
Cooperative diffusion in body-centred cubic iron at
Earth and super-Earth inner-core conditions
Maitrayee Ghosh 

University of Rochester
Shuai Zhang  (  szha@lle.rochester.edu )

University of Rochester https://orcid.org/0000-0001-9503-4964
Suxing Hu 

Laboratory for Laser Energetics, University of Rochester https://orcid.org/0000-0003-2465-3818

Article

Keywords:

Posted Date: April 21st, 2022

DOI: https://doi.org/10.21203/rs.3.rs-1558928/v1

License:   This work is licensed under a Creative Commons Attribution 4.0 International License.  
Read Full License

https://doi.org/10.21203/rs.3.rs-1558928/v1
mailto:szha@lle.rochester.edu
https://orcid.org/0000-0001-9503-4964
https://orcid.org/0000-0003-2465-3818
https://doi.org/10.21203/rs.3.rs-1558928/v1
https://creativecommons.org/licenses/by/4.0/


Cooperative diffusion in body-centred cubic iron at Earth and super-Earth 

inner-core conditions  

M. Ghosh1,2, S. Zhang1*, S. X. Hu1,3 

1 Laboratory for Laser Energetics, University of Rochester, Rochester, New York 14623, 

USA 

2 Department of Chemistry, University of Rochester, Rochester, New York 14611, USA 

3 Department of Mechanical Engineering, University of Rochester, Rochester, New York 

14611, USA 

*Corresponding author. Email: szha@lle.rochester.edu 

 

 

Abstract 

The physical chemistry of iron at inner-core conditions is key to understanding the evolution 

and habitability of Earth-like planets. Based on full first-principles simulations, we report 

cooperative diffusion along the longitudinally fast 〈111〉 directions of body-centred cubic (bcc) 

iron in temperature ranges of 2000-4000 K below the melting curve and pressures up to 3 TPa. 

The diffusion is due to low energy barriers in the corresponding direction and accompanied by 

mechanical and dynamic stability of bcc iron. With the assistance of the diffusion, bcc iron 

demonstrates strong elastic anisotropy and variations with temperature and pressure, which is 

consistent with several seismological signatures of the Earth’s inner core, particularly the 

positive correlation between P wave velocity and attenuation. This finding also has 

implications for nucleation and growth of the inner core and suggests the exotic state and 

properties of iron need to be considered in future geophysical and planetary models.  
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Iron is one of the most abundant elements in the solar system and dominates the centre 

of the Earth. The solidification process and phase of iron at the conditions of the Earth’s core 

are fundamental questions that have significant scientific implications, including the growth of 

the inner core that drives the geodynamo1,2  and the origin of anisotropy and asymmetry when 

seismic waves pass through the inner core3-6. Despite progress in the past several decades, the 

questions remain debated, theoretically7-14 and experimentally15-26. 

Underlying the controversy are the tremendous challenges in achieving millions-of-

atmosphere (130 to 360 GPa) pressures with static compression and sub-electron volt 

(approximately 8000 K) temperatures with dynamic compression techniques. Substantial 

discrepancy also exists among theoretical computations, because of difficulties in calculating 

electron thermal excitation and anharmonic lattice vibration to the 10-milli electron volt 

(meV)-level accuracy as required to determine the thermodynamic phase relations.  

To date, many experiments17,20,24,25, first-principles simulations11,27, and geophysical 

models6 support the stabilisation of a hexagonally close-packed (hcp) phase of iron at Earth’s 

inner-core conditions, although the low shear modulus, strong seismic attenuation, and elastic 

anisotropy of the body-centred cubic (bcc) phase still make it a candidate by explaining seismic 

observations4,28-30. Opposite views have been suggested based on first-principles calculations 

that bcc iron can be thermally stabilized at conditions near the melting curve10,12,30,31, which 

might be consistent with multi-grain diffraction experiments32 and supported by nucleation 

theory for metastable phases13,33. 

Recently, Belonoshko et al.12 showed that the stability of bcc iron at Earth’s inner-core 

conditions can be driven by a collective drifting of iron atoms. This motion (hereafter called 

“cooperative diffusion”) was argued to occur within the (110) lattice plane and arise as a 

response to the soft transverse mode at the N point in the Brillouin zone, which has been the 

well-known reason why bcc structures tend to be dynamically unstable and transform into hcp 



structures at low temperatures31,34. It was also claimed that the cooperative diffusion can only 

occur when the simulation cell contains more than 1000 atoms, which is practically not possible 

with Kohn-Sham density functional theory (DFT) calculations (typically ~1000 electrons). 

Furthermore, thermodynamic calculations based on a hybridization of first principles and 

classical molecular dynamics (MD) simulations show that bcc iron with cooperative diffusion 

has lower Gibbs free energy than the hcp, liquid, and ideal bcc phases12,30, and explains the low 

viscosity and seismic anisotropy of Earth’s inner core35.  

While the accuracy of classical MD and free energy calculations that separate the 

treatment of ion and electron contributions may be questionable36, it is likely that cooperative 

diffusion plays an important role in bcc iron at high temperature and pressure conditions. In 

fact, similar behaviours have been observed in other materials at high temperatures, including 

superionicity in planetary ices37-40, shear-induced plastic flow in bcc tantalum41, chain melting 

in host-guest structures of potassium under high pressure42, and cooperative diffusion in bcc 

titanium at ambient pressure43 and simple-cubic calcium (Ca-III) at high pressures44. These 

exotic states of matter have been shown to change the physical and chemical properties of the 

materials dramatically. However, the mechanism of the cooperative diffusion remains puzzling 

in iron, and the explanation by N mode hardening as reported in Belonoshko et al.12 is 

contradictory to the phonon softening as found in Ti and Ca43,44.  

Based on extensive first-principles simulations and analyses, the present article details 

the mechanism of cooperative diffusion and its relation to stabilisation of bcc iron at pressure-

temperature conditions corresponding to the inner core of the Earth and super-Earth exoplanets.  

 

 

 

 

 

 

 

 



Results 

   

 
 

Fig. 1| Displacements of iron atoms during DFT-MD simulations along the 13.89 g/cm3 

isochore (cold pressure ~340 GPa). 

a solid at 6000 K, b,c cooperative diffusion at 7000 K and 8000 K, and d liquid behaviour at 
9000 K. Red spheres and yellow arrows denote iron atoms, and vectors displaced from an 
ideal bcc lattice, respectively. 
 

 

Generally, different phases of a material can be distinguished by the atomic 

arrangements and movements. Fig. 1 shows the atomic displacement during DFT-MD 



simulations of iron at 13.89 g/cm3 and different temperatures. At 6000 K, all atoms vibrate 

around their respective sites in a bcc lattice, exhibiting behaviours of a solid (Fig. 1a); while at 

9000 K, all atoms displace randomly, indicating a liquid behaviour (Fig. 1d). At intermediate 

temperatures of 7000 to 8000 K (Fig. 1b, c), we found chains of atoms moving along or parallel 

to the body diagonal direction of the bcc cell, while the other atoms still show a perturbative 

behaviour and vibrate around their equilibrium sites. The initiation of the cooperatively 

diffusive motion occurs very fast (within 1 ps). The population and diversity of the motion are 

enhanced with temperatures, transiting from patterns dominated by chains at 7000 K to 

branches or loops at 8000 K. Such collective motion of groups of iron atoms while the other 

atoms remain relatively stationary defines the signature of the cooperative diffusion.  

 

Direction of cooperative diffusion. The detailed analyses of DFT-MD simulations (see 

Supplementary Fig. S1 for more views of the displacements in 3D) show that the cooperative 

diffusion occurs along 〈111〉 directions of the bcc cell. This is in clear contrast to the finding 

of a previous study by Belonoshko et al.12 which claims the motion is confined in the (110) 

plane. To understand this difference, we have calculated the energy changes of bcc iron when 

a group of atoms are collectively displaced along different directions: [001], [111] and [110]. 

The results (Fig. 2 for 13.89 g/cm3 and Fig. S4 for 26.34 g/cm3) show energy barriers that is 

the lowest along [111] and the highest along [110], insensitive to the electronic temperature 

condition, which explains the observations in our MD simulations that cooperative diffusion 

occurs along 〈111〉 directions. 



 

Fig. 2| Energy barrier for cooperative diffusion along three different directions: [110], 

[001], and [111].  
Energy differences are calculated between a static bcc structure of iron with collective 
displacements of a chain of atoms along different directions relative to that of the bcc 
structure, normalized by the number of atoms involved in each displacement. The different 

colours denote results at different electronic temperatures. Density is 13.89 g/cm3 for all 
cases. The inset plot shows the bcc instability along [111] direction for 6000 K by 0.4 
eV/atom. 

 

Our results also show that the energy minimum locates at ~20% displacement of atoms 

along the [111] direction from the ideal bcc structure at 13.89 g/cm3 and an electronic 

temperature of 6000 K, indicating thermodynamic instability of the bcc structure. With 

increasing electronic temperature (12000–18000 K), the energy minimum shifts to the zero-



displacement location, meaning the bcc structure can be stabilised by pure electron thermal 

effects. Such conditions with much higher electronic than ionic temperatures are relevant to 

pump-probe laser spectroscopy45 where electrons can be excited from the valence band into 

nonequilibrium states, which offers a possible platform to test our predictions.  

 

Identification of the cooperative diffusion regime. From the DFT-MD simulations, the total 

mean squared displacement (MSD) and radial distribution function (g(r)) are calculated to 

understand the structure differences between iron in solid, liquid, and cooperative-diffusion 

states.  

 

Fig. 3| Mean squared displacement (MSD) and radial distribution function [g(r)] of iron 

along the 13.89 g/cm3 isochore. 

Bcc iron with cooperative diffusion shows a distinct stair-like pattern in MSD and b intact 
secondary coordination in g(r).  
 

Figure 3a shows the MSD at 6000 K stabilizes to 0.1 Å2, which corresponds to an 

average displacement of 15% the nearest-neighbour distance, typical of the threshold value of 

the Lindemann criteria for melting of a solid46; while it shows a linearly increasing behaviour 

as the system turns in to a liquid at 9000 K. At intermediate temperatures, the MSD curves 

show stair-like features, where the jumps correspond to occurrences of cooperative diffusion. 



The systems with cooperative diffusion at 7000 and 8000 K show a slight decrease in 

the height of the primary peak in g(r) relative to that of the solid at 6000 K, while the first 

valley remains similar, in contrast to that of the liquid at 9000 K where all peak and valley 

structures are smoothed out (Figure 3b). These g(r) profiles below 9000 K are all distinguished 

from that of the hcp phase, which shows a bump at 3 Å (see Supplementary Fig. S2). Our 

results of the coordination number, 𝐶𝐶𝐶𝐶 = 4𝜋𝜋𝜋𝜋 ∫ 𝑟𝑟2𝑔𝑔(𝑟𝑟)
𝑟𝑟𝑚𝑚𝑚𝑚𝑚𝑚0  𝑑𝑑𝑟𝑟, where 𝜋𝜋 and 𝑟𝑟𝑚𝑚𝑚𝑚𝑚𝑚 denote the 

number density and the value of r for which 𝑟𝑟2𝑔𝑔(𝑟𝑟) attains the first minimum, respectively, 

show that the high-temperature bcc phase, with or without cooperative diffusion, is close 

packed (CN~13.4). In comparison, a bcc structure at 0 K has CN = 8 while liquid and the hcp 

phase of iron have CN ~12.5 and 12 at near the Earth’s inner-core conditions, respectively 

(Supplementary Fig. S3). These differences could be distinguished by future, improved x-ray 

diffraction (XRD)47 or extended x-ray absorption fine structure (EXAFS) spectroscopy25.  

By performing similar DFT-MD simulations of iron at a larger density of 26.34 g/cm3 

(corresponding to the inner-core conditions of a super-Earth with 10× Earth mass), 

qualitatively the same results as described above are obtained, except that the temperature 

regime of cooperative diffusion occurrence increases to 19000 to 22000 K (Supplementary 

Figs. S5 and S6). The melting temperatures of iron from our calculations are consistent with 

the latest experiments and theoretical models, both supporting a hotter inner core boundary of 

10-times-Earth-mass super-Earth planet than that expected based on the Lindemann 

approach9,48 (Fig. 4). The melting temperature of iron at the Earth’s core condition remains 

uncertain among various models and experiments, which needs to be clarified in the future by 

improved theory and experiments that take into account the structural complexity of iron at 

high temperatures as revealed in this and recent studies49.  



 

Fig. 4| Pressure-temperature diagram showing regimes of iron in liquid, bcc solid, or 

bcc with cooperative diffusion in comparison with previously reported or extrapolated 

melting curves of iron.  

The melting curve constrains the inner-core boundary temperatures of the Earth and super-
Earth exoplanets. Gray-shaded area approximates 1σ uncertainty of the experimental data50. 
 

Stability of bcc iron. To explore the stability of the bcc phase in the corporative diffusion 

regime, we have performed calculations from mechanical and dynamical perspectives.  We 

have already shown in Fig. 2 and Supplementary Fig. S4 that electron thermal effects can 

thermodynamically stabilize the bcc lattice of iron at high temperatures. This understanding is 

further strengthened from the calculation of mechanical stability using the necessary and 

sufficient criteria for cubic crystals, defined by relations between elastic constants51: 𝐶𝐶11 −
 𝐶𝐶12 > 0,   𝐶𝐶11 + 2𝐶𝐶12 > 0, 𝐶𝐶44 > 0. 



 

Fig. 5| Elastic constants of bcc iron at 13.89 g/cm3 and different temperatures. Cij are 
calculated with a static lattice and finite electronic temperatures; thermal Cij are calculated 
using molecular dynamics under equilibrated ion-electron temperatures. The mechanical 
stability criteria are satisfied if the electronic temperature exceeds 12,000 K or if the ion-
electron equilibrium temperature is 7000 K or higher. 
 
 

Our results show that the mechanical stability of a bcc iron lattice is achieved at 

electronic temperatures above 12,000 K along the 13.89 g/cm3 isochore (dashed curves in Fig. 

5) or above 40,000 K at 26.34 g/cm3 (Supplementary Fig. S7), which match our findings from 

the energy barrier calculations. When taking ion thermal motion into account, the mechanical 

stability criteria of bcc iron is satisfied at temperatures as low as 7000 K (filled circles in Fig. 

5) at 13.89 g/cm3, coinciding with the conditions where we observe occurrences of cooperative 

diffusion in our DFT-MD simulations.  



 

Fig. 6| Finite-temperature phonon spectra of bcc iron at 13.89 g/cm3.  

Cooperative diffusion regimes at 7000 K and 8000 K are dynamically stable with phonon 
hardening along Γ − 𝐶𝐶 (〈110〉) direction. A small phonon softening occurs Γ − 𝑃𝑃 (〈111〉) 
direction. 
 

 

Furthermore, we found the conditions for thermomechanical stability of bcc iron are 

consistent with those for dynamic stability, as shown with the finite-temperature phonon 

spectra (Fig. 6) where the imaginary transverse acoustic (TA) mode along the Γ − 𝐶𝐶 (〈110〉) 
direction at 6000 K gets hardened at higher temperatures. Along the Γ − 𝑃𝑃 (〈111〉) direction, 

we observe a dip (softening) in the TA mode, which offers a dynamic explanation to the 

cooperative diffusion. 

Importantly, our thermal elasticity results show bcc iron with cooperative diffusion is 

highly anisotropic (see Supplementary Table S1), as is observed in the different sound 

velocities along <001>, <110>, and <111> directions (Supplementary Table S2). The 



longitudinal sound speed is the fastest along <111> (same direction as that for cooperative 

diffusion, which can attenuate seismic waves) and slowest along <001> (i.e., along edge of the 

cubic cell, which is 54° from the body diagonal <111> direction), with differences 7–13%. 

This is consistent with seismological observations of the inner core including (i) positive 

correlation between KPIKP wave velocity and attenuation52, (ii) the high level (5–12%) of P 

wave anisotropy required to explain the correlation52, which is beyond that achievable by hcp 

crystals (up to ~2– 6% at pressure-temperature conditions of the Earth’s inner core29,53), as well 

as (iii) the angle (54°) at which a change was found in the slow direction under the widely used 

cylindrical anisotropy model54. In addition, the thermal phonon spectra show TA modes along 

certain directions have shorter lifetime and larger sensitivity to temperature than others 

(Supplementary Fig. S8a). These observations reflect the nature of the cooperative diffusion is 

originated from strong phonon interactions (i.e., anharmonic vibration) in bcc iron at high 

temperatures. The direction and temperature dependence of the thermoelastic properties needs 

to be considered in seismological models to unveil the mineralogical origin of the seismic 

anisotropy, attenuation, and their radial and lateral variations at the Earth’s inner core3-6,29.  

At the super-Earth conditions (26.34 g/cm3), our results also show thermoelastic 

constants C11 and C12 become indistinguishable (Supplementary Fig. S7), which indicates bcc 

iron is more anisotropic compared to Earth’s inner core conditions, while the overall shape of 

the thermal phonon spectra and their dependence on temperature remain similar at these 

conditions (Supplementary Fig. S8). The smaller difference between thermoelastic constants 

C11 and C12 and larger values of thermal C44 at higher density conditions also imply enlarged 

differences between the transverse [𝐺𝐺𝑡𝑡𝑟𝑟𝑡𝑡𝑚𝑚𝑡𝑡𝑡𝑡𝑡𝑡𝑟𝑟𝑡𝑡𝑡𝑡 = (𝐶𝐶11 − 𝐶𝐶12) 2⁄ ] and axial (Gaxial=C44) shear 

moduli, which can cause large variations in Young’s modulus and therefore rigidity of the core 

depending on the texture of the iron materials. Similar complexity with relatively weak 

directional dependence can also be expected at conditions of Earth’s inner core, as implied by 



the thermoelasticity data shown in Fig. 5 (distinguishable C11 and C12 and smaller C44 than 

those in Fig. S7).  

 

Discussion 

 

Our DFT-MD simulations have unveiled the existence and mechanism of a new state 

of matter - cooperative diffusion, near the melting curve of bcc iron at the inner-core conditions 

of Earth and super-Earth exoplanets. Our results reveal a lower energy barrier for iron diffusing 

along 〈111〉 than other directions, which facilitates the cooperative diffusion as observed in our 

DFT-MD simulations. The calculations are based on moderately sized simulation cells (up to 

128–250 atoms). Based on these findings, we shall confidently falsify previous claims12 that 

cooperative diffusion happens within the (110) plane and can only be observed in simulations 

with 1000 or more atoms. These findings shall motivate future computations and can be tested 

by improved XRD or EXAFS experiments. 

The stair-like MSD pattern indicates cooperative diffusion can enhance the diffusivity 

and electrical conductivity and lower the viscosity of bcc iron along certain (〈111〉) directions, 

which can cause seismic attenuation that is positively correlated with P wave velocity, large 

anisotropy when elastic waves travel by or through the inner core, modified affinity of 

siderophile elements to iron relative to that at lower pressures, and changes in the detailed 

mechanism of thermal convection in the inner core – important seismological, geochemical, 

and geophysical topics about planetary cores that have been poorly understood due to the lack 

of accurate mineralogical constraints on iron and its alloys55. In addition to the mechanical and 

dynamical stability, entropy gain due to cooperative diffusion could also stabilize this exotic 

high-temperature phase thermodynamically by lowering the Gibbs free energy. The results of 

these on the growth, morphology, and dynamics of the core need to be considered and 

quantified in future geophysical and planetary models. 



Our approximate melting temperature for bcc iron at 3000 GPa is consistent with the 

latest theoretical and experimental studies9,56,50 (Fig. 4), higher than that estimated using the 

Lindemann criteria, while the agreement is less well at 340 GPa. We note that even though we 

have made accurate settings and performed extensive calculations, precise predictions of the 

melting temperature can be dependent on the pseudopotential used. For example, we found a 

softer (Fe_pv) pseudopotential tends to predict a lower melting point and narrower temperature 

domain for cooperative diffusion than using hard pseudopotential (Fe_sv) (see Supplementary 

Table S3).  

Additionally, we found stability of bcc iron with cooperative diffusion is facilitated by 

both electron and ion thermal effects. Observation of the cooperative diffusion both in this 

(NVT-MD) and previous (NPT-MD)12 studies, and stability of our simulations (Supplementary 

Fig. S9) cross-validate this exotic state and its potential existence in bcc iron at Earth and super-

Earth’s inner core conditions. Doping with traces of impurities decrease the melting point and 

can strengthen the stability of bcc iron10,57,58. Our calculations show that cooperative diffusion 

persists when bcc iron is doped with lighter elements like carbon (Supplementary Fig. S10). 

This unusual state of matter with cooperative diffusion and its mechanism clarified in 

this study for iron, in combination with other materials with alike behaviours (e.g., 

superionicity, chain melting, and plastic flow), challenge traditional understandings of solid-

state structures and phase diagrams and add knowledges about the novel chemistry of materials 

at extreme conditions. 

Methods 

All calculations were performed using the Vienna ab initio simulation package 

(VASP)59 with the projector augmented wave (PAW) method60 and Perdew-Burke-Erzerhof 

(PBE) exchange correlation functional61.  Static lattice calculations were done with a two-atom 

conventional unit cell using a  20 × 20 × 20 k mesh (for elasticity calculations) or 2 × 2 × 2 

supercell (16 atoms) using a 10 × 10 × 10 k mesh (for energy barrier calculations). Energy 



cutoff for the plane-wave basis set was chosen to be 400 eV and 800 eV for Earth (13.89 g/cm3, 

Fe_pv pseudopotential) and super-Earth (26.34 g/cm3, Fe_sv pseudopotential) conditions, 

respectively. Ab initio molecular dynamics (AIMD) simulations and phonon calculations 

(using PHONOPY code62) at 13.89 g/cm3 were performed with a 4 × 4 × 4 supercell of iron 

(128 atoms) and Γ-centred 2 × 2 × 2 k mesh. At 26.34 g/cm3, AIMD simulations with the 

4 × 4 × 4 supercell was unstable; therefore, we used a 5 × 5 × 5 supercell (250 atoms) and Γ 

point only for the calculations. The Fe_sv pseudopotential was found to be accurate for 

calculations at 26.34 g/cm3 by comparing with all-electron calculations (Supplementary Table 

S4). Test with Γ-centred 2 × 2 × 2 k-mesh show that Γ-point is sufficient for the MD 

simulations with the 5 × 5 × 5 supercell (see Supplementary Table S5). 

The constant composition-volume-temperature (NVT) MD simulations with Nosé-

Hoover thermostat for pure bcc iron cases typically last 18,000 to 63,000 steps with time step 

of 0.5 fs and 0.25 fs for lower and higher densities respectively. The numbers of electronic 

bands are chosen to ensure that the occupancy of the highest-energy state is 10-5 or lower.  

Visualisations of the MD trajectories were done in OVITO63. Finite-temperature phonon 

spectra were calculated with DynaPhopy64 using 16 × 16 × 16 and 18 × 18 × 18 q-mesh for 

the low and high densities, respectively. Our choice of simulation settings (number of atoms, 

k-mesh, energy cut off) for Earth inner conditions are consistent with previous studies11,65. 

The stress-strain technique66 was employed to evaluate the elastic constants. For 

thermal elastic constants, the stress tensors and their standard errors were calculated from the 

MD trajectory after reaching equilibrium. The elastic constants were obtained from the slope 

of the linear relationship of stress and strain. The 1-σ error was determined using a Monte Carlo 

technique to generate 10,000 sets of stress-strain data that follow a normal distribution 

according to the standard error of the stress values.  
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