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We determined the electrical resistivity of liquid Fe to 135 GPa and 6680 K using a four-probe method in
a diamond-anvil cell combined with two novel techniques: (i) enclosing a molten Fe in a sapphire capsule,
and (ii) millisecond time-resolved simultaneous measurements of the resistance, x-ray diffraction, and
temperature of instantaneously melted Fe. Our results show the minimal temperature dependence of the
resistivity of liquid Fe and its anomalous resistivity decrease around 50 GPa, likely associated with a
gradual magnetic transition, both in agreement with previous ab initio calculations.
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Introduction.—The physical properties of iron (Fe)
under various pressure-temperature (P − T) conditions
are interesting to study because of its geoscientific impor-
tance, various polymorphisms, and its puzzling electronic
and magnetic behavior (e.g., [1–4]). Dense liquid Fe holds
rich predictions regarding its electrical and magnetic
properties. A semitheoretical deduction proposed a con-
stant electrical resistivity (ρ) (the reciprocal of electrical
conductivity) of Fe of about 120 μΩ cm along its melting
curve, resulting in the low electrical and thermal conduc-
tivities of the Earth’s outer core composed of liquid Fe
alloy [5,6]. Subsequent to these legendary works, ab initio
electron-phonon scattering calculations based on density
functional theory (DFT) [7,8] showed that the electrical
resistivity of liquid Fe under the Earth’s outer core
pressures (136–330 GPa) is much lower than previously
thought [5,6], which accelerated the reconsideration of the
high P − T transport properties of Fe (and its alloys) and
the Earth’s thermal history (e.g., [9,10]). As is the case for
many metals, including Fe, the temperature dependence of
the resistivity of the molten metal is smaller than that of the
solid phase(s) (Fig. S1 [11]), which may also be true even at
a pressure of 136 GPa [7]. Electron-electron scattering in
liquid Fe, which was not considered in Refs. [7,8], is
predicted to be negligible under core conditions based on
the DFT plus dynamic mean field theory (DMFT) method
applied to solid Fe phases [52], but estimates of the
magnitude of the effect of electron-electron scattering in
solid Fe vary among previous studies [52–54]. In addition,
the paramagnetic to diamagnetic transition of liquid Fe is
theoretically predicted to be accompanied by an anomalous
decrease in the isothermal resistivity of liquid Fe in the
range of 20–50 GPa [55].

The high P − T experiment beyond the megabar pres-
sure provides a critical test of the above theory-based
predictions regarding the electrical properties of dense
liquid Fe. However, experimental data on the electrical
resistivity of liquid Fe at high pressures are sparse com-
pared to those on solid phases. Because of the high fluidity
and chemical reactivity of molten Fe, it has been difficult to
conduct experiments in a high-pressure apparatus while
maintaining the geometry and purity of the Fe sample. In
1989, Secco and Schloessin [56] first reported the resis-
tivity of liquid Fe up to 7 GPa measured in a cubic anvil
press (i.e., a large volume press). Similar experiments have
collected more data up to 24 GPa, but with less consistency
among them [57–61]. A laser-heated diamond-anvil cell
(DAC) study showed the resistivity of liquid Fe at 26 and
51 GPa, but was subject to uncertainty due to possible
changes in sample geometry during melting [62]. No shock
compression experiments have measured the resistivity of
liquid Fe. Therefore, to date, experimental data for the
resistivity of liquid Fe up to 51 GPa and 2900 K [62] can be
refered to, where the P − T conditions and data accuracy
are insufficient to verify the theory-based predictions
mentioned above [5,7,8,52–55]. Technical improvements
were needed to measure the electrical resistivity of molten
metal at higher pressures.
In this Letter, we present the experimental determination

of the electrical resistivity of liquid Fe up to 135 GPa and
6680 K, made possible by the introduction of two novel
techniques combined with a four-probe resistance meas-
urement in a DAC (Figs. S2 and S3 [11]). The first, which
we call the sapphire capsule method, is the resistance
measurement technique for a liquid Fe sample encapsulated
by a sapphire single crystal in a DAC combined with a laser
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and internal resistance hybrid heating system (Fig. 1 and S4
of Ref. [11]). This technique aims to keep the geometry of
the Fe sample unchanged during melting and to minimize a
temperature gradient inside the sample. The latter, the
instantaneous resistance detection method, simultaneously
measures the electrical resistance, x-ray diffraction (XRD),
and temperature of Fe instantaneously melted by a single
high-power laser shot on a millisecond timescale (Fig. 2
and movie S1 in the Supplemental Material [11]), which
aims to detect the liquid Fe resistance before the sample
geometry changes. A total of nine separate runs using either
of these methods were performed at BL10XU of SPring-8.
Results.—The sapphire capsule method was used in three

separate runs conducted at approximately 40 and 70 GPa
(Table S1 [11]). In run No. 1, we compressed the sapphire
encapsulated Fe sample to 44 GPa at 300 K and then
performed simultaneous high P − T resistance and XRD
measurements to melting conditions (Fig. S5 [11]). The
XRD peaks of ε-Fe and sapphire were observed at 300 K,
and the transitions from ε to γ and from γ to liquid were
confirmed during heating [Fig. 1(a)]. The measured resis-
tance showed a jump over melting, as repeatedly shown in

previous studies (e.g., [56]). At the melting temperature of
2460 K at about 40 GPa, the resistance jump across melting
was 21.7% [Fig. 1(b)]. We then performed another run
(run No. 2) at an initial pressure of 44 GPa to confirm the
reproducibility of the first run. We again observed the phase
transition sequences and the corresponding resistance jump
same as in run No. 1, and were able to obtain the diffuse
scattering signal from the liquid, demonstrating sample
melting [Figs. 1(a) and 1(b)]. The temperature response of
the resistance in the second run was slightly different from
that in run #1 in a temperature range between 2100 and
2400 K, which is due to a sluggish phase transition from ε
to γ depending on the pace of temperature increase [63]
(Table S1 [11]). The third set of experiments (run No. 3)
was performed around 70 GPa. Similarly, we observed the
jump in resistance when the XRD peaks of γ-Fe disap-
peared [Fig. 1(c)].
After temperature quenching, the sample resistance

showed the same value as before heating, and no additional
XRD peaks other than those of Fe and sapphire were
detected. Importantly, we did not find any change in the
sample geometry aftermelting under amicroscope [Fig. 1(c)
insets]. Furthermore, the melting temperatures found in the
present experiments are consistent with a melting curve of
Fe [64] (Fig. S5 [11]). These facts guarantee no change in
sample geometry during melting and no chemical contami-
nation from the surroundings (sapphire and diamond anvils)
during the heating experiment, hence the reliability
of the obtained resistivity of pure liquid Fe. Although we
attempted to recover the sample to ambient conditions, the
sapphire capsule is hard but brittle, so the capsule and the Fe
sample were smashed up.
The instantaneous resistance detection method was used

to perform six separate runs over a pressure range of 42 to
135 GPa (Table S2 [11]). The core of this method is high-
speed, simultaneous measurements of XRD in 1 ms,
sample resistance in 2.25 ms, and temperature in 10 ms.
During the synchronized data acquisition, the Fe sample
was melted by a double-sided laser heating for a short
period of time, about 1–6 s (movie S1 [11]). The short-time
laser heating allowed us to reach temperatures well above
the melting temperature of Fe (Fig. S5 [11]).
Figure 2 shows representative experimental data for

which we started heating at 61 GPa (run No. 4). The high-
power laser shot heating began approximately 1.102 s after
the start of the synchronized data acquisition (t ¼ 0 in
Fig. 2) and continued for approximately 3 s, resulting in a
P − T condition of 105 GPa and 5200 K at t ¼ 1.125 s,
much higher than the melting point of Fe [Fig. 2(a) and
S5 [11] ]. No XRD peaks of solid Fe were observed at
t ¼ 1.125 s, indicating melting (Fig. S6 [11]). The mea-
sured resistance responded to sudden temperature changes
by turning the laser beam on and off; a jump in resistance at
the beginning of heating (t > 1.102 s), a gradual increase
during melting (t > 1.125 s), and a slight drop followed by

FIG. 1. Sapphire capsule method: (a) representative XRD
patterns; (b),(c) electrical resistance normalized by the resistance
at 300 K; and [(c) inset] photographs of the Fe sample taken
through the diamond anvil before and after melting. Asterisks
indicate sapphire diffraction peaks. Blue symbols, ε-Fe; open
symbols, γ-Fe; half-filled symbols, mixture of ε and γ phases; red
symbols, liquid Fe.
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a large jump when the laser was turned off (t > 4.144 s).
The sample geometry obviously changed after the laser
heating for about 3 s [Figs. 2(b)–2(d)], and Fig. S7 [11] ]. In
fact, after temperature quenching, the sample resistance did
not return to its preheating value, which should be the result
of sample deformation and possible chemical reaction
during melting.
Figure 2(e) is a close-up of Fig. 2(a) in a time range from

t ¼ 1.080 to 1.180 s. We confirmed the Fe melting by the
disappearance of the XRD peaks of Fe at t ¼ 1.125 s
(Fig. S6 [11]), and obtained its resistance at the same time.
We took this resistance datum as the resistance of liquid Fe
at 105 GPa and 5200 K, considering that the sample
deformation and chemical reaction had not yet occurred
at this time (Supplemental Material [11]). The data after
t ¼ 1.125 s are not used because of possible changes in
sample geometry and chemical reactions. Other runs
(runs No. 5–No. 9) showed the different time evolution
of the measured resistance, which can be attributed to the
extent and timing of the sample deformation and reaction
(Fig. S8 [11]). As in run No. 4, we obtained the electrical
resistance of liquid Fe at a time within 1 ms immediately
after melting at 42, 49, 65, 79, and 135 GPa (Table S2 [11]).

The electrical resistivity of liquid Fe at high pressures.—
The obtained resistance data for liquid Fe are converted to
its high P − T resistivity (Fig. 3). Our experiments provide
the experimentally constrained resistivity of liquid Fe to
more than two times higher pressures than in previous
experiments [56,57,59–62,65,66]. We confirmed that the
temperature dependence of the resistivity of liquid
Fe is smaller than that of solids at about 40 and 70 GPa
[Figs. 3(a) and 3(c)]. de Koker et al. [7] showed that the

FIG. 2. Instantaneous resistance detection method: (a) Repre-
sentative time (t) series of temperature and resistance (normalized
by room-T resistance at t ¼ 0.000) data obtained in run No. 4, in
which the maximum P − T condition was 107 GPa and 5200 K.
(b)–(d) Photomicrographs of a sample chamber viewed through a
diamond anvil before, during, and after laser heating. (e) Close-
up view of (a) in t ¼ 1.080–1.180 s. The Fe phase(s) at each time
is identified from XRD measurements every 1 ms. Red rectangles
indicate time windows of temperature measurements with 10 ms
of exposure time.

FIG. 3. Temperature dependence of the resistivity of Fe at
(a) ∼40 GPa (runs No. 1, No. 2, and No. 5), (b) ∼49 GPa (run
No. 9), (c) ∼70 GPa (runs No. 3 and No. 6), (d) ∼79 GPa (run
No. 7), (e) ∼105 GPa (run No. 4), and (f) ∼135 GPa (run No. 8).
Red and white symbols represent the present data for the
resistivity of liquid and solid Fe, respectively. Black diamonds,
circles, and squares are our previously reported resistivities of
Fe [62,70]. Black and blue lines indicate the resistivities of ε-Fe
predicted by the Bloch-Grüneisen formula and the resistivity
saturation model [Eq. (1)], respectively [62]. The green and light
blue lines and the yellow triangle show the resistivity of liquid Fe
based on ab initio calculations [7,8,73]. Plus, and cross symbols
indicate the liquid Fe resistivities calculated from spin-polarized
the Perdew-Burke-Ernzerhof (PBE) formulation and spin-
degenerated PBE, respectively [55]. To calculate the pressures
at which the computations are performed as a function of density,
we used an EOS of liquid Fe [74].
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resistivity of liquid Fe does not follow the resistivity
extrapolated by the Bloch-Grüneisen formula for solid
Fe, and the present results observed the similar behavior.
We previously observed thermally driven “resistivity
saturation” in ε-Fe up to 157 GPa [62] [Figs. 3(d)–3(f)];
the resistivity of the metal asymptotically approaches
the “saturation” resistivity (ρsat) with increasing tempera-
ture [67,68]. For pure solid metals, the temperature
dependence of the electrical resistivity, including the
resistivity saturation effect, is expressed empirically by
the shunt resistor model [69]:

1

ρtot
¼ 1

ρBG
þ 1

ρsat
; ð1Þ

where ρtot is the total electrical resistivity, and ρBG is the
resistivity calculated from the Bloch-Grüneisen formula.
Saturation is also observed in liquid metals, and ρsat may be
slightly higher than in solids because of the reduction of the
mean free path of electrons due to melting. In previous
experiments, the resistivities of liquid Fe were found to be
10%–35% higher than those of solid Fe [62,70], which is a
natural consequence of the loss of long-range order of
atomic coordination due to melting, resulting in a shorter
mean free path of electrons [Figs. 3(b) and 3(d)–3(f)]. We
directly determined the magnitude of a resistance jump
across melting at about 40 and 70 GPa to be 22%–28% and
18%, respectively [Figs. 1(a) and 1(c)]. According to
previous theoretical calculations [71,72], the resistivity
contrast across the ε-liquid boundary was predicted to
gradually decrease by about 10% with increasing pressure
towards 330 GPa, the pressure of the Earth’s inner core
boundary.
The resistivity of liquid Fe obtained at 135 GPa and

6680 K agrees well with estimates based on ab initio
calculations [7,8,55,73], as do other present results above
70 GPa [Figs. 3(c)–3(f)]. These theoretical studies calcu-
lated only electron-phonon scattering, while different
scattering mechanisms (interactions of electron-phonon,
electron-magnon, electron-electron, and electron-lattice
defects) should have contributed more or less to the present
experimental data. Therefore, the fact that our experi-
mental results are in agreement with these calculations
indicates that the effect of electron-phonon scattering is still
dominant under the present experimental P − T conditions.
Pourovskii et al. [52] applied the DFT and DMFT calcu-
lations to Fe and concluded that thermal disorder sup-
presses the non-Fermi-liquid behavior of α-Fe, which
reduces the electron-electron scattering at high tempera-
tures, which is likely to be the case for liquid Fe as well.
We estimated the resistivity of liquid Fe along its melting

curve from the present data and the temperature depend-
ence of the resistivity of liquid Fe proposed by de Koker
et al. [7] (Fig. 4 and Table S3 of [11]), showing that the
resistivity of liquid Fe at the melting point decreases from

1 bar to about 5 GPa (corresponding to the triple point of
δ − γ–liquid), remains almost constant at 120 μΩ cm up to
40 GPa, and then shifts to a value as low as the theoretical
calculations of about 70 μΩ cm [7,8,55,73]. Stacey and
Anderson [5] previously estimated the electrical resistivity
of the Earth’s core by assuming that the resistivity of liquid
Fe is constant along its melting curve. This assumption is
only valid in a pressure range from 5 to about 40 GPa, and
therefore they overestimated the resistivity in the core
pressure range (>136 GPa). For Mars and smaller terres-
trial bodies in our solar system, the resistivity of liquid pure
Fe at their core conditions is about 120 μΩ cm, which is the
lower limit of the core resistivity (note that the cores should
contain some impurity elements that increase the resistiv-
ity). On the other hand, for the Earth, and probably Venus if
its core is liquid [75], the lower limit of their liquid core
resistivity is about 80 μΩ cm (Fig. 4). Such a nonlinear
pressure dependence of the resistivity of liquid Fe, as
revealed by experiments, must be taken into account in the
estimates of the conductivity of planetary metallic cores.

FIG. 4. The resistivity of liquid Fe along the melting curve. Red
symbols indicate the resistivity of liquid Fe determined in this
study. Our data (red circles) were calculated from the measured
values and the temperature dependence of the liquid Fe resistivity
proposed by Ref. [7] [Figs. 3(b)–3(f)]. The resistivity of liquid Fe
at 1 bar is shown as a black circle [76]. Smaller circles show the
experimentally determined resistivities of liquid Fe in large
volume presses (light blue, [56]; orange, [59]; pink, [60]; navy,
[61]). Crosses are the resistivities of liquid Fe from our previous
study [62]. Pentagon symbol indicates the liquid Fe resistivities
calculated from the spin-polarized PBE [55]. The black line
shows the invariant resistivity predicted by Ref. [5]. The red curve
is based on Ziman’s approximation [72]. The bars at the top of the
figure show the pressure ranges of the cores of the Earth, Mars,
and Mercury [77,78].
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The lack of agreement between experiment and theory
on the resistivity of liquid Fe at low pressures (even 1 bar)
has been a long-standing problem. Indeed, the present
results do not agree with the results of ab initio calculations
at low pressures below 49 GPa, but become more harmonic
with increasing pressure (Fig. 3). Korell et al. [55] inves-
tigated the effect of magnetism on the electronic state of
liquid Fe by spin-polarized DFT-based simulations using
the Kubo-Greenwood equation and showed that spin
polarization must be taken into account at relatively low
pressures, in order to reconcile ab initio calculations with
experiments. In addition, they [55] showed the gradual
magnetic transition between 20 and 50 GPa along the
3700 K isotherm, which is accompanied by a decrease in
the resistivity. The decrease in the liquid Fe resistivity
observed in this study between ∼40 and ∼70 GPa could be
a consequence of the magnetic transition in liquid Fe as
predicted by Korell et al. [55] (Fig. 4).
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