.
τ is the imaginary time. At equilibrium volume V0, the 3d electrons
are localized to form fluctuating moments [χ (τ ) is seen to be almost
constant and close to its maximal value S = 1 for the Ni eg states].
At high compression, the 3d electrons show an itinerant magnetic
behavior, implying a localized to itinerant moment crossover under
pressure.

found to gradually increase with pressure, whereas the eg

orbitals are strongly depopulated (below 0.27 for MnO and
FeO, and 0.44 for CoO). The 3d total occupancy remains
essentially unchanged with pressure. We therefore interpret
this spin crossover as a HS-LS transition.

Our results reveal that the magnetic transition pressures
vary substantially among all these compounds. In particular,
for MnO, magnetic collapse is found to take place at a relatively
high pressure of about 145 GPa (see Table I) [36]. Moreover,
for FeO and CoO, it occurs at remarkably smaller values
of about 73 and 40 GPa, respectively. That is, the transition
pressure appears to monotonously decrease from MnO to CoO,
which implies a complex interplay between chemical bonding
and electronic correlations in these materials. However, in
contrast to that, NiO has a high transition pressure ∼429 GPa,
which is considerably larger than that of MnO, FeO, and

TABLE I. Calculated structural parameters for the paramagnetic
B1 phase of transition metal oxides. V0 is ambient pressure volume;
Vtr are the lattice volume collapse values; K , bulk modulus for the
low/high-pressure phase; K ′ ≡ dK/dP is 4.1 for MnO, FeO, and
CoO; K ′ = 4.3 for NiO.

Oxide Pc (GPa) V0 (a.u.3) Vtr (a.u.3) �V/V (%) K (GPa)

MnO 145.3 158.9 103.1/89.0 13.6 137/263
FeO 72.8 146.3 109.7/100.2 8.6 140/162
CoO 40.4 137 116.9/103.8 11.2 184/246
NiO 428.8 128 69.8/68.8 1.4 187/188

FIG. 3. Quasiparticle weight and spectral weight at the Fermi
level calculated for the t2g and eg orbitals as a function of lattice
volume. Our result for the lattice volume collapse calculated by
DFT+DMFT is marked by a red shaded rectangle. The quasiparticle
weight Z = [1 − ∂ Im �(iω)/∂iω]−1 is evaluated from the slope of
the polynomial fit of the imaginary part of the self-energy �(iωn) at
ω = 0.

CoO. This remarkable behavior can be understood as a
continuous reduction of the strength of electronic correlations
upon changing of the electron configuration from 3d5 in
Mn2+ ions to 3d7 in Co2+. In fact, the effective interaction
strength Ueff = E(dn+1) + E(dn−1) − 2E(dn), where E is
the ground-state energy for a 3d shell of the corresponding
occupancy, and, hence, the tendency towards localization of
the 3d electrons, changes from U + 4J for MnO to U − 3J

for CoO. On the other hand, it increases substantially in NiO
due to a crossover in the effective degeneracy of low-energy
excitations from five-orbital (as in MnO, FeO, and CoO) to
two-orbital behavior (as in NiO).

Next, we address the spectral properties of paramagnetic
transition metal oxides. In Figs. 2(a) and 2(c) we present
our results for the evolution of the spectral function of MnO
and NiO as a function of lattice volume. We note that at
ambient pressure all these compounds (from MnO to NiO)
are Mott insulators with large d-d energy gaps, in agreement
with experiment. This result is in remarkable contrast to
that previously obtained by standard band-structure methods,
which predict metallic behavior, e.g., for FeO and CoO.
This implies the crucial importance of strong correlations
of localized 3d electrons, to determine the electronic and
magnetic properties of transition metal oxides. Indeed, at
ambient pressure, the 3d electrons are strongly localized, as
it is seen from our result for the local spin susceptibility
χ (τ ) = 〈m̂z(τ )m̂z(0)〉 [where τ is the imaginary time; see
Fig. 2(d)]. Upon further compression, the 3d electrons exhibit
a crossover from localized to itinerant moment behavior
which is associated with a Mott transition, as it is clearly
seen in paramagnetic NiO. Upon the Mott transition, all
these materials exhibit a strongly correlated metallic behavior
with the formation of lower- and upper-Hubbard bands, and
the quasiparticle peak at the Fermi level, associated with a
substantial renormalization of the electron mass (see Fig. 3).
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We find that in all four compounds magnetic collapse is
accompanied by a lattice collapse, which implies a complex
interplay between electronic and lattice degrees of freedom
at the transition. The phase transition is of first order with a
significant from 8.6% to 13.6% fractional volume collapse,
�V/V , except for NiO, where a resulting change of the
lattice volume is about 1.4% (see Table I). We note, however,
that these values should be considered as an upper-bound
estimate because of neglecting by multiple intermediate-phase
transitions upon fitting the total-energy result to the third-order
Birch-Murnaghan equation of states. These findings may have
important implications for geophysics. In particular, magnetic
collapse should result in an anomalous behavior, e.g., of
density and elasticity. On the other hand, variations of density
and elastic moduli control the speed of seismic waves, playing
a crucial role in the interpretation of seismological data [4].
Our results for the bulk modulus (see Table I) in the HS phase
are remarkably smaller than that in the LS phase in all these
compounds, implying an enhancement of the compressibility
at the phase transition.

In addition, we evaluated the quasiparticle weights by
using a polynomial fit of the imaginary part of the self-energy
�(iωn) at the lowest Matsubara frequencies ωn (shown
in Fig. 3). These results suggest that magnetic collapse
is accompanied by a simultaneous Mott metal-insulator
transition and collapse of the lattice volume. The electronic
effective mass diverges at the IMT, in accordance with a
Brinkman-Rice picture [37] of the IMT. We note that this
divergence coincides with the drop of the spectral weight for
the t2g and eg orbitals at the Fermi level, as shown in Fig.
3. Our findings clearly indicate the crucial importance of
electronic correlations to explain the electronic structure and
lattice properties of correlated transition metal oxides.

Overall, our calculations reveal that the pressure-induced
Mott IMT is accompanied by a simultaneous local moment
collapse and by a discontinuous change of the lattice vol-
ume. Moreover, under pressure, all these materials exhibit
a continuous transformation from a localized to itinerant
moment behavior of the 3d electrons. This is in line with
the classical case of the Mott transition, in which IMT
concurs with a complete collapse of magnetism. We note that
magnetic collapse is also found to occur in the paramagnetic
B1 phase of NiO, which may have important implications
for understanding of the actual driving force behind the
magnetic collapse. In fact, the Ni2+ ion has a 3d8 electron
configuration with completely occupied t2g and half-filled eg

bands. Therefore, changes in the crystal field splitting with
pressure cannot result in a magnetic collapse transition in
NiO. On the basis of these observations, we suggest that it is

primarily a localized to itinerant moment behavior transition
which occurs at the IMT that gives rise to magnetic collapse in
transition metal oxides. The crystal field, however, governs the
character of the magnetic collapse as well as the magnitude of
the high- and low- spin moments at a given pressure. Moreover,
our results for the magnetic collapse and discontinuous change
of the lattice volume found in these compounds at high
pressures may have important geophysical implications. In
fact, these phenomena may affect the structure and seismic
properties of the Earth’s interior.

In conclusion, we determine the electronic structure and
phase stability of paramagnetic B1-structured transition metal
oxides at high pressure and temperature. Our results reveal
a pressure-induced Mott insulator-metal transition which is
accompanied by a simultaneous collapse of local moments and
lattice volume. Upon compression, we observe a continuous
transformation from a localized to itinerant moment behavior
of the 3d electrons. We argue that the magnetic collapse is
primarily due to a localized to itinerant moment behavior tran-
sition which occurs at the IMT. We point out the importance of
further theoretical and experimental investigations of the be-
havior of transition metal oxides at the high-pressure and tem-
perature range for a better understanding of the Earth’s interior.
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Y.-X. Yao, C.-Z. Wang, K.-M. Ho, J. Schmalian, K. Haule, and
G. Kotliar, ibid. 111, 196801 (2013); J. Bieder and B. Amadon,
Phys. Rev. B 89, 195132 (2014); B. Chakrabarti, M. E. Pezzoli,
G. Sordi, K. Haule, and G. Kotliar, ibid. 89, 125113 (2014);
K. Haule and T. Birol, Phys. Rev. Lett. 115, 256402 (2015); B.
Amadon and A. Gerossier, Phys. Rev. B 91, 161103(R) (2015).

[13] G. Keller, K. Held, V. Eyert, D. Vollhardt, and V. I. Anisimov,
Phys. Rev. B 70, 205116 (2004); D. Grieger, C. Piefke, O. E.
Peil, and F. Lechermann, ibid. 86, 155121 (2012); D. Grieger
and F. Lechermann, ibid. 90, 115115 (2014); I. Leonov, V. I.
Anisimov, and D. Vollhardt, ibid. 91, 195115 (2015).

[14] J. Kunes, Dm. M. Korotin, M. A. Korotin, V. I. Anisimov, and
P. Werner, Phys. Rev. Lett. 102, 146402 (2009).

[15] I. Leonov, N. Binggeli, D. Korotin, V. I. Anisimov, N. Stojić, and
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