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Phase diagram of MgO. Filled red and blue circles and corresponding curves are the shock 
pressures and temperatures from laser experiments. Brown lines show expected P–T paths for 
Earth, a 5 ME super-Earth, Jupiter, and a hot Jupiter. The melting curve and B1–B2 phase 
transition boundary are also indicated. The filled circle labeled C shows the pressure and upper 
bound temperature for the B1–B2 transition from ramp compression x-ray diffraction 
experiments (Coppari et al., 2013).   

There are no static compression data on behavior of MgO 
above ∼250 GPa 

MgO is expected 
to be one of very 
important 
components of 
Super Earths  



Mg2SiO4 above 500 GPa 
5 
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Space group C mcm 
a=2.4626(15) Å 
b=7.9970(13) Å 
c=6.101(5) Å 
 Unique reflections: 74 
Rint 1.3% 
Refined parameters: 10 
R1=7.2 % 

(Mg0.63Fe0.37)(Si0.64Al0.36)O3 Pv 
(Mg0.76(2)Fe0.24(2))(Si0.64Al0.36)O2.98(2) PPv 
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(Mg0.42,Fe0.68)(Si0.57,Al0.37,Fe0.06)O3 
Koemets et al., 2019 



TEM/SEM 

SEM image of the recovered crystal Position of the FIB slice before the liftout 

50 µm 

Overview HAADF-STEM image of the FIB slice 

Pv 

PPv 

Fe3O4 
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9 Koemets et al., 2019 



FeO2, 68(1) GPa 

∼2.14 Å 

∼2.14 Å ∼1.49 Å 

∼1.49 Å 

MgO2, 0 GPa 
Pyrite-type structure 

O2
2- 

HP-PdF2-type structure 

High Pressure iron oxides  
in the presence of oxygen  
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Fe(II) vs Fe(III) vs Fe(IV) 

O2- vs O2
2- vs O2

3- vs ??? 



11 
Koemets et al., 2019 
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ID18, ESRF 

Fe25O32 

hcp-Fe 
Fe25O32 
FeO2 

Koemets et al., 2019 

K300=305(9) GPa 

O1.5- 
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Koemets et al., 2019 



Dubrovinsky et al. Nature Comm. 2012 

Diameter: 
10-50 μ 
Contact area: 
3-5 μ  

Double-stage DAC (dsDAC) 
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Dubrovinsky et al., Nature Commun. 2012 
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Dubrovinskaia et al., Sci Adv., 2016 



SEM-image of a single-crystal diamond plate (type Ia, diameter 3.00 mm, 
thickness 10 μm (100)-oriented, Almax easyLab).  
The plate is glued on a copper ring (a holder for TEM-samples) with epoxy 
glue. 
 

Diamond plate 

Epoxy glue 
Copper ring 

17 Khandarkhaeva et al., 2019 



Disks or cones milling  
 
 

Khandarkhaeva et al., 2019 
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Dubrovinskaia et al., B1-B2 phase transition in MgO at ultra-high static pressure,  PRX, revised 
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Dubrovinskaia et al., B1-B2 phase transition in MgO at ultra-high static pressure,  PRX, revised 
 22 



23 
Dubrovinskaia et al., Sci Adv., 2016 



Pictures: S. Petitgirard      24 



Aprilis et al., 2018 

Pulsed laser heating in dsDAC 

25 



New LH setup design 

Fedotenko et al., 2019; in preparation 

Magnification: up to x320 
Beam-size: ∼6 µm flat-top 
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Heating of Re-N in dsDAC 
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Re LP 

Re HP 

New phase Re 
P63/mmc 
a=2.2556(4) Å 
c=3.6127(4) Å 
V=15.92(2) Å3 

Z=2 
75 reflections 
Rint=5.6% 
R1=6.2% 

903(10) GPa (Anzellini et al., 2014) 
1155(10) GPa (Dubrovinsky et al., 2012) 

Re7N3 
P63mc 
a=6.278(2) Å 
c=4.000(2) Å 
V=136.57(9) Å3 

Z=2 
394 reflections 
Rint=2.8% 
R1=7.1% 
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“Location of the ~2 µm sample inside the dsDAC chamber is possible. However, 
~99% of radiation does not pass through the sample, precluding spectroscopy 
measurements.” 

A. Chumakov, 2019 
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The typical setup of a short-focal-length KBM system 
A. Chumakov, 2019 
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FeO2, 68(1) GPa 

∼2.14 Å 

∼2.14 Å ∼1.49 Å 

∼1.49 Å 

MgO2, 0 GPa 
Pyrite-type structure 

O2
2- 

HP-PdF2-type structure 

O2- 

High Pressure iron oxides  
in the presence of oxygen  
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(Hirose and Lay, Elements, 2008) 

Fe2O3 

E. Bykova (2016), Nat. Commun.7 (2016) 
(DOI:/10.1038/ncomms10661).  36 



 Stability of PPv-Fe2O3 up to 200 GPa and 3000 K 

PPv-Fe2O3 
Cmcm 
a=2.5134(8) Å 
b=8.1328(12) Å 
c=6.073(3) Å 
V=124.14(7) Å3 

 
Z=4 
 
R1=7.1% 
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 Decomposition of Fe2O3 at 187 GPa and 3000 K 

Fe13O19 
C2/m 
a=18.9445 (18) Å 
b=2.5297 (13) Å 
c=9.393 (11) Å 
β=117.57˚ (3) 
V=399.1 (5) Å3 
Z=2 
 
R1=5.9% 

M. Merlini (2015), Am. Min, Vol. 100, 
2001–2004  
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 Decomposition of Fe2O3 at 187 GPa and 3000 K 

Fe19O27 
C2/m 
a=19.001 (3) Å 
b=2.5464 (16) Å 
c=13.932 (3) Å 
β =121.57 ˚ (2) 
V=574.3 (4) Å3 
 
R1=9.5% 
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Fe3O4 
Pnma 
a=7.991 (3) Å 
b=2.5965 (5) Å 
c=8.384 (2) Å 
V=173.95 (8) Å3 

Z=4 
 
R1=5.3% 

CaFe2O4-type 

Fe3O4 
Pnma 
a=7.796 (5) Å 
b=2.4369 (6) Å 
c=9.1831 (19) Å 
V=174.47 (13) Å3 
Z=4 
 
R1=9.9% 

Fe3O4 
I41/amd 
a=5.576 (2),  
b=5.622 (2) 
V=174.81 (11) 
Z=4 
 
R1=4% 

distorted Th3P4 -type CaTi2O4-type 

Decomposition of Fe2O3 with formation of Fe3O4  
at pressures 187-213  GPa  

40 



Chemical reactions of decomposition of Fe2O3 at pressures 
above 200 GPa 

13·Fe2O3 → 2·Fe13O19 + 0.5·O2 

19·Fe2O3 → 2·Fe19O27 + 1.5·O2 

3·Fe2O3 → 2·Fe3O4 + 0.5·O2 

Fe13O19 

Fe19O27 

Fe3O4 

41 



“A maximum pressure of 240 GPa 
was reached independent of the 
first stage anvil culet size. We found 
that the stress field generated by 
the second stage anvils is typical of 
conventional DAC experiments. The 
maximum pressures reached are 
limited by strains developing in the 
secondary anvil and by cupping of 
the first stage diamond anvil in the 
presented experimental designs. 
Also, our experiments show that 
pressures of several megabars may 
be reached without sacrificing the 
first stage diamond anvils.” 
 

P max 240 GPa 
Microcrystalline CVD- diamond   

42 



P over 300 GPa 
NPD – nano-polycrystalline diamond (Irifune et al. Phys. Earth Planet. Inter. (2014)) 
SD- single crystal diamond  43 
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Jenei et al., 2018 45 



46 
Dubrovinskaia et al., Sci Adv., 2016 
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Spherical indentations on single 
crystal diamond (the (100) face, 
left) and NPD (above) by 
nanocrystalline diamond balls 

Dubrovinskaia et al., Sci Adv., 2016 



- Could single crystal diamond be used 
for secondary anvils? 
 

- How to prepare experiments  above 500 
GPa reproducibly (“algorithmically”)? 
 

- What factors do affect pressure 
characterization  in dsDACs (and 
probably in a toroidal DAC) ? 

49 



SEM-image of a single-crystal diamond plate (type Ia, diameter 3.00 mm, 
thickness 10 μm (100)-oriented, Almax easyLab).  
The plate is glued on a copper ring (a holder for TEM-samples) with epoxy 
glue. 
 

Diamond plate 

Epoxy glue 
Copper ring 

50 



Disks or cones milling  
 
 



52 



Re LP 

Au LP 

Re HP 

Au HP 

Pressure 
step 

P(Raman) 
 

P(Re)LP(diff) P(Re)HP(diff) 

P01 41(3) 41(1) 94(2) 

P02 48(3) 47(1) 124(1) 

P03 56(3) 56(1) 153(2) 

P04 64(3) 64(1) 168(2) 

Au a, Å V, Å3 P, GPa 

P01 3.7435(9) 52.46(2) 90(1) 

P02  3.719(1) 51.45(3) 102(1) 

P03  3.687(2) 50.11(4) 120(1) 

P04 3.664(3) 49.21(7) 135(1) 
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Pressure 
step 

P(Re)LP(diff) P(Re)HP(diff) 

P01 21(1) 49(1) 

P02 26(1) 89(1) 

P03 37(1) 148(1) 

P04 42(1) 185(1) 

Re LP 

Au LP 

Re HP 

Au HP 
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SK008 KG001 
Pmin, GPa Pmax, GPa Pmin, GPa 

 
Pmax, GPa 

41(1) 94(2) 21(1) 49(1) 
47(1) 124(1) 26(1) 89(1) 
56(1) 153(2) 37(1) 148(1) 
64(1) 168(2) 42(1) 185(1) 



Pictures: S. Petitgirard      56 



Aprilis et al., 2017 

Pulsed laser heating in dsDAC 
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Re LP 

Re HP 

New phase Re 
P63/mmc 
a=2.2556(4) Å 
c=3.6127(4) Å 
V=15.92(2) Å3 

Z=2 
75 reflections 
Rint=5.6% 
R1=6.2% 

903(10) GPa (Anzellini et al., 2014) 
1155(10) GPa (Dubrovinsky et al., 2012) 

Re7N3 
P63mc 
a=6.278(2) Å 
c=4.000(2) Å 
V=136.57(9) Å3 

Z=2 
394 reflections 
Rint=2.8% 
R1=7.1% 
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Chemistry at Extreme Conditions  



62 



a, Å  c, Å V, Å3 P, GPa 

p01 2.609(1) 4.227(4) 24.92(3) 94(2) 

p02  2.6165(7) 4.066(2) 24.11(2) 124(1) 

p03 2.5873(9) 4.043(4) 23.44(3) 153(2) 

p04 2.5660(9)  4.060(5)  23.15(3) 168(2) 
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Re LP 

Re HP 

Re3C7 

66 



 Observed Fe2O3 phases 

71 GPa, 2700-3000 K 
Fe5O7 

Phase diagram of Fe2O3: 
Bykova et al, 2016 67 



PPv-Fe2O3 exist at least up to 215 GPa 

PPv-Fe2O3 
Cmcm 
a=2.5134(8) Å 
b=8.1328(12) Å 
c=6.073(3) Å 
V=124.14(7) Å3 

 
Z=4 
 
R1=7.1% 

FeO8 FeO6 

Building  
blocks: 

E. Bykova (2016), Nat. Commun.7 (2016) 
(DOI:/10.1038/ncomms10661).  

68 



 Decomposition of Fe2O3 at 190 GPa and 3000 K 

9 

FeO8 FeO6 FeO7 

Fe13O19 
C2/m 
a=18.9445 (18) Å 
b=2.5297 (13) Å 
c=9.393 (11) Å 
β=117.57˚ (3) 
V=399.1 (5) Å3 
Z=2 
 
R1=5.9% 

Building  
blocks: 

M. Merlini (2015), Am. Min, Vol. 100, 
2001–2004  
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 Decomposition of Fe2O3 at 190 GPa and 3000 K 

FeO8 FeO6 FeO7 

Building  
blocks: 

Fe19O27 
C2/m 
a=19.001 (3) Å 
b=2.5464 (16) Å 
c=13.932 (3) Å 
β =121.57 ˚ (2) 
V=574.3 (4) Å3 
 
R1=9.5% 
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 Decomposition of Fe2O3 with formation of Fe3O4 at 
pressures 190 and 215  GPa  

Fe3O4 
Pnma 

Distorted CaTi2O4-type CaFe2O4-type 

Fe3O4 
Pnma 

FeO8 FeO6 FeO7 

Building  
blocks: 

Fe3O4 
I41/amd 

FeO8 FeO6 

distorted Th3P4 
structures 
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 Decomposition of Fe2O3 at pressures above 200 GPa 

72 

13·Fe2O3 → 2·Fe13O19 + 0.5·O2 

19·Fe2O3 → 2·Fe19O27 + 1.5·O2 

3·Fe2O3 → 2·Fe3O4 + 0.5·O2 



Fe7O12 at 215 GPa and 3000 K 

Fe7O12 
P63/m 
a=7.2464 (15) Å 
c=2.7221 (6) Å 
V=123.79 (5)Å3 
Z=1 
 
R1=8.1% 

FeO6 FeO8 

Building  
blocks: 

7Fe2O3+1.5·O2 → 2·Fe7O12 
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Distribution of several iron oxides in DAC at 215 GPa 

PPv-Fe2O3 

Fe3O4 (CaTi2O4-type)  

Fe3O4 (CaFe2O4-type)  

Fe13O19 

Re 

Fe7O12 

74 
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