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a b s t r a c t (Mg1 − xFex)1 − δO (x=0.01–0.43) single crystals (~8 mm in diameter) were made by a melt-growth method. Electrical conductivity measurements were carried out as functions of temperature and frequency by a complex impedance method under pressure (~43 GPa and ~673 K and at 0.1 MPa and ~1400 K). Our experimental results show a change in charge transport mechanism in the (Mg1 − xFex)1 − δO solid solution at high temperature. The temperature of inﬂection point of the slope in Arrhenius plots depend greatly on both composition and extrinsic factors of crystals. The low-temperature conduction mechanism in (Mg1 − xFex)1 − δO solid solution is small polaron. Pressure effect of the electric conductivity was observed and the conductivity increased to 0.5 at log scale of S/m with increasing pressure up to 43.4 GPa. The activation energy was decreased linearly with increasing pressure. Chemical composition and homogeneity of specimen rather than pressure greatly inﬂuence the electric conductivity. The activation energy of 2.37(4) eV for the (Mg0.99Fe0.01)1 − δO solid solution might correspond to a migration enthalpy of O ions through thermally formed defects. It is proposed that a possible dominant electrical conduction mechanism in ferropericlase under the lower mantle conditions, at least in the higher temperature region, is super ionic conduction. © 2008 Elsevier B.V. All rights reserved.



1. Introduction The (Mg1 − xFex)1 − δO rock salt-type solid solution (mineral name: ferropericlase) is believed to be one of the major constituents in the Earth's lower mantle that extends to a depth from 660 km to 2900 km [1,2]. The electrical conductivity of the mantle can be determined from geomagnetic studies. Geomagnetic models of the electrical conductivity of the Earth's mantle based on the observed variations of electric and magnetic ﬁelds yielded estimates of about 100 S/m for the conductivity of the uppermost lower mantle [3,4]. Temperature proﬁles in the mantle have been estimated by electric conductivity of mantle forming minerals. Information about the physical mechanism of electric conductivity in the (Mg1 − xFex)1 − δO solid-solution and its dependence on temperature and pressure would help to constrain the detailed temperature proﬁle and composition in the Earth. MgO (periclase) is well known as a good insulator (b10−10 (ohm cm)−1 at 1000 K) and a solid state ionic near melting temperature. Fe1 − δO is a typical p-type defect semiconductor at lower temperature (b10− 2 (ohm cm)−1 at 1000 K). The (Mg,Fe)1 − δO solid solution with a moderate amount of iron is a good conductor at both ambient and high pressures and the conduction activation energy varies from 0.1 eV to 0.6 eV for the solid ⁎ Corresponding author. E-mail address: [email protected] (A. Yoshiasa). 0167-2738/$ – see front matter © 2008 Elsevier B.V. All rights reserved. doi:10.1016/j.ssi.2008.10.012



solutions containing more than 7% FeO [5–8]. The conduction activation energy also varies for samples with the same composition depending on the different preparation methods. Activation energy of electric conductivity of (Mg1 − xFex)1 − δO solid-solution was also reported as a function of FeO content by Hansen and Cutler [9]. They showed a discontinuous jump from 0.4 eV to 0.2 eV above 17.7 mol% FeO. On the other hand, Li and Jeanloz [7] showed that the activation energies were decreased smoothly with FeO content. Possible reasons to explain these differences are that these sintered powder samples were not homogeneous and that a Fe concentration was ﬂuctuated in (Mg1 − xFex)1 − δO crystals because the samples were synthesized by sintering in range 1173 K to 1623 K. We have reported the precise structures and properties for the mantle minerals and related compounds using the high pressure apparatus and synchrotron radiation [10,11]. In this study, we have carried out the syntheses of homogeneous single crystals and electrical conductivity measurements as functions of temperature and frequency by the complex impedance method under pressure (~43 GPa and ~673 K and at 0.1 MPa and ~1400 K). We discuss the electrical conduction phenomena in the Earth's lower mantle using the experimental results. 2. Experimental The (Mg1 − xFex)1 − δO (x=0.01–0.43) single crystals (2–8 mm in diameter) were prepared by a melt-growth method using a graphite
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Fig. 3. Arrhenius plots for the conductivity σ in log(S/m) versus 1000 T− 1 for the (Mg1 − xFex)1 − δO solid solution (ferropericlase) single crystals. The solid solutions with x = 0.01 (◊), 0.056 (○), 0.20 (▲), 0.32 (□) and 0.40 (●), respectively. Fig. 1. Complex impedance plot of (Mg0.68Fe0.32)1 − δO single crystal.



heater (up to 3200 K) in the Ar atmosphere for colorless samples and by a FZ method in the CO2–H2 atmosphere (pH2/pCO2 =0.1) for colored samples. Temperatures in the furnaces were monitored using a radiation thermometer and calibrated using the MgO and FeO melting points. MgO– Fe1 − δO forms a continuous series of solid solution and melting temperatures decrease from 3120 K to 1640 K with FeO content. Electron Probe Micro Analysis (JEOL JCMA-733II) was executed to determine the composition and to conﬁrm homogeneity. X-ray diffraction studies were performed and compositional dependence of the unit cell parameter was conﬁrmed. Several percents or a few percent of the iron ions in the specimens are trivalent and the non-stoichiometric parameter δ varies from 0.011 of the (Mg1 − xFex)1 − δO solid solution containing 40% FeO to 0.003 of that containing 20% FeO. Details of the syntheses and characterizations such as X-ray topography and SEM images will be published elsewhere [12]. The form of single crystal samples was ﬁxed to be 1 mm thick and 3 mm in diameter for the conductivity measurements. Both faces of the samples were coated with Pt paste and were held between platinum electrodes. Platinum electrodes were connected with heat resist shield wires near the sample. The assembly was placed in an alumina vessel and then in a horizontal furnace [13]. True bulk conductivities were measured between 5 Hz and 13 MHz by the complex impedance method with an impedance analyzer (LF impedance analyzer 4192A). The conductivity as a real part of the impedance Z was determined by a Cole–Cole plot [13]. Fig. 1 shows representative complex impedance plots for the (Mg0.68Fe0.32)1 − δO single crystal. The bulk conductivity is estimated from the real-axis intercept of the semicircle.



Electric conductivity of (Mg0.68Fe0.32)1 − δO was measured under high pressure (~ 43 GPa) and temperature (~ 673 K) using an externally heated diamond anvil cell (Fig. 2). The single crystal was formed in the shape of a rectangle of 40 × 60 µm with a thickness of 40 µm and embedded on the curette of diamond with pyroxene powder as an insulator. Two tungsten ribbons were extended to the rectangle and touched the sample to each other. The difference of temperature in the cell is estimated beforehand and the difference between the thermocouple and sample was 12 degrees at 673 K. 3. Results and discussion 3.1. Electric conductivity at lower temperature and 0.1 MPa Arrhenius plots for the conductivity σ in ln(S/m) versus 1000 T− 1 at 0.1 MPa are shown in Fig. 3. The (Mg1 − xFex)1 − δO solid solution containing 40% FeO is 3 orders of magnitude more conductive than that containing 32% FeO at low temperature. At each temperature of 780 K for the (Mg1 − xFex)1 − δO solid solution with x = 0.20, 1030 K for x = 0.32 and 820 K for x = 0.40, respectively, the slope of conductivity can be divided into two regions by a inﬂection point. The conductivity in the high temperature ﬁeld has a steep slope in an Arrhenius plot, showing a change in charge transport mechanism with temperature. The calculated activation energies at the low temperature region are presented in Table 1. The activation energy decreases with increasing iron concentration from 0.56 eV at 5.6% FeO to 0.23 eV at 42% FeO (Fig. 4). In Fig. 4, the activation energies are compared with previous results obtained using sintered powder samples. The activation energy of a single crystal indicates a large value by the same composition and its conductivity is smaller than a sintered sample's. It is presumable that the sintered powder samples were not homogeneous and that Fe concentration was ﬂuctuated in crystals because the melting temperature of MgO (3120 K) is greatly different from that of Fe1 − δO (1640 K). 3.2. Conductivity under high pressure We have measured the electrical conductivity at high pressure and temperature simultaneously using a diamond anvil cell heated with Table 1 Compositional dependence of conduction activation energy (Ea) and mean path length between two iron atoms (dFe–Fe) in the (Mg1 − xFex)1 − δO solid solutions in the lower temperature region.



Fig. 2. Schematic drawing of diamond anvil cell apparatus for electric conductivity measurement under high pressure and moderate temperature.



FeO content x Ea (eV) dFe–Fe (Å)



0.056 0.56(3) 8.61



0.20 0.43(3) 5.66



0.32 0.36(3) 4.85



0.40 0.23(2) 4.43
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Fig. 4. Activation energy as a function of FeO content, x, with previous results [7,9] in the (Mg1 − xFex)1 − δO solid solution at lower temperature.



an external heater. The plots of resistivity of (Mg0.68Fe0.32)1 − δO as a function of pressure at room temperature were on the continuous curve as shown in Fig. 5. The resistivity at 0.1 MPa is measured using the recovered sample. The continuous line indicated that a geometry of the sample was not varied all through the experiments. Arrhenius plots of (Mg0.68Fe0.32)1 − δO under high pressure were shown in Fig. 6. Pressure effect of the electric conductivity was observed and the conductivity increased to 0.5 at a log scale of S/m with increasing pressure up to 43.4 GPa. Though the activation energy was decreased linearly with increasing pressure, the amount of the change is small (Fig. 7). It should be, therefore, emphasized that the pressure effect does not inﬂuence the conductivity in mantle condition. Chemical composition and homogeneity of specimen inﬂuence the electric conductivity much more than pressure (Fig. 3). The low-temperature conduction mechanism in (Mg1 − xFex)1 − δO solid solution is small polaron [14,7]. The conduction mechanism is dominated by thermally activated hole transfer from Fe3+ ion to Fe2+ ion. Increasing FeO content increases both the charge carrier density and charge transfer paths and hence enhances the electrical conductivity. The dominating mechanism of electrical conduction gradually varies from second-nearest neighbor cation-site charge transfer to nearest neighbor cation-site transfer with increasing FeO component. We can make a simple calculation to deﬁne a mean path length between two iron atoms, dFe–Fe, in the (Mg1 − xFex)1 − δO solid solutions. For the solidsolution of x = 0.32 with an FCC lattice a = 4.232 Å, V = 75.79 Å3 and Z = 4, the volume, VFe, in which only one iron atom is found can be estimated: VFe = 75.79/(4 × 0.32). The mean path length between two iron atoms, dFe–Fe = 2((3VFe/4π)1/3), is 4.85 Å. Tables 1 and 2 indicate the estimated path length by compositional and pressure differences, respectively. Fig. 8 shows a relation between the activation energy and the estimated path length by compositional and pressure changes. These data support that a small polaron conduction,



Fig. 5. Electric resistivity of (Mg0.68Fe0.32)1 − δO as a function of pressure at room temperature. The resistivity at 0.1 MPa is measured using the recovered sample.



503



Fig. 6. Arrhenius plots for the conductivity σ in log(S/m) versus 1000 T− 1 for the single crystal (Mg0.68Fe0.32)1 − δO solid solution under various pressures.



which depends on the Fe content and pressure, is the most probable conduction mechanism in the (Mg1 − xFex)1 − δO solid-solutions at lower temperature. 3.3. Electric conductivity at a higher temperature region Our experimental results show a change in charge transport mechanism in the (Mg,Fe)1 − δO solid solution with a moderate amount of iron at high temperature (Fig. 3). Pre-exponential factor logσ0 and the temperature of inﬂection point of the slope in Arrhenius plots (Fig. 3) depend greatly on both composition and samples. The conduction activation energies for the (Mg1 − xFex)1 − δO solid solutions in the higher temperature region are presented in Table 3. The systematic change in activation energy from 0.56 to 0.76 eV at high temperature is not observed though the number of defects and iron atoms increases with increasing FeO content. We have measured the electrical conductivity of the (Mg0.8Fe0.2)1 − δO solid solution under high pressure up to 5 GPa and high temperature to 1800 K with a multi-anvil high-pressure apparatus [15,16]. However, a signiﬁcant change in conductivity and activation energy with pressure was not observed at high temperature within error [12]. These results are greatly different from that of the low temperature region in which composition and pressure dependences appear greatly and are essentially corresponding to the results by Dobson et al [17]. They suggested a large polaron mechanism at high temperature. It is important and necessary to specify the carrier of charge experimentally in high temperature regions and to know the defect chemistry for various compositions at high temperature. The activation energy of 2.37(4) eV for the (Mg0.99Fe0.01)1 − δO solid solution (Table 3) might correspond to a migration enthalpy of O ions through thermally formed defects. The crystal above 1250 K (intrinsic region) has the activation energy, Ea (2.37 eV)=Efv (defect formation energy) +Em v (defect migration energy). The value of activation energies of 2.3 to 0.8 eV for (Mg1 − xFex)1 − δO are similar to that of stoichiometric ﬂuoride



Fig. 7. Activation energy, Ea, as a function of pressure in the (Mg0.68Fe0.32)1 − δO solid solution.
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Table 2 Pressure dependence of conduction activation energy (Ea) and mean path length between two iron atoms (dFe–Fe) in the (Mg0.68Fe0.32)1 − δO solid solutions.



Table 3 Compositional dependence of conduction activation energy (Ea) and lattice constant (a) in the (Mg1 − xFex)1 − δO solid solutions in the higher temperature region.



Pressure (GPa) Ea (eV) dFe–Fe (Å)



FeO content x Lattice constant (Å) Ea (eV)



0.0001 0.362 4.85



5.5 0.361 4.79



17.0 0.355 4.71



25.5 0.352 4.66



36.0 0.347 4.60



43.4 0.346 4.56



perovskites [13] in the intrinsic region (2.2 eV) and in the extrinsic region (1.2–0.8 eV). A lot of oxides stable at high temperature have the activation energy of O ion or cation migration from 0.7 to 3.0 eV near melting temperature [18]. At the high temperature region, the electron will not be a charge carrier because an electron hopping mechanism is shown in the lower temperature region and the band gap of MgO is 8 eV [19,20]. It is known that several kinds of point defects coexist in Fe1 − δO. The vacancies of the octahedral Fe2+ site and Fe3+ occupying the interstitial tetrahedral sites are coexisting [21]. These defects form an ordered atomic arrangement of the cation and the clusters like the spinel type structure [22–24]. The positional disorder and defects at oxygen positions are widely formed in the rock salt type structure, because the Fe3+ ions with a different ionic radius partially occupy tetrahedral sites and the tetrahedral site shares the face with the octahedral site. Oxygen ion at a certain speciﬁc position is expected to be able to easily be activated thermally. Actually, the diffusion coefﬁcient of oxygen in some spinel type structures is larger than that of magnesium ion in the MgO [18]. The temperature at the uppermost lower mantle can be estimated to be 1900 K assuming an adiabatic temperature proﬁle based on the heat capacity measurements of minerals [25]. This temperature is probably the lowest expectation value. From a comparison of the temperature of 1900 K and the electric conductivity of about 100 S/m based on geomagnetic data at the uppermost lower mantle, the (Mg1 − xFex)1 − δO solid solution should contribute the electric conductivity in the lower mantle and Fe contents should be higher than 15%. However, it is important to keep in mind that pre-exponential factor logσ0 depends greatly on both composition and extrinsic factors of crystals. The conductivities depend largely on the kind of substituting ions, the number of defects and homogeneity of the specimen. When we assume the temperature near the melting point at the uppermost lower mantle, the conductivity of Mg0.99Fe0.01O reached 1 S/m and an intrinsic ionic conduction mechanism becomes dominant. In this case, it is not inﬂuenced by an extrinsic factor. Both anion and cation are thought as the charge carrier in the multi component system. Anyway, it is concluded that the (Mg1 − xFex)1 − δO solid solution (ferropericlase) should contribute the electric conductivity in the lower mantle. Many authors suggested that the geophysical estimate of lower-mantle electrical conductivity could be explained by the conductivity of the perovskite component [26–28,13]. The conductivity of the lower mantle forming Mg0.93Fe0.07SiO3 perovskite reached up to 1 S/m and the possibility of an ionic conduction mechanism was proposed for the lower mantle electric conduction mechanism [28]. The activation energy



Fig. 8. Activation energy, Ea, as a function of mean path length between two iron atoms (dFe–Fe) in the (Mg1 − xFex)1 − δO solid solutions. Compositional (□) and pressure (♦) effect can be seen. The values for Fe1 − δO (▲) were derived from literature [9,12].



0.01 4.212(1) 2.37(4)



0.056 4.212(2) 0.62(7)



0.20 4.214(1) 0.76(4)



0.32 4.232(1) 0.61(8)



0.40 4.251(2) 0.56(5)



for the perovskites was found to be 0.92 eV. The activation energy 0.92 eV should correspond to that of the migration enthalpy of O2− ions via oxygen ion vacancies in the extrinsic region. Many perovskite type oxides such as LaGaO3 are reported to be high oxide ion conductors and have an extrinsic activation energy of 0.8 to 1.1 eV [29,30]. The activation energy of (Mg1 − xFex)1 − δO ferropericlase in the Earth's lower mantle should be around 0.8 eV (assuming a standard geotherm). Possible electrical conduction mechanism in ferropericlase under the lower mantle conditions is a super ionic conductor without electronic hopping between Fe2+ and Fe3+. It is known that the semiconductor-metal transition is not observed under the pressure of the Earth's mantle conditions, on the other hand, iron ions in ferropericlase undergo a high spin to low spin transition at ~135 GPa [31]. It can be proposed that a dominant conduction mechanism in the lower mantle, at least in the higher temperature region, is an ionic conduction and nearly half of Earth's volume as the lower mantle is composed of super ionic conductors. 4. Conclusions Our experimental results show a change in charge transport mechanism in the (Mg1 − xFex)1 − δO solid solution including iron moderately at high temperature. Pre-exponential factor logσ0 and the temperature of inﬂection point of the slope in Arrhenius plots depend greatly on both composition and extrinsic factors of crystals. The low-temperature conduction mechanism in (Mg1 − xFex)1 − δO solid solution is small polaron. Pressure effect of the electric conductivity was observed and the conductivity increased to 0.5 at a log scale of S/m with increasing pressure up to 43.4 GPa. The activation energy was decreased linearly with increasing pressure. Chemical composition and homogeneity of specimen greatly inﬂuence the electric conductivity much more than pressure. The activation energy of 2.37(4) eV for the (Mg0.99Fe0.01)1 − δO solid solution might correspond to a migration enthalpy of O ions through thermally formed defects. When we assume the temperature near the melting point at the uppermost lower mantle, the conductivity of Mg0.99Fe0.01SiO3 reached 1 S/m and an intrinsic ionic conduction mechanism becomes dominant. It can be proposed that a possible dominant electrical conduction mechanism in ferropericlase under the lower mantle conditions, at least in the higher temperature region, is a super ionic conduction. References [1] A.E. Ringwood, Composition and Petrology of the Earth's Mantle, McGraw-Hill, New York, 1975. [2] T. Irifune, Nature 370 (1994) 131. [3] G.D. Egbert, J.R. Booker, J. Geophys. Res. 97 (1992) 15099. [4] A. Schulz, R.D. Kurtz, A.D. Chave, A.G. Jones, Geophys. Res. Lett. 20 (1993) 2941. [5] H.K. Mao, P.M. Bell, Science 176 (1972) 403. [6] J. Peyronneau, J.P. Poirier, Nature 342 (1989) 537. [7] X. Li, R. Jeanloz, J. Geophys. Res. 95 (1990) 21609. [8] B.J. Wood, J. Nell, Nature 351 (1991) 309. [9] K.W. Hansen, I.B. Cutler, J. Am. Ceram. Soc. 49 (1966) 100. [10] A. Nakatsuka, A. Yoshiasa, T. Yamanaka, T. Katsura, E. Ito, Am. Mineral. 84 (1999) 1135. [11] M. Sugahara, A. Yoshiasa, Y. Komatsu, T. Yamanaka, N. Bolfan-Casanova, A. Nakatsuka, S. Sasaki, M. Tanaka, Am. Mineral. 91 (2006) 533. [12] A. Yoshiasa, K. Sugiyama, S. Sakai, H. Isobe, D. Sakamoto, K. Ota, H. Arima and H. Takei, J. Cryst. Growth (in press). [13] A. Yoshiasa, D. Sakamoto, H. Okudera, M. Sugahara, K. Ota, A. Nakatsuka, Z. Anorg. Allg. Chem. 631 (2005) 502. [14] A.G. Duba, B.J. Wanamaker, Geophys. Res. Lett. 21 (1994) 1643. [15] D. Sakamoto, A. Yoshiasa, T. Yamanaka, O. Ohtaka, K. Ota, J. Phys.: Condens. Matter 14 (2002) 11375.
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