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Looking deep into the Earth...
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Sequence of phase transitions in MgO-SiO2 system

at Earth mantle and transition zone

Iron content, valence and 

electronic state affect

- density of the phases

- sound velocity

- thermal conductivity 

- electrical conductivity

- elements partitioning

- dynamics of the core and mantle
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Mantle velocity profiles and tomography

Takeuchi, N., 2007. J. Int., 169, 1153-1163

www.eri.u-tokyo.ac.jp/takeuchi/model/
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- sound velocity
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Diamond Anvil Cell  Technique

DAC
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Saikia et al., PEPI, 2009



Laser heating

Resistance heating
Ambient

0

4

6

T
em

p
er

at
u

re
, 

1
0
0

0
 K

Pressure, GPa

Cryogenic

100 200 300 400 5000

Geotherm

C
o
r
e
 M

a
n

tl
e 

B
o

u
n

d
a

r
y

In
n

e
r
/O

u
te

r
 c

o
r
e
 B

o
u

n
d

a
r
y

2

LVP

A geotherm together with accessible 

P-T ranges by static techniques

Mantle

 

LVP

DAC

 

Courtesy of Guoyin Shen



Laser heating

Resistance heating
Ambient

0

4

6

T
em

p
er

at
u

re
, 

1
0
0

0
 K

Pressure, GPa

Cryogenic

100 200 300 400 5000

Geotherm

C
o
r
e
 M

a
n

tl
e 

B
o

u
n

d
a

r
y

In
n

e
r
/O

u
te

r
 c

o
r
e
 B

o
u

n
d

a
r
y

2

LVP

A geotherm together with accessible 

P-T ranges by static techniques

Mantle

 

LVP

DAC

 

Courtesy of Guoyin Shen



Large stresses in DACs 

tend to destroy crystals...

...but quasi-hydrostatic 

nobel gases (He, Ne) 

pressure transmitting media 

preserve them!

70(1) GPa, g-B28 in He Zarechnaya et al., 2010
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Area detector

Loading direction

Incident beam

Spot on the
diffraction line

Diffracting plane
normal
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Single Crystal Diffraction
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Silicate Perovskite

(Mg0.63,Fe0.37)(Si0.63Al0.37)O3

Ne (111)

47.9(3) GPa
300 K

48.5(4) GPa
1450(50) K

78(2) GPa

1700(50) K



- Structure and properties of major Earth lower mantle phases

- (Mg,Fe)O

- (Mg,Fe)SiO3

- Single crytal studies at megabar pressure range

- Effect of spin transition in Fe on compositon and dynamics of 

Earth lower mantle
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Iron electronic structure



Possible effects of  Fe2+ spin crossover
important for geophysics and geochemistry

Density increase – possible discontinuity in 

seismic profile of the mantle, changes in 

compressibility.

Red shift of the absorption edge – possible 

decrease of radiative heat transfer in the 

mantle.

Rapid change in Fe partitioning between major 

phases:

(Mg,Fe)O ferropericlase and (Mg,Fe)SiO3

perovskite.



Results: Mössbauer spectroscopy

(Mg0.95Fe0.05)O (Mg0.80Fe0.20)O

HS

LS

I. Kantor et al., 2007; 2009
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Thermal EoS of Fp (Mg0.8Fe0.2)O
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Kantor et al.

2007; 2008; 2009

(Mg0.8Fe0.2)O(Mg0.95Fe0.05)O

Lin et al., 2007
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In a symmetrical ligand environment (a)

the five d energy levels are split into

three upper (t2g) and two lower (eg)

levels, separated by the crystal field

splitting (Δc). A distorted ligand

environment further splits the t2g and eg

energy levels, and depending on the

relative magnitudes of Δc, the energy

required to pair spins, and the splitting

between individual eg and t2g levels (δ1,

δ2 and δ3), the six 3d electrons (arrows)

are distributed in different spin states as

follows: (b) high-spin Fe2+ with 4

unpaired electrons; (c) intermediate-spin

Fe2+ with 2 unpaired electrons; and (d)

low-spin Fe2+ with no unpaired

electrons. The relative magnitudes of δ2

and δ3 and Δc can lead to the

stabilisation of unusual spin states, such

as intermediate-spin Fe2+.

Electronic structure of the 3d orbitals of Fe2+

in eight-fold coordination



Majorite Silicate Pv



Narygina et al., Phys. Chem. Minerals, 2011

Majorite

Silicate Pv
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Narygina et al., Phys. Chem. Minerals, 2011



(Mg0.59Fe0.41)(Si0.63Al0.37)O3 Pv

Potapkin et al., 

2011



McCammon et al., 2008; Narygina, 2009, 2010

Pv

Fp
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Thermal EoS of (Mg0.59Fe0.41)(Si0.63Al0.37)O3 Pv
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Mantle velocity profiles and tomography

Takeuchi, N., 2007. J. Int., 169, 1153-1163

www.eri.u-tokyo.ac.jp/takeuchi/model/



Conclusions and perspectives

The most reliable information about crystal structures and

their response to changes in pressure and temperature is

obtained from single crystal diffraction experiments. We have

developed a methodology to perform single crystal X-ray

diffraction experiments in laser-heated DACs and

demonstrated that structural refinements and accurate

measurements of the thermal equation of state of metals,

oxides, silicates from single crystal intensity data are possible

at pressures up to megabars and temperatures of thousands

degrees. New methodology was applied to study structural

variations in ferropericlase and iron- and aluminum-bearing

silicate perovskites at conditions of the Earth’s lower mantle.
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From EoS

???!!!

From NIS!!!



Laser heated DAC on ID18 beamline

(Nuclear Inelastic Scattering, NIS)
Dubrovinsky et al., 2009

Glazyrin et al., 2010
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Mantle velocity, “Birch law”
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Mg0.88Fe0.12SiO3

McCammon et al., 2008; Narygina, 2009, 2010

Mg0.86Fe0.14Si0.98Al0.02O3
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Electrical Heating in DAC

Pressure above 300 GPa

Temperatures to 1200 K

ID27, ESRFDubrovinskaia and Dubrovinsky, 2003



(Mg,Fe)(Si,Al)O3

(Mg,Fe)O
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Powder Diffraction

External Electrical and Laser Heating
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Single Crystal Diffraction

External Electrical and Laser Heating
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T=820(20) K
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Heating assembly for high P, T Mössbauer measurements:

1 – diamond anvil cell,

2 – ceramic heater,

3 – thermocouple, 

4 – platinum wires, 

5 – mica for electrical isolation,

6 – one Euro coin for scale, 

7 – entire assembly.

Mössbauer spectrometer Micro-Raman spectrometer

Dubrovinskaia and Dubrovinsky, 2003



(Mg0.88Fe0.12)SiO3

112(3) GPa

2200(50) K
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Crystal Chemistry of Pv
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ID24, ESRF

Si detector

Copper Cool ing Ring

DAC

X-ray Absorption 

Near-Edge 
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DAC

2380(70) K



Narygina et al., 2010
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Single Crystal Diffraction at Megabar Pressure Range
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Cr2O3



62 GPa

112 GPa

McCammon et al., 2008; Narygina, 2009, 2010

Nuclear forward scattering (synchrotron 

Mössbauer) of (Mg0.88Fe0.12)SiO3 Pv
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After laser heating





nuclear forward scattering

ESRF



Mantle velocity profiles and tomography

670-1200

1200-2000

2000-2891

Trampert et al. 2004Dziewonski and Anderson (1981)

www.eri.u-tokyo.ac.jp/takeuchi/model/
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Possible effects of  Fe2+ spin crossover important for geophysics

Rapid change in Fe partitioning between major phases:

(Mg,Fe)O ferropericlase and (Mg,Fe)SiO3 perovskite.

“... at pressures greater then 70 GPa or at depths greater 

than 2000 km, perovskite would then be completely iron-

free, and any iron would be transferred into ferropericlase”







Si detector

Copper Cool ing Ring

DAC

ID24: Energy dispersive 

XAS beam-line at ESRF

The complete optical scheme adopted on ID24,

consisting in a pair of mirrors in a Kirkpatrick Baez

geometry (VFM1 and HFM) and the polychromator

(PLC). A second vertically focusing mirror (VFM2)

downstream the polychromator is used to refocus the

beam on the sample
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Concentration maps of ringwoodite, perovskite and ferropericlase, for

the sample at 26 GPa before laser heating, (a, b and c, respectively)

and for the sample at 37 GPa after laser heating (d, e and f,

respectively). Note that the sample in the pressure chamber is

surrounded with a black line.

M. Munoz et al., 2008
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Olivine (Mg0.88Fe0.12)2SiO4,

Laser heated at 52 GPa and 2300 K
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Fe+MgO

Recovered after heating

at 2700(100) K and 72(3) GPa



Rw+Graphite, laser-heated at 

35(3) GPa and 2200(100) K
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Fe K-edge XANES spectra of (Mg,Fe)O and FeO.

a) Fe5 sample after compression; b) Fe13 sample

after compression; c) Fe25 sample after

compression; d) FeO wüstite sample. e) starting

Fe13 material. The arrow indicates the region of

major changes in the XANES spectra.

Pressure dependence of the quadrupole

splitting of Fe5 and Fe20 samples (a and b,

respectively). Black triangles pointing to the

right are compression points, while white

triangles pointing to the left are decompression

points.

Kantor et al., 2007; 2008



D. Andrault, 2007

Stability and Phase 

Transition(s)



Results: optical absorption spectroscopy

(Mg0.88Fe0.12)O crystal

84 GPa



Optical absorption spectroscopy: literature data

Reduced Radiative Conductivity of Low-Spin (Mg,Fe)O in the 

Lower Mantle

A. F. Goncharov, V. V. Struzhkin, S. D. Jacobsen

SCIENCE 312, 1205 (2006)



Pressure (GPa)

0 20 40 60 80 100

C
S

-0.2

0.0

0.2

0.4

0.6

0.8

1.0

1.2

1.4

CS_Fe2+ 

CS_Fe2+(HQS) 

CS_III 

Pressure (GPa)

Pressure (GPa)

0 20 40 60 80 100

Q
S

0

1

2

3

4

5

QS_Fe2+ 

QS_Fe2+(HQS) 

QS_III 

Eq. 2.6

Pressure, GPa

0 20 40 60 80 100 120


, 

d
e
g
re

e

10

12

14

16

Pressure, GPa

Eq. 2.5

Pressure, GPa

0 20 40 60 80 100 120


, 
d
e
g
re

e

13

14

15

16

17

18

19

Pressure GPa vs Teta latpar 

Eq. 2.7

Pressure, GPa

0 20 40 60 80 100 120


, 
d
e

g
re

e

16

18

20

22

24



(Mg0.85Fe0.15)O, 85-90 GPa

(Mg0.875Fe0.125)O





2

8 10 12 14 16 18

In
te

n
s
it
y
, 
a
rb

. 
u

n
it
s

0

1000

2000

3000

4000

5000

88(2) GPa, 1950(100) K

Quenched

(1
1
1
)

(0
0
2
)

(2
2
0
)

(3
1
1
)

(2
2
2
)

(1
1
1
)

(0
0
2
)

(2
2
0
)

Pressure, GPa

20 40 60 80 100 120

T
e
m

p
e
ra

tu
re

, 
K

500

1000

1500

2000

2500



Fei and Mao, 1994



Dubrovinsky et al., 2001 

Kondo et al., 2004

Kantor et al., 2008








