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Abstract

The electrical conductivity of shock-compressed iron was measured up to
208 GPa by using an improved sample assembly in which the iron sample
is encapsulated in a single-crystal sapphire cell. = High-pressure shock
compressions were generated by plate impact with a two-stage light-gas
gun. The measured conductivity of iron varies from 1.45 x 10* Q' cm™!
at 101 GPaand 2010 K, to 7.65 x 10° Q! cm™! at 208 GPa and 5220 K. After
analysing these data together with those reported previously, we found that the
Bloch—Griineisen expression is valid for e-iron in the pressure and temperature
range up to 208 GPa and 5220 K.

(Some figures in this article are in colour only in the electronic version)

1. Introduction

The electrical conductivity (o) of the earth’s liquid outer core is a crucial parameter to
investigate the geomagnetic field origination [1, 2]. If we assume the values of ... can
be approximated by those of the major core constituent of Fe, the experimental results of o for
solid and, in particular, for liquid Fe at high pressures can be used as the basic input to construct
the geomagnetic dynamo model. On the other hand, the high-pressure electrical conductivity
of metals is also significant for shock temperature measurements. Theoretically, the high-
pressure thermal conductivity K of metals is connected with the electrical conductivity o
via the Wiedemann—Franz formula. Due to the difficulty in measuring high-pressure electric
conductivity for metals, experimental data have rarely been reported. Though the Bloch—
Griineisen expression was once used to estimate the electrical conductivity for metals under
shock compression [3], the validity of it at megabar shock pressures is yet lacking in direct
experimental verification.

The electrical conductivity of iron and its alloys has been measured previously, limited to
a shock pressure below ~140 GPa [4-8], and all of the o data fell inside the solid phase region.
In those sample assemblies, epoxy resin is used to fill the gap around the sample between the
alumina plates, used as insulators, to minimize the shunt effect. Because the shunting effect of
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Figure 1. The assembly for measuring conductivity.

epoxy resin would emerge under high-pressure shock compression over ~50 GPa, the og. thus
obtained will be higher than the actual values under such pressure conditions. The purpose
of this paper is to modify the sample assembly design, so as to measure og, reasonably at
pressures above 50 GPa, and to test the validity of the Bloch—Griineisen formula in a wider
pressure region.

2. Experimental details

To avoiding the shunting effect, a thin sapphire disc with a rectangle hole is used to hold
the sample in our experiments. Single-crystal sapphire has a high impedance and is a good
insulator under shock compression up to 200 GPa [9]. The iron sample is manufactured to
have the same geometry as that of the hole and is enclosed entirely in the sapphire cell, as
shown in figure 1.

The rectangular iron sample used in the experiments has a high purity 0f 99.99%;,is 0.5 mm
thick, 32 mm long and 4 mm wide, and is embedded in sapphire disc 2. The iron sample and
the sapphire discs are then sandwiched to form the sample assembly. For the thicker back
sapphire disc, four small holes are drilled for holding electrodes. The two inner electrodes,
separated 15 mm between their centres, are used for the output voltage measurement. The
two outer ones, separated 27 mm between their centres, are used for constant current input.
These electrodes are fabricated by casting molten indium into the drilled holes to make a better
contact with the iron sample.

A two-stage light-gas gun is used to accelerate the flyer plate either made from tantalum or
from copper to the desired velocity, which then impacts onto the sample assembly to produce
a high-pressure shock wave in the sample. In the experiments, the flyer velocities are from
4.05 to 6.18 km s~!. As the shock wave propagates from the front sapphire disc into the iron
sample and then into the back sapphire disc, it should produce multiple reflections between
the front sapphire/iron and the iron/back sapphire interfaces, and finally reach an equilibrium
pressure in the iron sample equal to approximately the initial shock pressure in the sapphire
discs. The pressure and particle velocity in the iron sample could be calculated using the
standard impedance matching method [10]. The uncertainty in equilibrium pressure obtained
using the above method is ~1%. The Hugoniot parameters used for the impedance matching
calculations are listed in table 1.

The four-electrode method [9] is used to measure the electrical conductivity. When the
pulsed constant current flows through the shocked iron sample, the voltage difference between
the two inner electrodes will be recorded. A typical experimental record at 101 GPa is shown
in figure 2. The calculated pressure profiles at the front and back surface of the iron sample
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Figure 2. A typical record of AV for o measurement of iron under shock compression. A calculated
pressure history in iron is also illustrated as a reference for judging AV, at the equilibrium level.

Table 1. Hugoniot parameters used in calculations [11].

Material  Initial density (g em™3)  C(kms™') S Y0

Fe 7.853 3.94 1.584  1.94[12]
AlLO3 3.986 8.74 0.957  1.32[13]
Ta 16.65 3.31 1.306  1.80 [10]
Cu 8.931 3.98 1.460  2.00[10]

are also shown in figure 2, in which the time at which the first shock wave arrives at the front
surface of the iron sample is chosen as the zero time point. The output voltage signal decreases
rapidly at first due to shock-induced demagnetization of the iron sample resulting from the «—¢
transition. The negative demagnetization pulse persists for about 0.2 us; it then attenuates and
gradually drops to a normal level. Since the electrical impedance is not perfectly matched in
our recording system, the amplitude of the demagnetization signal vibrates around the normal
level for about 0.8 us.

Electrical conductivity o is deduced from the experimental record according to Ohm’s
law. For the one-dimensional geometric configuration of our sample assembly and the one-
dimensional shock compression process, we assume that the length and width of the sample
is unchanged during the shock compression. The electrical conductivity of the final state op
can be calculated from

L

OF = —Q——————_
RrXZ(vr/vo)

ey
where Ry is the electrical resistance at equilibrium state. L is the distance between the centres
of the two inner electrodes from which the output voltage is recorded. X and Z are the
width and thickness of the sample, respectively. vr/vg is the ratio of the specific volumes
of the equilibrium state to the initial zero-pressure state of the sample, which is calculated in
a way similar to that of Matassov [8], details of which were described elsewhere [14]. For
constant current condition, we have Rrp/Ry = AVyr/AV,, where AVp and AV, denote the
voltage difference between the two inner electrodes at the equilibrium state and the initial state,
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Figure 3. Electrical conductivity versus equilibrium pressure (Pequi1) for iron.

Table 2. Electrical conductivity of shocked iron.

Flyer velocity  Initial pressure  Equilibrium Electrical conductivity
(kms™h) (GPa) pressure (GPa)  vp (em? g’]) @ 'em™h
Cu/4.052 115.5 101.1 9.326 x 1072 1.45 x 10*

Cu/5.389 173.4 146.7 8.842 x 1072 6.57 x 10°

Ta/6.183 254.0 208.0 8.438 x 1072 7.65 x 10°

respectively. Equation (1) then reduces to
or = (AVo/AVF)(vo/vF)op. 2

3. Results and discussion

The experimental results of the electrical conductivity of iron are listed in table 2 and plotted
in figure 3. It shows that our o data are much lower than those of Keeler and Royce’s [7] above
100 GPa. This is consistent with the improvement of the modified sample assembly design
due to the elimination of the shunting effect. At the highest pressure point, the initial shock
pressure in iron reaches 254 GPa, and shock-induced melting occurs with a molten fraction x
of iron about 0.7 at the equilibrium state, which is calculated using a method similar to that of
Tan and Ahrens [15] and Tan [16].

Although a dramatic decrease in o would generally be expected when shock melting takes
place, it does not happen in our experiment. The sole data point in the melting state is consistent
with the general trend of the data in the solid phase region.

Generally, when T > (.50, the electrical conductivity of the metal can be described by
the Bloch—Griineisen formula as [17]

4A0?
7= BT &
where T is the Kelvin temperature, ® is the Debye temperature, A is the atomic weight and B
is a material constant. Using the definition of the Griineisen parameter

din®
dlnv’

y() =— 4)
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Table 3. Parameters for the reference point 01 of iron.

Phoi (GPa) Py (GPa) v (em® g71)  To (K)  yoi®  oo1 (@7 em™h)

473 44.4 0.104 728 153 275 x 10*

Electrical conductivity o is connected with 7" and v by

o T vy
—_— = — exp[—Z/ - dvi| (5)
oo1  Tor vy U

where the subscript 01 denotes areference point. In deducing equation (5) the phase transition is
not considered. When using equation (5) to estimate the high-pressure electrical conductivity,
the reference point 01 must be chosen in the same phase region.

The a—e¢ transition takes place at 13 GPa for iron and is complete at 40 GPa [19]. Above
40 GPa, iron remains in the ¢ phase until shock melting occurs at about 240 GPa. Between
13 and 40 GPa, iron is shocked into a mixed-phase region. Therefore, we chose Keeler’s o
datum at 44.4 GPa as the reference point, which is just above the o—¢ transition boundary. Also
the epoxy resin is still a good insulator at pressures below 50 GPa, which is used as padding
around the sample in Keeler’s experiment. Parameters about the reference point of iron are
listed in table 3.

For g-iron y, = 1.7(,00/,0)0'7, where pg = 8.28 g cm 3 [19]. The temperature at the
equilibrium state can be calculated from the initial shock temperature Ty along the isentropic
path to the final pressure, and the Ty of iron is fitted from Anderson [19]. As illustrated in
figure 3, the electrical conductivity for iron calculated from equation (5) is consistent with our
experimental results, demonstrating that the Bloch—Griineisen formula holds true for e-iron at
pressures and temperatures of 208 GPa and 5220 K.

4. Conclusion

It has been shown that the drilled sapphire disc configuration developed in this paper for
electrical conductivity measurements of metals under strong shock compression can success-
fully eliminate the shunting effect caused by the previously used epoxy resin filler insula-
tor, at least from ~50 to 200 GPa. The measured electrical conductivity data varies from
1.45 x 10* Q' em~! at 101 GPa and 2010 K, to 7.65 x 10°> Q' cm~! at 208 GPa and
5220 K. By examining our data and Keeler’s data, we found that the Bloch—Griineisen relation
holds true for e-iron at pressures and temperatures up to 208 GPa and 5220 K, which is very
significant in studies of condensed matter physics and deep interior earth science. These results
can be applied to estimate the conductivity within the earth’s core, as iron is being proposed
to be the major core constituent, especially for the solid inner core. Also it is of significance,
in turn, to investigate the thermal and geomagnetic dynamo models of the earth’s core.
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