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Dynamic compression by multiple shocks is used to compress iron up to 560 GPa (5.6 Mbar), the

highest solid-state pressure yet attained for iron in the laboratory. Extended x-ray absorption fine structure

(EXAFS) spectroscopy offers simultaneous density, temperature, and local-structure measurements for the

compressed iron. The data show that the close-packed structure of iron is stable up to 560 GPa, the

temperature at peak compression is significantly higher than expected from pure compressive work, and

the dynamic strength of iron is many times greater than the static strength based on lower pressure data.

The results provide the first constraint on the melting line of iron above 400 GPa.
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Material properties at high-energy-density conditions

are of broad interest across several scientific fields [1,2],

from geophysics, planetary science, to laboratory astro-

physics as well as inertial confinement fusion. Iron (Fe)

is a key constituent of terrestrial planets and exoplanets and

the sixth most abundant element in the Universe and, thus,

is one of the most studied materials under extreme con-

ditions. Theoretical calculations have made many predic-

tions on Fe structures [3–8], melting line [9,10], elasticity

[11–17], and conductivity [18] at elevated pressures and

temperatures. Recently, the theoretical phase diagram of

Fe has been extended up to 100 TPa and 40 000 K [19].

However, experimental data on solid Fe are reported only

up to 370 GPa [20–23]. Measurements at higher pressures

represent a challenging frontier in material science, which

can impact the development of evolution models for exo-

planets [24]. The lack of data has left the theoretical

models and predictions untested in the pressure regime

beyond Earth’s core conditions.

In this Letter we report measurements of solid Fe com-

pressed up to 560 GPa, providing the highest-pressure data

to date for constraining these models. The data demon-

strate a close-packed structure of solid Fe up to 560 GPa,

and provide the first constraint on the melting line of Fe

above 400 GPa. The temperature at peak compression is

substantially higher than expected from compressive work,

indicating an enhanced strength of Fe under our experi-

mental conditions.

The record pressure on Fe is achieved by dynamic ramp

compression, where the pressure history is tuned to follow

a particular path. This technique was recently used to

explore solid diamond to 800 GPa [25]. In contrast to

single-shock compression where the states are all along

the Hugoniot, ramp or multishock compression can

achieve off-Hugoniot states with lower temperatures.

Hence, materials can maintain a solid structure while being

compressed into the TPa regime.

Diagnosing the material properties under extreme

conditions is as important as the creation of high-pressure

states. We have performed EXAFS (extended x-ray ab-

sorption fine structure) measurements on the compressed

Fe, providing in situ density, temperature, and local-

structure data. EXAFS refers to the oscillatory modulations

in x-ray absorption spectra above an absorption edge,

which are generated by interference between photoelectron

waves and scattering by neighbor atoms [26]. The period of

the modulations depends primarily on the nearest-neighbor

distance, from which the density can be determined. The

decay of the modulations at higher x-ray energies is set by

the Debye-Waller factor (DWF) [27], from which the

temperature can be determined. EXAFS spectroscopy has

been employed to study dynamically compressed Fe up to

35 GPa [28]. Here we extend the measurements to much

higher pressures by taking into account anharmonic effects

[29–31].

The experiments were performed on the OMEGA laser

system at the Laboratory for Laser Energetics (LLE).

As shown in Fig. 1(a), a broadband x-ray backlighter was

generated by a spherical implosion [28,32]. The target

was a 4�m-thick Fe foil (purity better than 99.99%)

sandwiched between two diamond plates, each 35 �m
thick. The diamond played a similar role as in the diamond

anvil cell: confining the sample and maintaining the pres-

sure, thus creating a spatially uniform compression state in

Fe. The driver consists of five stacked laser pulses, and a

typical pulse shape is plotted in Fig. 1(b). The correspond-

ing stress history in Fe, obtained by velocimetry as

described below, is plotted in Fig. 1(c). Both the laser

energy and the delay between the driver and the back-

lighter were varied in order to probe different pressures

and temperatures.

The stress in Fe is obtained from measurements of the

free surface velocity of diamond using a line-imaging

VISAR (velocity interferometer system for any reflector)
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[33]. The 532-nm VISAR probe was directed onto the

target by a mirror integrated into the target package. The

mirror also shields the target from the implosion, and its

presence has minimal effect on the EXAFS measurements.

The method of characteristics [34] was used to backwards

propagate the free surface velocity to determine the history

of normal stress at the iron-diamond interface using a

measured diamond equation of state [25]. The Fe thickness

was substantially thinner than the diamond sandwich such

that the pressure in the Fe sample equilibrates with that of

the diamond. The pressure equilibration is confirmed by

hydrodynamic simulations using LASNEX [35]. The short

duration of the x-ray backlighter (�120 ps) [32] ensures
little temporal variation in the state of Fe during EXAFS

measurements.

The normalized EXAFS signal �ðkÞ ¼ �ðkÞ=�0ðkÞ � 1
for undriven and compressed Fe is shown in Figs. 2(a) and

2(b), respectively (�0 is the smooth atomiclike absorption

coefficient, k is the wave number). At ambient conditions,

Fe has a body-centered cubic (bcc) structure and the data

agree well with both synchrotron measurements and cal-

culations using FEFF code [26] [see Fig. 2(a)]. Fe is known

to undergo a phase transition from bcc to hcp (hexagonal

close packed) at pressures above 13 GPa [36,37]. The

disappearance of the ‘‘w’’ peak is a signature of the phase

transition [28] as shown in Fig. 2(b). The spectra of com-

pressed Fe are fitted well with FEFF calculations of a hcp

lattice (c=a ¼ 1:60) using the IFEFFIT program [38] includ-

ing the third cumulant to take into account the anharmonic

effect. Variation of the c=a ratio in the range of 1.59–1.63

as determined in diffraction measurements [20] has negli-

gible effect on the inferred density and temperature.

Since simulations [3–8,19] suggest the existence of

hcp, bcc, or fcc phases at high pressures and high tempera-

tures, we performed first-principles quantum molecular

dynamics (QMD) simulations to create bcc, hcp, fcc, as

well as liquid atomic configurations of Fe to compare the

difference in EXAFS spectra (see the Supplemental

Material [39]). EXAFS measurements will not discrimi-

nate between close-packed phases including hcp, fcc, and

dhcp as they display similar EXAFS signals [8]. In the

following data analysis, we use the hcp phase to represent

close-packed structures. The pair distribution function gðrÞ
from the QMD simulations, shown in Fig. 3(a), indicates

that at high temperatures, the first two shells of the bcc

lattice are merged into a broader peak, which resembles the

first peak in gðrÞ of a hcp lattice. However, at the same

density the nearest-neighbor distance R1 in the bcc lattice

is �3% shorter than that in the hcp lattice, and thus the

resulting EXAFS signal is shifted for the hot bcc lattice

relative to the hcp lattice. Therefore, fitting the same data

with the hot bcc lattice results in an �10% reduction in

density compared to hcp fitting. The liquid phase, charac-

terized by an even broader and more shifted first peak in

gðrÞ, leads to even lower densities than the bcc phase in the
data fitting.

The compression obtained from EXAFS data as a func-

tion of stress is plotted in Fig. 3(b). The density is deter-

mined from R1 which is obtained by fitting EXAFS data

using four types of lattice structures: harmonic hcp, anhar-

monic hcp, bcc, and liquid generated by the QMD simu-

lations. In the same figure the Fe Hugoniot [40] and

principle isentrope from the LEOS library [41] are also

shown for comparison. For the multishock compression,

the density should lie between the Hugoniot and the

FIG. 2 (color online). (a) EXAFS data at ambient conditions

and FEFF bcc fit. (b) EXAFS data at 90 GPa and 560 GPa, with

corresponding FEFF fitting results.
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FIG. 1 (color online). (a) Experimental schematic. A raw im-

age of a typical x-ray absorption spectrum is displayed at the left-

lower corner, showing the intensity modulations above the K
edge. (b) A typical laser pulse shape of the drive formed by five

1 ns laser pulses stacked in time. (c) The stress in Fe obtained

from velocimetry measurements for the pulse shape in (b).
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isentrope. Clearly the anharmonic correction is necessary

to obtain the correct density for the hcp phase. The bcc and

liquid fittings give lower density at the same stress as

explained above, which is too low compared to the

Hugoniot for all the data. Therefore, the fitting results

indicate that our EXAFS data are inconsistent with the

bcc and liquid phases.

The experimental EXAFS data were also analyzed using

an independent approach implemented in the GNXAS pack-

age [42]. This approach is based on relating gðrÞ to �ðkÞ, a
well-established procedure developed for disordered sys-

tems. Coordination numbers of the first shell obtained from

data fitting are shown in Fig. 3(c) as a function of stress.

From 90 to 560 GPa, the average value of the best-fit N1 is

�11� 1, close to the expected coordination number of a

close-packed structure (N1 ¼ 12, red dashed line) but far

from the bcc lattice (N1 ¼ 8, black dashed line). Therefore,
both FEFF and GNXAS fitting of EXAFS data are consistent

with a close-packed structure rather than the bcc phase.

The fact that the observed coordination number is slightly

less than the ideal value for a close-packed structure could

be due to microstructural defects [43] or significant

thermal vibrations at such high temperatures. The�2 values

obtained from these two independent methods are also in

good agreement (see the Supplemental Material [39]).

The temperature dependence of EXAFS measurements

occurs through the DWF �2 [43–46]. Since EXAFS spec-

troscopy measures the interatom distances, the correlation

effect in atomic motion should be taken into account [27].

The correlated Einstein model and Debye model with

harmonic approximation are commonly used to calculate

�2, and generally produce similar results [31]. Taking into

account the anharmonic effect in the Einstein model to the

lowest order, in the high-temperature limit we get (see the

Supplemental Material [39])

�2 ¼ �2
EðTÞ þ ð�3=�

2
EðTÞÞ

2; (1)

where �3 is the third cumulant, and �2
E is from the har-

monic Einstein model �2
E ¼ @=ðM!EÞ cothð@!EÞ=ð2kBTÞ

(M is the atomic mass, !E is the Einstein frequency, @ is

the Planck constant, kB is the Boltzmann constant). The

second term in Eq. (1) represents the lowest-order anhar-

monic contribution. The Einstein temperature is given

by TE ¼ ð3=4ÞTDebye for the first shell [27], with TDebye

extrapolated from experimental measurements of Fe up to

300 GPa [21]. The validity of Eq. (1) has been confirmed

using synthetic EXAFS data from QMD simulations (see

the Supplemental Material [39]).

The temperature obtained from the DWF in EXAFS data

using Eq. (1) is plotted in Figs. 4(a) and 4(b)as a function of

stress. The relatively large error bars are due to the fact that

at such high temperatures, the EXAFS signal is damped

strongly at higher k, and hence only a limited number of

peaks are observable as shown in Fig. 2(b). Nevertheless,

the data clearly indicate that off-Hugoniot states have been

achieved up to 560 GPa and 8000 K, which are the highest

stress and temperature ever reached for solid iron. The

data fall into three groups based on the compression

history: single shock (blue diamonds), first shock stress

P1 ¼ 80–100 GPa shown in Fig. 4(a) (red squares), and

P1 ¼ 130–150 GPa shown in Fig. 4(b) (black triangles).

The two single-shock points agree well with the calculated

Hugoniot. The multishock data show the expected higher

temperature at higher P1, but compared to the isentropes

calculated following a 100 and 150 GPa initial shock as

plotted in Figs. 4(a) and 4(b), respectively (solid lines), our

inferred temperatures are 1000–4000 K higher.

The temperature can result from processes such as x-ray

preheat by either the laser driver or the backlighter, thermal

conduction from diamond to Fe, shock heating, and heat-

ing due to work against the strength of Fe during the high

strain rate compression (plastic work). EXAFS measure-

ments of undriven targets as plotted in Fig. 2(a) give a

temperature of 310� 70 K, indicating that heating by the

backlighter is negligible. We have performed radiation

hydrodynamic simulations to estimate the x-ray heating

by the driver and the thermal conduction. Both are much

smaller than shock heating and plastic work. The contri-

bution due to shock heating after the initial shock is also

expected to be small because the subsequent compression

FIG. 3 (color online). (a) gðrÞ from QMD simulations for bcc,

hcp, and liquid phases at 1:575� compression. (b) Compression

as a function of stress for four types of FEFF fitting of EXAFS

data, together with Hugoniot data [40] and the principle isentrope

[41]. The fitting of undriven data gives a compression of 1:01�
0:02. (c) Best-fit first-shell coordination number using GNXAS.
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is either shockless or consists of weak shocks with little

additional entropy. The major contribution to the tempera-

ture is thus mainly due to heating by the first shock and the

plastic work. The latter can be expressed as [47]

�Tplastic ¼
V0

CV

Z

�1

Yð�Þ
d"

d�
d�; (2)

where " is the plastic strain, " ¼ ð2=3Þ½lnð�Þ � Y=ð2GÞ�,
Y is the strength, G is the shear modulus, CV is the specific

heat, � ¼ �=�0, � is the density, V0 and �0 are the volume

and the density at ambient conditions, and �1 is the com-

pression by the first shock. The Dulong-Petit limit is used

for the heat capacity CV ’ 3kB as the temperature already

reaches above 3000 K for off-Hugoniot data after the first

shock. We used a density- and temperature-dependent

shear modulus G based on Ref. [11], but the choice of G
[11–17] does not significantly affect the results because in

the expression of d"=d�, d=d�ðY=2GÞ � ðd=d�Þ lnð�Þ
under our conditions. For the strength of Fe, the published

data up to 300 GPa by static compression (Ysta) are gen-

erally considered as the lower limit due to deformation of

diamond anvils [22]. The data trend is extrapolated to

600 GPa as shown in Fig. 4(c) (dotted line). The plastic

work calculated using Ysta leads to an �500–1500 K tem-

perature increase as shown in Figs. 4(a) and 4(b) (dotted

line), which is close to the lower limit of our data.

This substantial plastic heating indicates that the

strength of Fe is much higher than expected from lower-

pressure static data. The upper limit of the dynamic

strength Ydyn for our compression path can be estimated

by attributing the difference between the experimental

temperature and the calculated isentrope temperature to

the plastic work. The temperature rise using an assumed

dynamic strength Ydyn ¼ 3Ysta is shown by the dashed lines

in Figs. 4(a) and 4(b), which, on the average, is consistent

with both groups of data. Comparison of Ydyn from our

multishock data and Ysta from static data is shown in

Fig. 4(c). Besides the fact that the static experiments give

a lower limit on the strength due to anvil deformation, the

difference between Ydyn and Ysta can also arise from the

commonly observed increase in strength at high strain rates

[48]. One uncertainty in setting Ydyn lies in the fraction of

plastic work converted into heat, the Taylor-Quinney factor

� [49]. In the above calculations,� is assumed to be 100%.

Recent experiments have shown that as the strain rate is

increased from 3:8� 103 to 8:4� 103 s�1, � rises from

�50% to �100% [50]. However, there are no measure-

ments or calculations on � so far for strain rates on the

order of 106–107 s�1 as in our experiments; thus, our data

effectively constrain the upper limit of the product �Y.
To summarize, EXAFS measurements have provided

density, temperature, and local-structure data for Fe

compressed up to 560 GPa. By comparing with QMD

simulations, the data are consistent with a close-packed

solid structure rather than bcc or liquid phases. The high

temperature at peak compression is interpreted to be due to

the dynamic strength of Fe, which, for the compression

history explored here, is several times greater than

expected from lower pressure static data. The platform

developed for the EXAFS study of Fe can be applied to

many solids at pressures well into the TPa regime, which is

accessible by ramp or multishock compression using the

National Ignition Facility [51].
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FIG. 4 (color online). (a) and (b) Temperature inferred

from the DWF in EXAFS data using Eq. (1) as a function of

stress for the two groups of multishock data with an initial shock

of �100 GPa and �150 GPa, respectively. The single-shock

data are also shown (blue diamonds). The melting curve [9]

(dot-dot-dashed lines) and the Hugoniot [41] (green solid lines

with dots) are plotted for comparison. Also shown are isentropes

(solid lines), isentropes with the temperature increase calculated

using Ysta (dotted lines) and Ydyn ¼ 3Ysta (dashed lines). (c) Fe

strength vs stress from our data (red squares and black triangles)

and static data (circles) [22].
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