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Abstract 36 

Earth’s inner core is predominantly composed of solid iron (Fe) and displays intriguing properties 37 

such as strong shear softening and an ultrahigh Poisson’s ratio. Insofar, physical mechanisms to 38 

explain these features coherently remain highly debated. Here we have studied longitudinal and 39 

shear wave velocities of hcp-Fe (hexagonal close-packed iron) at relevant pressure-temperature 40 

(P-T) conditions of the inner core using in-situ shock experiments and machine learning molecular 41 

dynamics simulations. Our results demonstrate that the shear wave velocity of hcp-Fe along the 42 

Hugoniot in the premelting condition, defined as T/Tm (Tm: melting temperature of iron) above 43 

0.96, is significantly reduced by ~30% while Poisson’s ratio jumps to approximately 0.44. 44 

Machine learning molecular dynamics simulations at 230-330 GPa indicate that collective motion 45 

with fast diffusive atomic migration occurs in premelting hcp-Fe primarily along [100] or [010] 46 

crystallographic direction, contributing to its elastic softening and enhanced Poisson’s ratio. Our 47 

study reveals that hcp-Fe atoms can diffusively migrate to neighboring positions, forming open-48 

loop and close-loop clusters in the inner core conditions. Hcp-Fe with collective motion at the 49 

inner core conditions is thus not an ideal solid previously believed. The premelting hcp-Fe with 50 

collective motion behaves like an extremely soft solid with an ultralow shear modulus and an 51 

ultrahigh Poisson’s ratio that are consistent with seismic observations of the region. Our findings 52 

indicate that premelting hcp-Fe with fast diffusive motion represents the underlying physical 53 

mechanism to help explain the unique seismic and geodynamic features of the inner core. 54 

 55 

 56 

Significance 57 

Earth’s solid inner core exhibits intriguing characteristics such as an exceptionally low shear-wave 58 

velocity and an ultrahigh Poisson's ratio that significantly deviate from our understanding for 59 

normal solid metals. In this study, we have used high pressure-temperature experiments and 60 

machine learning calculations with extremely large supercells to examine the dynamics and sound 61 

velocities of iron at the extreme pressure-temperature conditions of the inner core. Our research 62 

results reveal a drastic reduction in shear wave velocity when hcp-Fe approaches the melting point 63 

induced by shock. Our advanced machine learning calculations show that iron atoms undergo 64 

collective motion with fast diffusion in the premelting regime, leading to the ultralow shear 65 

modulus and ultrahigh Poisson's ratio. These results are consistent with seismic observations and 66 
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geodynamics of the inner core. We thus propose that collective motion in hcp-Fe is the underlying 67 

physical mechanism for the soft inner core very close to the melting curve of constituent iron alloy. 68 

  69 
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Introduction 70 

Seismology and mineral physics studies over the past century reveal that Earth’s inner core is 71 

mainly made of solid iron (approximately 96 wt% iron) (1, 2). The inner core only accounts for 72 

less than 1% of the planet’s total volume but plays a key role in its dynamics, thermal evolution, 73 

core convection, and habitability. Of particular example is its nucleation and light element release 74 

to provide thermochemical energy sources powering the geodynamo, the generation of the 75 

magnetic field, and subsequent geological processes (3-5). Recent seismological investigations 76 

from modern J wave (6) and preliminary reference Earth model (1) have shown that the inner core 77 

has a shear wave velocity 30-40% lower than expected from solid hcp-Fe alloy at similar pressure, 78 

while the compressional wave velocity is overall consistent with that of the constituent Fe alloy 79 

(7, 8). This indicates an ultralow shear modulus in the inner core, with a Poisson’s ratio (ν) as high 80 

as 0.44-0.45, analog to that of soft metals such as lead and thallium (9) and close to that of molten 81 

iron (ν = 0.5). The Poisson’s ratio of the inner core is much larger than that of hcp-Fe estimated at 82 

the core’s pressure and room temperature (ν = ~0.35) (10, 11). These seismic observations, 83 

therefore, suggest the existence of an extremely soft solid iron alloy with low rigidity in the inner 84 

core (12). This raises the fundamental question about the main underlying physical mechanism 85 

responsible for the unique seismic and geodynamic features in the region. Understanding the 86 

atomistic dynamics and its influence on the longitudinal (Vp), bulk (Vb), and shear (Vs) sound 87 

velocities of iron at inner core conditions can greatly enhance our knowledge of the inner working 88 

of our planet (13-15).  89 

Driven by the continuous cooling of the planet, the solidification of the inner core occurs when 90 

its adiabat intersects the melting curve of the constituent iron alloy at the inner-core boundary 91 

(ICB) (16). Using the melting curve of pure iron as a reference, the melting temperature (Tm) at 92 

the ICB is determined to be ~6200(300) K at 330 GPa by experiments (17-21) and theories (22, 93 

23). Addition of~4 wt.% light element(s) in iron is expected to depress the melting temperature by 94 

several hundreds of K (24). According to an isentropic modeling, the temperature gradient across 95 

the inner core radius (r), dTi/dr, is expected to be approximately -0.17 K/km (16). This suggests 96 

that the temperature increase is only 100-200 K from the ICB to the center across the radius of 97 

~1200 km. As a result, the inner core adiabat is expected to be within the temperature regime Ti/Tm 98 

exceeding 0.95. As the temperature approaches Tm, a previous study has suggested that solid metals 99 

can commonly show premelting behaviors with collective motion and fast atomic diffusion (25). 100 

Some simulations have predicted that unusual elastic and rheological properties occur in several 101 
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metals like Cu, Al, Ta, and Ca at the premelting temperature (26-28). This raises the possibility 102 

that premelting iron at T/Tm above 0.95 and inner-core pressures can exhibit unique elastic and 103 

rheological characteristics manifested in the aforementioned seismic observations. 104 

To date, several hypotheses have been proposed to explain the observed seismic features in 105 

the inner core (7, 29-32). A pioneering study on the elasticity calculations of hcp-Fe predicted a 106 

strong shear softening at high P-T prior to melting (30), suggesting that premelting hcp-Fe may 107 

exhibit distinct behavior from ideal hcp-Fe. However, the simulation was conducted using 108 

relatively short simulation time and small cell size under homogeneous melting with superheating 109 

effects (> 7500 K at the ICB pressure where iron is expected to be molten) (30). On the other hand, 110 

first-principles DFT calculations showed that the shear modulus of hcp-Fe decreases quasi-linearly 111 

with temperature at a given density and agrees with the seismology and free oscillation data for 112 

the inner core without the requirement of premelting behavior (33, 34). Numerous high P-T 113 

experiments and modeling studies on the strength and plastic deformation have suggested that hcp-114 

Fe is rheologically weak with a low shear strength due to pressure-induced slip and creep and its 115 

shear strength could be reduced by the elevated temperature (35-39). However, these experiments 116 

were conducted at P-T conditions far below from those of the inner core. Furthermore, some high-117 

pressure experiments and molecular dynamic (MD) computations indicate that iron carbide (e.g., 118 

Fe7C3 compound (31)) or iron-hydrogen superionic alloy (32, 40) can reduce the shear wave 119 

velocity of the inner core. However, it is still highly controversial whether C and/or H light 120 

elements exist in Earth’s inner core (24). Bcc-Fe has also been proposed as a possible explanation 121 

for the origin of the low shear wave velocity in the inner core (41-43), but in situ x-ray diffraction 122 

(XRD) experiments did not observe its existence at the relevant P-T conditions (19, 20, 44). 123 

Possible presence of melt pockets in the inner core has been suggested as an explanation for the 124 

high Poisson’s ratio (45), although the inner core growth models indicate that interstitial liquid 125 

would have been squeezed out during its complete solidification and compaction below the solidus 126 

(46). Insofar, these existing hypotheses could help address some aspects of the inner-core’s unique 127 

properties, but a comprehensive physical model incorporating direct experimental elasticity data 128 

and theoretical simulations with large supercells remains lacking. 129 

Iron is believed to be stable in the hcp structure under the inner core P-T conditions as revealed 130 

by both static (18, 44) and dynamic (19, 20) experiments. In previous elasticity studies of iron, 131 

several experimental investigations of the sound velocities and Poisson’s ratio of hcp-Fe have been 132 

carried out (29, 47-49); however, some experiments were conducted at relatively low P-T 133 
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conditions (e.g., up to ~73 GPa and 1700 K (29); up to ~300 GPa at room temperature (50, 51)) or 134 

did not reach to the temperature prior to melting points (e.g., static (49) and shock (47, 48) 135 

experiments). In this study, we have performed direct shock-wave measurements and machine 136 

learning-enhanced simulations with supercell sizes of more than 10,000 atoms to investigate the 137 

Vp, Vb, and Vs of compressed hcp-Fe near the premelting temperature at the core pressure. Our 138 

theoretical results suggest that collective atomic motion occurs in premelting hcp-Fe, causing a 139 

strong sound velocity softening and enhanced Poisson’s ratio. The collective motion-induced 140 

elastic softening in hcp-Fe is proposed to be the underlying physics to explain the unique seismic 141 

features of the inner core, including its ultralow shear wave velocity, low rigidity, and ultrahigh 142 

Poisson’s ratio. 143 

 144 

Results and Discussion 145 

High P-T shock compression experiments were conducted on high purity polycrystalline iron 146 

(>99.98%) using hypervelocity reverse-impact technique in two-stage light-gas guns (see 147 

Materials and Methods and SI Appendix Fig. S1). Iron was shock-compressed to pressures ranging 148 

from 82-231 GPa and temperatures ranging from 1600-5220 K along its Hugoniot P-T curve, 149 

where the shock Hugoniot temperature has been well determined by both experiments and 150 

simulations (17, 19, 23, 52) (see SI Appendix Table S1 and Fig. S8). The most recent shock 151 

compression experiments coupled with in situ XRD indicate that the hcp-Fe should be the only 152 

phase present at pressures between 200 and 1000 GPa prior to melting (19, 20). In this work, we 153 

targeted a maximum single shock pressure just below the pressure at which shock-induced melting 154 

occurs (~242 GPa) (19). Therefore, iron should be in the hcp structure at the present investigated 155 

P-T range. We then obtained the (Eulerian) sound velocities of hcp-Fe including Vp, Vb, and Vs 156 

under shock compression by solving the relationship among time interval, wave speed, and 157 

distance (see SI Appendix Figs. S2-S4). 158 

Analysis of the shock experimental results indicates that the Vp of hcp-Fe linearly increases 159 

with increasing shock pressure (PH) between 80-160 GPa (Fig. 1a). After further shock pressure 160 

increase, the rate of change in Vp with respect to PH (dVp/dPH) gradually decreases and eventually 161 

changes to a negative slope above ~206 GPa. Additionally, the Vb in shock-compressed iron shows 162 

a monotonous increase from 82 to 231 GPa. Our measured Vp are generally consistent with those 163 

of shock-compressed iron in Refs. (48, 53), while we did not observe a sharp discontinuity of Vp 164 

at 200-220 GPa as reported earlier that was explained as a solid-solid phase transition from hcp to 165 
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a new phase (47). Our Vp results at relatively low P-T conditions agree well with an earlier report 166 

(49) on hcp-Fe up to ~163 and 3000 K using inelastic x-ray scattering (IXS) in laser-heated 167 

diamond anvil cells (LH-DACs) (Fig. 1a). Both sets of results support the notion that the Vp of 168 

hcp-Fe exhibits a quasi-linear relationship with density in this P-T range (49). However, our results 169 

suggest that as the P-T conditions approach the region of shock-induced melting, the sound 170 

velocity of hcp-Fe has a nonlinear relation with density and does not follow the quasi-linear sound 171 

velocity-density relationship (see SI Appendix Fig. S9). Our measured Vs of iron under shock 172 

compression shows a gradual increase with pressure and density from ~80 to 160 GPa but stops to 173 

increase above 160 GPa. At shock pressures above 200 GPa, the Vs of iron displays a dramatical 174 

drop from 4.2 km/s to zero as iron melts along the Hugoniot (Fig. 1a and SI Appendix Fig. S9). 175 

Under shock compression, both P-T is simultaneously elevated along the Hugoniot, which 176 

could affect the sound velocities of hcp-Fe in a different way. Previous experiments using a LH-177 

DAC has shown that the Vp and Vs of hcp-Fe generally increases with pressure but decreases with 178 

temperature (29, 54). Therefore, we have further investigated the effect of the shock Hugoniot 179 

temperature (TH) on the sound velocity of hcp-Fe using the recently developed optical pyrometry 180 

technique (17). These results show that TH in hcp-Fe increases monotonously from approximately 181 

1600 to 5220 K as pressure increases from 82 to 231 GPa (see SI Appendix Fig. S8). Based on a 182 

consensual melting curve of hcp-Fe (17-21), we calculated its ratio of shock Hugoniot temperature 183 

to the melting point, TH/Tm, which gradually increases from 0.44 to 0.96 with shock pressure from 184 

82-231 GPa (see SI Appendix Table S1). We note that the Vs stops to increase at shock pressures 185 

above approximately 160 GPa, where the TH/Tm approaches ~0.74. At P-T conditions further up to 186 

~230 GPa, with a solid Hugoniot temperature close to the melting point (TH/Tm ~ 0.96), the Vs 187 

values drastically drops by approximately 30% (Fig. 1a). Our shock results reveal that the Vs of 188 

hcp-Fe at TH/Tm ~ 0.96-1.00, which we define as the premelting region, displays a strong 189 

temperature-dependent reduction. This dramatic drop in the measured Vs agrees with some 190 

previous theoretical predictions by ab initio molecular dynamics (AIMD) simulations (30), which 191 

shows a strong nonlinear elastic constant weakening in hcp-Fe just before melting. 192 

Based on our measured Vp, Vb, and Vs along the Hugoniot, the derived Poisson’s ratio of iron 193 

increases from ~0.34 to 0.43 as shock pressure increases from ~82 GPa (1600 K) to 231 GPa (5220 194 

K), as shown in Fig. 1b. At conditions below ~160 GPa and 3450 K (with TH/Tm less than ~0.74), 195 

the Poisson’s ratio appears to be comparable to that of hcp-Fe at high pressure and room 196 

temperature (~0.35), as observed in DAC experiments (10, 11) (Fig. 1b), suggesting that 197 
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temperature has only a minor effect at relatively low values of TH/Tm. Furthermore, static high-198 

pressure experiments demonstrate that the Poisson’s ratio of iron does not significantly change 199 

with increasing pressure to the core’s at room temperature (10, 11), indicating that the rise in 200 

shock-compressed iron up to 230 GPa should be mainly due to shock-induced high temperatures. 201 

When compared to seismic observations, the Poisson’s ratio of 0.43 in hcp-Fe at TH/Tm ~ 0.96 and 202 

PH ~ 230 GPa is generally consistent with the ratio of ~0.44-0.45 in the inner core (the striped 203 

rectangle area in Fig. 1b). 204 

To gain insight into the atomistic behavior and lattice dynamics of premelting hcp-Fe, we 205 

developed a machine learning potential with density-functional-theory (DFT) accuracy, using the 206 

deep concurrent learning method (see Materials and Methods and SI Appendix Figs. S5-S7). 207 

Equilibrium and non-equilibrium molecular dynamics simulations (EMD and NEMD) were 208 

conducted at pressures ranging from 230-330 GPa and at various temperatures, up to the 209 

nanosecond simulation scale. At temperatures close to the melting point (T/Tm > ~0.96), we 210 

observed the spontaneous emergence of atomic collective motion in hcp-Fe, along its [100] or 211 

[010] crystallographic orientation, where Fe atoms diffuse collectively in both intralayer and 212 

interlayer directions (Fig. 2a and SI Appendix Movie S1). Specifically, most atoms exhibit a one-213 

dimensional (1-D), longitudinal wave-like behavior in open-loop (chain-like) diffusions, wherein 214 

one atom jumps out of its equilibrium position and pushes its neighboring atoms along specific 215 

crystallographic directions, such as [100] or [010] in the a-b plane (Fig. 2b). This collective motion 216 

generates a wavefront of diffusion, moving randomly forward until it meets a vacancy and releases 217 

the compression. This phenomenon was detailed proposed in cubic Ca within the premelting 218 

regime under high pressure and has been indicated as a possibly prevalent high-temperature feature 219 

in metals under extreme conditions (28). The longitudinal-wave-like behavior could dissipate 220 

shear in the system at the atomistic level, which was also observed in the premelting bcc-Ta (55) 221 

and fcc-Al (56) at ambient pressure. 222 

The distribution of iron atomic displacements is also investigated within a given lag time (up 223 

to 0.1 ns) using time-dependent van Hove self-correlation functions P(Δr, t) (57, 58). At the Vs 224 

softening regime (e.g., T/Tm ~ 0.98), hcp-Fe atoms migrate collectively to their neighboring lattice 225 

points. This migration leads to a non-Gaussian multiple-peak distribution of P(Δr, t) (horizonal 226 

dashed-line in Fig. 2c). However, in solid hcp-Fe at a relatively low temperature below the region 227 

(e.g., T/Tm ~ 0.92), P(Δr, t) exhibits a stable Gaussian distribution over time in the nanosecond-228 

scale simulation, indicating the absence of collective motion (see SI Appendix Fig. S11). 229 
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Furthermore, we computed the mean square displacements (MSD) for hcp-Fe at different 230 

temperatures and found that the MSD of premelting hcp-Fe at 230 GPa and 5300 K (T/Tm ~ 0.98) 231 

steadily increases throughout 250 picosecond (ps) simulation time. This means that collective 232 

motion contributes to significant diffusion of atoms (Fig. 3a). Notably, the average diffusion in the 233 

a-b planes of premelting hcp-Fe spreads faster than that along the c-axis. Conversely, at a relatively 234 

low temperature of 4000 K (T/Tm ~ 0.74) at 230 GPa, the MSD of hcp-Fe atoms remains nearly 235 

constant during the simulation time, indicating no observable diffusion (Fig. 3a). 236 

For a deeper understanding of the collective atomic motion in premelting hcp-Fe, we have 237 

theoretically investigated its finite-temperature phonon dispersions including the anharmonicity 238 

and enthalpy at 230 GPa and various temperatures (Fig. 3b). Our calculations show abnormal 239 

softening in some high symmetry points at high P-T (Fig. 3b), corresponding to the relative 240 

vibrations between close-packed planes along the c-axis in hcp structures (Fig. 3c). These 241 

softening reflect temperature effects as a dynamical driving force for collective atomic motion, 242 

which mostly diffuses between the close-packed planes of hcp-Fe. From an energetic perspective, 243 

the mixture of solid and liquid near melting promotes disorders and increases the system’s 244 

potential energy compared to an ideal hcp-Fe crystal. However, the directional priority of 245 

collective motion pushes atoms to diffuse along the lowest energy paths, which only slightly 246 

increases the system’s enthalpy compared to ideal hcp-Fe without collective motion (Fig. 3d). 247 

Given the complexity of the potential energy surface at high temperatures and the large entropy 248 

induced by the collective motion, hcp-Fe with collective motion may be dynamically stable in the 249 

premelting P-T conditions. 250 

To investigate how collective atomic motion affects physical properties of hcp-Fe, we 251 

conducted calculations on its elastic constants and Poisson’s ratio at high P-T. It should be noted 252 

that traditional elastic modulus calculations using EMD method for single crystal hcp-Fe are 253 

susceptible to superheating effects. To overcome this, we employed a solid defective structure 254 

quenched from the two-phase model in NEMD simulations to mitigate the impact of superheating 255 

in order to accurately calculate the high P-T elastic constants (see Supplementary Material). 256 

Results from both the ab initio method and the constructed machine learning model show that a 257 

significant shear elastic softening occurs in hcp-Fe at 230 GPa as the temperature approaches the 258 

melting point, consistent with the present experimental observations (Fig. 4). The present 259 

calculations and experiments indicate that the shear modulus of hcp-Fe at 230 GPa and T/Tm ~ 260 

0.96-0.98 agrees overall with the seismically observed low shear modulus of the inner core (Fig. 261 
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4). Furthermore, the calculated Poisson’s ratio using NEMD increases from 0.36 to 0.42 as the 262 

temperature rises from 300 to 5000 K (T/Tm ~ 0.92) at 230 GPa (Fig. 1b). When the temperature 263 

continues to rise from 5000 K to the melting point at 5400 K, the Poisson’s ratio of hcp-Fe 264 

increases dramatically from 0.42 to 0.5. Our computations reveal that the Poisson’s ratio in hcp-265 

Fe with collective motion is approximately 0.45 at 230 GPa and 5200 K (T/Tm ~ 0.96), which is 266 

overall consistent with our experimental value at similar P-T conditions (Fig. 1b). 267 

We conducted more calculations at pressures ranging from 230 to 330 GPa and temperatures 268 

between 4000 and 7000 K to determine the P-T regime of hcp-Fe with collective motion at relevant 269 

inner core conditions. Our results reveal the dynamic phase boundary between ideal hcp-Fe and 270 

hcp-Fe with collective motion, as well as the boundary between hcp-Fe and liquid Fe (Fig. 5). We 271 

found that the temperature for hcp-Fe with collective motion (Tc) extends approximately 500 K 272 

below its Tm at inner core pressures. Comparison between our predicted dynamic phase of hcp-Fe 273 

with collective motion and a typical adiabat of iron core indicates that the inner core adiabat is 274 

slightly below the Tm and falls within the temperature region of premelting hcp-Fe with collective 275 

motion (Fig. 5 and SI Appendix Fig. S13). As mentioned in the Introduction, the T/Tm of the inner 276 

core is expected to be between 0.95-0.99 (16, 59). Our results indicate that the dynamics of 277 

collective motion in the premelting hcp-Fe at the conditions relevant to the inner core may be the 278 

primary physical mechanism behind the observed seismic properties, such as the ultralow shear 279 

wave velocity, low rigidity, and ultrahigh Poisson’s ratio (6). 280 

Earth’s inner core also contains ~5 wt.% Ni and ~4 wt.% light element(s) alloyed with iron, 281 

though the exact identity of the major light element remains uncertain (24). Here we consider Si 282 

as a candidate light element as an example to understand light element effects on Tm depression 283 

and associated elasticity. Addition of 4 wt.% of Si in Fe or Fe-Ni alloy would lower the melting 284 

temperature to a Tm of ~5800 K (60) and overall increase the Vp by 3-5% (50, 54, 61, 62). 285 

Meanwhile, Fe alloyed with ~5 wt.% Ni and a few % of Si would retain the hcp structure at relevant 286 

inner-core P-T conditions (63-65). Using a temperature gradient of 100-200 K in the inner core, 287 

we estimated that the expected inner core adiabat for iron alloyed with a few wt.% light elements 288 

would have a T/Tm of ~0.97-0.98, which falls within the premelting region (Tc/Tm > ~0.95). These 289 

results suggest that such an Fe-Ni-light element alloy can also exhibit collective atomic motion, 290 

resulting in the ultralow shear wave velocity and ultrahigh Poisson’s ratio of the inner core. 291 

Our research into the effects of collective atomic motion on premelting hcp-Fe has yielded 292 

exciting results regarding its shear softening and ultrahigh Poisson’s ratio. These findings provide 293 
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a novel physical mechanism to explain the unique seismic and geodynamic features of Earth’s 294 

solid inner core. The ultralow shear modulus in premelting hcp-Fe suggests that the inner core may 295 

have relatively low shear viscosity, making it susceptible to deformation and convectively 296 

instability (66). Future exploration into the atomistic dynamic behavior and high pressure-297 

temperature sound velocities of iron alloyed with approximately 5 wt.% nickel and 2-4 wt.% light 298 

elements at the inner-core conditions is necessary to shed more light on the geophysics and 299 

geodynamics of both the inner and outer cores. Together with previous research on premelting 300 

metals (26-28), a scenario beyond the perspective of classical nucleation theory together with its 301 

potential effects on material properties such as the elasticity need to be further clarified in future 302 

works. 303 

  304 
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Figures and captions: 305 

 306 
Fig. 1. Sound velocities and Poisson’s ratio of iron along the shock Hugoniot conditions. (a) Measured 307 

sound velocities Vp (red squares), Vb (blue squares), and Vs (green squares) of iron under shock compression. 308 

Solid (48) and open (47) circles are the measured Vp under shock compression from the literature results. 309 

Diamonds, diamonds with bottom half black, and diamonds with top half black represent the measured Vp, 310 

Vb, and Vs, respectively, under shock compression by Ref. (53). The triangles and inverted triangles 311 

represent the measured Vp of hcp-Fe at given pressures and ~3000 and 2300 K, respectively, using IXS in 312 

LH-DACs (49). The blue line represents the calculated Vb of iron using a thermodynamic equation under 313 

shock compression. The red dashed line in Vp was fitted to the measured data using a third-order polynomial 314 

and is meant as a guide for the eye. The green dashed line through the experimental data in Vs are derived 315 

from the Vp and Vb. The vertical grey bar represents the pressure range for iron melting to occur along the 316 

shock Hugoniot. (b) Measured and calculated Poisson’s ratio of hcp-Fe as a function of the ratio of 317 

temperature to the melting point of iron (T/Tm). By definition, the Poisson’s ratio reaches 0.5 at T/Tm of 1.0 318 

in molten iron (horizontal dashed black line). The Poisson’s ratio of the inner core constrained by seismic 319 

observations falls within the range of 0.44-0.45 (striped rectangle region) (1, 6), which is located at T/Tm ~ 320 

0.96 for hcp-Fe at high pressure. The difference in Poisson’s ratio between experimental and computational 321 

results at relatively low T/Tm may be attributed to the pressure difference between Hugoniot conditions in 322 

experiments and isobaric conditions in calculations. The light-green region indicates a significant shear 323 

softening and ultrahigh Poisson’s ratio induced by collective atomic motion in hcp-Fe at shock pressures 324 

above ~230 GPa and T/Tm greater than ~0.96.  325 
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 326 
Fig. 2. Collective atomic motion of compressed hcp-Fe at near melting point and 230 GPa. (a) 327 

Dynamic behavior of hcp-Fe atoms at 230 GPa and near melting temperature (T/Tm ~ 0.98) using machine 328 

learning molecular dynamics. Iron atoms are colored with time over a 30 picosecond (ps) period in the 329 

snapshot. (b) Top- and side-view dynamical snapshots of a single close-packed a-b (x-y) plane during 30 330 

ps in premelting hcp-Fe with collective motion. Iron atoms predominantly diffuse along [100] or [010] 331 

directions of the hcp structure. This diffusion leads to the formation of open-loop strings and a few closed-332 

loop shapes such as triangular. The open-loop diffusion behavior propels iron atoms to form a 1-D 333 

longitudinal wave-like pattern. Snapshots in (a) and (b) were smoothed within a 1 ps time window to 334 

eliminate thermal noises. (c) Self van Hove correlation function P(Δr, t) of premelting hcp-Fe. Iron atoms 335 

migrate to neighbors during collective atomic motion, which induces multiple-peak non-Gaussian 336 

distribution vs. time in the correlation functions. The P(Δr, t) represents the probability of finding an atom 337 

at distance Δr after a time interval t. Vertical bar represents the logarithm form of the P(Δr, t) to highlight 338 

the diffusion of collective motion (marked by the black dashed line as the nearest neighbor distance).  339 
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 340 
Fig. 3. Dynamical properties of hcp-Fe at ~230 GPa and representative temperatures. (a) Calculated 341 

mean square displacements (MSD) of hcp-Fe atoms at 230 GPa and varied temperatures. The atoms in 342 

premelting hcp-Fe diffuses with the simulation time. The diffusion of hcp-Fe atoms primarily occurs in the 343 

a-b planes as they migrate to neighboring atoms. Diffusion in the z-direction is usually triggered by the 344 

vacancies’ migration between different a-b planes, of which vacancies were made by the collective motion 345 

in a-b planes. (b) Phonon spectra of hcp-Fe at 230 GPa and three given temperatures (0 K, 3000 K, and 346 

5000 K). Anharmonicity is taken into consideration in the calculations. Black arrows highlight some modes 347 

in the phonon spectra that show strong softening as the temperature increases. (c) Schematic diagram of the 348 

softening direction of hcp-Fe at high P-T. Blue arrows through orange atoms show a strong phonon 349 

softening in the Γ point of hcp-Fe reduced from ~12 THz at 0 K to ~7 THz at 5000 K and at 230 GPa, where 350 

the vibrational direction is between adjacent a-b close-packed planes. Magenta arrows through green atoms 351 

show a similar softening direction in the A (0, 0, 0.5) point, where the softening happens between non-352 

adjacent planes. (d) Enthalpy of iron in hcp, hcp with collective motion, and liquid states, respectively, at 353 

230 GPa as a function of simulation time. Systems evolve from the initial solid-liquid mixture to hcp crystal 354 

at 5000 K (T/Tm~0.92), to hcp with collective motion at 5300 K (T/Tm ~ 0.98), and to liquid at 5500 K (T/Tm 355 

~ 1.02), respectively. The horizontal dashed line represents the initial enthalpy of the solid-liquid mixture 356 

(see SI Appendix Fig. S7).  357 
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 358 

Fig. 4. Elastic constants, sound velocities, and shear modulus of hcp-Fe at high pressure-temperature 359 

conditions. (a) Calculated clastic constants of hcp-Fe as a function of the ratio of temperature to its melting 360 

point (T/Tm) at 230 GPa. The elastic constants were calculated using both the DFT-AIMD and machine 361 

learning (ML) method. (b) Comparisons of sound velocities of hcp-Fe between theoretical and experimental 362 

results at high temperatures and 230 GPa. Solid and open symbols represent the results from the DFT-363 

AIMD and ML calculations, respectively, in this study. The melting point Tm of iron at 230 GPa is calculated 364 

to be ~5400 K by two-phase methods (see SI Appendix Fig. S8). The region between vertical dashed lines 365 

covers the premelting condition. The calculated longitudinal and shear wave velocities are consistent with 366 

our experimental results at ~230 GPa and T/Tm ~ 0.96. The shear softening emerges near melting, which 367 

accompanies by collective motion in the large spatiotemporal machine learning molecular dynamics (See 368 

SI Appendix Movie S1). (c) Calculated (black curve) and measured (open star) shear modulus of hcp-Fe at 369 

high temperatures and 230 GPa. The shear modulus of premelting hcp-Fe at the relevant conditions of the 370 

core can overall match with the seismic observation of 149-176 GPa (red region) in the inner core (red bar) 371 

(1, 6). 372 

  373 
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 374 
Fig. 5. Predicted dynamic phase boundary of hcp-Fe with collective atomic motion at high pressure-375 

temperature conditions relevant to the Earth’s core. The dashed line represents the melting curve (Tm) 376 

of iron at high pressures in this study fitted by Simon-Glatzel law with Tm = T0 (P/11.8+1)0.367, where T0 = 377 

1811 K is the melting point of iron at ambient pressure. Our calculated melting points of iron is generally 378 

consistent with recent experimental results as shown in SI Appendix Fig. S8 (17-21), in which the melting 379 

point is ~6200 K at the pressure of the inner-core boundary (~330 GPa). The dash-dotted line represents 380 

the dynamic phase boundary between ideal hcp-Fe and hcp-Fe with collective motion (Tc) in this study 381 

fitted by a second-order polynomial. The light-blue area represents the predicted P-T conditions of hcp-Fe 382 

with collective motion. The red curve represents a typical adiabat of iron anchored at the inner core 383 

boundary. The adiabat gradient across the inner-core boundary is approximately 0.17 K/km based on 384 

isentropic modeling (16). 385 

  386 
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Materials and Methods 387 

Starting Materials. High-purity polycrystalline bulk iron with a purity greater than 99.98% was used as 388 

the starting material. The iron sample were prepared into 0.662-1.480-mm-thick disks with a diameter of 389 

~24 mm, and their surfaces were polished to a mirror finish with a roughness of ~15 nm (17). 390 

Sound velocity measurements and Poisson’s ratio of hcp-Fe at high P-T. Reverse-impact experiments 391 

(see SI Appendix Fig. S1) were carried out at both Sichuan University and Institute of Fluid Physics in 392 

China. We employed both lithium fluoride (LiF) crystal with <100> orientation and sapphire Al2O3 crystal 393 

with <0001> orientation as window materials, respectively. The interface particle velocity profile was 394 

measured using photon Dopler velocimetry (PDV) with a laser wavelength of 1550 nm and a time resolution 395 

of less than 1 nanosecond. The impact velocity was measured using an electromagnetic method with an 396 

uncertainty of ~0.5%. In the first series of runs, we used LiF crystals with <100> orientation as the 397 

transparent window, where the particle velocity profile was recorded at the sample/window interface. This 398 

allowed us to generate P-T conditions up to ~156 GPa and ~3400 K with the highest impact velocity being 399 

7.472(37) km/s. To achieve higher pressures, we employed Al2O3 crystals with <0001> orientation as the 400 

window material in the second series of runs because it is denser than LiF crystal and can generate much 401 

higher P-T on reverse impact. Even after the phase transformation to CaIrO3, Al2O3 crystal remained 402 

transparent up to at least 210 GPa, and its refractive index under shock compression was recently 403 

determined (67). Iron was shocked to Al2O3 crystal up to the impact velocity of 7.695(30) km/s, reaching 404 

in the highest P-T of ~230.8 GPa and ~5220 K in this study. The particle velocity wave profiles for these 405 

shots are shown in SI Appendix Fig. S2. 406 

To ensure experimental accuracy, we used four PDV probes to simultaneously measure the particle 407 

velocity profiles at four different locations of the sample in a shot (see SI Appendix Fig. S3): one probe was 408 

positioned at the center of the impact surface, while the other three were located at the outer ring with a 409 

diameter of 5 mm. The wave profiles recorded by multiple probes almost overlapped in one shot, indicating 410 

low uncertainty in the sound velocity measurements (< 3%). The Lagrangian longitudinal sound velocity 411 

of iron, Cl, can be directly obtained using the measured time interval (Δt) and the thickness of the sample 412 

(δ): 413 

𝐶𝑙 =
𝛿

(𝑡1−𝑡0)−𝛿 𝑈𝑠⁄
=

𝛿

∆𝑡−𝛿 𝑈𝑠⁄
                          (1) 414 

Then, the Eulerian longitudinal sound velocity, Vp, which accounts for the change of sample thickness due 415 

to shock compression (68), is: 416 

𝑉𝑝 =
𝜌0

𝜌𝐻
𝐶𝑙 =

𝜌0

𝜌𝐻

𝛿

(𝑡1−𝑡0)−𝛿 𝑈𝑠⁄
                           (2) 417 

where ρ0 and ρH are the starting and compressed densities of iron, Us represents the shock wave velocity in 418 

shock-compressed iron. The time interval is represented by Δt = t2 - t1. t1 and t2 is the time of impact and 419 

the arrival of the release wave at the impact interface, respectively, which can be obtained from the 420 

measured interface particle velocity profile (see SI Appendix Figs. S2-S3). The Lagrangian bulk sound 421 

velocity (Cb) at the Hugoniot state can be determined by linearly extrapolating the plastic unloading part of 422 

the Cl line to the Hugoniot state (see SI Appendix Fig. S4). The elastic-plastic transition point at time t2 can 423 

be identified by calculating the derivative of particle velocity with respect to time (see SI Appendix Fig. 424 

S3). The Eulerian bulk sound velocity Vb is obtained by substituting t1 with t2 in equation (2) (53). By using 425 

Vp and Vb, the shear wave velocity, Vs, can be obtained using the following relation: 426 
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𝑉𝑠
2 =

3

4
(𝑉𝑝

2 − 𝑉𝑏
2)                            (3) 427 

The reverse-impact experiments (69-71) do not require the fitting of the overtake ratio of sample plate 428 

thickness to impactor plate thickness, which differs from symmetric impact experiments previously used 429 

(47, 48). Instead, this method directly measures the shock and rarefaction fronts in iron samples, which 430 

leads to a significant improvement in the accuracy of sound velocity measurements. 431 

On the other hand, the bulk sound velocity (Vb) of iron under shock compression can be calculated 432 

using a thermodynamic equation: 433 

𝑉𝑏
2 = −𝑉2 𝑑𝑃𝐻

𝑑𝑉
[1 − (

𝛾

𝑉
)
(𝑉0−𝑉)

2
] + 𝑉2 (

𝛾

𝑉
)
𝑃𝐻

2
            (4) 434 

𝑃𝐻 = 𝜌0𝐶0
2(1 − 𝜌0/𝜌)/[1 − 𝜆(1 − 𝜌0/𝜌)]

2            (5) 435 

where ρ0(V0) and ρ(V) are the density (specific volumes) of iron at ambient and shock compression, 436 

respectively; γ is the Grüneisen parameter of iron along the Hugoniot state (17, 72); C0 and λ are the 437 

Hugoniot parameters, where Us (km/s) = 3.935 + 1.578 with ρ0 = 7.850(2) g cm-3 for iron (73). The Vp of 438 

hcp-Fe is significantly reduced by elevated temperature, especially above T/Tm > ~0.74 (PH ~ 160 GPa). 439 

We used a third-order polynomial to fit the measured Vp with pressure as Vp (km/s) = 6.9 + 0.011 PH + 440 

1.15E-4 PH
2 - 4.61E-7 PH

3 in the investigated pressure range. The fitted curve gives a maximum Vp of 441 

~10.02 km/s at ~206 GPa. 442 

The Poisson’s ratio of iron can be determined from the measured Vp, Vb, and Vs in the present work 443 

using the following equation: 444 

𝜈 =
1

2
[1 −

1

(𝑉𝑝 𝑉𝑠⁄ )
2
−1
] = 1 −

2

3(𝑉𝑏 𝑉𝑝⁄ )
2
+1

                             (6) 445 

The uncertainty of the measured sound velocities under shock compression were estimated through 446 

the uncertainty propagation using: 447 

σ𝑉𝑝=√(
∂Vp

∂δ
σδ)

2+(
∂Vp

∂∆t
σ∆t)

2+(
∂Vp

∂Us
σUs)

2 + (
∂Vp

∂ρH
σρH)

2                 (7) 448 

σVs=√(
∂Vs
∂Vp

σVp)
2+(

∂Vs
∂Vb

σVb)
2                                      (8) 449 

The uncertainties in the sample thickness (δ) and the travel time of shock wave in the sample (Δt) were 450 

measured to be ~0.1% and ~1%, respectively. As shown in SI Appendix Fig. S3, the measured Δt has a 451 

generally small error of 1-2 ns, with a total time interval of 120-330 ns. Based on the equations (2) and (7), 452 

the uncertainties of Vp and Vb are estimated to be ~2%. The uncertainty of Vs is estimated to be between 5% 453 

and 15% by using the equations (3) and (8). 454 

DFT calculations at finite temperature and AIMDs. In this study, DFT calculations, including structure 455 

optimizations and AIMD simulations, are carried out by using the Vienna ab initio simulation (VASP) code 456 

(74). The projector augmented-wave (PAW) potentials (75) and the Perdew-Burke-Ernzerhof (PBE) 457 

Exchange-correlation functional (76) were employed in the calculations. Considering extreme P-T 458 

conditions, a 750-eV energy cutoff potential with 16 valence electrons was used, which sufficiently avoided 459 

any overlapping of core states. To ensure accuracy, all necessary tests were conducted and the electronic 460 

energy was converged within 1 meV per atom. The optimization of hcp-Fe at 0 K was achieved using a 461 
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primitive cell with a grid density of 0.025×2Π Å-1 for k point sampling in the Brillouin zone at 230 GPa. A 462 

series of ab initio NPT (constant number of atoms, pressure, and temperature) molecular dynamics (77) 463 

with Langevin thermostat (78) were performed with a time step of 1 fs to access the proper c/a ratio of hcp-464 

Fe at 230 GPa and finite temperature up to melting (3000-10000 K). The NPT AIMD simulation cells 465 

consisted of a 4×4×3 supercell for the 4-atom C-centered cell in hcp structure with orthogonal axes and 466 

used Γ-point sampling. These data were utilized to train the initial machine learning model during the 467 

Concurrent machine learning. 468 

Concurrent machine learning. In this work, we utilized an end-to-end deep learning model called Deep 469 

MD (79, 80) to build a potential energy surface (PES) using a dataset generated by DFT calculations. This 470 

model has been applied to various systems and has demonstrated credible results, including high-pressure 471 

calcium (28) and water (81). In addition, it is important to note that a high-quality dataset is crucial for 472 

effectively training the model and achieving a more accurate representation of the phase space. Recently, a 473 

novel learning procedure with on-the-fly properties was proposed (82), which has been dubbed concurrent 474 

learning as the data is generated in real-time as the training progresses. 475 

We have leveraged our workflow and DFT results to construct a deep learning potential. The 476 

construction process involves three parts, as illustrated in SI Appendix Fig. S5. Initially, we employed data 477 

comprising energy, atomic force, and stress from AIMD simulations of perfect hcp-Fe and hcp-Fe with 478 

vacancies to train three initial models with different initialized parameters. Subsequently, we utilized these 479 

models to explore a much broader phase space, thereby expediting the process. We then applied an error 480 

indicator to identify configurations that were inadequately predicted by the initial models. Those 481 

configurations were subjected to DFT self-consistent calculations, and the results were integrated into the 482 

dataset. With the aid of this improved dataset, we developed new models with enhanced predictive 483 

capabilities that could better anticipate the phase space. This procedure was iterated several times (in our 484 

study, three times) until we had acquired a reliable potential with DFT accuracy, as demonstrated in SI 485 

Appendix Fig. S6. Additionally, in step 2, we investigated various hcp-Fe structures, including perfect 486 

crystal, vacancies, twin crystals, grain boundaries, and a mixture of solid and liquid as depicted in SI 487 

Appendix Fig. S7. This rigorous examination guarantees that our models are practical for a variety of 488 

applications. 489 

Machine learning molecular dynamics. Machine Learning Molecular Dynamics (MLMD) were carried 490 

out using the LAMMPS code, employing periodic boundary conditions and a time step of 1 fs (83). The 491 

simulations comprised a range of particle number from 6912 to 80640 and were conducted for up to ns-492 

scale durations. We tested the fluctuations in temperature and diagonal stress tensors of iron at 230 GPa 493 

and various temperatures using machine learning simulations with different supercell cell sizes ranging 494 

from 144 atoms (a typical size in ab initio simulations) to 31104 atoms (see SI Appendix Fig. S14). 495 

Melting point calculation by the two-phase method using machine learning. Theoretical determination 496 

of the melting point typically involves comparing free energies of solid and liquid phases or employing 497 

direct molecular dynamics (MD). One method for determining the melting point of a substance involves 498 

directly heating it from the low-temperature phase until it transforms into a liquid. The temperature at which 499 

this transition occurs is typically considered to be the melting point. However, this method tends to 500 

overestimate the melting temperature due to the superheating effect. Using this one-phase method, the 501 

melting point of iron at 230 GPa was calculated to be ~6600K, which is much higher than the experimental 502 

value. Various factors may contribute to this superheating issue, such as the simulation cells with only a 503 

small number of atoms compared to real systems, particularly in DFT calculations. Consequently, in finite-504 

time simulations, this method often lacks the full distribution of phase space, causing the melting of the 505 
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system to lag behind the temperature rise. Additionally, heating from a perfect solid to melting is an 506 

idealized process, with a transition barrier much higher than in real systems with interfaces.  507 

To address this issue, an improved MD method was proposed, called the two-phase method or 508 

coexistence melting method. This method involves simulating a mixture of solid and liquid at different 509 

temperatures, allowing solid and liquid to compete with each other. The addition of liquid broadens the 510 

phase-space distribution of the system. As melting occurs, their free energy becomes equal, allowing the 511 

solid and liquid to coexist. However, this method requires a larger cell to accommodate two states and is 512 

not commonly used in AIMDs. With the aid of machine learning potential, it’s now feasible to construct a 513 

large box and simulate the melting behavior of hcp-Fe in nanosecond scale. Initially, we heated the perfect 514 

hcp-Fe with orthogonal axes until it turned into a fully melted liquid. We then integrated it with an initial 515 

solid to form a larger supercell, containing up to 80640 atoms. To avoid any unreasonable structures, like 516 

the occurrence of atoms that are too close to each other at the solid-liquid interface, we added a vacuum 517 

layer with a thickness of 1 Å to the interface (as illustrated in SI Appendix Fig. S7), which could be relaxed 518 

during the following NPT simulations. Using this coexistence box, a series of NPT machine learning 519 

molecular dynamics simulations were conducted, and the length of the simulations was up to 0.5 ns to 520 

ensure proper systems convergence. We then calculated the free energy of the solid and liquid iron at 521 

constant pressure and different temperatures. The temperature at which the free energies of solid and liquid 522 

iron are equal is known as the temperature of solid-liquid coexistence or the melting point. The melting 523 

point of hcp-Fe at 230 GPa was determined to be 5350–5400 K at 230 GPa and 6200-6300 K at 330 GPa 524 

(asterisks in SI Appendix Fig. S8), below which the collective atomic motion occurs at T/Tm ~ 0.96. Our 525 

calculated melting point of high-pressure hcp-Fe are in close to the previous work using the similar two-526 

phase method(23) and are also consistent with recent high P-T experiments (17-21). 527 

Van Hove self-correlation functions. The van Hove self-correlation function P(Δr, t) gives the probability 528 

of an atom at distance Δr after a time interval t. It is defined as, 529 

𝑃(Δ𝑟, 𝑡) =
1

𝑁
⟨∑  𝑁

𝑖=1 𝛿(𝑟 − |𝑟𝑖(𝑡0 + 𝑡) − 𝑟𝑖(𝑡0)|)⟩𝑡0
           (9) 530 

where 𝑟𝑖(𝑡0) is the position of 𝑖th atom at a time 𝑡0, N is the number of atoms, and ⟨… ⟩𝑡0 is the average of 531 

time ensemble. In our simulations, we used 0.1 ns trajectories as the lag time 𝑡 and 0.05 ns trajectories as 532 

the time window of ensemble average. 533 

Finite-temperature lattice dynamics. To obtain the 0 K phonon dispersions, lattice dynamics calculations 534 

were performed using the phonopy package (84). A 4×4×3 hcp-Fe supercell, comprising a 2-atom primitive 535 

cell and a grid of 0.025×2Π Å-1 for k points was utilized in the simulation. The renormalized phonon 536 

spectra including anharmonicity and temperature-dependent phonon properties were determined at finite 537 

temperature using the dynaphopy package (85). The same iron supercell (4×4×3) was used to perform the 538 

MLMDs at varying temperatures with a 1-fs timestep and the 50-ps simulation time. The velocity-539 

autocorrelation functions via MD were analyzed by projecting them onto the harmonic modes, which were 540 

calculated in the 0 K phonon calculations. Further theoretical details can be found in Ref. (85). The lattice 541 

dynamics calculated using DFT and ML at 0 K are compared in SI Appendix Fig. S6e. 542 

Calculation for Poisson’s ratio in hcp-Fe near melting. When stretching or compressing a material, it 543 

can undergo changes in both axial and transverse directions, which is referred to as the Poisson effect. 544 

Poisson's ratio (𝑣) quantifies this phenomenon and is defined as follows: 545 

𝜀𝑎𝑥𝑖𝑎𝑙 = 𝑑𝑙𝑎𝑥𝑖𝑎𝑙/𝑙𝑎𝑥𝑖𝑎𝑙 546 
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𝜀𝑡𝑟𝑎𝑛𝑠 = 𝑑𝑙𝑡𝑟𝑎𝑛𝑠/𝑙𝑡𝑟𝑎𝑛𝑠 547 

                                  𝜈 =
−𝜀𝑡𝑟𝑎𝑛𝑠

𝜀axial
                               (10) 548 

where l, dl, and ε are length, changes in length and strain along transverse and axial (subscript: trans and 549 

axial) directions under certain axial stress. 550 

Non-equilibrium machine learning molecular dynamics (NEMLMD) calculations were conducted to 551 

directly simulate the Poisson effect. The NEMLMD simulations were performed using the LAMMPS code, 552 

employing periodic boundary conditions and a time step of 1 fs (ref. (83)). In these calculations, tensile 553 

stresses were incrementally applied to completely relaxed equilibrium states, derived from two-phase 554 

equilibrium molecular dynamics, to achieve a strain 𝜀𝑎𝑥𝑖𝑎𝑙 of 0.05 (see SI Appendix Fig. S10). Throughout 555 

the deformation process, the temperature was regulated using a Nose-Hoover thermostat, while the pressure 556 

on those two dimensions perpendicular to the deformation direction remained fixed at 230 GPa. These 557 

deformations encompassed the Poisson effect, and the change in volume under the deformation is given by: 558 

𝑑𝑉

𝑉
=

𝑙𝑎𝑥𝑖𝑎𝑙×𝑙𝑡𝑟𝑎𝑛𝑠
2 ×(1+𝜀𝑎𝑥𝑖𝑎𝑙)(1+𝜀𝑡𝑟𝑎𝑛𝑠)

2−𝑙𝑎𝑥𝑖𝑎𝑙×𝑙𝑡𝑟𝑎𝑛𝑠
2

𝑙𝑎𝑥𝑖𝑎𝑙×𝑙𝑡𝑟𝑎𝑛𝑠
2                               (11) 559 

Combining the definition in equation (10), for a very small value of strain (here 0.05 scale), the first-order 560 

approximation yields: 561 

𝑑𝑉

𝑉
≈ 𝜀𝑎𝑥𝑖𝑎𝑙 + 2𝜀𝑡𝑟𝑎𝑛𝑠 = 𝜀𝑎𝑥𝑖𝑎𝑙(1 − 2𝜈) = 𝑑𝑙𝑎𝑥𝑖𝑎𝑙/𝑙𝑎𝑥𝑖𝑎𝑙(1 − 2𝜈)                             (12) 562 

When the Poisson's ratio 𝜈 equals 0.5, the volume remains unchanged by applied stress, rendering the 563 

system an incompressible state, such as a liquid. By examining the correlation between 
𝑑𝑉

𝑉
 and 

𝑑𝑙𝑎𝑥𝑖𝑎𝑙

𝑙𝑎𝑥𝑖𝑎𝑙
 at 230 564 

GPa and various temperatures (see SI Appendix Fig. S10), we can ascertain the value of 𝜈 through a linear 565 

fitting. Utilizing this approach at room temperature, the Poisson’s ratio of hcp-Fe at 230 GPa is 566 

approximately 0.36, aligning with some previous experimental findings (10, 11). At temperature T/Tm of 567 

approximately 0.96-0.98, the Poisson’s ratio of hcp-Fe at 230 GPa is determined to be approximately 0.44, 568 

and the value derived from the calculated elastic constants using the Voigt average scheme (32) at T/Tm ~ 569 

0.98 is 0.447.  570 

Movies and Snapshots of deep learning simulations. Movies and snapshots of deep learning simulations 571 

are rendered using visual molecular dynamics (VMD) (86) and OVITO (87). 572 

 573 
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Supplementary Text 778 

Text S1. Solid to liquid phase transition of iron under shock compression. In previous studies, 779 

longitudinal sound velocity Vp of iron under shock compression had been reported to display sharp 780 

discontinuities at around 200 GPa and 220 GPa (47, 48). The discontinuity observed at 200 GPa was 781 

initially interpreted as indicative of an unknown solid-solid phase transition (47); however, subsequent 782 

experiments has refuted this observation (48). In this study, the measured Vp and Vs did not show any sharp 783 

discontinuity up to the shock pressure of 230 GPa. Instead, our new experiments showed significant sound 784 

velocity softening because the shock Hugoniot temperature gradually approaches to the melting point of 785 

iron with increasing shock pressure above 200 GPa. This suggests that there was no first-order phase 786 

structural transition according to the changes in the measured sound velocity in the pressure range of 200-787 

230 GPa, which further confirmed that only single hcp phase structure without obvious embedded melting 788 

was present in solid iron before shock-induced melting using in situ XRD measurements under well-789 

characterized shock compression (19, 20). The gradual reduction in sound velocity observed with increasing 790 

shock pressure is thought to be caused by the collective atomic motion of premelting hcp-Fe through the 791 

atomistic simulations. Notably, when iron was shocked to ~260 GPa, the measured Vp drops down to Vb, 792 

indicating complete melting above this pressure (48). Furthermore, static high P-T experiments also suggest 793 

that hcp was the only phase observed in solid iron at conditions relevant to the inner core (44). 794 

Text S2. Dynamical behaviors of iron in hcp solid and liquid state. At 230 GPa and 5000 K (with T/Tm 795 

~ 0.92), iron has an ideal hcp structure without any collective motion, as revealed by our ns-scale two-phase 796 

simulations (Fig. S11a). Upon further heating to 5500 K using the two-phase method, the system transforms 797 

into a liquid state (Fig. S11b). In addition, the van Hove self-correlation functions P(Δr, t) in hcp crystal at 798 

230 GPa and 5000 K displays a stable Gaussian distribution over time, indicating that the atoms vibrate 799 

around their equilibrium positions (Fig. S11c). However, in liquid iron at 5500 K, P(Δr, t) diverges over 800 

time due to the disorderly diffusion of atoms (Fig. S11d), and its mean square displacements (MSD) of 801 

atoms increases rapidly with the whole simulation time (Fig. S12). Furthermore, the collective motion of 802 

premelting hcp-Fe at Earth’s inner core conditions (approximately 330 GPa and 6000 K with T/Tm ~ 0.97) 803 

was computed and illustrated in Fig. S13. 804 

Text S3. Two-phase melting model and melting points of hcp-Fe at the core pressure. Collective atomic 805 

motion in premelting hcp-Fe can result in significant softening of the shear modulus and an ultrahigh 806 

Poisson’s ratio. However, the temperature in the shear softening regime calculated using the traditional 807 

EMD method is ~1000 K higher than the determined melting point of hcp-Fe in experiments (30). This 808 

discrepancy arises from the fact that homogeneous melting in the one-phase model is often accompanied 809 

by superheating. The one-phase method does not take into account some subsistent impurities in solid iron 810 

such as defects, grain boundaries, and interfaces, which could contribute to initial nucleation on melting. 811 
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To accurately reproduce the measured melting points of typical d-block transition metals such as iron, 812 

tantalum, and vanadium at high P-T, a two-phase melting model is usually more appropriate (88). For 813 

instance, using machine learning simulations with the two-phase model, the melting point of hcp-Fe is 814 

estimated to be approximately 5400 K at 230 GPa and 6200-6300 K at 330 GPa, respectively. These values 815 

are consistent with experimental determinations of 5300-5500 K and 6000-6300 K obtained by both static 816 

(18) and shock (17, 19) experiments (Fig. S8). Consequently, we adopted the two-phase method to 817 

investigate the melting behavior and Poisson’s ratio of hcp-Fe at the P-T conditions relevant to the inner 818 

core. 819 

Text S4. Elastic modulus of hcp-Fe at high pressure-temperature. The elastic modulus of a single 820 

crystal hcp-Fe was calculated at different temperatures and a constant pressure of 230 GPa using ab initio 821 

molecular dynamics (AIMD) method, which was also used in Ref. (30). To create unit cells at different 822 

temperatures, the average lattice parameters from NPT (constant number of atoms, pressure, and 823 

temperature) AIMDs were employed., NVT (constant number of atoms, volume, and temperature) AIMDs 824 

were then carried out on these unit cells and their distortional duplicates of hcp symmetry (± 0.02 strain) to 825 

compute stresses and corresponding distortions. Through a non-linear 2nd fitting based on these outcomes, 826 

the elastic modulus of the system at finite temperatures can be determined. The NVT AIMD simulation 827 

cells were constructed of a 4×2×2 supercell of the 4-atom C-centered cell in hcp structure with orthogonal 828 

axes and 4 irreducible k-points. 829 

The calculated elastic modulus of hcp-Fe exhibited a significant reduction before reaching to the 830 

melting point (T/Tm > ~0.95) (Fig. 4), consistent with the results predicted in Ref. (30). To confirm the 831 

effect of collective motion on the shear modulus, we further employed the machine learning potential to 832 

calculate elastic constants of hcp-Fe. Our results indicate that collective atomic motion in premelting hcp-833 

Fe provides a microscopic explanation of the temperature-induced strong shear softening. As a result, both 834 

two-phase and one-phase simulations simultaneously revealed the temperature-induced shear softening in 835 

premelting hcp-Fe with collective motion in this study. 836 

Text S5. Effect of the supercell size on the calculation. To assess the influence of supercell size on our 837 

simulations, we conducted tests to examine the fluctuations in temperature and diagonal stress tensors of 838 

iron at 230 GPa and various temperatures using machine learning simulations. We employed cell sizes 839 

ranging from 144 atoms (a typical size in ab initio simulations) to 31104 atoms (Fig. S14). The results 840 

revealed substantial thermodynamic fluctuations in simulations with smaller cell sizes, such as 144 atoms, 841 

leading to relatively large errors in the calculations. However, as the number of atoms increased to 842 

approximately 10000, the systems exhibited convergence to the target temperature and pressure, with 843 

significantly reduced fluctuations. For instance, the standard deviations in temperature and pressure for 844 

simulations with 144 atoms and 18000 atoms were estimated to be 380 K and 31 K, 9.53 GPa and 0.91 845 
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GPa, respectively. As a result, the pressure and temperature fluctuations in our simulations were too small 846 

to induce iron encompassing between the solid and liquid phases in each run. As our machine learning 847 

simulations were based on cells with at least 10000 atoms, we are confident that our data and conclusions 848 

are both valid and physically meaningful. 849 

Text S6. Effect of nickel and possible light elements on the collective motion of hcp-Fe in the inner 850 

core. Our computations show that the collective atomic motion of hcp-Fe occurs at 330 GPa and a 851 

temperature range of 5800-6200 K, which is slightly lower by 0-6% than its melting temperature. However, 852 

our study here does not account for the effect of the presence of nickel (Ni) at ~5wt.% and light elements 853 

at 2-4 wt.% in the inner core (2). Literature results have demonstrated that adding small quantities of light 854 

elements, such as Si and O, to iron can decrease its melting temperature by several hundreds of K at core 855 

pressures (60). It is important to note that the collective atomic motion happens in hcp-Fe at a temperature 856 

ratio of T/Tm > ~0.95. Given this, the incorporation of light elements (such as Si, S, O, and C) into iron 857 

should result in the occurrence of collective motion at a relatively lower temperature due to the reduced 858 

melting point. For example, collective motion in hcp-Fe alloys could take place at ~5200-5500 K. As a 859 

result, it is reasonable to expect that iron alloyed with ~5 wt.%Ni and 2-4 wt.% light elements could also 860 

display shear wave softening and collective motion nearing melting at relevant P-T conditions of the inner 861 

core. 862 
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 864 

Fig. S1. Schematic diagram of the experimental setup for sound velocity measurements of iron at high 865 

pressure-temperature using the reverse-impact method in a two-stage light-gas gun. (a) The reverse-impact 866 

method was used to measure both the longitudinal and bulk sound velocities of iron. Photon Doppler velocimetry 867 

was used to obtain wave profiles at the iron/window interface. We used <100> LiF or <0001> Al2O3 crystals as 868 

transparent windows. W (km/s) represents the impact velocity. A thin aluminum film (~1 µm) was vapor-869 

deposited on the impact surface of the LiF and Al2O3 windows to efficiently reflect the laser light. (b) The 870 

relationship between time and Lagrangian distance shows the propagation of shock and release waves in the 871 

sample and window after impact. 872 
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 874 

Fig. S2. Particle velocity profiles at the iron/window interface during shock compression. The wave profiles 875 

were measured using PDV with a time resolution of ~1 ns. The used windows were LiF (left) and Al2O3 crystals 876 

(right), respectively. The details of the reverse-impact conditions are listed in Table S1. 877 
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 879 

Fig. S3. Typical particle velocity profiles at the interface between iron and windows by multiple pins. The 880 

used windows were LiF crystal in shot No. 6 (left) and Al2O3 crystal in shot No. 11 (right). The derivative of 881 

particle velocity with respect to time, dU/dt, is used to help obtain the time t0, t1, and t2 that correspond to the 882 

arrival times of shock wave front, rarefaction wave at the interface, and the elastic-plastic transition point. 883 
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  885 

Fig. S4. Typical Lagrangian sound velocity in iron versus the particle velocity. The Vb of iron can be 886 

extrapolated via a linear fitting upon the plastic release wave. The shock pressure is ~230.8 GPa in Shot No. 11. 887 
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 889 

Fig. S5. Schematic illustration of concurrent machine learning procedure in our work. The learning 890 

procedure was separated into several parts including initialization, exploration, model deviation, etc. Different 891 

configuration types in phase space were considered and learned. More details can be found in Ref. (82). 892 
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 894 

Fig. S6. Training errors of the machine learning (ML) and comparisons between DFT results and our 895 

machine learning model. (a) Convergence of training errors (root mean square error) for energy, force, and 896 

stress during the machine learning (ML) training. (b-d) Comparisons of energy, force, and stress (shear and 897 

normal) between our ML model and DFT calculations. The comparisons show remarkable consistency among 898 

these predicted quantities. The solid diagonal lines serve as visual aids to facilitate interpretation. (e-f) 899 

Comparisons of lattice dynamics (phonon spectrum) and radial distribution functions g(r) of hcp-Fe at 330 GPa 900 

and 0 K between DFT results and our ML model. 901 
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 903 

Fig. S7. Initial configuration of iron in two-phase method (left) and its particle density along the x-axis 904 

(middle), as well as the final configuration after 50 ps (right). The configuration contains 20160 iron atoms. 905 

The NPT simulations were conducted at the melting point of 5350 K at the pressure of 230 GPa and at the 906 

melting point of 6200 K at the pressure of 330 GPa, respectively. The initial interface between solid and liquid 907 

was divided by a 1 Å vacuum layer to prevent unreasonable structures. The coexistence of solid and liquid in 908 

the right figure locates the melting. 909 

  910 



37 

 911 

Fig. S8. Melting temperature of iron at high pressure and the ratio of shock Hugoniot temperature to 912 

melting point. Top, Pressure vs. temperature relation in shock-compressed iron and the melting curve of iron at 913 

high pressure. The ❋ represents the present calculated melting points of hcp-Fe at 230 GPa and 330 GPa by the 914 

two-phase method using machine learning MD. The red dash-dot line represents the melting curve of iron at 915 

high pressure from both experiments (17-19) and theoretical computations (22, 23). The blue short-dash line 916 

represents the measured Hugoniot temperature in solid iron from literature (17, 19, 23, 52). The light-green 917 

region represents the ratio of shock temperature to the melting point of iron above 0.96, where collective atomic 918 

motion occurs in iron under shock compression. The temperature threshold for collective motion in solid iron is 919 

significantly higher the temperature boundary at which fast recrystallization occurs in polycrystalline iron (black 920 

dotted line). Bottom, The ratio of Hugoniot temperature of iron to its melting point (TH/Tm) as a function of 921 

shock pressure. Open circles represent the TH/Tm conditions in the present sound velocity measurements under 922 

shock compression. The hcp-liquid boundary of shocked-iron was determined by in situ XRD (19) and sound 923 

velocity measurements (48) under shock compression, which happens at 247-260 GPa. 924 

  925 



38 

 926 
Fig. S9. Sound velocity of hcp-Fe as a function of density under high pressure and temperature conditions 927 

by static and shock compression. The VP of hcp-Fe up to 163 GPa and 3000 K was measured using inelastic 928 

x-ray scattering from a laser-heated sample in a diamond anvil cell (49). The Vp and Vs was determined up to 929 

231 GPa and 5200 K under shock compression in this study. At relatively low temperatures (e.g., up to 3000 K), 930 

the density-velocity relation of hcp-Fe could be reasonably described by a quasi-linear Birch’s law. However, 931 

as it approached the premelting region, the sound wave velocity is significantly softened so that the Birch’s law 932 

is broken down. The quasi-linear dashed-line serves as a visual guide, representing a quasi-linear relationship 933 

between the Vs and density of iron at the relatively low P-T conditions. 934 
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 935 

Fig. S10. Volume change vs. gradual deformation under axial strain in hcp-Fe at 230 GPa and different 936 

temperatures. The Poisson’s effect could be simulated in this way. The volume change indicates different 937 

responses of hcp-Fe. For solid (< 5100 K), the system shows a strong elasticity with a linear increase under a 938 

small deformation. For hcp-Fe at near melting point (> 5200 K), collective atomic motion induces the softening 939 

and the slope of the volume response curve decreases rapidly. For liquid (> 5400 K), the volume would not 940 

change with the deformation due to its incompressibility. 941 

  942 
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 943 

Fig. S11. Relaxed structures’ snapshots of two-phase method simulations at 230 GPa and different 944 

temperatures. (a) 5000 K in ideal hcp-Fe and (b) 5500 K in full liquid iron. Self van Hove correlation functions 945 

corresponding to (c) 5000 K in ideal hcp structure and (d) 5500 K in full liquid iron. Stable Gaussian distribution 946 

in (c) indicates a typical solid behavior where atoms vibrate at equilibrium positions. Self van Hove correlation 947 

function diverges with time in (d) shows atoms diffuse disorderly in liquid iron. 948 

  949 
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 950 

Fig. S12. Calculated mean squared displacement (MSD) of atoms in hcp and liquid iron at 230 GPa. In 951 

liquid iron, the MSD ascends steeply throughout the whole simulation time. 952 

  953 
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 954 

Fig. S13. Collective atomic motion of premelting hcp-Fe at the inner core conditions (~330 GPa and 6000 955 

K). (a) Dynamical snapshots of premelting hcp-Fe at ~330 GPa and 6000 K (T/Tm~0.97) relevant to the inner 956 

core P-T conditions. The collective motion emerges in hcp-Fe at the relevant inner-core boundary conditions. 957 

Iron atoms are colored with time progression during 50 ps. (b) Projected MSD of hcp-Fe atoms at ~330 GPa and 958 

near the melting point of 6000 K indicating the diffusivity. The diffusion is anisotropic and mostly appears in a-959 

b (x-y) planes. 960 

  961 
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 962 
Fig. S14. Fluctuations in temperature and diagonal stress tensors of iron at 230 GPa and various 963 

temperatures using machine learning simulations with different supercell sizes. The utilized 964 

supercell configurations contained 144, 1152, 9216, 18000, and 31104 atoms, respectively. The diagonal 965 

stress tensors along the xx, yy, and zz directions were denoted as Pxx, Pyy, and Pzz, respectively. In the 966 

leftmost row, a specific temperature is represented, while the subsequent three rows indicate the three 967 

respective diagonal stress tensors (pressure) at the corresponding temperatures. 968 

 969 

Movie S1. Diffusions of atomic collective motion of hcp-Fe at high pressure-temperature (230 GPa 970 

and ~0.98 T/Tm). The collective motion emerges near melting in both two-phase simulations without 971 

superheating and one-phase simulations with superheating. Diffusing iron atoms are marked by red. 972 

 973 
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Table S1. Conditions of the reverse-impact experiments and the sound velocities of hcp-Fe at high pressure-temperature under shock compression. 

Shot 

No. 

W 

(km/s) 

Thickness 

(δ, mm) 

Window 

materials 

Us 

(km/s) 

up 

(km/s) 

PH 

(GPa) 

ρ 

(g cm-3) 

TH 

(K) 

TH/TM 

at PH 

Vp 

(km/s) 

Vb 

(km/s) 

Vs 

(km/s) 

Vb/Vp v 

1 4.866(14) 1.466(2) LiF 6.485(14) 1.616(9) 82.4(5) 10.455(8) 1600(100) 0.44(3) 8.36(17) 6.92(14) 4.06(32) 0.83(2) 0.347(21) 

2 5.680(17) 1.477(2) LiF 6.925(15) 1.895(11) 103.1(5) 10.731(9) 2090(120) 0.53(3) 8.62(18) 7.23(14) 4.06(34) 0.84(2) 0.358(20) 

3 6.036(18) 1.480(2) LiF 7.119(16) 2.018(12) 112.9(5) 10.956(10) 2330(150) 0.57(3) 8.80(19) 7.41(15) 4.11(37) 0.84(2) 0.358(21) 

4 6.195(18) 1.456(2) LiF 7.205(16) 2.072(11) 117.4(5) 11.019(10) 2450(150) 0.59(3) 8.97(20) 7.62(15) 4.10(39) 0.85(2) 0.368(20) 

5 5.541(16) 0.661(1) Al2O3 7.738(14) 2.410(10) 146.6(6) 11.401(10) 3150(200) 0.70(3) 9.52(22) 7.95(16) 4.54(41) 0.84(2) 0.358(21) 

6 7.472(22) 1.682(2) LiF 7.901(20) 2.513(15) 156.0(8) 11.511(14) 3400(200) 0.74(3) 9.72(21) 8.15(16) 4.59(40) 0.84(2) 0.358(20) 

7 6.332(19) 0.734(1) Al2O3 8.226(16) 2.719(12) 175.8(8) 11.726(12) 3840(200) 0.79(3) 9.87(19) 8.44(17) 4.43(40) 0.86(2) 0.379(18) 

8 6.881(21) 0.662(1) Al2O3 8.560(18) 2.931(13) 197.2(9) 11.937(13) 4380(250) 0.86(3) 9.86(21) 8.62(17) 4.15(46) 0.87(2) 0.389(19) 

9 7.411(22) 0.662(1) Al2O3 8.882(19) 3.135(14) 218.8(10) 12.132(14) 4920(250) 0.93(3) 9.90(22) 8.81(18) 3.91(52) 0.89(3) 0.408(19) 

10* 7.673(24) 0.736(1) Al2O3 9.040(20) 3.235(15) 229.9(10) 12.225(15) 5180(250) 0.96(3) 9.88(20) 9.10(18) 3.33(58) 0.92(3) 0.435(20) 

11 7.695(23) 0.664(1) Al2O3 9.052(19) 3.243(14) 230.8(10) 12.232(15) 5200(250) 0.96(3) 9.98(20) 9.05(18) 3.64(54) 0.91(3) 0.426(19) 

Note: Eleven shots were conducted, where the pressure in iron ranges from ~82 to 231 GPa. W is the impact velocity, PH and TH is the shock Hugoniot pressure 

and temperature of iron, respectively, ρ is the density at Hugoniot pressure, Us and up are the shock wave velocity and particle velocity of iron, respectively, 

calculated from W and the known Hugoniot relations of iron and windows, Vp, Vb, and Vs is the longitudinal, bulk, and shear velocity of iron under shock 

compression, respectively. The Hugoniot relation (Us = C0 + λup) used in this study are Us (km/s) = 3.935 + 1.578 up with the initial density of ρ0 = 7.850(2) g 

cm-3 for iron (73), Us (km/s) = 5.215 + 1.351 up with the initial density of ρ0 = 2.640(2) g cm-3 for LiF (89), Us (km/s) = 8.740(44) + 0.957(10) up with the 

initial density of 3.988(2) g cm-3 for sapphire Al2O3. The parameters in parentheses are standard deviations. The used LiF and Al2O3 crystals are <100> and 

<0001> orientation, respectively. The sapphire is denser than that of LiF crystal. Therefore, iron impacting onto sapphire can generate much higher pressures 

than that by LiF. *In shot No. 10, only the longitudinal sound velocity was measured, the bulk and shear sound velocity were estimated from the thermodynamic 

calculations. 



45 

 

 


