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Phase Diagram of Iron by in Situ X-ray
Diffraction: Implications for Earth’s Core

C. S. Yoo,” J. Akella, A. J. Campbell,T H. K. Mao, R. J. Hemley

The phase diagram of iron has been studied to 130 gigapascals (1 gigapascal = 104
atmospheres) and 3500 kelvin by a combined laser-heated diamond-anvil cell and x-ray
diffraction technique that provides direct identification of the solid phases. Iron in the
hexagonal close-packed (hcp) phase (e-Fe) is stable from 50 to at least 110 gigapascals
at high temperatures. The wide stability field of e-Fe indicates that this polymorph should
currently be considered the most relevant solid phase for Earth’s core. The triple point
between the v, ¢, and liquid phases is located at 2500 = 200 kelvin and 50 = 10
gigapascals. There is evidence for a phase with a double hcp structure below 40 giga-
pascals and for another transition above 110 gigapascals and 3000 kelvin.

Because iron is the dominant component
of Earth’s core, information on the behavior
of iron at high pressures and temperatures is
fundamental to Earth science. In particular,
determination of the phase diagram of iron
is central to understanding a number of
properties and processes of the planet’s deep
interior, including the temperature profile,
chemical composition, energy balance, dy-
namics, and geomagnetism (1-4). High-
pressure diamond-anvil cell (5-7) and
shock-wave experiments (7—10) are provid-
ing important constraints on the phase re-
lations over a'growing range of pressure and
temperature. However, the accurate deter-
mination of the phase diagram of this cru-
cial element under Earth-core conditions is
still a formidable experimental problem be-
cause of the extreme pressure and tempera-
ture (P-T) conditions involved.

Five phases of iron, namely a [body-
centered cubic (bcc)], v [face-centered cu-
bic (fcc)], & (bec), € (hep), and B (no
structural information), have been report-
ed. Crystal structures and phase boundaries
of a-, y-, 8-, and e-Fe are well determined at
low pressures (below 20 GPa). As indicated
by x-ray diffraction measured to 300 GPa at
ambient temperature, €-Fe is the stable
phase of iron at 300 K to pressures of Earth’s
core (11). Phase boundaries at high temper-
atures and pressures, however, have been
determined primarily by indirect methods.
Because these do not provide unequivocal
identification of solid phases, several key
aspects of the phase diagram are uncertain.
First, the location of the e-y-liquid triple
point is not well established (1, 5, 12, 13).
Second, various determinations of the melt-
ing temperature above 50 GPa are discrep-
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ant; this includes differences among the
static measurements (5—7) and between
static and shock-wave results (7—10). Third,
the structure and stability field of the B
phase remain to be clarified. Fourth, the
nature of the 200-GPa transition suggested
by shock-wave experiments is unknown
(10). A reentrant o’ (bcc) phase (2) or the
B phase (5, 6) was proposed to explain the
transition; however, subsequent theoretical
calculations indicated that the bce structure
is mechanically unstable under these con-
ditions (3, 14).

We developed an integrated diamond-
anvil cell, x-ray, and laser-heating tech-
nique to examine the iron phase diagram by
directly probing the crystal structure of the
phases in situ at high temperatures and
pressures. This system consists of three com-
ponents (15): (i) a Nd-yttrium-aluminum-
garnet laser-heating system to heat the sam-
ple in a diamond-anvil cell, (ii) a micro-
scope system to measure temperature and
view the sample for alignment and direct
observation, and (iii) a synchrotron x-ray
and energy-dispersive diffraction system. A
small piece of thin iron foil is loaded in a
diamond cell, together with a pressure me-
dium such as argon, Al,O,, or LiF. Poly-
chromatic (white) x-ray radiation from the
synchrotron source is coaxially aligned to
the center of laser heating spot, and the
diffraction from the sample is recorded at a
fixed scattering angle 20 as a function of
energy. The temperature of the sample is
simultaneously determined from the ther-
mal emission from the laser-heated area.
The pressure of the sample is determined
either by the equation of state of the sample
or from the ruby luminescence method
(16).

There was a distinct change in the x-ray
diffraction pattern of iron upon melting
during laser heating. For example, at 50
GPa (Fig. 1) at least four strong features
from e-Fe and several weak bands from
ALO; were observed at 300 K. During laser
heating to 2280 K, all of the diffraction
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lines of e-Fe shifted to lower energies or
higher d spacings, indicating thermal ex-
pansion of the iron. There was little change
in the relative intensity of the iron diffrac-
tion pattern in comparison to that of
AlLO;, and thermal broadening of the dif-
fraction bands was negligible. Near 2580 K,
however, the diffraction lines of e-Fe weak-
ened and disappeared, indicating that the
sample in the laser-heated spot had melted.
Upon cooling, each of the diffraction lines
of e-Fe reappeared (Fig. 1, top curve). The
quenched e-Fe crystallized with preferred
orientation of the (100) plane in the dif-
fraction direction. After heating, a small
circular trace was evident visually in the
laser-heated area, providing further indica-
tion of melting. These measurements also
bracketed the melting temperature at this
pressure between 2280 and 2580 K.

At 50 GPa, we observed e-Fe up to 2480
K and conclude that the melting tempera-
ture is 2530 = 50 K. This value is consistent
with results reported in (5). The e-Fe is the
only solid phase observed up to at least 110
GPa. We noticed during laser heating at 96
GPa (Fig. 2) that the diffraction peaks shift-
ed and changed in intensity, particularly
the 101, 110, and 112 reflections. All of the
features can be understood in terms of e-Fe
and Al,O,, and no new features developed
at high temperatures. The above measure-
ments indicate that between 50 to 110 GPa,
e-Fe is the stable solid phase at least to the
melting curve proposed in (5).

There were indications of a transition at
higher pressures (above 110 GPa) and high-
er temperatures. Diffraction peaks charac-
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Fig. 1. The x-ray diffraction patterns of the laser-
heated iron at 50 GPa, showing the melting of iron
at 2580 K. Starting at 300 K (bottom curve; divid-
ed by 50 for clarity), the sample was heated
through 2280 K to 2580 K, and then cooled back
to 300 K (top curve; multiplied by 3). The & phase
is evident from four strong features—the 100 dif-
fraction peak at 16.44 keV, 101 at 18.78 keV, 102
at 24.36 keV, and 110 at 28.48 keV—and a weak-
er feature of the 200 peak at 17.80 keV (Ed =
33.94 keV A, where E is energy and d is the d
spacing). The iron melted from the & phase, sug-
gesting that the y-e-liquid triple point is located in
the vicinity of this pressure.
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teristic of the € phase were observed below
2500 K at 125 GPa (Fig. 3), but these
diffraction lines weakened significantly
above 2500 K and eventually disappeared
above 3300 K. Moreover, a new line devel-
oped at 15.22 keV (d = 2.229 A) above
2920 K, where the diffraction lines of e-Fe
disappeared. The new band was not associ-
ated with AL O, but arose from the iron
portion of the sample. In addition, the 104
and 110 lines of Al,O; should have been
located at 14.62 keV (d = 2.321 A) and
15.68 keV (d = 2.164 A), respectively, at
this pressure (17). We were able to quench
the new diffraction band at ambient tem-
perature after heating. The iron sample
quenched from 3300 K showed no relation
to the € phase; in addition, there was little
change in visual appearance of the sample.
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Fig. 2. The x-ray diffraction patterns of the laser-
heated iron at 96 GPa, showing that B-Fe is not
evident to 2800 K at this pressure. The heating
cycle starts with the bottom curve and moves
upward. The & phase is evident at all of the tem-
peratures by the 100, 101, 102, 110, and 112
bands at, respectively, 17.15, 19.46, 25.10,
29.64, and 34.97 keV (Ed = 33.94 keV A). Other,
weaker broad features are from Al,O,. Also no-
ticed is the recrystallization of e-Fe above 2300 K.
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Fig. 3. The x-ray diffraction patterns of the laser-
heated iron at 125 GPa, showing that a new dif-
fraction line (arrow) develops as the diffraction
lines from e-Fe disappear above 3000 K. The 100,
101, 110, and 112 reflections of e-Fe are located
at 17.33, 19.71, 30.07, and 35.81 keV, respec-

tively (Ed = 33.94 keV A). The heating cycle starts
with the bottom curve and moves upward.
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We conclude that the loss of the diffraction
intensity of e-Fe was not a result of melting
but instead arose either from a previously
undisclosed high P-T solid-solid transition
or from a reaction between Fe and Al,O,
(18). The transition temperature was close
to that previously reported for melting at
this pressure (5). It is therefore possible that
these observations refer to the same transi-
tion, although our current understanding of
the transition is too premature to complete-
ly rule out alternative hypotheses.

The P-T conditions of the present mea-
surements are compared in Fig. 4 with phase
boundaries taken from the literature. Be-
tween 50 and 110 GPa, only the hcp diffrac-
tion pattern is observed. These results con-
trast with the previously suggested stability
field of B-Fe. The B phase was originally
suggested on the basis of an abrupt change in
either the laser power or the reflected light
intensity as a function of the sample temper-
ature during laser heating (5, 6). Such
change does not necessarily reflect a struc-
tural phase transition; it could also be caused
by electronic transitions or even by mecha-
nisms unrelated to phase transitions (19).

Our results also provide information on
the phase diagram at lower pressures. Be-
tween 15 and 40 GPa at moderate tempera-
tures, we found a phase of iron that yields a
diffraction pattern that can be indexed as a
double hcp (dhep) structure, that is, with an
ABAC stacking sequence (20). The dhcp
phase has also been observed in a recent
study below 40 GPa (21). Our measurements
indicate that from 40 GPa to between 110
and 150 GPa, the dhcp phase is not observed
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Fig. 4. Constraints for the phase diagram of iron.
Various symbols indicate the phases of iron as
determined by in situ x-ray diffraction at high pres-
sures and temperatures: liquid iron (@), e-Fe (O),
e'-Fe (1), y-Fe (A), and new crystalline (). The
area indicated by the large rectangle constrains
the location of the e-y-liquid triple point. The
hatched area indicates the P-T region of which the
&' phase forms between 15 and 40 GPa. Previ-
ously reported phase boundaries are also repro-
duced for comparison: melting lines are repro-
duced from (5) (upper dashed lines), from (6) (up-
per dotted line), and from (7) (dashed-dotted line),
and e-B boundaries are shown from (5) (lower
dashed line) and from (6) (lower dotted line).
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in most of the previously suggested 3-Fe field
(5, 6). This phase, which we tentatively
called &'-Fe, was observed mostly in a por-
tion of stability field previously assigned for
v-Fe, and a small corner of the field for B-Fe.
The y-phase was observed at higher temper-
atures than the €’'-phase to 50 GPa, but not
at higher pressures. These results indicate
that y-Fe and &'-Fe are lower pressure phases
and thus are not relevant to the core (135 to
363 GPa).

In summary (Fig. 4), our results indicate
that the line between the -y or €' phases and
the € phase should be either straight or con-
cave up (22). Considering that the melting
temperature determined here agrees with val-
ues reported earlier (5, 6), one can extrapo-
late the y(e')-€ phase line to the melting line
in Fig 4. This indicates that the e-y-liquid
triple point is at 2500 = 200 K and 50 *= 10
GPa, substantially lower than 100 GPa.
Above 50 GPa, we observed neither the €’
phase nor any diffraction lines that could be
indicative of other new phases (for example,
B- or a-Fe). Only the € phase is evident
between 50 and 110 GPa, in a wide range of
temperatures at least to the melting line re-
ported in (5). Above 100 to 120 GPa, how-
ever, the nature of the iron phase diagram is
not well established (Fig. 3). We conjecture
that either a new solid-solid transition or
more likely a chemical reaction occurs above
110 GPa and 3000 K in Fig. 4. In this case, the
actual melting temperatures of iron at these
pressures could be substantially higher than
those reported in (5).
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A sequence of images from very long baseline interferometry shows that the young radio
supernova SN 1993J is expanding with circular symmetry. However, the circularly sym-
metric images show emission asymmetries. A scenario in which freely expanding su-
pernova ejecta shock mostly isotropic circumstellar material is strongly favored. The
sequence of images constitutes the first ““‘movie” of a radio supernova.

Thhe recent discovery (I) by very long base-
line interferometry (VLBI) of a shell-like ra-
dio structure in SN 1993] in the galaxy M81
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offers the opportunity to monitor a supernova
expansion in a manner that is free from mod-
eling uncertainties (2, 3). Indeed, the angular
resolution limit of VLBI, imposed by the size
of the Earth, and the angular size of a super-
nova, determined by its distance from Earth,
have generally not permitted a model-free
determination of expansion in a young super-
nova. The relative proximity of SN 1993],
however, together with its strong centimeter
emission, permit a reliable determination of
the details of the expansion.

Qur observations were carried out from
September 1993 through September 1994
(Table 1). Images were obtained at 3.6 cm
and 6 cm (Fig. 1). The image from November
1993 is from the discovery of the shell-like
structure (1). The image from May 1994 was
obtained with a large and well-calibrated ar-
ray; therefore, all details in it are reliable.
However, to obtain the images from Septem-
ber 1993 and February 1994, we used circu-
larly symmetric models of sizes extrapolated
and interpolated from the images from No-
vember 1993 and May 1994, respectively, as
initial models in the mapping process. For the
September 1993 image, extrapolation was
needed because there was insufficient inter-
ferometric resolution to resolve the shell; and
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below 20 GPa (73). Second, the present study
shows that the e-y-liquid triple point is located at the
vicinity of 50 GPa. To satisfy these two conditions,
the -y phase line cannot be concave down as pre-
sented in (5) and should be either concave up or at
least straight. However, considering the existence of
&'-Fe and the magnetic properties of y-Fe and &'-Fe
(20), the exact nature of the y-& phase line could be
substantially more complicated.
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for the February 1994 image, interpolation
was needed because there were insufficient
data (UV coverage) to reconstruct the image
unambiguously without a priori information.
The procedure we followed allowed us to re-
liably compare the sizes of the images ob-
tained from the data at each epoch and thus
to obtain the angular size growth rate and to
learn how the emission enhancement in the
southeastern part of the images evolved with
time. The latter question is important in dis-
tinguishing which features of the emission
correspond to traces of the initial explosion
and which are induced by the dynamics of the
evolution. In spite of the wavelength differ-
ence, the image at 6 cm (Fig. 1) from Sep-
tember 1994 shows a remarkably similar struc-
ture to those shown in images obtained at 3.6
cm at earlier epochs. However, comparison of
the size of the image from this epoch with
those from previous epochs is done with cau-
tion, because relevant opacity effects may not
be accounted for.

Although the interferometric phases for
September 1993 contain key information
about the emission asymmetry, the source
was not large enough then for us to distin-
guish shell emission from disk emission even
when we used the largest available Earth-
sized array: A range of limb-brightened disk-
like images, each with a characteristic size,
are compatible with these data (image de-
generacy) (4). Therefore, to determine the
expansion rate without-bias, we used the
backward-extrapolated image from our No-
vember 1993 and May 1994 images in Fig. 1
in the mapping process to break this degen-
eracy and thus to estimate a size (4).

From observation in February 1994 we
have high-quality data, but from only a
three-antenna array. The interferometric
amplitude data require a shell-like structure,
and the interferometric phase data require
an emission asymmetry in the shell. Use of
a point-like source as an initial model made
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