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1. INTRODUCTION

Magnesiowüstite (Mg1 – xFexO) is a mineral with
the NaCl (fcc) structure. In the lower Earth’s mantle,
its content is about 30%. Therefore, the properties of
(Mg,Fe)O solid solutions at high pressures are of
interest for both condensed matter physics and geo�
physics. The spin crossover of Fe2+ ions from the high�
spin (HS) state with spin S = 2 to the low�spin (LS)
state with spin S = 0 was observed in the high�pressure
experiments with the use of diamond anvil cells [1, 2].
The features of the spin crossover are currently under
discussion. The data reported in [3] suggest that the
spin�state transition is smeared within the 50–
100 GPa range, whereas in [2], this range turns out to
be narrower (62–6 GPa).

The later more careful measurements of the usual
Mössbauer and synchrotron X�ray diffraction spectra
of Mg0.75Fe0.25O [4] demonstrate that this crossover at
room temperature occurs within the 55–70�GPa pres�
sure range. Similar low�temperature studies at 8 K <
T < 300 K revealed that the transition range becomes
narrower upon cooling. Using these data, Lyubutin et
al. [5] concluded that there is a quantum critical point
Pc at zero temperature, where the HS–LS transition
occurs in a stepwise manner. In this work, the elec�
tronic and magnetic properties of magnesiowüstite are
treated theoretically in the framework of the many�
electron theory taking explicitly into account the
intraatomic Coulomb interactions [6]. Only the case
of Mg1 – xFexO with the iron content exceeding the
percolation threshold (for x = 0.25, this condition is
certainly satisfied) is considered. In this case, the
long�range magnetic order or metallic conductivity in
FeO leads to the similar properties of magnesiowüs�
tite. The properties of FeO and Mg0.75Fe0.25O are alike

in many respects, but there are some differences. For
example, they have the same structure of their fcc lat�
tice and there is a long�range antiferromagnetic order
with TN = 25 K in Mg0.75Fe0.25O [7] and TN = 198 K in
FeO. In FeO, the spin crossover has not been observed.
Up to 143 GPa, it retains the HS state (according to
the X�ray photoemission spectroscopy data) [8]. The
metallization of FeO was observed at P > 140 GPa [9],
whereas the measurements of the conductivity for
Mg0.75Fe0.25O both in the HS and LS states at pressures
up 101 GPa reveal only a semiconducting behavior
with a slight increase in the conductivity at P ≈ 50 GPa
[10]. Despite the common approach to the description
of the electronic structure in FeO and Mg0.75Fe0.25O
and the same values of intraatomic Coulomb matrix
elements, the crystal field splitting 10Dq has different
values in these substances. Wüstite FeO is a classical
example of the Mott–Hubbard insulators. Its proper�
ties are determined by the strong electron correlations
[11]. With increasing pressure, the band gap Eg

decreases due to an increase in the bandwidth 2W and,
at P = PMIT, the transition to a metallic phase is
expected. In addition, the magnetic insulators can
exhibit a spin crossover at point Pc corresponding to
the transition of the magnetic ion from the HS to LS
state [12]. For the compounds with d5 ions, the spin
crossover favors the metallization due to the decrease
in the effective Hubbard parameter Ueff = E0(dn + 1) +
E0(dn – 1) – 2E0(dn), where E0(dn) is the energy corre�
sponding to the ground�state term of a d n ion [13].
However, for the d6 ion, as was shown in [13], the spin
crossover leads to an increase in Ueff. In this work, it is
demonstrated that this fact gives rise to a quite unusual
phase diagram for magnesiowüstite, where the metal�
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lic state can exist within a narrow pressure range above
Pc and only at nonzero temperatures.

The band structure calculations for FeO by the
LDA+DMFT method [14] taking into account strong
electron correlations lead to the prediction of the tran�
sition to a metallic state at PMIT = 60 GPa. In a large
number of oxides with iron ions, the critical pressure
Pc falls within the same pressure range, Pc = 55–
70 GPa [12]. The close proximity (and, in fact, the
coincidence accurate up to an experimental error) of
two critical pressures, PMIT and Pc, determines the spe�
cific features of the phase diagram for Mg0.75Fe0.25O.

2. SPIN AND CHARGE EXCITATIONS 
IN THE MANY�ELECTRON THEORY

The hybrid LDA+GTB method was initially for�
mulated for the description of the band structure of
high�Tc superconductors [15]. It combines the LDA
calculations of the parameters involved in the multi�
band Hubbard model with the many�electron
approach provided by the generalized tight binding
(GTB) technique. In essence, the GTB method is a
version of cluster�type perturbation theory, where, at
the first stage, the exact diagonalization of the Hamil�
tonian within a single unit cell is performed and, at the
second stage, the intercell hopping is described
according to perturbation theory [16]. In the case
under study, the unit cell corresponds to the FeO6 clus�
ter. According to the electroneutrality condition for
FeO, the Fe2+ ion has the d 6 configuration. The prob�
lem of finding eigenstates for a d 6 ion in the crystal
field of cubic symmetry with the complete inclusion of
all matrix elements has been solved long ago [17]; its
generalization including the effects of covalence and
spin�orbit interaction was reported in [18].

The energies of the terms that will be needed below
are as follows. For the high�spin states,

(1)

Here, εd is the energy of the atomic d level and A, B,
and C are the Racah parameters. For the low�spin
states,

(2)

The ground state of the whole crystal in the stoichio�
metric case is characterized by the HS state of Fe2+

ions at each lattice site. In addition to the usual fluctu�
ations of spin directions, the energy of the spin fluctu�
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5
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2
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ations of between HS and LS states is important for
this study. This energy is referred to as the spin gap

(3)

We assume that the Racah parameters are independent
of the pressure, while the crystal�field splitting
increases linearly with the pressure, 10Dq(P) =
10Dq(0) + αΔP. Then, the pressure dependence of the
spin gap has the form

(4)

In the absence of the applied pressure, the HS state
exists; hence, εs < 0. However, the growth of pressure
can lead to the spin�state transition from the HS to LS
state if the pressure achieves a critical value

(5)

Two types of charge excitations are possible in the HS
state, i.e., with the creation of an electron (excitation
d6 (5T2)  d7 (4T1)) and with the creation of a hole
(excitation d6 (5T2)  d5 (6A1)). The former and latter
determine the upper (Ω+(HS)) and lower (Ω–(HS))
Hubbard bands, respectively.

The corresponding energies are

(6)

Their difference (the excitation from the lower Hub�
bard band to the upper one) determines the effective
Hubbard parameter, which is independent of the pres�
sure

(7)

Similarly, for the low�spin states,

(8)

In the low�spin state, the parameter

(9)

increases with pressure. This result was obtained pre�
viously in [13] using another method.

As in the usual tight binding method, interatomic
hopping with amplitude tij between cells Ri and Rj leads
to the dispersion of the energies of the Hubbard fermi�
ons given by Eqs. (6) and (8) and to the formation of
the band structure. These calculations require the
introduction of the Hubbard X operators and the
determination of the electron Green’s function
according to perturbation theory [19–21]. Using the
simplest Hubbard I type approximation for the inter�
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atomic hopping, the dispersion law for the mth band
can be written in the form

(10)

where subscript m has one of four possible values
(HS/LS, +/–), t(k) is the Fourier transform of the
hopping amplitude tij, and the filling factor Fm equals
the sum of the occupation numbers of the initial and
final states involved in the mth excitation. In the sto�
ichiometric case, when the d5 and d7 states are not
occupied, and the d6 state is occupied with the proba�
bility nHS and nLS = 1 – nHS for HS and LS states,
respectively,

(11)

The dependence of the band energy on the occupation
numbers is one of the effects related to strong electron
correlations. Another effect manifests itself in the
spectral weight of each quasiparticle (a residue of the
corresponding Green’s function), which is deter�
mined by the same filling factor Fm.

According to [14], FeO is a Mott–Hubbard insula�
tor; hence, the filled valence oxygen p band can be dis�
regarded. Then, the band gap in the HS state is

(12)

The half�width of the band W = zt (where z is the num�
ber of the nearest neighbors; for the fcc lattice, z = 12)
depends on the pressure via the hopping integral t. As
a result, the band gap decreases with the growth in P as
follows:

(13)

The critical pressure for the insulator–metal transi�
tion is PMIT = Eg(0)/αW. In a more rigorous theory,
e.g., in the dynamic mean field approximation, PMIT

is numerically different from that given by the Hub�
bard I approximation. Nevertheless, in this case,
Ueff/W(PMIT) ~ 1 is also valid; that is, there is no quan�
titative difference. In this work, it is important to dem�
onstrate the possibility of the metallization in princi�
ple. The PMIT value was taken from the LDA+DMFT
calculations for FeO [14].

Thus, there exist two critical parameters related to
the growth of pressure: charge gap (13) vanishing at
PMIT and spin gap (4) vanishing at Pc. At PMIT � Pc, the
metallization will occur at the stable HS background;
just this result was obtained in [14]. At PMIT � Pc, the
spin crossover to the LS state will occur in the insulat�
ing phase. As was mentioned in the Introduction,
PMIT ≈ Pc is characteristic of Mg0.75Fe0.25O.

3. PHASE DIAGRAM OF MAGNESIOWÜSTITE

At arbitrary values of P and T, the probability of
finding the Fe2+ ion in the HS state is

Ωm k( ) Ωm Fmt k( ),+=

FHS nHS, FLS nLS.= =

Eg Ueff HS( ) 2FHSW.–=

Eg P( ) Eg 0( ) αWP– , αW ∂W/∂P.= =

(14)

Here, β = 1/kT. The degeneracy orders for the terms
under study are gLS = 1 and gHS = (2S + 1)(2L + 1) =
15. The Racah parameters, A = 2 eV, B = 0.084 eV, and
C = 0.39 eV, are obtained for Fe3+ in FeBO3 ferrobo�
rate by the comparison with the optical data [22].
These values are also assumed for Fe2+. For magnesio�
wüstite, the crystal field splitting is 10Dq(0) = 1.34 eV
[23]. Based on condition (5) at Pc = 56 GPa, αΔ =
0.007 eV/GPa is obtained.

The distribution of the portion of the HS states,
nHS(P, T) (phase diagram) is shown in Fig. 1. At all
nonzero temperatures, the HS–LS transition is a
gradual crossover and only at T = 0, there is a jump at
P = Pc. According to [24], there exists a quantum
phase transition at the point (Pc, 0). The fluctuations
in the vicinity of the critical point are the fluctuations
of the absolute value of the spin. The Néel tempera�
ture, which is nonzero in the HS state, vanishes at this
point [4].

As follows from Eq. (14), the phase diagram can be
represented by the P(T) function for given values of
nHS and nLS as

(15)

Note that, if the degeneracy orders are equal, gHS = gLS

(e.g., for Fe3+ ion) and the phase diagram (15) is sym�
metric with respect to the vertical line P = Pc, where
nHS = nLS. In the case of Fe2+, for which gHS/gLS = 15,
the phase diagram is characterized by a pronounced
asymmetry and the nHS = nLS line in the (P, T) plane is
significantly inclined to the right (Fig. 2).

Now, let us discuss the changes in electrical charac�
teristics in the case PMIT = Pc. According to Eq. (13),
the band gap in the HS state decreases with the growth
of P and vanishes at P = PMIT. If the spin crossover did
not occur at this point, a metallic state would arise at
P > PMIT. As a result of the spin crossover, Ueff(LS) >
Ueff(HS) and the gap could arise again. However, the
electronic structure in the LS state depends on P and
T in a more complicated way. Just after the spin�state
transition, at P > Pc, the lowest term for the d 6 and d5

configurations is the LS and HS states, respectively.
Therefore, at T = 0, when only the 1A1 term for the d 6

configuration is occupied, the creation of a hole
occurs in the final d5 state, while the occupation of the
6A1 term is forbidden due to the spin conservation law.
Exactly the same scheme of the multielectron levels
corresponding to d5, d 6, and d7 configurations with
ELS < EHS takes place for LaCoO3 in the absence of the
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applied pressure. The detailed LDA+GTB calcula�
tions of the electronic structure for the last compound
are reported in [25]. The difference of LaCoO3 from
Mg0.75Fe0.25O in the LS state is only in the value of the
spin gap. The LS state at T = 0 indeed corresponds to
an insulator. However, the d 6 HS state gradually begins
to be occupied at T ≠ 0 (see Figs. 1 and 2). As a result,
it is possible to annihilate an electron in the excited d 6

HS state forming the d5 HS final state. This gives rise
to a new band of in�gap states with the width and spec�
tral weight that increase proportionally to nHS. Thus,
the band gap becomes narrower with the growth of the
temperature. As follows from the calculations reported
in [25], the band gap vanishes at nHS ≈ 0.8 and metal�
lization takes place. Since the spin gap increases with
the pressure, the metal–insulator phase boundary also
shifts toward higher pressures (Fig. 2). It is clear that
the metallization at a nonzero temperature occurs in
the form of a smeared gradual transformation of the
semiconductor to metal. Hence all metal–nonmetal
phase boundaries in Fig. 2 have this meaning. At P >
Pc, on the right of the nHS = 0.8 line, there is a semi�
conducting region with the thermal fluctuations
involving both the HS and LS states. In Fig. 2, it can
be seen that the pressure range corresponding to the
metallic state at T = 300 K has the width ΔP ≈ 4 GPa.
This value is of the order of the experimental error for
the pressure measurements. Thus, it is not surprising
that the authors of [10] concluded that both the HS
and LS states have the insulating nature. Nevertheless,
they observed a small conductivity peak in the vicinity

of Pc, which lends an indirect support to our conclu�
sions.

To conclude, note that, in the case of d 6 ions, there
appears an unusual relation between the spin crossover
and metallization. On one hand, the spin crossover
leads to the growth of the correlation�induced gap at
T = 0 and prevents the usual insulator–metal transi�
tion related to the band broadening. On the other
hand, a nontrivial mechanism underlying the temper�
ature dependence of the band gap and metallization
with the growth of the temperature appears in the LS
state.
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Fig. 1. Temperature and pressure distribution of HS states.

Fig. 2. Phase diagram of magnesiowüstite.
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