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The density of e-iron has been calculated at pressures and temperatures up to 300 GPa and 1300 K,
respectively. We observe ¢ to 8 phase transition at pressures between 135 and 300 GPa and temperature
above 1350 K; the pattern can be interpreted in terms of double hexagonal close-packed structure. The
density calculated at high pressure and temperature (330—360 GPa and 5000—7000 K) closely matches
with preliminary reference Earth model density, thereby imposing constraint on the composition of the

Earth’s inner core.

PACS numbers: 62.50.+p, 61.10.Eq, 65.70.+y

Iron is considered as the major component in the core
of the Earth [1]. Therefore, physical properties of iron
at the pressures and temperatures of Earth’s core are very
important for modeling composition and dynamics of the
core [2,3]. While data on the static compression of iron
at room temperature are available up to a pressure of
300 GPa [4], the data on therma expansion of e-Fe are
very limited [5—7]. The results of in situ x-ray studies
[6] in amultianvil apparatus at pressures 22—32 GPaindi-
cate that thermal expansion of e-Fe could be significantly
higher than estimated before [7]. While there is evidence
of a phase transition at high pressure and temperature of
& (hcp, hexagonal-close-packed) to 8 phase with double
hcp (dhep) [8,9] or orthorhombic structure [10,11], experi-
ments performed with energy dispersive detectors and the
laser heating technique led to a conclusion that the 8-Fe
is metastable [9,12]. Here we present the results of ex-
periments on x-ray studies of e-Fe in an externally heated
diamond anvil cell (DAC) at pressure over 300 GPa and
temperatures above 1300 K. By combining the present
results with our earlier data [8], we could obtain the equa-
tion of state (EOS) for iron at multimegabar pressures, es-
timate density of iron at conditions of the Earth’s core, and
demonstrate that B-Fe with dhcp structure could be syn-
thesized at pressures up to 300 GPa.

The experiments were performed on beam line ID 30
at the European Synchrotron Radiation Facility (ESRF)
(Grenoble, France). In our experiments powder diffraction
data were collected with fine incident x-ray beam (8 X
9 um? or less) of 0.3738 A wavelength on the Fast Scan
imaging plate. The collected images were integrated in
order to obtain the conventional diffraction spectrum.

We heat the samples externally in a Mao-Bell-type DAC
[8,13]. Powdered samples (iron of 99.999% purity) were
loaded into the 30-35 um initial diameter hole in Re-
gasket, which then confined between beveled diamonds
with 40 um (50 um in experiments with maximum
pressure 240 GPa) culets. Pressure was determined with
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powdered platinum (99.999% purity) as an in situ x-ray
standard mixed in small proportion with the iron sample.
It is likely that the platinum scale is accurate to a few
percent [4,14].

In our analysis of the integrated x-ray spectra, we used
the program GsAs[15] and PEAKFIT 4.0 (Fig. 1). Thelattice
parameter of Pt was determined with an accuracy better
than 0.002 A with resulting uncertainty of 2 GPa at pres-
sure up to 100 GPa and of 5 GPa up to 300 GPa[14].

We reached a maximum temperature of 1370(5) K at a
pressure of 305(5) GPa. Diamonds failed on a further in-
creasein temperature at ~240 GPain the first experiment,
and on the heating sample above 310 GPa in the second
experiment, but the samples were saved for lattice parame-
ter measurements of both «-Fe and Pt at room conditions.
The lattice parameters matched their initial values before
experiments within the experimental errors (0.0004 A)
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FIG. 1 (color). Typical example of analyzed integrated pat-
terns of the spectrum collected at 1115(5) K and 185(3) GPa.
GSAS program package [15] was used. The lower ticks mark
positions of Fe and the upper one Pt pressure calibrant. Iron
exhibits strong preferred orientation along the (00/) direction.
Background was subtracted.
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FIG. 2 (color). Examples of images collected on ID 30 beam

line at ESRF with monochromatic 0.3738 A radiation with
fast image plate during electrical heating of iron powder:
(8 a 1260(10) K temperature and 301(10) GPa pressure
determined using e-Fe equations of state; (b) a 1350(10) K
and 301(20) GPa (uncertainty in pressure reflects unknown
equation of state of B-Fe). Positions of al lines are presented
in Table | and could be described in terms of dhcp structure
with lattice parameters a = 2.169(3) A and ¢ = 6.936(22) A;
(c) at 1220(10) K and 295(10) GPa (determined using e-Fe
equations of state). All figures correspond to the same position
of the x-ray beam spot near the center of pressure chamber.
Appearance upon heating and disappearance upon cooling
spotty lines of B-Fe (b) demonstrate the reversible nature of
e-B transformation.

indicating that there was no reaction between Pt and Fe
in our experiments.

During heating at different pressures between 135 and
305 GPa, we observed the appearance of new spotty lines
at temperature above 1325-1350 K [Figs. 2(a) and 2(b)].
Such lines could not be due to chemical reaction, because
after experiments we lowered temperature and pressure to
ambient condition and did not find any diffraction lines
except for the lines of «-Fe and Pt. Upon cooling at tem-
peratures below 1250 K, the spotty lines disappeared and
only lines of e-Fe remained [Fig. 2(c)]. This observation
could be explained as due to areversible transformation of
e to B iron with dhcp structure (Table I, Fig. 2) [8,9,16].
Detection of B-Fe at pressure above 300 GPa and high

TABLE I. Comparison of observed and calculated diffraction
pattern of dhcp iron at 301(20) GPa and 1350(10) K [see
Fig. 3(b)].

Hkl dobs (A) Iobs (%) dcalc (A)a Icalc (%)b
100 1.878 20 1.878 9
101 1.816 30 1.813 47
004 1.736 30 1734 35
102 1.646 100 1.652 100
103 1.458 5 1.458 20
104 1.271 3 1.274 4
105 1121 25 1.116 10
110 1.085 20 1.084 15

aCalculated lattice parameters are a = 2.169(3) A, ¢ =
6.936(22) A.

bCalculated and observed intensities are in qualitative agree-
ment. Quantitative comparison is difficult due to the effects
of preferred orientation, recrystallization, poor crystalite sta-
tistic, and limited detected area (due to the dlit in the Mao-
Bell-type DAC).

temperature means that this phase could form the bulk of
Earth’s inner core (if no other new phase of iron is found
at temperatures above 1400 K at high pressure).

In al, 109 data points were collected over the pressure
range of 80 to 305 GPa and at temperatures between 300
and 1300 K to determine the EOS of e-iron. When com-
bined with our previous data [8] in the pressure range of
18—68 GPa and at temperatures up to 1700 K (79 data
points), there is enough information to determine a ther-
mal equation of state of ¢-Fe at Earth’s core conditions.

We used Birch Murnaghan EOS to describe our experi-
mental data [17—20]:

P = 1.5Kro[(Vro/V)"® = (V1o/V)*?]
X {1 = 0.75(4 — Kp o) [(Vro/V)? = 1T}, (1)

where Kr o, K’T,O, and Vr are the bulk modulus, its pres-
sure derivative, and the volume of the unit cell at zero
pressure and temperature T (in K), respectively;

KT’() = 1/(b1 + bQT + b3T2).

The unit cell volume V7 is given by the following ex-
pression: Vro = Voexp([ arodT), where Vo and ar
are, respectively, the unit cell volume at zero pressure and
the thermal expansivity at zero pressure and temperature
T (K).

Table Il and Fig. 3(a) show results of fitting of our
data with (1). To discuss the accuracy of the determined

TABLE Il. Thermoelastic parameters of e-iron.
Vo, cm?/mol 6.73(1)
K00 5.81(6)
3000, 107 K™! 6.93(37)
b,1073 GPa™! 5.973(46)
b,1076 K~ GPa™! 1.380(17)
b3,1071° K2 GPa™! 4.600(80)
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thermoelastic properties, we should estimate the possible
errors in the input experimental data. The errors in tem-
perature measurements with thermocouple is £5 K. Er-
rors in molar volume of e-Fe are within 0.005 cm?/mol
at 100 GPa and increase to +0.01 cm?/mol at 300 GPa.
Uncertainty in pressure increases from 2 to 5 GPa at the
highest pressure. The errors in pressure and tempera-
ture are reflected in statistical errors in determined ther-
moelastic parameters (Table 1). Deviatoric stressin DAC,
especially at very high pressures, could be a source of sig-
nificant systematic errors in determination of lattice pa-
rameters [22,23]. However, for materials with moderate
elastic anisotropy and for data collected in the angle dis-
persive mode, the systematic errors in the lattice parame-
ters due to the uniaxial stress are “masked” in the errors of
the fitting procedure [15,21,24]. Further, the effect of the
stress is maximum for (007)-type reflections [21], which
in our case are absent due to preferred orientation. In gen-
eral, nonhydrostatic conditions of experiments could lead
to overestimation of the molar volume at given pressure
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FIG. 3 (color). (a) Cadculated isotherms
(solid lines) for e-iron along with some
experimenta data from the present study and
literature [4—8]. Note that our data for room
temperature agree well with previous experi-
mental works (Mao et al. [4], for example).
(b) Comparison of the density of e-Fe with
that of the preliminary reference Earth model
(PREM) [21]. (c) Comparison of the bulk
moduli of e-Fe with that of the PREM [21].

[21,22]. With increasing temperature deviatoric stressesin
DAC decrease [8] and, as a result, the changes in molar
volume with temperature (and thermal expansion) could
be underestimated.

Thermal expansion at 22 GPa is 4.31 1075 K™!
and at 32 GPa is 3.65 107> K~!. Thus, our values of
thermal expansion are in good agreement with data by
Funamori et al. (1996), 3.88 107 K~! at 22 GPa and
3.16 1073 K™!, especially if we take into account uncer-
tainty of 30% in the Funamori et al. (1996) data (mainly
due to the changes in the volume of iron before and after
heating).

The average thermal expansivity a =
|n(VT/V3()0)/T — 300 a 202GPa and 5200 K is
9.13 107 K~! which is close to the value obtained in
shock compression measurements [(9.1 * 2.0) 1076 K™!
[25]] and theoretical calculations [1.0 1075 K™!
[26]]. Bulk moduli of e-Fe at 211 GPa and 300 K is
1110 GPa in good agreement with recently reported
value 1071(107) GPa [27].
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The equation of state for the B-iron phase is not stud-
ied yet, but available information from previous [8] and
present studies (Table I, Fig. 2) suggest that the density of
B-Fe may be very close to the density of e-Fe.

Figures 3(b) and 3(c) show a comparison of the den-
sity and bulk moduli of e-Fe with that of the core accord-
ing to the preliminary reference earth model (PREM) [28].
Despite a significant discrepancy in the estimation of the
temperature of Earth’s core, the most realistic values fall
between 5000 and 7000 K. The PREM bulk moduli for in-
ner core fall between calculated bulk moduli for 5000 and
7000 K isotherms [Fig. 3(c)]. At 5000 K density of e-Fe
is 5% higher than PREM density of the inner core, and at
7000 K, just 2.5% higher. More than ten years ago Brown
and McQueen [29], based on shock wave experiments on
iron, wrote “. .. predicted velocities and densities for iron
on geotherm are dlightly large (by 10% or less) than aver-
age valuesfor inner core. Such deviations may reflect both
poor seismic resolution and uncertain thermal corrections
for the equation of state of iron.” Our present work pro-
vides reliable thermal equation of state of e-Fe based on
static compression data and our conclusion generally sup-
ports the earlier shock wave data [29], except for the fact
that the difference in density of e-Fe and PREM density at
the inner core conditionsis 2 to 4 times less than the ear-
lier estimate [29]. As discussed above, possible systematic
errorsin our experiments (deviatoric stresses, for example)
could decrease the measured values of thermal expansion,
and, asaresult, thereal density of e-Fe at Earth’ s core con-
ditions could be even lower than that shown in Fig. 3(b).
Future determination of sheer moduli of iron at Earth's
inner core conditions combined with data on density and
bulk moduli obtained in the present study could provide
strong constraints on the composition and temperature of
the deep interior.
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