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Abstract
A laser-heated diamond anvil cell was used in resistance measurements at high
pressures and high temperatures. A thin film of alumina (Al2O3) was coated on
both diamond anvils for thermal insulation before fabricating the microcircuit
for resistance measurements. This technique significantly improved the heating
conditions in the sample chamber. Using this technique, we measured the
resistivity of (Fe0.125, Mg0.875)2SiO4 to 35 GPa and 3450 K, which reveals an
increase in the activation energy of the carrier with increasing pressure. The
activation volume and activation energy are both less than the values at lower
pressures and temperatures.

1. Introduction

Resistivity measurement at extreme conditions permits in situ investigations of the electron
transportation behavior of matter such as pressure-induced superconductivity, insulator-to-
metal transition, and magnetic susceptibility [1–5], and thus always attracts attention [6, 7].
Many techniques have been developed for resistance measurement under high pressure. For
instance, Weir et al sputtered tungsten carbide film on a diamond anvil, which was then
encapsulated by a layer of diamond for electrode protection [8]. This method provides
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protection to the microcircuit and significantly improves the technique of high-pressure
resistance measurement. On the other hand, research results indicate that electronic and
ionic transport properties are significantly different at high temperature from those at ambient
temperature [6, 9–11]. It is therefore important to measure the resistivity in situ at high
pressures and high temperatures (high P–T ). However, most high-pressure resistance
measurements have been carried out below about 1700 K [6, 10, 12] and [13]. In situ electrical
conductivity measurement at many thousands of degrees, which is the most interesting
temperature range for addressing scientific problems in material science and geophysics, has
posed a challenge. Very recently, Gao et al sputtered and patterned molybdenum film on a
diamond anvil facet to form electrodes [14, 15]. They covered the circuit with an alumina
(Al2O3) film for electrical insulation, allowing accurate measurement of electrical conductivity
at high pressure in a diamond anvil cell (DAC).

Moreover, a laser-heated DAC can generate thousands of degrees at pressures over a
megabar [16–18]. Integration of the microcircuit with laser-heated diamond cell techniques
would enable us to study the electronic transportation properties in situ at high P–T . Because
of the high thermal conductivity of diamond, one important aspect of using a laser for sample
heating in a DAC is sample insulation from the diamond anvils. In addition, as well as being
used as electrical insulation material as described above, Al2O3 has also been used as a thermal
insulation material [19]. The crystal structure of Al2O3 is stable to 175 GPa [20], which
eliminates the error and complexity introduced in high-pressure resistivity measurement. Its
large value of bulk modulus (253 GPa) can protect the electrical circuit from destruction during
sample flow at high pressures [21]. Most importantly, Al2O3 is transparent in a large range of
wavelengths, and thus permits both the introduction of a laser beam onto the sample for heating
and the collection of black-body emission for temperature measurements. The high degree of
hardness (∼1500 kgf mm−2), the non-conduction to very high pressures, as well as the high
wearability are additional extraordinary properties that make Al2O3 an ideal material for both
thermal and electrical insulation in high-P–T resistance measurement.

Materials that have (AB)2SiO4 (olivine) structure can be found naturally and can be
taken directly into industrial applications. Their properties dramatically change with high
pressure and high temperature, thus they can be utilized for sensors under extremely high-P–T
conditions. The chemical stability and structural phase transformation properties are extremely
important for exploring and characterizing the interior of Earth and other planets. The intent of
this paper is to develop the DAC for in situ resistance measurement at high P–T and apply it for
some materials. Therefore, we fabricated an Al2O3 film on a diamond anvil for both electrical
and thermal insulation in high-P–T resistivity measurement using a laser-heated diamond anvil
cell. We thus measured the resistivity of a silicate to 35 GPa and 3450 K.

2. Experiments

In fabrication of the microcircuit on a diamond anvil for a laser-heated diamond anvil cell,
we adopted the techniques developed by Gao et al [14, 15]. The difference is that our circuit
constitution is based on the van der Pauw method, and only the thickness of the sample is
needed. Moreover, the accuracy is improved noticeably. First, a 3 μm-thick alumina film was
sputtered on the diamond anvil as a heat insulation layer. A molybdenum (Mo) film with a
thickness of 0.3 μm was deposited on the alumina layer. The diamond was heated to 600 K
to enhance the adhesion of the Mo film and the alumina layer in the deposition process. The
Mo film was patterned into detecting electrodes according to the van der Pauw model using
photolithography and chemical etching. Then, a layer of alumina with a thickness of 2 μm
was sputtered on the molybdenum to encapsulate and protect the microcircuit. A detection
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Figure 1. The completed designed microcircuit on a diamond anvil: 1 is the metal molybdenum; 2
is the alumina layer; A, B, C and D are the lead wires.

Figure 2. The cross-section of the designed DAC.

window was made to expose the electrode ends. Figure 1 shows the completed microcircuit.
The distances between the opposite electrodes were 30 μm. This matched the area of uniform
temperature distribution during laser heating. We used a Mao–Bell-type diamond cell in our
experiment [22]. A T-301 steel gasket with preindentation was selected, with a hole of 150 μm
in diameter drilled in the center of the indention. Fine Al2O3 powder was then filled and packed
in the hole, into which a concentric hole 100 μm in diameter was drilled, serving as a sample
chamber. For further insulation of the electrodes and the gasket, both sides of the gasket were
coated with a layer of Al2O3 (2 μm thick). The sample assembly in the diamond anvil cell for
high-P–T resistivity measurement is shown in figure 2.

The atomic ratio of Mg/Fe in the sample measured in our experiment was determined by x-
ray photon electron spectroscopy to be 0.875/0.125. Under the provided conditions, the sample
falls into a perovskite structure phase [(Fe, Mg)SiO3] and oxide [(Fe, Mg)O]. The sample was
packed in the sample chamber without a pressure medium. The double-sided laser-heating
technique was used in the experiment [23–25]. The laser that was used was a Nd:YLF laser
with a wavelength of 1053 nm operated in the TEM01 transverse electric mode. The laser beam
was evenly split and focused from both sides on the sample. A thermoelectrically cooled CCD
detector equipped with an Acton SpectraPro300i spectrograph was used for the black-body
spectrum measurement to determine the temperature of the sample. During the measurement,
the laser power was kept at a pre-set level for 5 min before resistance measurement for
the sample to reach thermal equilibrium. In the measurement, using the phase diagram of
(Mg, Fe)2SiO4 [26–28], we selected the particular P–T range in our experiment to avoid the
complexity that may caused by its transformation [29–31]. Figure 3 shows the temperature
distribution on the heated sample at 3300 K. Within a 50 μm range, the temperature varies
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Figure 3. Temperature profile measured on both sides of the sample at 26 GPa.

within 50 K. The range of homogenous temperature is much larger than those reported by
Shen et al and Ma et al [17, 32]. This demonstrates that the insulation conditions have been
significantly improved in our experiments. This improvement substantially eliminated the error
in resistance caused by the large temperature gradient, and thus greatly enhanced the accuracy
of the measurements.

3. Results and discussion

In the resistance measurement, a 10 μA current (I1) was introduced through electrode A (+)
and B (−) while the voltage (V1) between C (+) and D (−) was being recorded. The electrodes
were then switched. A 10 μA current (I2) was introduced again through A (+) and C (−) while
the voltage (V2) between B (+) and D (−) was being measured. This procedure eliminates
errors induced by the electrodes [31]. For the calculation of resistivity, we measured the
thickness of the sample at all pressures using a micrometer with a precision of 0.5 μm through
measurement of the distance between the bottom facets of the anvils and subtraction of the
thickness of the diamond anvils.

The electrical resistivity was determined from the van der Pauw equation [33]:

exp(−π L RAσ) + exp(−π L RBσ) = 1 (1)

where RA = V1/I1, RB = V2/I2, L and σ are, respectively, the resistivities of electrodes A
and B and the thickness and the electrical conductivity of the sample being tested. Figure 4
shows the electrical conductivity of (Mg, Fe)2SiO4 under high P–T (under these experimental
conditions, the olivine has decomposed to perovskite and oxide), and no melt is found from
seeing the energy dispersive x-ray diffraction (EDXD) spectrum, which is consistent with
the conclusion of Sweeney and Heinz [34]. It is found that the conductivity increases with
increasing temperature but decreases with increasing pressure, and our experimental results
are consistent with previous resistance measurements at lower temperatures [6, 35, 36]. Many
silicate minerals are insulators, but they display the properties of an impure semiconductor
under high P–T . It was proved that, at temperatures above 1200 ◦C, both electrons and ions
serve as the charge carriers for olivine material. Yet above 1390 ◦C, the vacancy generated by
Mg in olivine becomes the dominant charge carrier [10]. Our experimental result indicates that
the ionic conduction mechanism plays the primary role in a much larger P–T range (35 GPa
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Figure 4. Electrical conductivity of the sample as a function of reciprocal temperature. Squares and
circles denote the logarithm of the sample conductivity at 31 and 35 GPa.

and 3450 K). Considering electronic conduction being the conduction mechanism for olivine at
lower temperatures (20–400 ◦C) [11], our experiment further demonstrated that the conduction
mechanism for silicate differs at high temperature from that at low temperature.

With our experimental data, the activation enthalpy for conduction of the sample, �H ,
can be derived from σ = σ0 exp(−�H/KBT ), with σ and σ0 being, respectively, the
conductivity at the absolute temperatures of T and infinity, and KB being the Boltzmann
constant. The activation energy, �E , and the activation volume, �V , can be determined
from �H = �E + P�V , with P being the applied pressure [6, 11]. The activation energy
is 0.926 and 0.952 eV when the pressure is 31 and 35 GPa, and the activation volume is
0.236 cm3 mol−1. The value of activation energy increases with increasing pressure, but the
effect is feeble. �V (=∂�H/∂ P) expresses the effect of the pressure on the energy barrier to
charge transport, and we could find a general tendency for �V from the results of Xu et al and
the present experiment, even though the starting sample is different [6]. The activation volume
of our sample is much smaller than that of Xu et al in a Mg1.8Fe0.2SiO4 sample at 4–10 GPa,
indicating less lattice deformation in the present sample. The reason is the different ratio of
Fe/Mg, as well as maybe the different phase (in our experiment, the silicate is γ phase with
perovskite structure mixed with oxide, and it is α phase in the experiment of Xu et al). It is
also found that the activation energy increases with increasing pressure. No significant change
in activation energy can be associated clearly with the transformation of the sample covered in
our P–T range.

In our experiment, the shape of the microcircuit was a square with fixed edge lengths. It
solidly adhered to the surface of the diamond anvil. Thus, the change in distance between the
electrodes during the experiment can be neglected, and would not introduce a large enough
error to affect the accuracy of the measurement. The accuracy of the resistivity measurement is
determined mainly by that of the thickness measurement in the experiment. In our experiment,
the systematic error of the sample thickness measurement is less than 0.5 μm. With the
thickness of the sample being larger than 10 μm in the pressure range that we reached, the
error in the thickness is less than 5%. Thus the maximum systematic error in our resistivity
measurement is below 10% (table 1).
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Table 1. The total error in the electrical conductivity of the sample.

31 GPa 35 GPa

T (K) |�σ | (s m−1) |�σ |/σ (%) T (K) |�σ | (s m−1) |�σ |/σ (%)

3450 0.049 48 6.2 3200 0.070 2 8.1
3000 0.080 57 9.2 2600 0.100 75 9.4
2600 0.096 98 9.7 2200 0.094 04 7.6
1950 0.097 02 7.1 1900 0.091 6.4
1750 0.142 03 9.6 1800 0.142 84 9.4
1500 0.170 88 9.8 1550 0.166 25 9.6

4. Conclusion

In summary, a technique has been developed for resistance measurement in an extended
P–T range in a laser-heated diamond anvil cell. Al2O3 was utilized as both thermal and
electric insulation in a laser-heated diamond anvil cell for resistance measurement, which
significantly improved the heating conditions inside the sample chamber. This technique has
many advantages, including efficiency in thermal and electrical insulation, high stability of
the microelectronic circuit, simplicity in fabrication, and the capability for easy cleaning and
reutilization of the diamond anvils. The conductivity of silicate has been measured to 35 GPa
and 3450 K, with its high-P–T electrical properties being revealed.
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