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Collaborations
FeO2Hx experimental synthesis

Computational study of correlation effect of FeO2

Computational Crystal Structure Prediction

Material – plasma 
interaction experiment
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Under Pressure, graphite turns into diamond

sp3 diamond sp2 graphite

1. Graphite is the ground state 
2. Diamond is very stable 
3. Many metastable phases coexist

@ ambient conditions



Energy Landscape changes with pressure

Real landscape is multi-dimensional 

Low	pressure

High	pressure
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5,000	kg	(11,000	 lb)

1	GPa	=	
1	Elephant	per	pencil	=10,000	atm

8	mm	(1/3”)

GRAPHITE
• hexagonal	crystal
• Black	and	opaque
• Very	soft
• electrical	conductor
• thermally	insulating

DIAMOND
• Cubic	crystal
• Clear	and	transparent
• Hardest	mineral	known
• electrical	insulator
• Highest	thermal	

conductivity

0	GPa

15	GPa

Pressure induces structural transformation



300	µm

Diamond	anvil	cell	(exp.)

1×10-5 mm3 @	100	GPa
(very	thin	slice	of	hair)

PRESSURES INSIDE THE EARTH PRESSURES INSIDE THE EARTH 

PRESSURE UNITS

103 atm ˜ kbar
106 atm ˜ Mbar
10 kbar = 1 GPa
1 Mbar = 100 GPa

135
24

335
363

P (GPa)

Center	of	the	earth	=	360	GPa



Pressure	ranges
1	GPa =	10	kbar ≈104 atm

At	the	center	of	Earth	~	350	GPa

At	the	center	of	Jupiter	~	7	TPa

At	the	center	of	some	exoplanet ~	100	TPa

What	is	possible	 in	the	lab	?

Current	maximum	pressure	in	DAC	~	350	GPa

Can	achieve	multi-TPa in	shock-wave	experiments

Aluminum	 subjected	to	400	TPa in	underground	 nuclear	explosion

Development	of	apparatus	for	multi-TPa experiment,	 laser	driven	shock	wave

pre-compression,	 National	Ignition	Facility	(NIF)	etc	



Conventional wisdom for elements is



Oxygen	is	a	superconducting	metal	under	compression

low	density,	 										
weakly	interacting

high	density,										
strongly	interacting

Increasing	Pressure

Oxygen,	O2

Atmospheric	pressure

colorless	gas,	diatomic	molecules S.	Desgreniers (2009)

O8

High	pressure	(>10	GPa)

Weck et	al.,	 Phys.	Rev.	Lett.,	
102 255503	(2009)

Higher	pressure	(>100	GPa)

Metallic	
oxygen



Phys.	Rev.	Lett. 106 015503	(2011)

Nature 458 182	(2009)

Nature 458 186	(2009)

- Under	pressure,	it	is	common	to	find	unexpected	physical	properties	of	most	elements	
- Atomic	configuration	determines	materials	property

Alkali	metals	are	insulators	under	compression



Highest	superconductivity	Tc of	elements	under	pressure

Image	courtesy	of	Dr.	Takahiro	Matsuoka	

30 elements are superconductors at ambient pressure 
53 elements are superconductors under pressure 



High–Pressure Chemistry:
What is the chemical formula for sodium chloride?



conventional superconductivity reaches 200 K 

MgB2 with Tc=39 K was highest 





Conventional wisdom ?

Pressure can be regarded as an additional dimension of science



computational approaches

Electronic	structure	analysis

Meta	– dynamics	

Atomic	position	predictions	



computational approaches

Electronic	structure	analysis

Meta	– dynamics	

Atomic	position	predictions	



Prediction crystal structure 
En
th
al
py

• Make a random unit cell 
• Throw the required numbers of each atom type into the cell at random 
• Relax under the quantum mechanical forces and stresses 
• Look at lowest-energy or other interesting structures

Searching  method First principles 
calculations



Computational structure prediction
Total Energy 

configuration space

• Make a random unit cell 
• Throw the required numbers of each atom type into the cell at random 
• Relax under the quantum mechanical forces and stresses 
• Look at lowest-energy or other interesting structures

Searching  method First principles 
calculations



In silico experiments

Decomposition line into Mg + C

Electron density ELF Phonon dispersion at ambient

Anger. Chem. Int. Ed. 53 8930 (2013)



Contents of FeO2 presentation

FeO2 : prediction and experimental synthesis

FeO2 : Detailed theoretical work

What should be done 



Computational prediction

duckyoung, I am interested in  
new Fe-O compound at high pressure

especially iron-rich oxides

in 2014

I can try but ……

standard DFT calculations for Fe and Fe-O compounds are not reliable

But pressure reduces e-e correlation effects in general  

Binary crystal structure searching is easy ! 

It is not straightforward to determine reliable pressure regime  
for standard DFT calculations to Fe-O systems



The simplest model of the earth

Fe 

Oxygen

For realistic model,we need  Si, Mg, O …… 
Fe-O compounds are important to understand the Earth 
There are many iron compounds with two end members - FeO and Fe2O3 
such as Fe4O5, Fe32O25, Fe7O9, Fe3O4, and Fe5O7 



Conventional Wisdom # 1 

The mantle is uniformly reducing toward Fe

Fe FeO Fe3O4 Fe2O3 O2

Fe13O19Fe4O5
Fe5O6

QMF

IW

HM

Upper	
Mantle

Lower	
Mantle



Conventional Wisdom # 2 
The GOE is solely biogenic



Conventional Wisdom # 2 
The GOE is solely biogenic

oxygenic photosynthesis of cyanobacteria

Evidence for oxygen-producing photosynthesis before the GOE



Conventional Wisdom # 3 
Hydrogen cycle is dictated by hydrous Mg and Al silicates

(Fe,Mg)2SiO4 with H2O releases hydrogen 



First attempt at 300 GPa

We chose the highest pressure at the Earth as a starting point because then standard DFT might not fail to 
calculate total energy 



Lowering pressures …

Oxygen concentration

phonon dispersions

300 GPa

phonon dispersions

Phonon dispersion at ambient



As far as standard DFT works

FeO2 is stable phase at high pressures 

FeO2 is a metastable form even at ambient pressure 

it is publishable but it seems not realistic



Experimental synthesis

with Fe2O3 + O2, we found a pyrite-phase of Pa-3 peroxide  - FeO2  at 76 GPa

All calculated peaks are present in the powder diffraction pattern

An interesting high pressure results but still it is not clearly related to geoscience



Several chemical routes are found

Fe2O3 + 1/2O2 = FeO2  
2FeOOH = 2FeO2 + H2

Now, it becomes more interesting story to geoscience



Observation of FeO2 at the DLM conditions

Oxygen concentration
Computationally we predicted the formation of FeO2 Experimentally we confirmed :



Observation of FeO2 at the DLM conditions

Oxygen concentration
Computationally we predicted the formation of FeO2 

Fe2O3 + 1/2O2 = FeO2  
2FeOOH = 2FeO2 + H2

Experimentally we confirmed :

A scenario based on our study  

FeO2 in DLM FeO2 plays as a oxygen reservoir 
(GOE may be abiogenic)

Fe oxidation dictates hydrogen cycle



Conventional Wisdom # 1 

The mantle is NOT uniformly reducing toward Fe

Fe FeO Fe3O4 Fe2O3 FeO2 O2

Fe13O19Fe4O5
Fe5O6

QMF

IW

HM

Lower	
Mantle



Conventional Wisdom # 2 
The GOE is NOT solely biogenic, maybe…..



Conventional Wisdom # 3 
Hydrogen cycle is NOT dictated by hydrous Mg and Al 

silicates, but Fe oxidation



image courtesy by Qianyang Hu



We are at starting point

- What is correct band structure (e-e correlation in FeO2 ) 
- Spin transition of Fe compounds  
- computationally, can we predict chemical paths to FeO2 
- What’s physical properties of FeO2 

Theory

Experimentally

- How Fe can meet H2O at the deep lower mantle ? 
- Is FeO2 stable against environment ?

Commonly

- Can FeO2 survive in real mantle environment? 
- Does it match with established geological observations?



e-e correlation in FeO2 

@ 76 GPa, LDA + U calculations tells U = 5 eV and J=0.8 eV  
gives best match to experimental bond lengths 

Phys. Rev. B 95 075114 (2017) 
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Band structure with DMFT calculations

20.8 Å3 / f.u. 21.8 Å3 / f.u. 22.8 Å3 / f.u.

Calculated momentum resolved spectral function at 200 K 

It shows metal to insulator transition with increasing volumes

σ

σ∗

π

π∗

t2g

O22- FeO2

FeO2 show metallic behavior due to the broad O2 σ* band

Small spectral weight near Fermi level disappear as  
O2  σ* band width decreases



image courtesy: Afu Lin’s group 

Spin transition softens seismic velocity

HS to LS transition with pressure induces a volume collapse
Bulk modulus become soft at the spin crossover zone 



The relation between FeO2H and FeO2

PNAS 114 1498-1501 (2017)



FeO2H releases hydrogen at DLM

Volume scattering in an FeO2Hx at 100 GPa Schematic view of hydrogen circulation

PNAS 114 1498-1501 (2017)

but, hydrogen release in FeO2H is contradicting



FeO2H explains seismic velocity at DLM

Nature in press



How much can be done using DFT ?

Nature 534 241 (2016)

PNAS 114 1498  (2017)

known

known

known

PRL 113 265504 (2014)

1. Hydrogen-bearing iron peroxide and the origins of ultralow velocity zones, accepted in Nature (2017) 
2. When water meets iron at Earth’s core-mantle boundary, accepted in National Science Review (2017)

Science 357 382 (2017)





Pyrite, a post DLM phase after post perovskite ? 

A pyrite of FeO2 is not alone 
- MgO2, FeS2, SiO2, AlOOH 

Recently, we have obtained seismic velocity  
data of FeO2 and FeOOH



Conclusion / perspective

High-Pressure science can provide an alternative view of states of matter ; 
another dimension of science 

Crystal structure search using first principle calculations gives a practical tool 
to predict atomic configuration of materials at a given constraints 
without experimental inputs

Computational condensed matter physics can play a critical role 
in studying geoscience and an emerging theoretical approach 
even can change the conventional understanding

We suggest an abundant FeO2 patches at the lower mantle conditions 
in the earth and we are working on 
providing more theoretical/experimental evidence to support our idea, 
which is a major research topic of our center for 5- 10 years  

Post-doctoral positions are available (duckyoung.kim@hpstar.ac.cn)


