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Quasihydrostatic Equation of State of Iron above 2 Mbar

Agnes Dewaele,1 Paul Loubeyre,1 Florent Occelli,1 Mohamed Mezouar,2 Peter 1. Dorog:,rokupets,3 and Marc Torrent’

'DIF/Département de Physique Théorique et Appliquée, CEA, BP 12, 91680 Bruyéres-le-Chdtel, France
*European Synchrotron Radiation Facility, BP 220, F-38043 Grenoble Cedex, France
3Institute of the Earth’s Crust SB RAS, Irkutsk 664033, Russia
(Received 26 July 2006; published 22 November 2006)

The compression curve of iron is measured up to 205 GPa at 298 K, under quasihydrostatic conditions
in a diamond anvil cell. Above 150 GPa, the compression of this metal is significantly higher than
previously measured under nonhydrostatic conditions. The same compression curve is also calculated
ab initio and the deviation between experiment and theory is clearly established. A formulation of the
equation of state of iron over a large pressure and temperature range, based on the current data and
existing shock-wave data, is also proposed. Implications for the Earth’s core are discussed.
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The equation of state (EOS) P(V, T) is a fundamental
characteristic of a material. With the advent of the diamond
anvil cell, the most powerful static high pressure device,
and the use of x-ray synchrotron diffraction, isothermal
EOS of many elements have now been measured above
200 GPa [1]. Iron being the main component of the Earth’s
core, its EOS is also of major importance for our under-
standing of the physical state of this deep envelope. Several
studies have thus been dedicated to the measurement of the
EOS of e-Fe (the hexagonal closed packed phase of iron,
likely to be the thermodynamically stable phase of iron
from 16 to at least 300 GPa [2]), either at ambient tem-
perature up to 300 GPa [2] or at [300—1300 K] up to
300 GPa [3]. However, in these studies, no soft pressure
transmitting medium has been used to compress iron above
80 GPa. The subsequent nonhydrostatic stresses on the
sample can bias the x-ray diffraction measurements. For
instance, systematic errors in volume and pressure mea-
surements [4] or lattice distortions that can be misinter-
preted as a phase transition [5,6] have been reported. It was
recently shown that using helium as a pressure transmitting
medium along with tiny samples, quasihydrostatic pressur-
izing conditions can be achieved in a diamond anvil cell
above 100 GPa [7]. Using these data, the accuracy of
calibration of pressure gauges for diamond anvil cells has
been improved [7-10]. We decided to take advantage of
these progresses and to investigate again the EOS of iron at
ultrahigh pressure (up to 205 GPa) using similar techniques
[7]. Our discussion will address three questions: is the new
determination providing a significant difference over the
previous determinations? Does the new data set allow
determining if ab initio techniques are valid to calculate
the properties of iron at high pressure? Does the new
determination bring new insights for the properties of the
Earth’s core?

In five experimental runs (see Table I), an iron sample
was embedded in a pressure transmitting medium and put a
few micrometers away from the pressure gauge in the high
pressure chamber of a diamond anvil cell. The high flux
and high focusing of the x-ray beam of the ID27 beam line
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of ESRF [11] allowed collecting monochromatic x-ray
diffracted signal in 1 min, even for the smallest samples
(3 pm size). The pressure was measured from the lumi-
nescence of a ruby gauge or from the measurement of
atomic volume of a tungsten x-ray gauge. This metal has
been chosen because of its high x-ray scattering power and
the accuracy of its EOS, attested by the consistency be-
tween static, dynamic, and ultrasonic measurements
[7,8,12]. The calibrations of ruby and tungsten gauges
have been taken from Ref. [8]. Uncertainty for this cali-
bration can be estimated from the differences between
published calibrations [7-10,12,13]: =1.5 at 100 GPa
and *3 GPa at 200 GPa.

Our volume measurements are presented in Fig. 1 (see
also supplementary materials [14]). Iron appears slightly
stiffer, i.e., with larger volume, when compressed in neon
(run 5) rather than in helium (runs 1-4). This suggests that
the compression was less hydrostatic in run 5, which is
confirmed by the larger scatter of x-ray reflections (see
Table II). This could be explained by the lower quality of
neon as a pressure transmitting medium, but also by a
direct compression of the sample between the anvils in
run 5 (the pressure chamber was extremely small, see
Table I). Measured values of the c¢/a ratio for e-Fe are
reproducible, within a scatter of 1.2 X 1073, EOS pa-
rameters obtained by fitting the P-V data for compression
in helium are presented in Table III, along with previ-
ously published values. It can be seen in Fig. 1 that from

TABLE I. Conditions of each experimental run. Sizes are in
pm; PTM: pressure transmitting medium.

Run P range P PTM Diamond’s Sample Symbol

(GPa)  gauge culet size size  (Fig. 1)
1 0-34 ruby He 400 10 +
2 18-47 ruby He 400 10 -
3 36-124  ruby He 100 X 300 4 X
4  28-197 tungsten He 75 X300 3 +
5 29-205 tungsten Ne 50 X 300 3 *
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FIG. 1 (color online). (a) Measured atomic volume of iron
(a-Fe for P = 14.6 GPa and e-Fe for P = 17.7 GPa) as a
function of the pressure (pressure gauge: see Table I), compared
with literature data. Inset: evolution of the ¢/a ratio for hexago-
nal closed packed e-Fe. (b) Difference between measured and
fitted volume, Vinet formulation with V, = 11.214 A3, Ky, =
163.4 GPa, K|, = 5.38.

P = 150 GPa, the current compression curve significantly
deviates from previous measurements [2,3]. Nonhydro-
static stresses in the previous experiments can qualitatively
explain this discrepancy [4]. Moreover, the calibration of
the platinum x-ray gauge used in Refs. [2,3] overestimates
the pressure [7]. At 200 GPa, we measured a volume lower
than in Refs. [2,3] by, respectively, 0.9% and 1.5%, a
difference that doubles after extrapolation to 329 GPa
(the pressure of the Earth’s outer-inner core boundary).
The corresponding compressibility increases are, respec-
tively, 9.5% and 14% at 329 GPa.

We have also calculated the EOS of e-Fe using one of
the most advanced density-functional methods: the pro-

TABLE II.

jected augmented wave (PAW) method [17,18] imple-
mented in the ABINIT code [19]. This method can be
considered as a combination of the pseudopotential ap-
proach with augmented wave methods that have been al-
ready used to ab initio predict the EOS of e-Fe [20]. In the
latter study, several possible magnetic orders of e-Fe have
been investigated and the lowest energy of the system has
been obtained for an antiferromagnetic order (called
afmll). However, magnetism has never been evidenced
experimentally in e-Fe. We thus calculated the EOS of
both nonmagnetic (NM) and afmlII e-Fe. We treated 3s, 3 p,
3d, 4s, 4p states as valence electrons. Local PAW basis
with 2 projectors per angular momentum have been used
and the generalized gradient approximation (GGA)
exchange-correlation functional has been chosen [21].
The cutoff radius used for localized orbitals is 2.1 Bohr.
The Brillouin zone sampling (respectively, 150 and 125 &
points for NM and afmllI e-Fe) and the cutoff energy of the
plane waves basis (10 Ry) have been adjusted to ensure that
energies are converged to 0.1 mhartree/atom. The current
calculations confirm (see Fig. 2) that the EOS of afmlI e-Fe
is in better agreement with experimental data than EOS of
NM e-Fe at moderate pressures. Indeed, an equilibrium
volume of 10.99 A%, only 2% lower than the experimental
Vo, and a bulk modulus of 149 GPa are obtained by fitting
the low pressure part of afmll e-Fe EOS. This agreement
has thus been improved by the use of PAW formalism. The
magnetic moment vanishes around 50 GPa, and as a con-
sequence, the EOS of NM and afmll phases become un-
distinguishable above that pressure. However, the
subsequent kink in the EOS of afmll e-iron (see Fig. 2)
is not observed experimentally. This suggests a defi-
ciency in the modeling of magnetic effects in e-iron.
Above =~ 100 GPa, ab initio GGA EOS exhibits the usual
pressure overestimation [7], by = 6% at 300 GPa (or
AV/V =~ 1.3%). The accuracy of the prediction of e-iron
EOS by first principle methods has thus been brought
within a [—2%, 1.3%] range by this work.

We constructed a semiempirical high pressure and high
temperature EOS of e-Fe, based on the current am-
bient temperature data, Hugoniot data [22], and ab initio
modeling [23]. At V and T, the total pressure can be

Examples of measured reflections for e-iron in the two highest pressure runs. Ad = dps — deaie> dops and dy. being the

interreticular distances, respectively, measured by individual peak fitting and calculated using the lattice parameters obtained by

LeBail refinement of the whole spectrum (GSAS package [15]).

Run 4, 197 GPa
a=22030 A, c =3.5168 A

Run 5, 205 GPa
a=21960 A, ¢ = 3.5105 A

hkl dops (A) Ad/d s dops (A) Ad/d s

002 1.7581 -1.6x107* 1.7542 —-57x 107
011 1.6771 8 X 107 1.6727 3.2x 1074
012 1.2929 -8 X 1073 1.2898 -3X%X 1075
110 1.1015 ~( 1.0986 5.7 x107*
112 0.9334 —6X 1073 0.9312 3.8 x107*
021 0.9207 6 X 1075 0.9177 —-1.2x 107
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TABLE III.

Parameters of the EOS obtained by least-squares fit of the experimental compression data for e-Fe. The parameters of

these EOS (Birch-Murnaghan, BM or Vinet, V, see Ref. [16] for a review of EOS formulations) are V), volume, K, bulk modulus, and
K}, its pressure derivative, under ambient conditions. Numbers between parenthesis are published error bars [2] or fitting error bars

(95% confidence interval) on the last or the two last digits.

Reference Vo (A% K, (GPa), K, P range (GPa) Pressure medium Pressure gauge EOS
[2] 11.176(17) 165(4), 5.33(90) 35-300 Ar or none (P = 80 GPa) Pt BM
[3] 11.1989 156, 5.81 20-200 none (heating) Pt BM
This study 11.214(49) 163.4(7.9), 5.38(16) 17-197 He ruby or W \%

This study 11.234(12) 165 (fixed), 4.97(4) 17-197 He ruby or W BM

expressed as [16]:

P(V,T) = Py(V,300 K)
+ (Pru(V, T) — Pru(V, 300 K)). (1)

We express Py (V, 300 K) using our fitted Vinet EOS [16]
(with parameters V;, K, and K|, from Table III, third row)
and thermal pressure Pry using a formalism simplified
from Ref. [8]:

9Ry (6 T\3 (0/T 3dz
Pt == (541G [T 55)

3R 3R
+ v mayx™T? + v geoxtT?,  (2)

R being the gas constant and x = V/V,,. The first term of
the right-hand side of Eq. (2) is the quasiharmonic Debye
thermal pressure [16], which represents the main part of
Pry. The second and third terms are, respectively, the
anharmonic and electronic thermal pressure. Their pa-
rameters ag, m, ey, and g have been obtained by fitting
ab initio anharmonic and electronic thermal pressures [23]
(the lack of accuracy of ab initio EOS is not expected to
influence thermal pressures estimates, which are only
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FIG. 2. Comparison between calculated DFT-GGA EOS (this
work and Ref. [20] ) and measured EOS. 298 K thermal pressure,
calculated using Eq. (2), has been added to DFT-GGA pressure
in order to be compared t0 Pey,. Pypini-Peyp 18 calculated for a
given atomic volume V. The hatched area represents the uncer-
tainty on P, caused by uncertainty on pressure calibration in
the diamond anvil cell.

weakly volume dependent): ay = 3.7 X 1075 K™, m =
1.87, e = 1.95 X 107* K™!, g = 1.339.

In the Debye model, the Debye temperature 6 varies
only with volume: dInf/dInV = —7y, 7y being the
Griineisen parameter. We chose the following form of 7y:
Y =Yoo T (Y0 = Yoo)xP, with B = yo/(y0 — ¥e) (see
Ref. [8]). We also fixed the Debye temperature of e-iron
under ambient conditions to 417 K [24]. Then the values of
v and vy, have been determined using shock-wave data up
to 200 GPa (before any possible phase transition [25] and
melting [26] ), together with the current ambient tempera-
ture data, using a procedure described elsewhere [8]. The
resulting values are y, = 1.875 and vy, = 1.305. We ob-
tained a total thermal pressure in excellent agreement with
the predictions of Ref. [23]. At 300 GPa and 6000 K, the
values of quasiharmonic, anharmonic, and electronic terms
are, respectively, 49, 3, and 15 GPa.

Iron is the major component of the Earth’s core, alloyed
with several percent of nickel and lighter elements (Si, O,
S, etc. [27]). The EOS of this metal, under the relevant P-T
conditions (136—329 GPa for the liquid outer core, 329—
364 GPa for the solid inner core, and 7' = 5000-6500 K), is
compared to seismological measurements [28] to deter-
mine its chemical and physical state. Major geophysical
issues thus rely directly on the accuracy of the EOS of
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FIG. 3 (color online). Specific volume of e-Fe as a function of
pressure on several isotherms, calculated using Eqgs. (1) and (2).
The isotherms are plotted as continuous lines in the estimated
domains of stability of solid iron [31]. Specific volume profile in
the Earth’s core, according to the PREM seismic model [28], is
shown for comparison.
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e-iron. So far, even if a small density deficit of the inner
core, compared to iron, had already been pointed out [2], it
was not considered to be significant [3]. On this basis, light
elements may be present in the outer core only.

The possible temperature in the inner core spans from
=~ 5200 K to = 6500 K, from the estimated melting tem-
perature of iron at the pressure of outer-inner core bound-
ary [25,26]. Four isotherms (298, 5000, 6000, and 7000 K)
calculated using Egs. (1) and (2) are plotted in Fig. 3
together with a profile of specific volume in the Earth’s
core from the seismic preliminary reference Earth
model (PREM) [28]. The Earth’s inner core is lighter
than e-iron under the same conditions, which cannot be
explained by the presence of nickel in the core because
alloying of e-iron with nickel is expected to increase,
rather than decrease, its density (by approximately
0.4%, see Ref. [2]). We estimated this relative deficit
at =330 GPa: between 1.4% and 6.4% for T = 6500 K
and 4.1% and 9.1% for T = 5200 K. These density differ-
ences take into account the uncertainties of PREM (1.5%)
and of the current EOS. The bulk modulus K of e-iron
predicted by the current EOS is very close, within 1%, to
the bulk modulus in the inner core [28].

The density deficit in the Earth’s inner core can be
interpreted in two different ways or a combination of the
two. It can either be explained by the presence of light
elements (like a molar fraction of (Si + S) of 10 £ 7%) in
this envelope. Chemical equilibrium calculations [29] and
recent measurements of sound velocities [30] already led
to a similar conclusion. Or, it could be a hint that the actual
phase of iron in the inner core is not e-Fe, but another solid
phase with a lower density. The possibility of such a phase
has already been inferred from a small discontinuity in
shock-wave EOS above 200 GPa [25], and supported by
theoretical calculations [31,32].

To sum up, the state-of-the-art conditions of our dia-
mond anvil cell experiments, combined with x-ray diffrac-
tion, allowed us to improve the accuracy and reliability of
ambient temperature EOS of e-iron up to pressures rele-
vant to the Earth’s core. We also show that DFT, used with
the most modern methods and approximations, can predict
this EOS within 2% in volume, which is still less accurate
than experiments. Experimental studies thus remain fun-
damental to explore the behavior of highly compressed
matter. Using ambient temperature compression curve,
we built a P(V, T) EOS which suggests that the Earth’s
inner core is lighter than a mixture of e-Fe and Ni under the
same conditions.
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