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We present a novel technique for controlling oxygen fugacity, which is broadly used to in-sifu measure the electrical
conductivities in minerals and rocks during diamond anvil cell experiments. The electrical conductivities of olivine are
determined under controlled oxygen fugacity conditions (Mo—MoO,) at pressures up to 4.0 GPa and temperatures up
to 873 K. The advantages of this new technique enable the measuring of the activation enthalpy, activation energy, and
activation bulk volume in the Arrhenius relationship. This provides an improved understanding of the mechanism of
conduction in olivine. Electrical conduction in olivine is best explained by small polaron movement, given the oxygen

fugacity-dependent variations in conductivity.
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1. Introduction

In-situ laboratory determinations of the electrical conduc-
tivities of minerals and rocks at high pressures and temper-
atures are the most robust and simple way to investigate the
compositions, natures, and states of minerals in Earth’s deep
interior.['?l Such measurements are typically combined with
magnetotelluric (MT) and geomagnetic deep sounding (GDS)
to ascertain the mineral and chemical composition, thermo-
dynamic state, presence, and distribution of water, and partial
melting processes within the Earth.[>-191 Notably, the effect of
oxygen fugacity on the electrical properties of a sample is far
greater than those of temperature, pressure, and other factors
in high temperature—pressure conductivity experiments, [!1-13]

In conventional conductivity experiments, oxygen fugac-
ity control can be achieved by manipulating the gas buffer
proportions.[' However, this method is only applicable to
experimental devices at lower working pressures, such as pis-

(15,161 Subsequently, a method of control-

ton cylinder presses.
ling oxygen fugacity with a solid oxygen buffer was used
in high-pressure measurements. Xu et al.['”'8] proposed
a new method of controlling the oxygen fugacity by using
an Mo+MoO,; (MMO) solid buffer in a multi-anvil appara-
tus, and successfully determined the electrical conductivity
of (high-pressure) olivine. More recently, Dai et al.l'%-%]
used various solid buffers (i.e., FezO04+Fe>,O3, Ni+NiO,

Fe+Fe3;04, Fe+FeO, Mo + MoO») on a YJ-3000t multi-anvil

DOI: 10.1088/1674-1056/ab5934

press to determine the conductivity of lherzolite, peridotite,
and polycrystalline and hydrous olivine under controlled oxy-
gen fugacity condition. Although the use of sintered diamond
as a secondary anvil can attain lower mantle pressure condi-
tion (~ 80 GPa; < 2000 K),[24’25] most multi-anvil appara-
tus are suitable for being used under condition of the upper
mantle (~ 28 GPa; < 2500 K).!2°! Hence, diamond anvil cells
(DAC) are used to attain high pressures that reach core—mantle
boundary conditions.?”) Furthermore, very high temperatures
(<4000 K) can be obtained with a DAC equipped with a laser
heating system (LH-DAC). Combined with other experimental
methods, the DAC set-up is used to mimic the temperature—
pressure conditions of Earth’s interior and measure the physi-
cal properties of typical mantle minerals.[?8-31]

However, conductivity testing with a DAC may introduce
relatively large systematic errors as a result of the following
three factors. (i) The sample chamber is only hundreds of mi-
crons in size and the oxygen fugacity control method used in
conventional multi-anvil press experiments is not suitable. As
such, previous DAC mineral conductivity experiments have
rarely considered the effects of oxygen fugacity.3>33 (ii) Un-
certainties exist in the sample thickness. Deformation of di-
amond and sealing gaskets make it difficult to measure the
thickness of the sample. (iii) Electrical conductivity in a DAC
experiment is typically measured by placing a thin metal wire
electrode in the sample chamber, [** but the shape and position
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of the electrode wires cannot be fixed during pressure loading.

Given these limitations and inspired by the successful
oxygen fugacity control in large-volume multi-anvil experi-
ments, we have developed and presented a novel technique
to control the oxygen fugacity in DAC experiments and con-
duct the completely accurate conductivity measurements. We
use magnetron sputtering and thin-film micro processing tech-
nology to facilitate in situ oxygen fugacity control at high
pressures and temperatures. Using this approach, we measure
the conductivity of anhydrous olivine and compare the result
with those previously measured. Our new technique is broadly
applicable to conductivity measurements under high pressure
andtemperature conditions of the deep Earth.

2. Materials and methods
2.1. Sample preparation

The olivine samples were obtained from the Damaping
area of Hebei Province, China. The olivine was handpicked
and then ground into powder in agate. Then, the powder sam-
ples were baked in a 393-K baking oven for 24 h to com-
pletely eliminate the adsorbed water in the whole assemblage.
The chemical composition of the sample was determined by
energy dispersive spectrometry (Fig. Al in Appendix A) and
is listed in Table 1. Subsequently, Fourier-transform infrared
spectroscopy (FTIR) was used to verify the anhydrous nature
of the sample prior to the conductivity measurements. The
FTIR spectrum of olivine is shown in Fig. A2 (in Appendix A).
The olivine water content was < 1 ppm, which we refer to as
“anhydrous” olivine.

Table 1. Major chemical compositions of olivine material.

Composition SiO, AlbO3 FeO MgO CaO Na,O KO Total

Content/wt% 40.26 0.75 3.99 54.68 0.21 0.02 0.09 99.81

2.2. Experimental method

The experiments under high pressures and temperatures
were performed with the new DAC device as shown in
Fig. 1(a).
in the DAC. One was located inside the groove of the plate

Two ceramic resistance-heating rings were used

seat, and the other was located on the platform of the spher-
ical seat. An external water cooling system was introduced
to avoid pressure loss caused by heated DAC. The DAC was
placed inside a vacuum chamber during the measurement. Fig-
ure 1(b) is the schematic diagram of the vacuum device. This
vacuum system effectively suppresses the oxidation of the di-
amond anvil, and improves the temperature range of the ex-
periment. At the same time, the vacuum environment mini-
mizes the effect of thermal exchange and thermal convection
of air, improves the effective utilization of heat, and reduces
temperature measurement error. High pressure was generated
by using a DAC with a 400-pum-diameter anvil culet. Pressure

was measured by the ruby fluorescence method. No pressure-
transmitting medium was used to avoid an additional error
from the electrical measurements.

(b)

Fig. 1. (a) Section view of high pressure/high temperature DAC, and (b)
schematic diagram of vacuum device.

To fabricate the microcircuit on the diamond anvil, we
adapted the Gao et al.’s method!®! A mixed film of Mo and
MoO,; was sputtered on the face of the diamond anvil to form
electrodes. The sputtering power was 90 W and the cham-
ber working gas pressure was 1.0 Pa. The flow ratio of
Ar to O was 1.6:30. The film was then integrated into a
two-electrode configuration microcircuit through photolithog-
raphy. After the preparation of the electrical circuit, an alu-
mina layer (Al,O3) was deposited on the circuit. This acted
as an electrical and heat insulator and surrounded the micro-
circuit. A detection window was made in the center of the
culet by removing the covering alumina, which kept the film
electrode contacting the sample. The anvil and electrode con-
figuration are shown in Figs. 2(a) and 2(b).

We developed a complex gasket, which is a metal gasket
with an oxygen fugacity buffering ring and insulating gasket
material as shown in Fig. 2(c). An Re tablet was used as the
gasket. The gasket was pre-indented to 50 um in depth. A
hole with a diameter of 250 pm was drilled into the middle
of the indentation. High-purity Mo and MoO, powders were
packed into the hole and mixed uniformly according to the
weight rate given from buffering equilibrium equation (i.e.,
86-wt% Mo+-14-wt% MoQO;). After being firmly pressed, a
new hole that is 150 wm in diameter was obtained in the cen-
ter of the mixed powder. This cylinder of mixed Mo and MoO»
powder forms a sealed atmospheric environment that controls
the partial oxygen pressure in the sample chamber. In order to
insulate the gasket from the electrodes on the anvils, BN pow-
der was placed in the hole and compacted into a hole-shaped
piece, which a smaller hole with 100 um in diameter was then
drilled into, resulting in a sample chamber. Figure 2(c) shows
a cross-sectional view of the DAC. After measuring the elec-
trical conductivity, the buffer was analyzed by x-ray diffrac-
tion (Fig. 3) to check whether Mo and MoO, are existent, and
the results show that the oxygen fugacity in the sample cham-
ber was fully controlled. We used Pt as a test electrode for a
comparative experiment without oxygen fugacity control. Fig-
ures 2(d) and 2(f) show a photograph and schematic of the
anvil with a Pt electrode, respectively.
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Fig. 2. (a) Schematic diagram of film microcircuit on diamond anvil cell, (b) photograph of electrode corresponding to panel (a), (c) config-
uration of composite insulating gasket, (d) photograph of Pt electrode, (e) cross-section of DAC showing Mo + MoO; film electrode, and (f)

cross-section of DAC showing Pt electrode.
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Fig. 3. X-ray diffraction pattern confirming Mo and MoO, buffer exist-
ing after conductivity has been measured.

A Solartron-1260 impedance/gain-phase analyzer was
used to record the impedance spectrum. This was operated
with a signal voltage of 1 V at frequency ranging from 10~! Hz
to 107 Hz. Temperature was varied in steps of 50 K, with the
electrical conductivity being measured at each step. For the
sample thickness measurements it was assumed that the dia-
mond deformation was elastic and so was it during loading
and unloading. If the gasket undergoes entirely plastic defor-
mation, then the thickness of the sample (¢) at each pressure
during compression is

t = Ly + Jp, (1

where Ly, is the sample thickness at maximum pressure and 8p

is the difference in thickness between loading and unloading

for each pressure. 637!

3. Experimental results

In-situ measurements of the complex impedance of
olivine are carried out at 1.0 GPa—4.0 GPa and 573 K-873 K.
Figures 4(a) and (b) show the complex impedance curves of
olivine obtained with Pt and Mo-MoO, electrodes, respec-
tively. In Fig. 4(a), it is evident that the impedance arc di-
ameter and impedance decrease markedly with temperature
increasing and, as such, the electrical conductivity increases.
The temperature dependence of the impedance arc diameter
with the Mo—MoQ; electrode is similar to that with the Pt elec-
trodes, apart from the size of the change. We find that the resis-
tance of olivine measured with the Mo—MoQO, film electrodes
is significantly smaller than that measured with Pt electrodes.
The grain interior resistance is determined from a model of the
electrical response, with the equivalent circuit of resistance (R)
and a non-ideal constant-phase element (CPE). The equivalent
circuit is shown in the inset in Fig. 4. Given that the contribu-
tions from the electrodes and grain boundaries are small, the
olivine conductivity can be determined as follows:

o =L/RS, @)

where L is the thickness of the sample (in unit m), S is the
sample cross-sectional area (in unit m?), and R is the measured
resistance (in unit Q).

At pressures in a range of 1.0 GPa—4.0 GPa and tem-
peratures in range of 573 K-873 K, the relationship between
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olivine conductivity and reciprocal temperature conforms to
the Arrhenius equation:

6 =0y X exp(—AH /xT), 3)

where oy is the pre-exponential factor (in units S/m), AH is the
activation enthalpy, T is the temperature, and K is the Boltz-
mann’s constant. The relationship among activation enthalpy
(AH), activation energy (AU in unit eV), pressure (P; in unit
GPa), and activation bulk volume (AV’; in unit cm3/mol) is

AH = AU + PAV. )

The relationship between electrical conductivity and temper-
ature at 1.0 GPa—4.0 GPa is shown in Fig. 5. Table 2 details
the activation enthalpy, energy, and volume calculated from
Egs. (7) and (4).

15
(a) electrode: Pt B 573 K
623 K
IR E AGT3 K
» 873 K 723 K
¢ 773 K
o 4 823 K
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> 00 Toxior —2.0xi° R
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Fig. 4. Impedance spectra of olivine measured with (a) Pt electrodes and (b)
Mo+MoO; film electrodes.
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Fig. 5. Plots of logo versus 1/T for olivine conductivity experiments with
Pt and Mo+MoO:;, film electrodes at various pressures.

Table 2. Fitted parameter results for electrical conductivity of olivine.

Oxygen buffer P/GPa  T/K  AH/eV AU/eV AV/m3-mol~!

No 1.0 573-873 0.432
No 20 573-873 0424 0438 ~0.0069
No 3.0 573873 0.418
No 40 573-873 0411
MMO 1.0 573-873 0.704
MMO 20 573-873  0.694 0.708 ~0.0065
MMO 3.0 573-873 0.686
MMO 40 573-873 0.685

4. Discussion
4.1. Conduction mechanism in olivine

Electrical conductivity increases with temperature in-
creasing (Fig. 5). As is the case for dielectric medium iso-
lators, the olivine charge carriers move by thermally excited
hopping during conduction.®331 With the increase of tem-
perature, the carriers have higher energy and more carriers can
cross the energy barrier. Electrical conductivity and carrier
concentration are linked by the relationship described by the
Nernst-Einstein equation

G =nqu, &)

where o is the conductivity, n is the charge carrier concentra-
tion, and g is the effective charge. Therefore, an increase in the
carrier concentration leads to a higher sample conductivity.

A monotonic linear relationship exists between the loga-
rithm of electrical conductivity and temperature, which sug-
gests that only one olivine conduction mechanism exists at
573 K-873 K. The main mantle minerals (i.e., ferromagne-
sian silicates) typically have three conduction mechanisms,
i.e., protons, small polarons, and ions.[*"! Different conduc-
tion mechanisms can be distinguished from the activation en-
thalpy and activation bulk volume.[!%#142] The activation en-
thalpy of the proton conduction mechanism in hydrous silicate
is typicall y < 1.0 eV and is weakly dependent on tempera-
ture. The activation enthalpy and activation bulk volume in
our experiments are relatively low (AH < 1.0 eV; Table 2);
however, the FTIR spectra of our olivine sample show that it
is essentially anhydrous, in addition, the measured electrical
conductivity is strongly dependent on temperature. Moreover,
the experimental temperature is not high enough to generate
protons, meaning that the proton conduction is implausible.
The ion conduction mechanism is not viable either, given that
the activation energy for this mechanism is generally more
than 2.0 eV.[*3] This mechanism would also only be likely
to occur for experimental temperatures of > 1500 K. There-
fore, small polarons are likely the main charge carriers in our
experiments. The activation volumes (AV) are negative (Ta-
ble 2), which supports the suggestion that olivine experienced
small polaron hopping conduction. This conduction mecha-
nism refers to the directional hopping of a bound hole along
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a directional electrical field. In our experiment, the activa-
tion enthalpy decreases with pressure increasing. A decrease
in the average Fe3*—Fe?* distance by compression facilitates
electron hole hopping between Fe’* and Fe>*. Thus, the ac-
tivation enthalpy decreases with pressure increasing. It is also
strong evidence of a small polaron conduction mechanism in
our experiments.

The conductivities of olivine measured without oxygen
fugacity buffering are clearly lower than those measured with
buffering (Fig. 5). The Mo + MoO, film electrode provides a
better oxygen atmosphere than when using a Pt electrode. Ac-
cording to the point defect oxidation—reduction reaction, !
the point defect reactions between O in the sample chamber
and Fe?" in the sample occur under certain temperature con-
ditions. As such, the Fe?T that occupies the Mg”* site in
the olivine structure is oxidized into a small polaron. Con-
sequently, the electron (¢’) and hole (h') are of the main defect
types. With time going by, concentrations of Feff,lg and Fe;v[g
reach a buffered equilibrium. The small polaron conduction in
olivine takes place by polaron hopping between holes in the
lattice Fe?™ sites, and can be expressed as

1 .
of = E02+VO +2¢/, (6)
Fefj, +h' = Fefy,, (7

where O’é is the oxygen ion, O, is the oxygen in the sample
chamber, VS is the oxygen vacancy, €’ is the electron, Fef\‘,[g is
the Fe>* occupying the Mg>™ site in the lattice structure of the
sample, h” is the hole, and Fel.v[g is the Fe>" in the lattice Mg>"
site. The increase in oxygen fugacity leads to higher small po-
laron concentrations produced by point defect reactions, which
increases the electrical conductivity. As is well known, iron in
the sample will be lost to the Pt measuring electrode during the
experiment,!*#! resulting in a decrease in carrier concentration
and a decrease in the conductivity of olivine. Therefore, the
conductivity values obtained with an oxygen fugacity buffer
are higher than those measured without a buffer.

4.2. Comparison with previous research

We compare our olivine conductivity data with the data
from previous studies.[!2243-46 The data obtained with an
oxygen fugacity buffer are in better agreement with previ-
ous experiments than with those determined without a buffer
(Fig. 6). The activation enthalpies (0.685 eV-0.704 eV) of
olivine measured with oxygen fugacity buffers are similar
to those published by Yoshino et al. and Sakamoto et al.,
i.e., 0.74 eV-0.98 eV for the low-temperature region and
0.29 eV-0.67 eV, respectively. However, activation enthalpies
(0.411 eV-0.432 eV) determined for olivine without an oxy-
gen fugacity buffer are obviously lower than those of all pre-
vious studies. The Fe content (Xpe = Fe/(Fe+Mg) = 0.18)

of olivine in our experiments is close to that of Yoshino et
al. (Xge = 0.2). If we extrapolate the olivine conductivity to
T > 873 K, then the conductivity obtained with an oxygen fu-
gacity buffer is comparable to that reported by Yoshino et al.
Their difference in Fe content, mineralogical composition, and
redox condition of olivine show that our obtained conductiv-
ity value is than that reported by Sakamoto et al. The acti-
vation enthalpy of olivine measured with an oxygen fugacity
buffer is lower than the values reported by Dai ef al. and Xu
et al., i.e., 143.77 kJ/mol-151.44 kJ/mol and 1.40 £ 0.5 eV,
respectively, which we attribute to the different temperature
conditions and mineralogical compositions used in the various
studies. In summary, our values obtained with oxygen fugac-
ity buffering are close to those of previous studies, but the re-
sults determined without buffering are discrepant. Therefore,
the conductivity data obtained by using our oxygen fugacity
control technique during DAC experiments are robust and as
reliable as the data obtained in multi-anvil experiments.

Yoshino et al., 2012
—a—Dai et al., 2010
O —e—Xu et al., 2000
—x— Sakamoto et al., 2002
* electrode: Mo+MoO,
* electrode: Pt

Xre=07 xo—1.0

2.0 2.5

(1000/.T)/K*1

Fig. 6. Comparison of our olivine electrical conductivity measurements with
previous studies.

5. Conclusions

We present a novel technique for controlling the oxygen
fugacity during DAC experiments, which combines magnetron
sputtering and thin film photolithography technologies. Oxy-
gen fugacity buffering rings in a composite insulating gasket
composed of Mo and MoO, form a closed sample chamber
that can control the oxygen atmosphere. The Mo and MoO,
on the diamond anvil surface not only provide an oxygen at-
mosphere for the sample, but also serve as an electrode for
measuring the electrical properties of a sample at high temper-
ature and pressure. This new technique solved the problem of
the previous lack of oxygen fugacity control in DAC experi-
ments.

We determine the olivine conductivity parameters with
our new method at 523 K-873 K and 1.0 GPa—4.0 GPa. With
temperature increasing, the electrical conductivity increases,
according to the Arrhenius relationship. The measured olivine
conductivity parameters indicate that the dominant conduc-
tion mechanism is by small polarons. Our results show that
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the sample oxidation conditions are well buffered by the Mo—
MoO; reaction. This new technique can reduce uncertainties
compared with conventional DAC experiments, due to careful
consideration of the sample environment, including ensuring
temperature homogeneity, correcting sample thickness, and
eliminating current leakage by using an insulating gasket. This
new method can be used to accurately measure the mineral and
rock conductivity in the deep Earth, and can also be applied to
other experiments where oxygen fugacity control is desirable.

Appendix A: Supporting information

Al. The chemical compositions of olivine by energy dis-
persive spectroscopy (EDS)

The energy dispersive spectrum analysis of olivine is
shown in Fig. Al, revealing the presence of Si, Mg, Ca, Fe,
Al K, Na, and O.

W Olivine

Fig. Al. Energy dispersive spectrum of olivine.

A2. Determuning the water content of the sample

We use the Paterson calibration to determine the water
content of the sample

B; K(v)
Cw = —2 / dv
VT 150E ) (3780—v)
where Cw is the molar concentration of hydroxyl (ppm wt
H,O or H/10° Si), B; is the density factor (4.39 x 10* cm

H/10° Si), £ is the orientation factor (1/3), and K(v) is the
absorption coefficient in unit cm~! at wavenumber v in unit

cm~!.  The integration is conducted from 3000 cm~! to
3750 cm .
0.5
— olivine
0.4p
]
= 0.3}
£ 0.
Q
-
2 0.2r ———— ]
<
0.1f
0 1 1 1
3000 3250 3500 3750 4000

Wavenumber/cm™!

Fig. A2. FTIR spectrum of olivine.
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