
Felipe González & Burkhard Militzer

Crystallization of 
Super-Earths’ core:

a first principles study 
of entropy and 
melting curve of iron 

EOS
𝑻:    3000 K – 30000 K
𝑷: 300 GPa – 5000 GPa 



• EOS solid iron
• EOS liquid iron
• www.gnm.cl/fgonzalez



BCC

Experiments

𝑇! = 6747 ± 14



𝑇! = 6230 ± 540
at 330 GPa

Kraus et al, Science 2022
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In situ crystallization of hcp
300 – 1000 GPa
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(
𝑑𝜆 𝑈((𝒓) − 𝑈'(𝒓) ) = Δ𝐹

𝐹&'( = 𝐹# + Δ𝐹

𝐺&'( = 3.4788 ± 0.0069 eV

𝐺&'( = 3.4808 ± 0.0006 eV

Diff: ~ 2 meV/atom

class. à DFT



Fixed pressure:
 𝑃1 = 330 GPa

⇓

	𝑇2 = 6534	 ± 	10	𝐾

Δ𝐺 = 0



Δ𝐺 = 𝐺"#$ − 𝐺%&"



𝑇!(𝑃) = 6469	𝐾 1 +
(𝑃 − 𝑃")

𝑎

#/%

𝑃" = 300 GPa
𝑎 = 434.822 GPa
𝑐 = 1.839 Lindeman Law



Silicate magma ocean

Inner core (solid Fe) 
Outer core (liquid Fe)
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Bottom-up crystallization
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Iron Core of Super-Earths:
Bottom-up crystallization
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𝑮𝑫𝑭𝑻 → 𝑺𝑫𝑭𝑻
(𝐺 = 𝑈 − 𝑇𝑆 + 𝑃𝑉)	



2-layer planet: iron + silicates

EOS  & 

< 𝑻 > 2 ME < 𝑻 >  5 ME 
Start 4300 K 5100 K
Drops to 3300 K 4300 K

Core crystall. < 𝑻 >  2 ME < 𝑻 >  5 ME
starts at 8070 K 12500 K
ends at 7410 K 10650 K

“The internal activity and thermal evolution of Earth-like planets,” 
A. M. Papuc and G. F. Davies,  Icarus 195, 447 (2008).

Our melting line and planet model
2
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Most models with low T profiles  à frozen cores



144 atoms

~1300 atoms ML-MD



Size effects (144 atoms is enough)
Stability: Constant Pressure



1. Tm(330 GPa) = 6534 ± 10 K (PAW-16)
2. Super Earths:

Ø Bottom-up crystallization (300 – 5000 GPa)
Ø Possible frozen cores: pressures too high to have a liquid core.

3. Machine-learning MD validates our ab initio precision.

CONCLUSIONS
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f_gonzalez@berkeley.edu


