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Iron is the most abundant transition-metal element in the mantle
and therefore plays an important role in the geochemistry and
geodynamics of the Earth’s interior1–11. Pressure-induced elec-
tronic spin transitions of iron occur in magnesiowüstite, silicate
perovskite and post-perovskite1–4,8,10,11. Here we have studied the
spin states of iron in magnesiowüstite and the isolated effects of
the electronic transitions on the elasticity of magnesiowüstite with
in situ X-ray emission spectroscopy and X-ray diffraction to
pressures of the lowermost mantle. An observed high-spin to
low-spin transition of iron in magnesiowüstite results in an
abnormal compressional behaviour between the high-spin and
the low-spin states. The high-pressure, low-spin state exhibits
a much higher bulk modulus and bulk sound velocity than the
low-pressure, high-spin state; the bulk modulus jumps by ,35 per
cent and bulk sound velocity increases by ,15 per cent across the
transition in (Mg0.83,Fe0.17)O. Although no significant density
change is observed across the electronic transition, the jump in
the sound velocities and the bulk modulus across the transition
provides an additional explanation for the seismic wave hetero-
geneity in the lowermost mantle12–21. The transition also affects
current interpretations of the geophysical and geochemical
models using extrapolated or calculated thermal equation-
of-state data without considering the effects of the electronic
transition5,6,22,23.

The electronic spin transition of iron in magnesiowüstite and
silicate perovskite in the Earth’s lower mantle has been postu-
lated to have major geophysical and geochemical consequences:
causing a large density change, shifting the partitioning of iron
between magnesiowüstite and perovskite, altering radiative thermal
conductivity, and enhancing compositional layering in the lower
mantle1–4,8,10,11. However, no significant displacement in iron parti-
tioning between magnesiowüstite and perovskite has been observed
experimentally5–7, and the effects of the electronic transition on the
density and elasticity have not previously been measured. Seismic
observations show heterogeneities in seismic-wave velocities in
the Earth’s lower mantle12–18, where compositional and thermal
variation, partial melting, and a phase transition in perovskite have
been used to explain the origin of the heterogeneity16–21. Assuming a
relatively large volume change across the spin transition and neglect-
ing the spin-pairing energy of ,4 eV in thermodynamic calculations,
it has been suggested that the partition coefficient of iron between
magnesiowüstite and perovskite increases by several orders of
magnitude in the mid- to lower mantle8, although in-situ X-ray
diffraction and quenched sample analyses have not demonstrated
such a dramatic change under mid- to lower-mantle conditions5–7.

To understand the consequences of the electronic transition on the
geophysical and geochemical processes of the Earth’s interior, we

have studied the spin states of iron in magnesiowüstite and the effects
of the electronic transitions on the elasticity of magnesiowüstite with
in situ X-ray emission spectroscopy (XES) and X-ray diffraction
under lower-mantle pressures.

The spin states of iron in magnesiowüstite with varying Fe-content
were probed by XES in a diamond anvil cell (Fig. 1). XES is an
established technique that provides direct information on the local
magnetic properties of iron atoms and has been widely used to study
magnetic transitions in iron-containing systems8,10,11. The magnetic
state of Fe is characterized by the appearance of the satellite emission
peak (Kb 0 ) located at the lower-energy region of the main emission
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Figure 1 | Representative X-ray emission spectra of Fe-Kb collected from a
single-crystal magnesiowüstite, (Mg0.75,Fe0.25)O, in kk110ll orientation at
high pressures. The spectrum at ambient conditions was measured outside
the diamond anvil cell. The spectra were normalized to unity and shifted in
energy to compensate for the pressure-induced shift of the line maximum,
based on the main fluorescence peak (Kb) at 7,058 eV. The presence of the
satellite peak (Kb 0 ) below 55GPa is characteristic of the magnetic state of
iron, whereas the absence of the satellite peak above 67GPa indicates the
collapse of the magnetization. Inset, normalized intensity of the satellite
peak of iron in magnesiowüstite as a function of pressure. The intensity of
the satellite peak was obtained by subtracting each spectrum from the one at
the highest pressure (low-spin state). The errors in integrated intensity were
propagated from statistical errors in original spectra (errors span two
standard deviations). The intensity of the satellite peak is proportional to the
magnetic moment of the iron atoms8,10,11, so the change in the intensity of
the satellite peak can be used to understand the electronic spin transition of
iron in magnesiowüstite. The observed electronic spin transition pressure
for (Mg0.75,Fe0.25)O is close to the transition pressure in (Mg0.83,Fe0.17)O
(ref. 8).
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peak (Kb1,3) of ,7,058 eV, which results from the 3p–3d core–hole
exchange interaction in the final state of the emission process. On the
other hand, the collapse of the magnetization of Fe is characterized by
the disappearance of the low-energy satellite owing to the loss of the
3d magnetic moment. XES measurements of the Fe Kb line were
carried out at the High Pressure Collaborative Access Team (HPCAT)
sector of the Advanced Photon Source (APS) at the Argonne National
Laboratory. A monochromatic X-ray beam of 12 keV was focused
down to 20 mm vertically and 60 mm horizontally at the sample
position. The Fe Kb emission spectra were collected through a Be
gasket by an one-metre Rowland circle spectrometer in the vertical
scattering geometry. A Si (333) single-crystal wafer glued onto a
spherical substrate of one-metre radius was used as the analyser and a
Peltier-cooled silicon detector (Amptek XR 100CR) was used to
detect the emitted X-ray fluorescence. The sample was sandwiched
between two layers of NaCl, and pressures were measured from rubies
placed in the NaCl medium using the ruby pressure scale. The details
of the experimental set-up8,10,11 and sample syntheses24 are reported
elsewhere.

The XES spectra of the Fe Kb fluorescence lines in (Mg0.75,Fe0.25)O
and (Mg0.40,Fe0.60)O reveal that a high-spin to low-spin transition
occurs at 54 to 67 GPa and 84 to 102 GPa, respectively (Fig. 1) (see

Supplementary Information for details). To understand the isolated
effect of the spin transition of iron on the elasticity of magnesiowüstite,
we also carried out in situ X-ray powder diffraction experiments in a
diamond anvil cell (Fig. 2). A polycrystalline magnesiowüstite
sample—either (Mg0.83,Fe0.17)O or (Mg0.40,Fe0.60)O—was loaded
into a diamond anvil cell with a neon pressure medium and Pt
pressure scale25,26. The iron concentrations in (Mg0.75,Fe0.25)O and
(Mg0.83,Fe0.17)O samples are close to the iron concentration in
magnesiowüstite in the lower mantle, whereas the (Mg0.40,Fe0.60)O
sample is used to understand the compositional effect on the spin
transition and volume change. A focused monochromatic beam
(0.4246 Å) with a beam diameter of approximately 10mm was used
as the X-ray source for angle-dispersive X-ray diffraction experiments,
and the diffracted X-ray was collected with an image plate (MAR345).
Three diffraction peaks of (111), (200), and (220) were used to
calculate the cell parameters of magnesiowüstite, and pressures were
calculated from the equation of state (EOS) of Pt (refs 26, 27). Because
the ruby pressure scale used during the XES studies was originally
calibrated against the Pt pressure scale26, use of the Pt scale during
X-ray diffraction measurements should yield precisely the same
pressure as that obtained during the XES measurements. The pressure
and volume data were analysed with the Birch–Murnaghan (BM) EOS
and the Vinet EOS (refs 27, 28) using a weighted least-squares linear
fit—the eulerian strain (f) and the normalized stress (F) in the BM
EOS and ln(H) and 1 2 X in the Vinet EOS—to obtain values for the
isothermal bulk modulus (KT) at ambient conditions (K0T) and
pressure derivative of the bulk modulus at ambient conditions
(K0T

0 ) (Fig. 2).

Figure 2 | Normalized volume of magnesiowüstite, (Mg0.83,Fe0.17)O, as a
function of pressure at 300K. Aweighted least-squares fit to the high-spin
state and low-spin state, based on the BM EOS (ref. 27), show that the K0T

and K0T
0 of the high-spin state are 160.7(^3.7) and 3.28(^0.21)GPa (blue

curve), respectively, whereas the K0T of the low-spin state is 250(^28)GPa
with a V0LS/V0HS of 0.904(^0.016) and an assumed K0T

0 of 4 (red curve).
V0HS and V0LS are the volumes of the high-spin state and low-spin state at
ambient conditions, respectively. Based on the Vinet EOS (ref. 28), the K0T

and K0T
0 of the high-spin state are 161.3(^5.2) and 3.25(^0.37)GPa,

respectively, whereas the K0T of the low-spin state is 245(^21)GPa,
assuming a K0T

0 of 4. The dashed black line represents the EOS of MgOwith
a K0Tof 160GPa andK0T

0 of 4 for comparison (ref. 25). The sample remains
in the NaCl-type structure at all pressures9, and no significant change in
density is observed. Inset, normalized stress (F) versus normalized strain ( f)
plot27. F decreases with increasing f up to 55GPa, whereas F increases with
increasing f above 74GPa, indicating a significant change in the
incompressibility from the high-spin state to the low-spin state. Error bars
span two standard deviations.

Figure 3 | Calculated isothermal bulk modulus and bulk sound velocity as a
function of pressure for the high-spin and low-spin states. a, Bulk
modulus; b, bulk sound velocity. Although no significant volume/density
change was observed at approximately 60GPa (ref. 8), KT jumps by ,35%
across the transition. The bulk sound velocity (vF ¼

p
(KS/r);

KS ¼ KT(1 þ agT); a is the thermal expansion coefficient and g is the
Grüneisen parameter) increases by ,15% across the transition. These
values and their errors are calculated based on the BM EOS. These
calculations based on the Vinet EOS show similar results. Error bars span
two standard deviations.
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Within experimental uncertainties, no significant volume or
density change was observed in (Mg0.83,Fe0.17)O at approximately
60 GPa where the high-spin to low-spin transition has been observed
by ref. 8 using XES (Figs 1, 2). On the other hand, a volume decrease
of,1.6% was observed in (Mg0.40,Fe0.60)O at 95 GPa, consistent with
the high-spin to low-spin transition pressure observed in XES
studies. Our results show that addition of FeO in MgO stabilizes
the high-spin state to higher pressures. The difference in effective
ionic radii between octahedrally coordinated high-spin and low-spin
Fe2þ in sulphides (based on the effective ionic radius of O22 in
six-fold coordination of 1.40 Å) is 0.16 Å, resulting in a volume
change of 21% at ambient pressure29. It has been suggested that the
electronic spin transition of Fe in iron-containing compounds can
cause a significant volume reduction across the transition1,2,8,29. In
Fe2O3, the volume change due to the electronic spin transition is
estimated to be ,7%; however, a concurrent structure transition in
Fe2O3 complicates the estimation of the volume reduction30. It is
believed that the composition of magnesiowüstite in the lower
mantle5–7,22,23 contains approximately 20% FeO, which corresponds
to a density change of only ,0.5% across the spin transition,
according to our results. Considering that the lower mantle contains
only approximately 20% of magnesiowüstite and that high tempera-
ture would further reduce the electronic effect on the density
reduction, the very small density change is likely to be under the
detection limit of current seismic-wave resolution.

By plotting the (Mg,Fe)O compression data as normalized stress
(F) against eulerian strain (f), it is possible to see the change in
compressibility across the electronic transition (Fig. 2). These
analyses show that the electronic transition significantly affects the
incompressibility of magnesiowüstite at lower-mantle pressures. As
shown, the normalized stress decreases with increasing the eulerian
strain up to 55 GPa, whereas the normalized stress increases with
increasing the eulerian strain above 74 GPa. We note that an
electronic spin transition is observed in (Mg0.83,Fe0.17)O between
60 to 70 GPa (ref. 8). A weighted least-squares fit to the high-spin
state and low-spin state, based on the BM EOS, shows that the
K 0T and K 0T

0 of the high-spin state are 160.7(^3.7) and
3.28(^0.21) GPa, respectively, whereas the K 0T of the low-spin
state is 250(^28) GPa with a V0LS/V0HS of 0.904(^0.016) and an
assumed K0T

0
of 4, where V0HS and V0LS are the volumes of the

high-spin state and low-spin state at ambient conditions, respect-
ively. These parameters remain similar on the basis of the Vinet EOS
analyses (ref. 28), indicating that the incompressibility change does
not depend on the form of the EOS used. The calculated KT and bulk
sound velocity (vF ¼

p
(K S/r), where K S is the adiabatic bulk

modulus and r is the density) show that a significant change in KT

and vF occurs across the transition and that the low-spin state has
higher KT and vF than the high-spin state (Fig. 3); KT increases by
,35% and vF increases by ,15% across the transition.

The volume difference, change of entropy, and spin-pairing energy
across the electronic transition are key parameters in estimating the
thermodynamics of the spin transition, in particular Clapeyron slope
and the partitioning of iron1,8,31,32. On the basis of our current
XES and X-ray diffraction results (a small volume change) and
thermodynamic considerations (the spin-pairing energy of 4.1 eV
is considered in this study)31,32, we found that, for a magnesiowüstite
containing ,20% FeO, the Clapeyron slope of the high-spin to low-
spin transition is approximately 56 K per GPa and the spin transition
is shifted to ,120 GPa at 2,500 K (close to the top of the D 00 region)
(see Supplementary Information for details)32.

The unusual effects of the spin transition in iron on the elastic
properties of magnesiowustite reported here have several impli-
cations for the seismology, dynamics and geochemistry of the
lower mantle. Recent seismic observations have shown that seismic
wave heterogeneities exist in the Earth’s lowermost mantle15,16,18; in
particular, the shear-wave velocity (vS) changes more significantly
than KS, vP and vF. The changes in vF and vS are anti-correlated12.

The phase transition from perovskite to post-perovskite has been
used to explain the seismic-wave discontinuity in the D 00 layer19–21.
Our results show that the electronic transition of iron in magnesio-
wüstite is likely to occur in the lowermost mantle and that the KS

and vF in magnesiowüstite would increase significantly across the
transition in the lowermost mantle. Although the relatively less
amount of magnesiowüstite in the lower mantle (approximately
20%) would reduce the magnitude of the effect on the elasticity,
the electronic transition is still likely to leave a signature in the change
of the sound velocities. Such a change in sound velocities provides an
additional explanation for the seismic wave heterogeneities in the
lowermost mantle15,16,18. The jump in vF across the electronic
transition implies changes in vp and v s, so future ultrasonic or
Brillouin studies on the vp and v s across the transition would provide
crucial information in understanding the contribution of the
electronic transition to this seismic-wave heterogeneity.

The electronic spin transition in iron has also been reported for
both ferromagnesian silicate perovskite and the post-perovskite
phase10. The electronic transitions should also affect the incompres-
sibility and sound velocities in perovskite and post-perovskite. We
also observed optically that the opacity of the magnesiowüstite
increases with increasing pressure and the low-spin state can be
well heated by the radiation of the Nd:YLF laser at 1,053 nm; the
heated magnesiowüstite sample across the transition remains in
the NaCl-type structure, as revealed from in situ X-ray diffraction.
The enhanced opacity of (Mg,Fe)O above the transition is at odds
with that predicted theoretically2. One possible explanation is that in
ref. 2 only the average energy of the excited singlet states of low-spin
Fe2þ was estimated. Because the post-perovskite is suggested to be
transparent in the infrared region, the low-spin state of magnesio-
wüstite may become dominant in blocking radiative heat transfer in
the lowermost mantle.

Our current understanding of the EOS for iron-bearing minerals
comprising the bulk of the Earth’s lower mantle, namely magnesio-
wüstite and ferromagnesian silicate perovskite, appears to be
inadequate, considering the effects of the pressure-induced spin-
state transitions in Fe. We present experimental evidence for the
anomalous compressibility of magnesiowüstite through the high-
spin to low-spin transition, indicating that an extrapolation of the
low-pressure, high-spin EOS inaccurately predicts the density of
magnesiowüstite in deeper parts of the lower mantle. Furthermore, a
discontinuous jump in the KT and vF values measured in this study
may account for the seismic-wave heterogeneities in the lowermost
mantle. It remains to be seen how the spin-state transitions in the
lower mantle will affect shear velocities of these phases, but the
emerging picture of the Earth’s deeper mantle from complementary
seismic and mineral physics studies suggest that it is a more complex
region than traditionally thought.
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