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Abstract

:

Fluorine is a species commonly present in many minerals in the Earth’s interior, with a concentration ranging from a few ppm to more than 10 wt. %. Recent experimental studies on fluorine-bearing silicate minerals have proposed that fluorine might be an important charge carrier for electrical conduction of Earth materials at elevated conditions, but the results are somewhat ambiguous. In this investigation, the electrical conductivity of gem-quality natural single crystal fluorite, a simple bi-elemental (Ca and F) mineral, has been determined at 1 GPa and 200–650 °C in two replication runs, by a Solartron-1260 Impedance/Gain Phase analyzer in an end-loaded piston-cylinder apparatus. The sample composition remained unchanged after the runs. The conductivity data are reproducible between different runs and between heating-cooling cycles of each run. The conductivity (σ) increases with increasing temperature, and can be described by the Arrhenius law, σ = 10^(5.34 ± 0.07)·exp[−(130 ± 1, kJ/mol)/(RT)], where R is the gas constant and T is the temperature. According to the equation, the conductivity reaches ~0.01 S/m at 650 °C. This elevated conductivity is strong evidence that fluorine is important in charge transport. The simple construction of this mineral indicates that the electrical conduction is dominated by fluoride (F−). Therefore, fluorine is potentially an important charge carrier in influencing the electrical property of Fluorine-bearing Earth materials.
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1. Introduction


The electrical conduction of Earth materials, especially silicate minerals—the main constituents of the crust and mantle, is usually attributed to the transfer of the following charged species: (1) ions, such as Na+ occupying crystallographic sites [1,2]; (2) protons, which can be regarded as ions but are linked to point defects, especially in nominally anhydrous minerals [2,3,4,5,6,7,8,9,10,11,12,13]; (3) small polarons, due to the hopping of electron holes between ferrous (Fe2+) and ferric (Fe3+) sites in the lattice framework [2,7,12,13,14]; and (4) oxygen vacancies, which is related to the transfer of point defects [15]. In general, these species are characterized by small radius and high mobility, so that they move quickly in the mineral crystal structure. Fluorine is a trace element commonly observed in many silicate minerals, ranging in concentration from a few ppm to >10 wt. % [16,17,18]. Fluorine occurs as fluoride (F−) in minerals, and is of small radius (~1.2 Å, comparable to Na+) and high mobility at elevated temperatures and pressures [19]. Therefore, fluorine may be an important charge charrier for electrical conduction. Recent experimental studies have demonstrated high electrical conductivity of fluorine-rich phlogopite, which is ascribed to fluorine conduction [17,20]. If true, this offers a potentially novel explanation for the geophysically resolved electrical properties of the Earth’s interior [17,20]. However, the results from fluorine-bearing phlogopite may be complicated by the composition of multiple species (such as Na+, K+, H+, F−, Fe2+, Mg2+, Al3+ and Si4+) present in that mineral. In principle, material with a simple composition (in particular for fluorine) would be ideal for documenting fluorine conduction.



Fluorite is the mineral form of calcium fluoride (CaF2) and is an important host of fluorine. The rather simple constituents of fluorite, dominated by Ca and F, make it an excellent candidate for addressing the electrical behavior of fluorine. In this study, we have experimentally determined the electrical conductivity of a gem-quality natural fluorite single crystal at simulated high-pressure and temperature conditions. We found that the electrical conductivity of fluorite is very high at moderate temperature only. The results provide direct evidence that fluorine could be an important species for electrical conduction.




2. Experiments and Analytical Methods


2.1. Sample Preparation


The starting material was a gem-quality colorless fluorite (octahedral) single crystal from southeast China. Cylindrical cores of ~3 mm in diameter and 1.8 mm in length were prepared by drilling perpendicular to the (011) plane. Fluorite is a cubic mineral, and thus the drilling direction of the sample does not affect the general results. Two cylinders were produced for analysis replication, each was fine-polished and ultrasonically cleaned prior to conductivity measurement.




2.2. Sample Characterization


The abundances of major- and minor-elements in the fluorite was determined using a JEOL JXA-8100 electron microprobe (EMP, Shimadzu, Kyoto, Japan). The operating conditions were as follows: 15 kV accelerating voltage, 20 nA beam current, <5 μm beam diameter, and a counting time of 10 and 5 s for the peak and background, respectively. A program based on the ZAF (atomic number, absorption and fluorescence) correction procedure was used for data reduction. The fluorite was also examined by Fourier-transform infrared (FTIR) analyses for the content of structural water (hydroxyl groups) with a Bruker Vertex 70v FTIR spectrometer coupled with a Bruker Hyperion 2000 microscope (Bruker, Karlsruhe, Germany). The analyses were carried out using unpolarized radiation, and for each spectrum, a total of 128 scans was accumulated by an MCT (mercury–cadmium-telluride) detector with a globar source and a KBr beam-splitter (aperture size 60 × 60 μm and resolution 4 cm−1). The starting crystal was homogeneous in composition (Table 1).




2.3. Impedance Measurements


Earth materials usually exhibit semi-conductor behavior at elevated temperatures, and their electrical conductivities is best measured with impedance spectroscopy by sweeping over a wide range of frequencies [21]. The impedance was measured at 1 GPa and 200–650 °C using an end-loaded piston-cylinder apparatus and a Solartron 1260 Impedance/Gain Phase Analyzer (Ametek, Hampshire, UK), with the frequency range of 106-1 Hz at 0.5 V applied voltage. Figure 1 illustrates the experimental assembly design, resembling that in our previous work [2,11,12,13,17,20,22]. A hexagonal, soft and highly resistive boron nitride (BN) capsule and a U-shaped Ni capsule were used enclosing the sample, together with two Pt electrodes, Ni–NiO oxygen buffer pairs and an S-type thermocouple for measuring temperature. The double-capsule design helps to minimize the distortion of sample geometry at elevated conditions, to control oxygen fugacity in the sample chamber and to prevent carbon (furnace) diffusion through pressure media and into the sample. With this approach, sample resistance to the magnitude of 108 Ω can be accurately measured and sample Fe3+/Fe2+ ratio, if involved, can be well controlled in the runs [2,12,13].



Prior to sample assembly, the Al2O3 pressure media were heated at 1000 °C for ~4 h to remove absorbed moisture. The assembling used no glue or cement to immobilize the various parts to avoid the release of volatiles upon heating. After the assembly was finished, it was heated at 136 °C in an oven for ~24 h. After the assembly was loaded into the apparatus and the target pressure was reached, it was heated again at 200 °C for several hours. Impedance spectra were recorded at various temperatures in the subsequent heating-cooling cycles. The temperature ramp rate was 50 °C/min, and the highest temperature was 650 °C to avoid the loss of fluorine.



After each run, the recovered sample was sectioned and polished for optical examination and EMP analyses. No other phases were observed, the Ni-NiO pairs were still present and sample geometric distortions were negligible, although the absolute dimensions of recovered samples changed slightly (Figure 2). The dimensions of the recovered samples were used to calculate the conductivity (σ) by σ = L/AR, where L and A are the sample length and cross-section area (by considering the effective contact between the sample and electrodes), respectively, and R is the resistance obtained by fitting the high frequency arc of the complex spectra (as discussed below). The uncertainty of temperature, arising mainly from thermal gradient along the length of the capsule, is <20 °C, and the uncertainty of conductivity, due mainly to sample dimensions and impedance arc fitting, is mostly <10% [2,11,12,13].





3. Results


The fluorite was nearly ideal regarding the calcium and fluorine components, with negligible abundance for other species (Table 1). The chemical composition of the samples was essentially the same before and after the conductivity runs.



Representative impedance spectra are shown in Figure 3. Usually, the spectra show an arc in the high frequency range and a short tail in the low frequency range, although the tail is sometimes not obvious at low temperatures. The arc is a product of lattice conduction, and the tail could be related to electrode effects due to sample-electrode reactions [23].



Electrical conductivity (σ) of Earth materials as a function of temperature can be described by the Arrhenius relation:


σ = A0·exp[−ΔH/(RT)]



(1)




where A0 is a pre-exponential factor, and ΔH is the activation enthalpy. In the first heating cycle, the conductivity measurements were affected by residual moisture and/or equilibrium issue in the system, producing data not fits by Equation (1) and deviating from the trend of data in subsequent heating-cooling cycles, as shown in Figure 4 and observed in similar studies [17,20,22]. The affected data were excluded from the analyses. The measured data and their fits are given in Figure 4, and the parameters obtained by fitting the data to Equation (1) are listed in Table 2. The data are reproducible between different cooling/heating cycles of the same run and between the duplicate runs, suggesting the absence of system hysteresis. The conductivity increases with increasing temperature, reaching ~0.01 S/m at 650 °C, and the determined activation enthalpy is ~130 kJ/mol.




4. Discussions


4.1. Comparisom with Available Studies


The electrical property of fluorite has been widely investigated by researchers from materials science, wholly or partly due to its commercial potential as a laser material when doped with rare Earth impurities, uranium and/or other elements [24,25,26,27,28,29,30,31,32]. Typically, nearly all available studies were carried out on synthesized fluorite, in either polycrystalline or single crystal forms. For comparison, the conductivity data from some previous reports were compiled in Figure 4.



In general, the data trends of the conductivities determined for synthesized [24,25,26,27,28,29,30,31,32] and natural (this study) fluorite resemble each other, although the exact conductivity values vary by a factor of ~2 to 10 depending on temperature (Figure 4). Furthermore, the activation enthalpies of electrical conduction in synthesized fluorite are usually ~80–100 kJ/mol or ~180–190 kJ/mol at low to moderate temperatures (e.g., ~400–650 °C) [24,25,26,27,28,29,30,31,32], which are remarkably different from the measured value of ~130 kJ/mol for natural fluorite (this study). In particular, some previous reports for synthesized fluorite demonstrate apparent kinks of conductivity data in their Arrhenius plots between 400 and 600 °C, which is not observed by our measurements for natural fluorite (Figure 4).



Fluorite samples in available reports were usually pure CaF2 grown in laboratory, with minor impurities from the reagent materials [24,25,26,27,28,29,30,31,32], and our fluorite was nearly ideal in CaF2 composition, with negligible amounts of other elements (Table 1). The differences in electrical property between synthesized fluorite and natural fluorite (Figure 4) may thus be accounted for by one or a few of the following possibilities: (1) different forms of fluorite, i.e., polycrystalline vs. single crystal. It is known that adsorbed water on grain boundaries increases conductivity, and that surface space charge of micro-sized samples enhances conduction [27,32]. As a result, the conductivity analyses of some polycrystalline fluorite samples may have been subjected to this issue, in particular at relatively low temperatures. (2) different techniques for conductivity measurements. In previous work, the electrical conductivity of synthesized fluorite was measured usually by direct current (DC) method or single frequency alternate current (AC) method––the data may not reflect true sample conductivity if not determined by impedance spectroscopy in the wide frequency sweeping mode, due to the significant capacity and polarization effects as documented extensively elsewhere [21]. (3) different pressure in the runs, e.g., ambient pressure in previous work vs. 1 GPa in this study. For electrical conduction in solid-state materials, the effect of pressure is usually not significant [14]. However, the materials expand upon heating and higher pressure would be helpful to maintain the effective contact between the sample and electrodes (the L/A dimension factor: Section 2.3), which is key for determining sample conductivity. This is a factor that has so far received little attention but could be sometimes important in producing different conductivity data between room pressure and elevated pressure.



In general, the determined activation enthalpy, or the slope in the Arrhenius plots (Figure 4), of polycrystalline fluorite in previous reports, especially at low temperatures, is similar to that of our data in the first heating cycle, which were excluded because of the influence of residual moisture in the system as noted before. It appears therefore that the early work may have been largely subjected to the technical issue of grain boundary water, in the context of the possibility (1) above. In summary, our conductivity data are probably more meaningful for evaluating the electrical behavior of fluorite at elevated temperatures.




4.2. Fluorine Conduction and Implications


It has been proposed in available reports that the electrical conduction in (synthesized) fluorite is controlled by anti-Frenkel defects involving negative vacancies and interstitials [24,29], thermal stress or oxygen introduced in the growth of fluorite [28,31]. Also, it has been argued that different conduction mechanisms are active at different temperatures, e.g., extrinsic vacancy conduction at low temperature and intrinsic vacancy conduction at relatively high temperatures, with a transition at ~450–600 °C [25,28,30,32,33]. Moreover, it has been suggested that minor impurities such as Na+ and Y3+ may contribute to the electrical conduction of fluorite [24,25,29,30,33].



Our data demonstrate clearly that the electrical conduction of fluorite is dominated by a single mechanism from ~350 to 650 °C (Figure 4). Hydrogen enhances greatly the electrical conductivity of nominally anhydrous minerals [2,3,4,5,6,7,8,9,10,11,12,13], but could not be an important charge carrier in our fluorite because of its negligible amount (<0.1 ppm, Table 1). The fluorite consists of calcium and fluorine in near-stoichiometric composition, with negligible abundances of Na+, K+, Fe2+ and O2− which might be important in charge transport (Table 1). Ca is a sluggish element, with very slow diffusivity in solid minerals (e.g., lower by more than 6 orders of magnitudes than F diffusivity) [34]. This makes it unlikely that Ca contributes significantly to the electrical conductivity of the fluorite, especially at relatively low temperatures. We suggest that the electrical property is dominated by fluorine conduction, due to the transfer of fluoride (F−) which is characterized by high mobility [19,34]. This can easily explain the high conductivity of fluorite, up to ~0.01 S/m at ~650 °C (Figure 4).



The activation enthalpy of fluorine conduction in fluorite, ~130 kJ/mol (Table 2), is remarkably different from that of fluorine self-diffusion in fluorite, ~193 kJ/mol [35]. Therefore, the mobility of fluorine differs between conduction and diffusion experiments. Similar arguments have also been proposed for other species such as H and Na in silicate minerals between these transport processes [2,11,12,13]. This would mean that experimentally obtained diffusion coefficients of elements cannot be simply used to model their conductivity by the Nernst-Einstein relation. The activation enthalpy of fluorine conduction in fluorite resembles that of fluorine conduction in phlogopite perpendicular to the (110) plane, 134 kJ/mol, but is much smaller than that along other orientations, ~180–200 kJ/mol [17,20]. This may be accounted for by the electrical anisotropy of phlogopite [20] and/or by the different fluorine contents between these minerals. The fluorine content is about 48.7 wt. % in fluorite, in sharp contrast to the value of ~0.2–7.6 wt. % in the phlogopite of Li et al. [17,20]. It is possible that, at very F-enriched conditions, the activation enthalpy might be lower for fluorine conduction. This may be comparable to the observation that the activation enthalpy is reduced for small polaron conduction in pyroxenes with increasing Fe content [2,10,12,13] and for Na+ conduction in feldspars with increasing Na content [2]. Li et al. [17,20] determined that the activation enthalpy is nearly independent of phlogopite fluorine content. However, the small range of fluorine concentration variation in phlogopite (e.g., <7.6 wt. %) may be inadequate to observe an influence on activation enthalpy.



Therefore, the potential of fluorine as an important charged species in the electrical conduction of Earth materials (in particular silicate minerals) must be considered. This is because: (1) fluorine may be stored in appreciable amounts of a few hundred to several thousand ppm in many minerals in the deep mantle such as olivine, garnet, pyroxenes, wadsleyite and ringwoodite [36,37,38], (2) fluorine-abundant phases such as phlogopite could be regionally enriched in the deep crust and upper mantle, leading to very high electrical conductivity in regional areas [17,20], and (3) the sensitivity of conductivity to fluorine may be comparable to H in nominally anhydrous minerals [17], and at higher temperature, the effect of fluorine on enhancing the conductivity of the host minerals exceeds that of H (protons) and thus dominates bulk conductivity, due to the much larger activation enthalpy of fluorine conduction (e.g., 130–220 kJ/mol) relative to proton conduction, ~70–90 kJ/mol [2,3,4,5,6,7,8,9,10,11,12,13] (Figure 5). This would shed fundamental insight into the electrical structure of the deep Earth, although further experimental studies on other minerals are necessary.





5. Conclusions


In this study, we have determined the in situ electrical conductivity of a gem-quality natural fluorite at elevated pressure and temperature. We show that the electrical property is dominated by a single conduction mechanism from ~350 to 650 °C: the conductivity is very high, reaching ~0.01 S/m at 650 °C, and the activation enthalpy is ~130 kJ/mol. We suggest that the conduction is controlled by the transfer of fluoride, and that fluorine conduction may be an important mechanism for the electrical conductivity of Earth materials in the deep crust and mantle.
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Figure 1. Sample assembly for electrical conductivity measurements. 
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Figure 2. Representative image of a recovered sample (B168). The grey and light colors of the crystal were due to light patterns under the optical microscope. Fractures were produced mainly during the final quenching and/or decompression of the conductivity run. 
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Figure 3. Representative complex spectra of sample B173. Z’ and Z’’ represent the real and imaginary parts of the complex impedance, respectively. Frequency decreases from left (1 × 106 Hz) to right (1 Hz) along the Z′-axis. An equivalent circuit, including a single R-CPE circuit element, a resistor (R) and a constant phase element (CPE) in parallel, was used to fit the impedance arc in the high frequency region. Inset shows the spectra at 575–650 °C. 
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Figure 4. Electrical conductivity of fluorite. Conductivity data from the first heating cycle of run B173 were shown for comparison with subsequent cycles. The red and blue lines are the linear fittings to the data from the two duplicate runs, respectively (note that data from the first heating cycle were not included). Compiled data of synthesized fluorite (labeled by light-color solid lines): U57 [24]; B70 [25]; R76 [26]; S00 [27]. Dashed line shows the determined conductivity of a phlogopite single crystal perpendicular to the (110) plane [20]. SF: single frequency; WFS: wide frequency sweeping by impedance spectroscopy. See the main text for more details. 
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Figure 5. Schematic plots for fluorine and proton conduction. The zones were made by considering ΔH of ~130–220 kJ/mol for fluorine conduction and of ~70–90 kJ/mol for proton conduction (see text). The exact conductivity and the tradeoff between these mechanisms are dependent on minerals and contents of fluorine/hydrogen, but the general data trends are reliable: at high T, the role of fluorine conduction is more significant, while at low T, the role of proton conduction is more significant (the dashed regions denote overlaid conductivity). 
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