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Shock Temperatures and Melting of Iron at Earth Core Conditions
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The temperature of shock compressed iron has been measured to 340 GPa, using well characterized
iron films sputtered on transparent diamond substrates and a 1 ns time-resolved optical method. We find
a knee on the (P,T) iron Hugoniot indicating melting at 6350 K and 235 GPa and at 6720 K and 300
GPa. An extrapolation yields an iron melting temperature of 6830 (* 500) K at 330 GPa, the pressure
of the Earth inner-outer core boundary. Implication of the melting data for the iron phase diagram is

also discussed.

PACS numbers: 62.50.+p, 64.70.Dv

The phase diagram of iron, in addition to being of in-
trinsic scientific interest, provides a critical constraint for
modeling the chemical composition and energy balance of
the Earth’s core. The Earth’s core contains mostly iron
distributed in two layers: the solid inner layer of nearly
pure iron and the liquid outer layer of iron alloys with
lighter elements like S, O, H, Si, Mg, etc. Thus, the iron
melting temperature at the pressure of the Earth inner-
core and outer-core boundary (IOB), 330 GPa, may pro-
vide an upper bound for the temperature. The recrystalli-
zation of iron occurring at the boundary releases latent
heat and gravitational energy which provide the heat
necessary for convection in the outer core and produce
Earth’s magnetic field [1].

Current Earth core models rely strongly on extrapola-
tions of the melting data of iron from below 100 GPa.
However, these extrapolations not only give a large un-
certainty in the IOB temperature ranging from 4000 to
9000 K [1], but also yield phase diagrams that are quali-
tatively different from one another at the IOB conditions
[2,3]. For example, the melting temperature reported by
Williams and co-workers [2] increases rapidly with pres-
sure, the extrapolation of which results in a e-y-liquid
iron triple point at the IOB pressure 330 GPa and 7600
K. On the other hand, Boehler, von Bargen, and Chope-
las [3] present the g-y-liquid triple point at the substan-
tially lower pressure of 100 GPa and 2800 K and suggest
an IOB temperature near 4200 K. Recently, the situa-
tion has become confused even further by the findings of
Boehler [4] and Saxena, Shen, and Lazor [5] of a new
solid phase of unknown structure in what has been be-
lieved to be the stability field of the ¢ phase. Brown and
McQueen [6] have observed two discontinuous changes of
the iron sound velocity at shock pressures of 200 and 240
GPa, which are attributed to phase transitions of iron and
the latter to melting. However, the temperatures were
not measured, but were estimated from the shock energy
to be 5800 =+ 500 K at the IOB pressure.

A direct method for obtaining melting temperatures
above a megabar and several thousand degrees is by
measuring shock temperatures [7]. This is typically done
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by optical pyrometry, which measures the thermal radia-
tion of shocked materials at several discrete wavelengths.
However, difficulties are introduced in the case of non-
transparent materials like metals, because of a thin opti-
cal penetration depth ~20 nm and a short shock wave
transit time over this distance <1 ps. For this reason
and because of the rarefaction wave which rapidly re-
leases the iron pressure to ambient conditions at the free
surface, an optical window is typically placed against the
surface of the metal film to retain the shock state for a
longer time period. In this case, thermal radiation is
measured from the metal/window interface, which then
introduces several issues that must be addressed to obtain
a reliable shock temperature. Those include characteri-
zation of the iron film and iron film/window interface, op-
tical property changes of window materials at high pres-
sures and temperatures, and thermal conduction occur-
ring across the interface [8].

The optical method measuring shock temperatures has
previously been applied for iron by Ahrens and co-
workers [2,9]; however, the measured shock temperatures
have considerable scatter [9] and show no clear indication
of melting. In their analysis, because of possible sample
defects such as sample porosity and an imperfect
sample/window interface that would result in anomalous-
ly high shock temperatures with large scatter, they have
used only a small portion of the data yielding the lowest
temperature at any given pressure. Later, incorporating
these data with the data of Williams et al. [2], the iron
melting temperature was reported to be 7600 = 500 K at
330 GPa. The data scatter in the shock temperature is in
part due to unknown characteristics of iron samples, opti-
cal window materials, and the iron-window interface. In
this work we address these issues experimentally and
present new shock temperature data showing a clear indi-
cation of melting.

Iron films (~2 um thick) were prepared by sputtering
onto diamond substrates held at 300°C. The elevated
substrate temperature was chosen to give good film
adhesion while minimizing the thickness of the iron/dia-
mond interface. The iron initially wet the diamond sur-
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face well, so that no gaps or voids are present in a 100 A
thick film. The density of iron films differs from that of a
bulk crystal by less than 1%, which is within our instru-
mental resolution [10]. Auger depth profiling analysis,
monitoring both carbon and iron simultaneously, was
used to estimate the interface zone to be about 50 A in
thickness. This is substantially thinner than the optical
penetration depth of iron ~200 A and assures that the
thermal radiation measured at the interface is charac-
teristic of iron shock temperatures.

The iron film/diamond sample is sandwiched between a
diamond-turned iron baseplate and a sapphire disk. This
configuration stems from the requirements to obtain a
well determined iron shock state, to minimize any ther-
mal disturbance generated from a direct impact on an
iron film, and to provide mechanical strength for the sam-
ple. The final iron target assembly is then kept in high
vacuum prior to the gas gun experiment to preclude rust
or oxidation of the iron surface.

The shock wave is generated by impacting a Ta disk on
the iron baseplate using a two-stage gas gun [11]. Shock
pressures are determined using the impedance matching
method and the equations of state for Ta [12] and iron
[6] that are accurately known. Thermal emission from
the iron/diamond interface is measured using a fast
time-resolved emission system similar to one described
previously [13]. A multichannel optical fiber delivers the
emission to two detection systems: (1) a streak camera
system records a quasicontinuous spectrum between 350
and 700 nm every 1.8 ns for a 100 ns time period, which
is long enough to cover the shock events of interest, and
(2) a photomultiplier tube (PMT) system records time-
resolved emission intensity at six discrete wavelengths.
Because the optical fiber collects the emission from only a
small central area of the sample (<1 mm), the shock
state of the sampling area is well defined in one dimen-
sion and, thus, provides a fast time resolution that pri-
marily depends on the rise time of the recording electron-
ics. Time and spectral resolution of the system are ap-
proximately 1 ns and 2 mm, respectively.

Typical time-resolved emission spectra of the shocked
iron are shown in Fig. 1. The intensity rise at 455 ns (a)
is due to the shock-wave arrival at the iron/diamond in-
terface. The broad nature of the spectra suggests that the
emission is thermal. The emission intensity remains near-
ly constant within a few percent during the shock wave
transits through the diamond window, indicating that the
optical properties of the shocked diamond remain un-
changed. This and other experiments reported here sug-
gest that diamond is transparent in the entire pressure
range to 300 GPa. The experiment is completed when
the shock wave enters the sapphire disk at 483 ns (b),
where the emission intensity rapidly decreases. This is
likely due to partial opacity of the shocked sapphire [13].
We have also observed a transient increase of the emis-
sion intensity at 489 ns in the sapphire, whose nature has
not been clearly characterized as yet.
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FIG. 1. Time-resolved thermal emission spectra recorded by
the streaking camera system (top) and PMT system (bottom).
The emission is measured from the iron/diamond interface, and
the pressures of the iron and diamond (or in the interface) are
313 and 255 GPa, respectively.

The interface temperature 7; is determined by fitting
the measured emission intensity to a grey-body radiation
equation. However, due to thermal conduction occurring
from shocked hot iron to shocked, but relatively cold, dia-
mond, 7; is considerably lower than the shock tempera-
ture of iron. A one-dimensional thermal conduction mod-
el [14] is used to obtain the temperature profiles in dia-
mond and iron and at the interface:
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where «, p, and C, respectively, represent the thermal
conductivity, density, and heat capacity. In the case
where the thermal conductivity x is independent of tem-
perature, one can obtain a simple solution converting the
T; to the release shock temperature of iron, T, [15,16]:

Ti=Tr+(Td_-Tr)/(l+a)y (2)
a=1[x,p,Cr/xapaCal 2. (3)

Here, the subscripts d and r denote the shocked diamond
and the released iron.

The thermal conductivity of iron is approximated by
the Wiedeman-Franz law using a linear scaling of the
electrical conductivity measured along the Hugoniot [17,
18]. The high temperature thermal conductivity values
for diamond have previously been measured to 1200 K
[19,20], and the results have been precisely described by
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a phonon scattering model [21]. A similar model is used
to obtain the thermal conductivity of diamond at high
temperature and pressures. Here, the pressure-dependent
Debye temperature and phonon frequency of diamond
are obtained from the Debye-Griineisen approximation
[22,23]. The densities of iron and diamond are obtained
from previously reported P-V Hugoniots [6,24,25]. The
heat capacity of iron is obtained by Dulong-Petit approxi-
mation 3R, and that of diamond is calculated by an Ein-
stein model [26].

The major uncertainty of the thermal analysis de-
scribed above arises from the diamond thermal conduc-
tivity which strongly depends on pressure and particularly
temperature. For example, a several um thick layer of
diamond in contact with the shock-heated iron is at sub-
stantially higher temperature than the shock temperature
of bulk diamond. The conductivities of diamond at am-
bient pressure decrease from about 300 W/mK at 1000 K
to about 30 W/mK at 1000 K. Therefore, it is necessary
to solve Eq. (1) using temperature-dependent thermal
conductivity. Diamond and iron specimens were divided
into many layers of 1 um thick slabs that are in perfect
thermal contacts, and Eq. (1) was solved numerically in
each microslab and boundaries at a given pressure. The
temperature profiles of diamond and iron are calculated
at 1 ns time steps, and the thermal conductivities are
evaluated according to these profiles. The final shock
temperature greatly depends on these thermal correc-
tions, which can vary the final temperature by (10-20)%.

The shock temperature T, of iron on the principal
Hugoniot is determined from the released shock tempera-
ture 7, by a Mie-Griineisen thermal relation:

S Lav|,

where the y and V are the Griineisen parameter and
specific volume of iron, respectively. We approximate
y/V =16.6 [6]. Because of a good shock impedance
match between diamond and iron at the pressure range of
interest, this correction is typically less than 5%.

Figure 2 presents the measured shock temperatures of
iron between 150 and 340 GPa, together with the previ-
ous measurements [2,9]. The measured temperatures
systematically increase with increasing pressure and
clearly show an inflection at the pressure region between
235 and 300 GPa, which we attribute to melting and
which is consistent with the shock anomaly pressure of
243 GPa previously observed in the sound velocity mea-
surements and also interpreted as melting. The present
measurements are in agreement with those reported pre-
viously below 250 GPa, but are substantially lower at
higher pressures. The previous works also failed to ob-
serve any break in the Hugoniot temperature at melting.
Based on our measurements we estimate the melting tem-
perature at the Earth IOB pressure 330 GPa to be 6830
K, lower than the previous estimate of 7600 K. On the
other hand, the present melting data are still higher than
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FIG. 2. Iron shock temperatures (solid circles and solid

lines) between 150 and 340 GPa, in comparison with the previ-
ous measurements (open circles and dash-dotted lines) by Willi-
ams et al. [2]. The open squares indicate the shock anomaly
points [6].

the earlier estimates of Brown and McQueen’s 5000-
5700 K at 243 GPa and of 5800 K at 330 GPa [6].

It is of some interest to understand how the present
work fits in with static studies of the iron phase diagram
below 100 GPa, based on laser heating experiments
[2,3,27,28]. The iron phase diagram is relatively well
known at low pressures below 20 GPa [29]. However, the
melting temperatures above 20 GPa show a significant
discrepancy among the different measurements [2-5],
which results in at least the two plausible, but mutually
exclusive, iron phase diagrams as shown in Fig. 3. Based
on the extrapolations of the melting lines of these static
data, iron melting temperature at 200 GPa could be in a
wide temperature range between 6000 and 3800 K, illus-
trating the large disagreement of static melting tempera-
tures.

The iron melting temperatures as determined by shock
temperatures are substantially higher than the extrapola-
tion of Boehler’s melting line, but appear to be consistent
with that of Williams et al. The data of Williams et al.
interpret the 200 and 243 GPa anomalies as the &- to -
iron transition and the y- to liquid iron, respectively;
whereas, in Boehler’s data the transition at 200 GPa
could be explained in terms of a transition from the &
phase to a new a' (bcc) phase which has been proposed
theoretically by Ross, Young, and Grover [30], except
that Boehler’s temperatures are significantly lower. How-
ever, Saxena, Shen, and Lazor [5] have suggested that
the a' phase appears at low temperatures, which means
there must be an additional phase at high temperatures to
explain the 200 GPa shock anomaly point [6]. Recently,
a molecular dynamics simulation by Matsui [31] has
shown that iron transforms from the & phase to a bcc
phase at 300 GPa and 5000 K with a 0.5% volume de-
crease.
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FIG. 3. Iron phase diagram based on this work (solid circles)
and previous laser heating works [2-5,28,29]. The theoretically
proposed a' (bcc) phase whose phase line coincides with the
shock anomaly pressure at 200 GPa (open square [6]) is also
reproduced (dotted line) [30]. The recently discovered new
phase boundaries in what has been believed to be the e-phase
stability zone are also reproduced by dashed [4] and dotted [5]
lines. The & phase also occurs along the low pressure melting
line between 1650 and 1800 K at 0 GPa, but is not shown in the
figure for clarity.

The major result of this work is an experimentally
determined melting point for iron at 235 GPa and 6350 K
and an estimated upper bound for the Earth’s IOB tem-
perature 6830 K £ 500 K at 330 GPa. However, a major
discrepancy exists between the shock and static melting
data. For example, Boehler’s static melting temperatures
are sufficiently lower than those determined by shock
temperatures, which would mean that the Hugoniot
points reported here and two shock anomalies reported
previously [6] are in the liquid phase, which is unlikely.
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