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The change in electronic structure of iron at high pressures to spin-paired states in ferropericlase, silicate
perovskite, and post-perovskite may have a profound influence on the thermal conductivity of the lower
mantle. Here, we present optical absorption data for lower mantle minerals to assess the effect of compo-
sition (including iron oxidation state), structure, and iron spin state on radiative heat transfer. We confirm
that the presence of ferric iron in ferropericlase strongly affects the optical properties, while the effect
of the spin-pairing transition may be more secondary. We also show that post-perovskite exhibits larger
optical absorption in the near infrared and visible spectral ranges than perovskite which may have a pro-
found effect on the dynamics the lowermost mantle. We present preliminary results from measurements
of the phonon thermal conductivity of perovskite at 125 GPa using a pulsed laser heating technique. The
available data suggest a larger value than what previously estimated, although the uncertainty is large.

© 2010 Elsevier B.V. All rights reserved.

1. Introduction

Knowledge of thermal conductivity of lower mantle materials
is of critical importance for understanding of the Earth’s thermal
structure, evolution, and dynamics. Heat fluxes through the Earth’s
mantle depend on the thermal conductivity of constituent miner-
als. Mantle convection and plate tectonics are largely dependent
on these heat fluxes. Thermal conductivity values may change
dramatically due to spin crossover which can profoundly affect
the electronic properties of Fe-bearing lower mantle minerals
(Sherman, 1991; Burns, 1993; Badro et al., 2003). It has been sug-
gested that radiative thermal conductivity might increase at the
spin-pairing transition due to the loss of the IR absorption band cor-
responding to the crystal-field transition (Sherman, 1991; Badro et
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al., 2004). The open discussion on the spin state of the materials
making up the lower mantle, the debate on the exact nature of the
spin state in post-perovskite (mixed versus intermediate (Lin et al.,
2008)), and the complex mechanisms contributing to the optical
absorption (Goncharov et al., 2006) call for additional investiga-
tions on the effects of spin transition phenomena on the Earth’s
radiative thermal conductivity. Moreover, the effect of the spin
transition on the phonon component of the thermal conductivity
is largely unconstrained.

Determination of optical and phonon heat transfer at high
pressure and high temperature is a challenging task that
has been addressed through a variety of approaches, includ-
ing direct experimental measurements, extrapolations of lower
pressure-temperature data, and theoretical calculations. So
far, there are few theoretical calculations (Cohen, 1998), and
their accuracy has not been assessed. Extrapolation of the
lower pressure-temperature data based on empirical relations
(Hofmeister, 1999) can serve as a first approximation, but will not
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work when the effect of spin transitions need to be taken into
account.

Here we present the results from a series of experiments in
the diamond anvil cell (DAC) on the radiative and phonon thermal
conductivity of the major phases of the lower mantle (i.e. Fe, Mg sili-
cate perovskite, post-perovskite, and ferropericlase) and assess the
effects of spin state, composition, and structure. In the case of fer-
ropericlase, we focus on samples with very low ferric iron content,
as more representative for the oxygen fugacity conditions (fO;) of
the lower mantle (Keppler et al., 2007). We compare the radiative
thermal conductivity of perovskite and post-perovskite to directly
evaluate if this structural transition is ultimately driving the radia-
tive thermal conductivity in the lowermost mantle rather than the
change in the spin state as suggested by recent X-ray synchrotron
measurements (Lin et al., 2008).

2. Experimental procedure
2.1. Sample synthesis

Oriented single crystals of ferropericlase, FexMg(;_x)O, were
synthesized starting from a pre-aligned crystal of MgO (normal
parallel to [110] direction) by high-temperature Fe-Mg interdif-
fusion in a piston cylinder press (1400°C at 1 GPa for 200 h). The
oxygen fugacity was buffered close to the IW (Iron-Wiistite) buffer
by loading the sample in an iron capsule. A 40 nm thick focused
ion beam section was cut out of the recovered sample for electron
energy loss spectroscopy measurement, and no detectable amount
of ferric iron was measured. Samples with total iron content < 25%
prepared at ambient pressure close to the IW buffer can have up
to 2% Fe3*/ZFe (Srecec et al., 1987). Since high pressure is known
to destabilize Fe3*, this estimation can be reasonably considered as
upper limit for our samples, synthesized at 1 GPa. The samples were
polished to 8-20 wm thickness and cut to approximately 40 wm in
diameter. We produced samples with different iron content x, vary-
ing in the 0.15-0.21 range; the exact composition was determined
individually for each disk by electron microprobe analysis.

Samples of perovskite, Feg 1 Mg ¢SiO3, were synthesized under
high pressure (125 GPa) in a laser heated DAC using an orthopy-
roxene starting material. To couple the laser heating radiation
with the sample, a small Ir square (called coupler below) of
20 pm x 20 wm x 5 wm was positioned in the middle of a cavity
filled by the sample on all sides. Thin 1-2 pm alumina thermal insu-
lation layers were deposited on the diamond anvils (Goncharov
et al.,, 2008a,b). The X-ray diffraction measurements performed
after the laser heating showed that the material synthesized was
predominantly in the perovskite phase (a trace amount of post-
perovskite was also detected).

Samples of post-perovskite, FexMg;_,)SiO3 were also synthe-
sized under high pressure (>135 GPa) in a laser heated DAC using
an orthopyroxene starting material (Mao et al., 2004). X-ray diffrac-
tion showed that the sample was single phase post-perovskite. The
iron content, x, ranged from 0.1 to 0.3 in the samples studied (sam-
ples with larger x were essentially opaque over the entire spectral
range). The sample with low Fe concentration (x=0.1), which was
partially transparent in the visible, looked optically uniform when
observed using an optical microscope in transmitted light. Thus,
we believe that possible effects of light scattering on the intergrain
boundaries on the optical absorption spectra are small.

2.2. Optical measurements

Our experimental methods for determination of the phonon
and radiative thermal conductivity in the DAC are described else-
where (Goncharov et al., 2006; Beck et al., 2007; Goncharov et al.,

2009). Here we explore various possibilities in sample prepara-
tion and reaching higher pressures to address the dependence of
composition, structure, and electronic state on the thermal con-
ductivity. Similarly to the previous publications (Goncharov et
al., 2006, 2008a,b, 2009; Keppler et al., 2007, 2008), we assessed
the radiative thermal conductivity based on the measurements
of the optical absorption spectra assuming that the grain size
is larger than the typical absorption length (e.g., Hofmeister,
2005).

Optical absorption spectra of ferropericlase were measured
using Ne as a pressure medium. As in our previous studies
(Goncharov et al., 2006, 2008a,b, 2009), the sample absorbance was
determined by referencing to a spectrum measured at the same
pressure through the pressure medium. The sample thickness was
determined at ambient pressure by using optical interferometry
(in reflection spectra), and calculated at high pressure using an
isothermal equation of state.

Optical absorption spectra of post-perovskite were normalized
to the transmission spectra of the optical system without the DAC,
and the diamond absorption was taken into account from the
separate measurements of the diamond anvils. The sample thick-
ness was estimated for the sample with x=0.1 using reflectivity
measurements of the sample portion containing only the thermal
insulation (NaCl). The sample thickness was assumed to be the
same for the other samples since the diamond culet dimensions
and pressure were almost the same. All the optical absorption mea-
surements reported here were performed at room temperature.

The overall uncertainty in determination of the absorption coef-
ficient, k=(loglp/logl)In10/d can be estimated as follows. The
accuracy of the absorbance measurements A =log Ip/log I are mainly
due to baseline-to-sample measurement uncertainties, caused
by sample and cavity imperfections and limited sample dimen-
sions. These are normally within AA=0.1 based on random errors
obtained from several measurements. The accuracy of the determi-
nation of the sample thickness (assuming non-deformed samples
in a medium) are mainly determined by the uncertainty in the
equation of state and related to this pressure measurement uncer-
tainty, and by the initial thickness determination errors. These
combined errors do not exceed 1%. Based on the above discussion,
we conclude that the experimental uncertainty of the absorption
coefficient is determined by the experimental factors limiting the
accuracy of the absorbance measurements. For the typical sample
thicknesses (<15 wm), the uncertainty in k is about 50cm~1 (see
also Goncharov et al., 2008a,b). The uncertainties in determination
of the absorption coefficient in the case of post-perovskite sam-
ples are larger (up to 20%) since the sample thickness could only be
approximately estimated as described above.

3. Results and discussions
3.1. Ferropericlase

Absorption measurements in ferropericlase with x=0.204 to
pressures up to 36 GPa show a monotonic increase of absorption
in the high-spin state (Fig. 1). This is in contrast to the results of
Keppler et al. (2007), who did not observe any systematic increase
in the background intensity for their sample with x=0.12 synthe-
sized under high pressure. Our data at low pressures (<5 GPa) are in
qualitative agreement with those of Keppler et al. (2007) (Fig. 1a);
thus the difference in high-pressure behavior is not due to dif-
ferences in sample preparation procedures. We determined the
sample thickness at 0 GPa to be approximately 16 wm by measur-
ing the interference fringes in transmission spectra in the near IR
and visible spectral ranges. The absorption coefficient of ferroperi-
clase determined from these measurements is lower than the value
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Fig. 1. Optical absorption spectra of ferropericlase Mg(;_yFexO. (a) Pressure dependence of absorbance of sample with a low ferric iron concentration from this work
(x=0.205). Black solid curve - data at 1.9 GPa from the work of Keppler et al. (2007) for the sample of different thickness and different iron content (x=0.12). (b) Comparison
of the 36 GPa absorption coefficient spectrum from this work with that determined by Goncharov et al. (2006) for another sample batch. The absorption coefficient has been
calculated using k=AIn 10/d, where A=log10(Io/I) is the absorbance, d is the sample thickness (see text).

determined by Goncharov et al. (2006) in the visible and ultraviolet
(UV), but it is larger in the near IR range (Fig. 1b). These measure-
ments show that samples with higher Fe3* content (as presumably
was the case for the samples used in the study of Goncharov et al.
(2006)) do have substantial additional absorption in the visible and
UV due to charge transfer bands. Nevertheless, even samples with
no measurable amount of ferric iron, show a background absorption
in the visible and a gap-like increase of absorption in the UV (Fig. 1),
see also Keppler et al. (2007). Preliminary results from absorption
measurements at higher pressures across the spin transition show
trends similar to what was reported by Goncharov et al. (2006) and
Keppler et al. (2007) - i.e. no major reduction of the absorption in
the near IR at the transition. Since this spectral range corresponds
to the maximum in blackbody emission for temperatures between
2000 and 3000K (970 nm at 3000K), we conclude that the iron
oxidation state has larger effects on the radiative conductivity in
ferropericlase than the changes in the spin state, and thus, is to
going to play a major role in the thermal conductivity of the Earth’s
lower mantle.

3.2. Silicate perovskite

Direct measurements of the optical absorption in silicate per-
ovskite (Goncharov et al., 2008a,b; Keppler et al., 2008) show that
the effect of spin transition at 30-70 GPa (Badro et al., 2004) on
the optical absorption is very small. Goncharov et al. (2008a,b)
observed a gradual decrease of intensity of the Fe2* crystal-field
band around 50 GPa, which may be related to the spin pairing of
ferrous iron. The high-pressure low-spin state (called “intermedi-
ate” inrecent publications(Lin etal.,2008; McCammon et al.,2008))
corresponds to the spin-paired state (S=1) one expects in the case
of a distorted dodecahedral site occupied by Fe2* in perovskite (e.g.,
Burns, 1993).

3.3. Post-perovskite

Surprisingly, our absorption spectra of post-perovskite at
140 GPa (Fig. 2) show a strong band at 12,000 cm~!. This is close

in frequency to the crystal-field transition at high pressures
(the transition normally blue-shifts with pressure in ferroperi-
clase (Goncharov et al., 2006) and perovskite (Goncharov et al.,
2008a,b)). The spectra of post-perovskite with different Fe content
are qualitatively similar; they differ quantitatively in the absorp-
tion coefficient, which shows, as expected, an increase with the iron
content. Samples with higher Fe content also show the absorption
band near 8000 cm~!, which falls within a characteristic spectral
range of the crystal-field transition of Fe2*. This result suggests that
the spin state of Fe in post-perovskite can be more complex than
previously suggested (Lin et al., 2008). Moreover, the comparison
of the absorption spectra of perovskite and post-perovskite with
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Fig. 2. Optical absorption spectra of post-perosvskite with different iron composi-
tions. The absorption coefficient has been determined as described in the caption to
Fig. 1. The sample thickness was estimated to be 5.75 wm (see text).
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Fig. 3. Comparison of the optical absorption spectra of post-perovskite, ferroperi-
clase (this work), and perovskite from work of Goncharov et al. (2008a,b). The dashed
(red) line represents the calculated blackbody radiation (arbitrary units) at 2400 K,
close to lower mantle conditions. (For interpretation of the references to color in
this figure legend, the reader is referred to the web version of the article.)

x=0.1 at similar conditions (Fig. 3) shows that post-perovskite has
a larger absorption coefficient in the near IR-visible-UV spectral
range and, hence, smaller radiative conductivity than perovskite.
This is consistent with recent observations of an increased electri-
cal conductivity of post-perovskite (Ohta et al., 2008). No pressure
dependence of the absorption spectra for perovskite could be
measured in this work due to technical reasons. Further studies
are needed to explain the effects of the spin transition on the
radiative thermal conductivity. Unfortunately, the measurements
of the pressure dependence are limited because of the structural
instability of post-perovskite upon pressure release.

3.4. Lattice thermal conductivity of silicate perovskite

Measurements of the phonon thermal conductivity using a
ns pulsed laser heating technique combined with time-resolved
radiometry proposed by Beck et al. (2007) require the use of
a very thin (<0.1 wm thick) coupler, which is difficult to bring
intact to ultrahigh pressures. Here we present the results of a
feasibility study using a thicker coupler (see also Kundargi et al.,
2008). The experimental time-dependent measurements of the
coupler surface temperature (Fig. 4) show an abrupt increase in
temperature after the laser pulse arrival followed by a slower
cooling cycle. It is interesting to note that in contrast to the
results of Beck et al. (2007), we find that the temperature of
the coupler remains approximately constant for a time period
of about 25ns at the maximum of the temperature-time depen-
dences (Fig. 4). Measurements with different pulse energies show
qualitatively similar curves; thus the effects related to melting phe-
nomena (both coupler and sample are expected to melt in the
4000-5000 K temperature range based on measurements reported
in Errandonea et al., 2001; Kavner and Jeanloz, 1998; Zerr and
Boehler, 1993) should be ruled out. Examination of the incandes-
cent spectra near the top of the temperature-times curve show
large departures from Planck’s law. We attribute these departures
to essentially nonequilibrium heat transfer processes in the cou-
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Fig. 4. Time dependence of surface temperature of the Ir foil imbedded into per-
ovskite sample at 125 GPa. The two datasets are for different pulse energies. Symbols
with error bars — spectroradiometric measurements, solid lines - FE calculations
with k3gok =100 W/mK, dashed lines - same with ks3gok =30 W/mK. Vertical dot-
dashed line corresponds to the maximum of the laser pulse. Inset - the laser pulse
profile.

pler (see Chen, 1996), which occur during and shortly after the
arrival of the laser pulse. The effects related to radiative cooling
(governed by the Stefan-Bolzmann’s law) are negligible at the
temperatures measured here (<10,000K) (e.g., Beck et al., 2007,
20009).

In order to extract the thermal conductivity of the perovskite
sample we applied finite-element (FE) calculations to solve the
heat-flow diffusion equation (see Crank, 1967 for details) in a cav-
ity of the DAC (see also previous publications: Bodea and Jeanloz,
1989; Dewaele et al., 1998; Kiefer and Duffy, 2005). We used a
FLEX PDE 3D professional software package along with a code we
developed specifically for analysis of time-dependent heat fluxes
in the DAC (Montoya et al., in preparation). The thermochemical
parameters of material in the DAC cavity were taken from the
literature and scaled to the pressure conditions of the observations
(125GPa) using the scaling relations available from literature
(Ross et al., 1984). We assumed that the thermal conductivity of
perovskite depends on temperature as T'/? as proposed in Klemens
(1960) and measured for other silicates by Xu et al. (2004). More
complex temperature dependences would not be required by our
data. These parameters and the scaling relation are presented in
Table 1. As in the previous work (Kiefer and Duffy, 2005) a suffi-
cient portion of diamond anvils was included into the simulation
domain (20 pm thickness); the results did not significantly alter
when a larger thickness was included.

The results of our FE calculations for the time dependence of the
surface temperature of the coupler compare well with the exper-
iment except for the region at top of the curve (Fig. 4). In this
range the calculations give much higher temperatures while the
spectroradiometric measurements show a “plateau”. One possible
explanation is that our FE calculations use a classic formalism to
solve the heat conduction problem at the interface neglecting the
presence of this absorbing layer, while the Ir coupler has a small but
finite optical depth (we estimated it to be 13 nm at 1064 nm wave-
length using the experimental data of Lehmuskero et al. (2007)).
Thus, unlike for the model assumptions, a non-negligible amount
of the laser radiation is absorbed in the depth of the coupler which
reduces the effective surface temperature. After the entire laser
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Table 1
Thermochemical parameters of materials used in FE calculations.

Property/material Diamond Sample

Coupler (Ir) (Cargan and Pottlacher, 2007)

Density (kg/m3) 3,500 5,168
Thermal conductivity (W/mK) 2,000 k300x(300/T)1/2

27,136

300(1 — 8.4 x 10~5 (T — 300)) T<4200

150(1+21 x 10-5(T — 4200)) T> 4200

Specific heat capacity (J/kg K) 509 1,400
Emisivity 0 0

(136.22 - 0.0361T+5.60875 x 107572 — 1.5532 x 10-8T> + 1.3170 x 10~'2T*) T<4200; 233 T>4200
0.55 T<4200; 0.35 T>4200
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Fig. 5. Thermal conductivity of perovskite as a function of temperature. Solid gray
line - ambient pressure data from Osako (1991). Dashed gray line - extrapolation to
125 GPa data of Osako (1991) using an empirical relation k=ko(Vo/V)’, where zero
subscript refers to ambient pressure (Manga and Jeanloz, 1997). Thick bold lines
represent the temperature dependences of the thermal conductivity used in the FE
calculation in this work.

pulse is absorbed, the temperature distribution is governed by clas-
sic heat conduction laws, and our FE calculations become accurate
in the part concerning the temperature distribution across the sam-
ple. For very thin couplers (0.1 pwm) used in the previous work (Beck
et al., 2007), the thermalization time after the laser pulse arrival
was very short (0.25ns), and hence the effect of nonequilibrium
heat transfer becomes unobservable in the experiment.

We attempted to fit the whole experimental data with a sin-
gle set of thermochemical parameters, leaving laser pulse energy
as a free parameter for fitting. Our FE calculations approximate
well the experimental temperature-time curves obtained with
different laser pulse energies (and hence to different tempera-
tures). Unfortunately, in the present experimental configuration
the temperature-time curves are less dependent on the thermal
conductivity of the sample than they are on the thermal properties
of the coupler. Thus, our measurements can only determine the
thermal conductivity of the sample with a large uncertainty. Our
results are illustrated in Fig. 5 along with previous estimates based
on ambient pressure measurements (Osako, 1991) and extrapo-
lation to higher pressures (Manga and Jeanloz, 1997). Previous
determinations of the thermal conductivity of perovskite under
the lower mantle conditions (Osako, 1991) predict a value of
12Wm~1K-1 at the top of D” layer (2500K). Our best estimate
(Fig. 5) is slightly higher, but agrees within the uncertainty.

4. Conclusions

We present a suite of experimental results aimed at ultimately
determining the thermal conductivity of the main phases in

the Earth’s lower mantle. Optical absorption spectra of lower
mantle minerals depend critically on composition (including iron
oxidation state), structure, and iron spin state. We confirm that the
presence of ferric iron in ferropericlase strongly affects the optical
properties. We also show that perovskite and post-perovskite
exhibit substantially different optical absorption in the near
infrared and visible spectral ranges (cf., the results of Lin et al.,
2008); this may have a profound effect on the dynamics the lower-
most mantle. Simultaneous effects of pressure and temperature on
the optical properties still remain largely unknown. Further work
is required for an accurate assessment of the radiative component
of the thermal conductivity of lower mantle minerals, including
the study of compositional and structural properties, as well as the
iron spin state.

Preliminary results from measurements of the phonon thermal
conductivity of perovskite at 125 GPa using a pulsed laser heat-
ing technique suggest a larger value than what was previously
estimated, although the uncertainty is very large. Future accu-
rate experimental measurements of the phonon contribution to
the thermal conductivity of lower mantle materials will require a
number of carefully crafted experiments under high pressure and
temperature conditions to determine the thermal conductivity of
all the materials used in the DAC. Thin couplers prepared as metal-
lic films directly deposited on mineral plates should be used in next
generation pulsed laser heating experiments, and the first tests are
currently underway.
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