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An electronic transition of iron in magnesiowustite has been studied with synchrotron Mössbauer and x-ray
emission spectroscopies under high pressures. Synchrotron Mössbauer studies show that the quadrupole split-
ting disappears and the isomer shift drops significantly across the spin-paring transition of iron in
�Mg0.75,Fe0.25�O between 52 and 70 GPa. Based upon current results and percolation theory, we reexamine the
high-pressure phase diagram of �Mg,Fe�O and find that iron-iron exchange interaction plays an important role
in stabilizing the high-spin state of iron in FeO-rich �Mg,Fe�O.
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Magnesiowustite ��Mg,Fe�O� with the cubic rock-salt
�B1� structure forms a solid solution between periclase
�MgO� and wustite �Fe1−xO�.1–9 Periclase is a wide band gap
insulator and prototype simple monoxide, whereas wustite, a
classical Mott insulator, is an important member of the
highly correlated transition metal monoxide �TMO� group
including NiO, CoO, and MnO.10–18 The Mott insulator-
metal transition results from the closure of the Mott-Hubbard
d-d band gap or of the charge-transfer p-d gap, and the
strength of electron correlation in the TMO systems is char-
acterized by the ratio between the on-site d-d Coulomb in-
teraction energy �U� and 3d bandwidth �W�.10 In TMO com-
pounds, a high-spin to low-spin �spin-pairing� transition
occurs when the crystal field splitting exceeds the Hund’s-
rule exchange energy and the material becomes diamagnetic,
resulting in the collapse of magnetic state.10 Although Mott
insulator-metal transitions in TMO have been predicted to
occur under high pressures,10,12 it is only very recently that
such transition has been experimentally observed in
MnO.15,17 On the other hand, high-pressure x-ray emission
spectroscopy �XES� studies indicated that FeO remains a
magnetic insulator up to at least 143 GPa.13,14 �Mg,Fe�O
contains partially occupied Fe2+ in 3d orbitals situated in the
band gap.1,2,9 Hence the local environment of iron, the 3d
bandwidth, and iron-iron interaction play an important role
in the electronic, structural, and physical properties of mag-
nesiowustite under high pressures. Studies of the complete
solid solution MgO-FeO system should thus shed light on the
questions regarding the magnetic collapse in highly corre-
lated TMO systems such as FeO at high pressure.

Pressure-induced electronic spin transitions of iron have
been described theoretically1,2,9 and experimentally reported
to occur in MgO-rich magnesiowustite based on high-
pressure XES observation of the Fe-K� fluorescence lines in
the sample.5,8 Since magnesiowustite is the second most
abundant mineral in the Earth’s lower mantle, the electronic
spin transition of iron in magnesiowustite in the Earth’s
lower mantle may have major geophysical and geochemical

consequences.1,2,5,8,9 However, recent traditional Mössbauer
studies suggested that high-spin and low-spin states of iron
could coexist in magnesiowustite over a very wide range of
pressures, leading to a spin crossover at high pressures.19,20

The apparent discrepancy has led us to investigate the mag-
netic states of the system using both synchrotron Mössbauer
spectroscopy �SMS�21 and XES under high pressures. SMS
spectra, for Fe2+ systems in particular, offer a direct way of
obtaining the relative concentrations of the spin states since
each is associated with its own characteristic set of Möss-
bauer spectral parameters, isomer shift �IS�, and quadrupole
splitting �QS�.22 Based on previous traditional Mössbauer
studies on oxides and silicates under ambient conditions, a
decrease in IS and the significant decrease or absence of the
QS are expected for the transition from the high-spin state to
the low-spin state.3,22,23

A polycrystalline 57Fe-enriched �Mg0.75,Fe0.25�O sample
was synthesized by sintering stoichiometric mixtures of
MgO and 57Fe ��95% enrichment� powder at 1378–1478 K
for 8 h under a controlled CO2-CO atmosphere near the iron-
wustite buffer.3 After three cycles of grinding and sintering,
the final product was compositionally homogeneous in elec-
tron microprobe analyses and its ferric iron �Fe3+� content
was below the detection limit of Mössbauer spectroscopy.
X-ray diffraction data showed that the sample was in the B1
structure with a cell parameter of 4.2411 �±0.0004�Å,4 and
magnetite �Fe3O4� was not detected. To prevent the effects of
a large sample thickness on the SMS data �a thinner sample
provides less distortion to the shape of the SMS spectra� and
to reduce potential pressure gradient in the sample in the
axial direction of the sample chamber, the sample was flat-
tened down between two flat diamonds �5 �m in thickness in
Run #1 and 1 �m in thickness in Run #2�; the effective
thickness, a parameter to describe the total intensity and the
influence of the sample thickness on the shape of the SMS
spectra in this composition, was estimated to be between two
and three.21 Such sample preparation also ensured the homo-
geneous thickness of the sample. A rhenium gasket was pre-
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indented to a thickness of 20 �m and a hole of 80 �m was
drilled in it. A small flake of the sample with �60 �m in
diameter was loaded into the sample chamber of a diamond
anvil cell �DAC� with flat diamonds of a culet size of
200 �m. Subsequently, KCl was loaded into the sample
chamber as the pressure medium and a few small ruby balls
were placed close to the sample for pressure measurements
using the ruby R1 luminescence peak.24

SMS experiments were carried out at the undulator beam-
line 3-IDB and 16-IDD of the Advanced Photon Source
�APS�, Argonne National Laboratory �ANL�.21 A monochro-
matic x-ray beam of �14.4125 keV with 1 meV resolution
at 3-ID and 2 meV resolution at 16-IDD was used to excite
the nuclear resonance of the 57Fe nuclei in the sample. The
focused x-ray beam was approximately 7 �m in diameter at
3-IDB and 20 �m in diameter at 16-IDD, where a cleanup
slit of 20 �m in diameter was used to get rid of unwanted
tail of the focused x-ray beam. The very small x-ray beam-
size significantly reduced the influence of the pressure gra-
dients in the radial direction across the sample chamber. The
time delayed spectra were recorded by an avalanche photo-
diode detector in the forward direction. After the SMS spec-
trum of the sample had been collected, thin stainless steel
foil �Fe55Cr20Ni25� of 1.4 �m �Run #1� or 0.5 �m �Run #2�
in thickness was placed outside of the DAC to serve as a
reference for the IS measurements.21–23 The data collection
time for each SMS spectrum was between 1 and 4 h. The
SMS spectra were evaluated with the MOTIF25 and CONUSS21

programs to derive the hyperfine parameters, QS and IS.
SMS spectra of the sample only and of the sample with

stainless steel reference were collected up to 92 GPa at
300 K �Fig. 1�. The derived QS and IS parameters under
ambient conditions are consistent with high-spin Fe2+ in oc-
tahedral coordination in oxides and silicates �Fig. 2�.3,22,23

The QS increases with increasing pressure up to about
30 GPa, plateaus at further pressure increase to about
60 GPa, and disappears at above 70 GPa. The IS of the high-
spin state decreases with increasing pressure and a noticeable
drop of the IS occurs at approximately 63 GPa. The simul-
taneous disappearance of the QS and the drop of the IS at
about 63 GPa are consistent with a high-spin to low-spin
electronic transition of iron in the sample between 52 and
70 GPa,5,8 although the width of the transition remains to be
further investigated. Based on the modeling of the SMS
spectra, the ratio of the high-spin to low-spin states of iron in
�Mg0.75,Fe0.25�O as a function of pressure are also consistent
with the changes in the QS and IS. The QS arises from the
interaction between the nuclear quadrupole moment and the
nonspherical component of the electronic charge distribution
described by its effective electric-field gradient ��� in a sim-
plified model. In general, the electric-field gradient in the
vicinity of the 57Fe nucleus can be attributed to a lattice
contribution from the crystal field produced by the surround-
ing ions ��lat� and an electronic contribution from the non-
spherical charge distribution of the electron shell surround-
ing the nucleus ��el�.22 Since the electronic spin transition of
iron in ferropericlase is isosymmetric with a very small vol-
ume decrease from x-ray diffraction studies,8 a significant
change in the �lat is not expected across the transition.

Therefore �el is most likely the main contribution to the
sudden change of the QS and the significant decrease in the
IS at about 63 GPa. That is, the effective electric field gra-
dient is dramatically reduced due to the spin-pairing transi-
tion; the electron shell of Fe2+ ions in the octahedral coordi-
nation of the high-spin state is spherically asymmetric with
S=2 and t2g↑

3 eg↑
2 t2g↓

1 �only two electrons are paired and four
are unpaired� and Fe2+ ions in the low-spin state are more
spherically symmetric with S=0 and t2g↑

3 t2g↓
3 �all six electrons

are paired�.
Furthermore, the IS is proportional to the difference in the

nuclear radii between the ground and excited states and the
electron density at the nucleus �also called the contact
density�.22 The electron density at the nucleus consists of the
s-electron density at the nucleus including the perturbing ef-
fect of the outer electrons. Therefore the negative slope in IS
as a function of pressure reflects the increase in density with
pressure in the high-spin state and low-spin state, respec-
tively, whereas the spin-pairing process in the 3d electrons
causes a jump in the total s-electron density at the nucleus
and hence a drop in the IS. The magnitude of the change in
the IS across the electronic spin-pairing transition of iron in
magnesiowustite at approximately 63 GPa is, in general,
consistent with that observed in other iron oxides and sili-
cates under ambient conditions.26 The d�IS� /dP for the low-
spin state is lower than that of the high-spin state, suggesting
an increase in the incompressibility across the transition �Fig.
2�b��. It has been observed in x-ray diffraction experiments
that the high-spin to low-spin transition of iron in magnesio-
wustite results in a much higher bulk modulus �KT� and bulk
sound velocity �V�� for the high-pressure low-spin state; KT

FIG. 1. Representative SMS spectra of �a� �Mg0.75,Fe0.25�O and
�b� �Mg0.75,Fe0.25�O with stainless steel �SS� as a function of pres-
sure at room temperature. Black line, modeled spectrum with the
MOTIF program �Ref. 25�. The sample thickness was approximately
1 �m, and the thickness of the stainless steel foil was about
0.5 �m. Evolution of the SMS spectra of �Mg0.75,Fe0.25�O with the
stainless steel as a reference enables derivation of the IS of the
sample as a function of pressure �see Fig. 2�. The quantum bits at 0,
13, and 45 GPa are generated from the QS of the high-spin state of
iron in the sample, whereas the flat feature of the spectra at 70, 79,
and 92 GPa indicates disappearance of the QS.

BRIEF REPORTS PHYSICAL REVIEW B 73, 113107 �2006�

113107-2



jumps by �35% and V� increases by �15% across the tran-
sition in �Mg0.83,Fe0.17�O.8

To understand the compositional effect on the spin transi-
tion in the system, we also carried out in situ XES experi-
ments on �Mg0.95,Fe0.05�O in a DAC. XES spectra of the
Fe-K� fluorescence lines in dilute �Mg0.95,Fe0.05�O showed
that a high-spin to low-spin transition occurs between 46 and
55 GPa �Fig. 3�. In light of the observed electronic transition
in magnesiowustite at high pressures and room temperature,
we reexamined the high-pressure phase diagram of the
MgO-FeO system �Fig. 3�. Based on high-pressure x-ray dif-
fraction, XES, and SMS studies, a B1-rhombohedral struc-
tural transition occurs in the FeO-rich region and addition of
MgO stabilizes the B1 structure to much higher pressures,6,7

whereas an isosymmetric electronic transition from the para-
magnetic state �PM� to the diamagnetic state �DM� occurs in
the MgO-rich region and addition of FeO into MgO stabi-
lizes the high-spin state to much higher pressures.5,8 The iso-
symmetric electronic transition may terminate at a critical
point of temperature.9

Here we further assess the effect of iron-iron exchange
interaction on the electronic transition using percolation
theory.27 If one neglects the iron-iron exchange interactions
between neighboring iron atoms in the system �i.e., at very
low iron concentration in the system�, the slope of the elec-
tronic spin transition as a function of FeO concentration �x�
can be evaluated from the lattice expansion due to the sub-
stitution of the Mg2+ ions with the larger Fe2+ which creates
an internal pressure on the local Fe2+ ions in addition to the
external pressure in a DAC. The transition pressure as a
function of FeO concentration �dP/dx� can thus be calcu-
lated from the assumption that the spin transition occurs at
the same Fe–O bond length; the same internal pressure.
Since the addition of 50 at % of FeO into MgO expands the
MgO lattice by approximately 1.4%,4 an additional pressure
of about 15 GPa is needed to reach the electronic transition
in �Mg0.50,Fe0.50�O �Fig.3�. However, it is clear from Fig. 3
that the spin-paring transition observed experimentally in the
FeO-rich region occurs at much higher pressure than what
the simple calculation predicted. This discrepancy occurs due
to the contribution of the Fe-Fe exchange interaction which
further stabilizes the high-spin state to much higher pres-
sures. Based on percolation theory, for the face-centered-
cubic �fcc� lattice the random impurity has a percolation
threshold, a continuous percolation path through the three-
dimensional fcc structure, at about 12% concentration.27

When iron concentration in the �Mg,Fe�O system is above
the percolation threshold, Fe2+ atoms form an infinitely con-
nected percolation path through the whole structure, where

FIG. 2. Pressure dependence of �a� QS and �b� IS �with respect
to stainless steel standard� in �Mg0.75,Fe0.25�O as revealed from the
modeling of the SMS spectra. Open triangle: this study from sample
of �1 �m in thickness and SS of �0.5 �m �Run #2�; open circles:
this study from sample of �5 �m and SS of �1.4 �m �Run #1�;
vertical bars: error bars for the IS and QS. The error bars for the IS
in Run #2 �except at 63 GPa� and for the QS are smaller than the
symbol; the relatively larger errors in the IS in Run #1 were due to
the dynamic effects �larger sample thickness�. The pressure uncer-
tainly �1�� estimated from multiple pressure measurements of the
ruby luminescence lines was typically 3%–5%. A least-squares
fit to the IS �short dash lines� gives d�IS� /dP of
−0.0037�±0.0007� mm/s GPa for the high-spin state and d�IS� /dP
of −0.0021�±0.0010� mm/s GPa for the low-spin state, respec-
tively. The spectrum at 63 GPa is modeled with two states, a low-
spin state of Fe2+ �20% in ratio� with no QS and a state with a QS
of 0.56�±0.10� mm/s. The nature of the intermediate state remains
to be further investigated in the future.

FIG. 3. Phase diagram of the magnesiowustite-�Mg,Fe�O sys-
tem under high pressures and room temperature. Open circle, XES
results �Ref. 8�; closed circle, SMS results. An isosymmetric tran-
sition from the paramagnetic state �PM� to the diamagnetic state
�DM� occurs in MgO-rich magnesiowustite �ferropericlase� �Refs. 5
and 8�, and addition of FeO in MgO stabilizes the high-spin state to
much higher pressures �Ref. 8�. On the other hand, addition of MgO
in FeO stabilizes the B1 structure relative to the antiferromagnetic
�AFM� rhomboheral phase �R� to much higher pressures �Ref. 6�.
Potential electronic and structural transitions in the FeO-rich region
remain to be further understood. The dotted line represents the cal-
culated high-spin to low-spin transition boundary based on the as-
sumption that the spin transition occurs at the same Fe–O bond
length and the iron-iron exchange interaction could be neglected.
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each Fe2+ atom has at least two Fe2+ neighbors. That is, the
3d outer electrons of an Fe2+ atom interact with the neigh-
boring 3d electrons of the dxy, dxz, and dzy orbitals, which
correspond to the t2g states �split down from the e2g orbitals
by the octahedral crystal field�. This iron-iron interaction
would increase the effective crystal field by further splitting
mostly t2g orbitals and lowering them with respect to the e2g
orbitals and thus would stabilize the high-spin state in the
system. In particular, the FeO end member of the magnesio-
wustite system is well-known for its strength of electron cor-
relation which is characterized by the ratio between the on-
site d-d Coulomb interaction energy �U� and 3d bandwidth
�W�.10 Based on the extrapolated electronic transition bound-
ary from our studies, the high-spin to low-spin transition
may occur at a pressure above 160 GPa, though the effects of
the B1-rhombohedral and the B1-NiAs �or anti-NiAs� struc-
tural transition in the very FeO-rich end on the electronic
transition should be further considered; the potential mag-
netic collapse and metallization in FeO under high pressures
is suggested to be associated with a structural phase transfor-
mation to NiAs or anti-NiAs.11,28

In summary, we have studied the pressure-induced elec-
tronic spin transition in magnesiowustite by high-pressure
SMS and XES. Our SMS studies of �Mg0.75,Fe0.25�O have
shown the disappearance of the quadrupole splitting and the
significant drop of the isomer shift between 52 and 70 GPa,
consistent with a high-spin to low-spin transition of iron in

the sample. Based on current results and percolation theory,
we reexamined the high-pressure phase diagram of the
MgO-FeO system and found that iron-iron exchange interac-
tion in the system plays an important role in stabilizing the
high-spin state of iron in the FeO-rich region of the system.
Our results indicate that the same iron-iron correlation effect
is also responsible for stabilizing of the high-spin of iron in
FeO to much higher pressures and the magnetic collapse in
FeO may occur at a pressure above 160 GPa.
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