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Transport in the Earth’s core 

•  Thermal conductivity (heath transport) 
•  Electrical conductivity (Ohmic dissipation) 



Computer modelling 

How do the atoms interact with each other ? 



Density Functional theory 
Hohenberg & Kohn 1964 
Kohn & Sham 1965 

ψ(r1,…rN )
⇓
n(r)

Hψ = Eψ

HKSψi = Eiψi    i =1,N
HKS = T +V +VH +VXC



Electrical conductivity 

•  Density functional theory  

•  Kubo-Greenwood: 
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Implementation in VASP: Desjarlais 2002   



Thermal conductivity  

•  Electronic component: 

•  Ionic component (Green-Kubo): 
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Example: liquid Na at p=0 and T=400 K  



Conductivities of liquid Na at p=0 and T=400K 

σ0 (106Ω−1m−1)  κ0 (W m−1 K−1)  L (10−8Ω W K−2)  
PBE 10.3 93 2.26 
EXP 9.7 86 2.22 

Lorenz number L = k0/σ0T   

M. Pozzo, M.J. Desjarlais and D. Alfè,  Physical Review B 84, 054203 (2011). 



Resistivity of iron at p=0 

σ0 

R. J. Weiss and A. S. Marotta, J. Phys. Chem. Solids 9, 302 (1959). 



Resistivity of iron at p=0 and T= 500 K from 
DFT-PW91 

σ0 

D. Alfè, M. Pozzo, and M.J. Desjarlais,  Physical Review B 85, 024102 (2012) 



Conductivity of the Earth’s core  

•  Melting temperature of Fe at ICB 
pressure. 

•  Isentropic temperature profile in 
the outer core. 

•  Composition of the core 
–  Effect of light impurities on melting 

temperature 
–  Effect of light impurities on 

conductivities 



Melting: 
•  Free Energy: 

–  Helmholtz free energy: F(V,T) = E(V,T) – TS(V,T) 
–  Gibbs free energy: G(p,T) = F(V,T) + pV 

      p = -dF/dV 



0 0
1 ( )
2 H H Hp V V E E− = −

Hugoniot of Fe 



Alfè et al 1999, 2001, 2002, 2009; Belonoshko et al 2000; Laio et al 2000; Boehler 1993; Jephcoat  1996; Williams et al. 
1986; Ma et al 2004; Shen et al. 1998; Brown & McQueen 1986; Yoo et al 1993; Nguyen&Holmes 2004; Jackson et al. 2013; 
Anzellini et al 2013; Bouchet et al. 2013. 

The melting curve of Fe 
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•  Birch (1952) - “The Core is iron 
alloyed with a small fraction of 
lighter elements” 
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•  Nature of light element inferred 
from: 

• Cosmochemistry 
• Meteoritics 
• Equations of state 

Core composition 



•  Density change at ICB ~ 
5-6.5 % (seismological 
data). 

•  Density change on melting 
for Fe ~ 1.7 % (from ab-
initio calculations). 

•  ! Partition of light 
elements. 

Strategy to constrain the composition of the 
Earth’s core 



Solid-liquid equilibrium 

•  Binary mixture, solvent A, solute X 
•  Equality of chemical potentials  

  X
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“Alchemy” 
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Calculating µ0l
XA  (liquid) 
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Results 



Solid Liquid 
S/Si 8.5 ± 2.5% 10 ± 2.5 % 

O 0.2 ± 0.1 % 8-13 ± 2.5 % 

Composition of the Earth’s core 

   
T −T0 

kBT
S0

l − S0
s (cX

s − cX
l )  −700,−900 K

Alfè, Price, Gillan, Nature, 405, 172 (2000); GRL, 27, 2417 (2000);  
                                EPSL, 195, 91 (2002); JCP, 116, 7127 (2002); 
See also Badro et al, PNAS, 111, 7542 (2014) 



Earth’s outer core temperatures 

T = 4100 - 4250 K 
p = 136 GPa 

T = 5500 - 5700 K 
p = 329 Gpa 



Iron and iron alloys at Earth’s core conditions 

M. Pozzo, C. Davies, D. Gubbins, & D. Alfè, Nature 485, 355 (2012); PRB 87, 014110 (2013); EPSL 393, 169 (2014). 
News & Views by B. Buffet, Nature 485, 319 (2012). 
See also N. de Koker et al, PNAS 109, 4070 (2012); Gomi et al,  PEPI 224, 88 (2013). Ohta et al, AGU abstract (2014). 

LETTER
doi:10.1038/nature14090

Effects of electron correlations on transport
properties of iron at Earth’s core conditions
Peng Zhang1, R. E. Cohen1,2 & K. Haule3

Earth’s magnetic field has been thought to arise from thermal con-
vection of molten iron alloy in the outer core, but recent density
functional theory calculations have suggested that the conductivity
of iron is too high to support thermal convection1–4, resulting in the
investigation of chemically driven convection5,6. These calculations
for resistivity were based on electron–phonon scattering. Here we
apply self-consistent density functional theory plus dynamical mean-
field theory (DFT 1 DMFT)7 to iron and find that at high tempera-
tures electron–electron scattering is comparable to the electron–phonon
scattering, bringing theory into agreement with experiments and
solving the transport problem in Earth’s core. The conventional ther-
mal dynamo picture is safe. We find that electron–electron scattering
of d electrons is important at high temperatures in transition metals,
in contrast to textbook analyses since Mott8,9, and that 4s electron
contributions to transport are negligible, in contrast to numerous
models used for over fifty years. The DFT1DMFT method should
be applicable to other high-temperature systems where electron cor-
relations are important.

Recent DFT calculations by Pozzo et al.3 predict the electrical resis-
tivity of iron to be (6.3–7.5) 3 1025V cm at temperatures from 4,580 K
to 6,400 K and pressures from 120 GPa to 340 GPa. The thermal con-
ductivities they predicted are approximately three times the currently
used values of 46–63 W m21 K21 in geophysics10. The results of Pozzo
et al.3 are consistent with previous DFT studies1,2,4,11. The large electrical
and thermal conductivities, however, challenge current Earth models.

Efforts to constrain the transport properties of iron at core condi-
tions have a long history. Elsasser estimated the resistivity of iron to be
r < 10.0 3 1025V cm at core conditions on the basis of geophysical
arguments12. By assuming the resistivity of iron to be constant along
the melting line, Stacey and Anderson obtained r 5 11.2 3 1025V cm
at 4,971 K and 330 GPa (ref. 10).

All previous calculations neglect electron–electron scattering. It has
long been believed that resistivity in ordinary metals arises primarily
from electron–phonon scattering, except at cryogenic conditions9. Cal-
culations of resistivity from electron–electron scattering only now have
become possible owing to developments in computational theory and
technology and access to large-scale computational resources. The DFT
1 DMFT approach has proved successful in providing results that are
in good agreement with experiments for iron-bearing compounds13,14

and other strongly correlated materials. It quantitatively predicts prop-
erties such as magnetic moments and the effective mass of a series of
compounds in iron pnictides and iron chalcogenides. It also explains
why superconducting gaps in these compounds are strongly Fermi-
surface dependent.

Our primary interest is in the properties of Earth’s core, so we first
present resistivities at the core density of iron (throughout we refer to
Earth’s core density from seismology of 13.04 g cm23, or an atomic vol-
ume of 47.8 atomic units 5 7.083 Å3) (Fig. 1). The resistivities calculated
by Sha and Cohen1, de Koker et al.2 and Pozzo et al.3 at the core con-
ditions are approximately half the value obtained by extrapolating from
the systematics of Stacey and Anderson10 and half the value obtained by

extrapolating from previous shock compression experimental results15–17.
The thermal conductivity k of pure iron at core conditions obtained from
their3 calculations ranges from 150 W m21 K21 to about 250 W m21 K21.
Assuming a large thermal conductivity, the calculated heat conduction
down the core adiabat is about 15 terawatts (TW)3, which overlaps the
estimates18,19 of total heat loss from the core of 8–16 TW. No energy is
left to drive the thermal convection in the geodynamo. To sustain the
geodynamo, compositional convection is therefore required3,5. However,
this mechanism leads to a new paradox:6 Earth’s inner core solidification
is believed to have started about one billion years ago4, so before that
there would be no compositional convection to drive the dynamo, yet
we know that Earth’s geodynamo has existed for more than 3.4 billion
years20.

We find that at high temperatures the resistivity from electron–
electron scattering, ree, computed with DFT 1 DMFT is of the same
order as the electron–phonon scattering, rep, computed with DFT (Fig. 1)1.
The sum of the two parts of the resistivity, from the electron–electron
and the electron–phonon scattering, is in agreement with earlier geo-
physical estimates. After including both the electron–electron scatter-
ing and the electron–phonon scattering, traditional resistivity values
are recovered. We checked the systematics of Stacey and Anderson using
resistivity results at other density as well. Considering the uncertainty
of iron’s melting temperature (,6500 K) the resistivity of iron is
around 13.5 3 1025 V cm along its melting line. Our results support
Stacey and Anderson’s systematics.

1Geophysical Laboratory, Carnegie Institution of Washington, 5251 Broad Branch Road NW, Washington DC 20015, USA. 2Department of Earth Sciences, University College London, 222 Pearson Building,
Gower Street, London WC1E 6BT, UK. 3Department of Physics, Rutgers University, Piscataway, New Jersey 08854, USA.

0 1,000 2,000 3,000 4,000 5,000 6,000 7,000

T (K)

0

5

10

15

20

U 
(1

0–5
 Ω

 c
m

)

Systematics of ref. 10
Fit to shock experiments
DFPT Uep (ref. 1)

DFT+MD Uep (ref. 2)

DFT+MD Uep (ref. 3)

DFT+DMFT Uee 
Uep (ref. 1) + Uee (DFT+DMFT)

Figure 1 | Resistivity versus temperature of hcp iron at Earth’s core density.
The black vertical line indicates Earth’s core temperature30,31. The black squares
are the extrapolations to this density using the systematics of Stacey and
Anderson10. The green diamond is an interpolation to this density of previous
shock compression results15–17. The DFPT resistivity line is from the linear
extrapolation of low-temperature results1,32. The DFT 1 molecular dynamics
(MD) resistivities are extracted from refs 2,3. The statistical error bars of
DFT 1 DMFT and the total resistivities are smaller than their symbols. Values
are given in the Extended Data Tables 1 and 2. All error bars are 1s.
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Conclusions  
•  Conductivities of the Earth’s core are 2-3 times higher than previous 

estimates. 
•  Power for the geodynamo is greatly reduced (but longer magnetic decay 

time, which stabilises the magnetic field). 
•  Young inner core, rapid secular cooling and/or radiogenic heating. 
•  The top of the core may be thermally stratified 

B. Buffet, Nature 485, 319 (2012). 

 


