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Abstract

Thermal conductivity (k) of mantle minerals is key to understanding dynamics in the deep Earth.
It controls the style of mantle convection and the time scale of cooling both the mantle and the
core. Cubic CaSiOs perovskite (CaPv) is the third most abundant mineral in the lower mantle (7
vol%). Despite its importance, no theoretical nor experimental estimate of CaPv’s k is available.
Theoretical investigations of its properties are challenging because of its strong anharmonicity.
Experimental measurements at relevant pressures and temperatures are equally challenging. Here
we present ab initio results for CaPv’s k obtained using the phonon quasiparticle approach to
address its strong anharmonicity. We also offer experimental measurements of x up to 67 GPa and
1950 K. Predictions and measurements are in good agreement and reveal a surprisingly large k for
cubic CaPv that can be explained on the basis of its high crystal structure symmetry. Despite its
relatively low abundance, CaPv’s k increases the lower mantle x by ~10%, if accounted for. x of

mantle regions enriched in subducted crustal materials will be more strongly impacted.



I. INTRODUCTION

The dominant mode of heat transport between the Earth’s core and the surface controls the
planet’s internal dynamics and evolution. The core-mantle boundary (CMB) located at 2890 km
depth is the interface between the molten metallic core and the rocky mantle. At the CMB, where
mass transport is impeded, the lower mantle (LM) receives heat from the core via conduction [1].
Knowledge of x of LM minerals is critical for constraining predictions of the CMB heat flow [2],
which provides a basis for understanding the Earth’s dynamic state and thermal history and the
relative importance of conduction versus convection above the CMB. The LM extends from 670
to 2890 km in depth, constituting 55 vol% of the Earth’s whole interior. Pressures (P) and
temperatures (T) in this region vary between 23 < P < 135 GPa and 2000 < T < 4000 K [3,4]. Such
conditions introduce considerable challenges for both measurements and theoretical estimates of
thermal conductivity of mantle minerals, precluding precise constraints of LM’s k [2,5,6]. Thus,
the understanding of thermal conduction through the LM is still incomplete [1].

CaSiOs3 perovskite (CaPv) constitutes ~7 vol% of a pyrolitic LM [7,8]. Despite its importance,
no previous estimate of cubic CaPv’s lattice thermal conductivity, k;,¢, IS available owing to its
strong anharmonicity, i.e., strong phonon-phonon interactions. Anharmonicity manifests as an
intrinsic temperature dependence in phonon frequencies at constant volume [9,10]. CaPv assumes
acubic structure [9,11,12] under LM conditions, but it is dynamically unstable below 500 K [9,13].
At low temperatures, it presents tetragonal and orthorhombic distortions [14]. Measurements of
cubic CaPv’s k;,; need to be carried out above ~600 K and ~26 GPa [9,11]. It is indispensable to
determine the x;,; of cubic CaPv in-situ at high P-T because this phase is unquenchable.
Calculations of x;,; are also challenging. Prevailing ab initio approaches relying on perturbative
treatments of weak anharmonicity up to three-phonon scattering processes have been used to
evaluate k;,; of MgO periclase (Pc) [15-17], pure bridgmanite, i.e., MgSiOz perovskite (MgPv)
[18-20], and MgSiOs postperovskite (MgPPv) [21], the second and first most abundant phases of
the LM, and the most abundant phase of the D” region, respectively. However, these approaches
are invalid for cubic CaPv since static density-functional theory (DFT) calculations of cubic CaPv
yield a double-well potential [9,22] that renders the cubic phase unstable at low temperatures. The
deviation from harmonic potential is substantial, and thus, the harmonic phonon calculations

acquire imaginary frequencies [9,22]. Only at sufficiently high temperatures, the cubic phase is



dynamically stabilized by anharmonic interactions, and the phonon dispersion is free of imaginary
frequencies [9].

Here, we investigate the P-T dependence of cubic CaPv’s k;,; using ab initio calculations and
direct measurements. We use the phonon quasiparticle approach [10,23] that can address the
strongly anharmonic nature of CaPv, and pulsed light heating thermoreflectance to measure x;,;
in a laser-heated diamond anvil cell (DAC) (see Appendix) [24,25]. Calculations and experiments
reveal anomalously high k;,; for CaPv. We use these results and similar ones on MgPv and Pc to

estimate k;,; of a pyrolitic aggregate at LM conditions.

Il. METHOD
Heat transport in pure crystalline insulators is governed by phonon-phonon scatterings. Lattice
thermal conductivity can be calculated with the relaxation-time approximation (RTA) of the
linearized Boltzmann transport equation (LBTE) [26,27] when phonon quasiparticles exist,
Kiat = 3 Yqs CqsVaslas (1)
Where cqs, Vgs, lqs = VqsTqs @Nd Tgs are phonon heat capacity, group velocity, mean free path, and
lifetime, respectively, of normal mode (g, s) with frequency wgs. g is the phonon wave vector, and
s runs over the 3n phonon branches of an n-atom primitive cell. Under high temperatures (T >
1300 K) investigated here, cqs is simply kg in the classical limit. The RTA usually works well at
high temperatures and is found to give <1% difference in x;,, compared with the iteratively solved
full solution to the LBTE for MgPv [20]. The isotope scattering, which is found to give an
insignificant reduction in k;,, for MgPv (1-3% [20]) and Pc (4% [15]), also diminishes at high
temperatures and is disregarded in this study. Thus, vqs and 744 are the critical quantities needed
to evaluate k;,.. For weakly anharmonic systems, v, and 4, are routinely [28,29] determined
using density-functional perturbation theory (DFPT) and many-body perturbation theory.
However, conventional perturbative treatments relying on the finite displacement method to
calculate anharmonic phonon properties without renormalization of force constants become
invalid in the presence of strong anharmonicity. There are several methods implementing the force
renormalization beyond the conventional perturbative approaches, either through a self-consistent
iterative scheme [30-33] or from ab initio MD [34,35]. They have been used to study both weakly
[31,32,34] and strongly [31,33,35] anharmonic solids. Nevertheless, they have not been widely



applied to strongly anharmonic crystals with imaginary frequencies such as CaPv. Here we tackle
this strongly anharmonic problem using the phonon quasiparticle method [10,23]. The latter has
successfully addressed various problems caused by strong anharmonicity [9,36], notably the
stabilization of CaPv’s cubic phase above ~600 K at ~26 GPa [9], the hcp to bcc phase transition
of metallic beryllium [36,37], and the phase stabilities and thermal conductivities of PbTe and
SnSe [38-40]. In this approach, phonon anharmonicity is expressed in terms of two quantities;
renormalized phonon frequencies, @gs, and lifetimes, 74,. These quantities and the phonon group
velocity, vqs = digs/dq, are all temperature-dependent.

Phonon quasiparticle properties are obtained by computing the mode-projected velocity
autocorrelation function (VAF) [9,10],

(Vas (0) * Vs (D)) = lim ~ [TV (£)Vys (2" + DY’ 2)
where Vos(£) = T, /Mvi(DedRi- 8, is the mass-weighted and (g, s)-mode-projected
velocity. v;(t)(i = 1, ..., N) are the atomic velocities obtained from MD trajectories of an N-atom
supercell. M; and R; are the atomic mass and the atomic equilibrium coordinate of the i** atom in
the supercell, respectively. &4, is the polarization vector of the harmonic phonon for mode (q, s),
and g is commensurate with the supercell size. The power spectrum of a well-defined phonon
quasiparticle, Ggs(w) = |f0°°(VqS(O) : Vqs(t))ei“’tdt|2 has a Lorentzian line shape with a single
peak at @qs and a linewidth of I'ys = 1/(274s). In principle, a complete decay of the VAF is
required to obtain a reliable Gq4,. However, very long MD runs are required to meet this condition
for phonon quasiparticles with long lifetimes, which is inconvenient for ab initio MD simulations.
Here we extract @qs and 74, from the VAF from relatively shorter MD simulations. For a well-
defined quasiparticle of mode (g, s), one can simply fit the VAF phenomenologically to the
expression [23],

(Vas (0) * Vs (1)) = AqsCos(@qst)e ot ®3)
where A, is the oscillation amplitude. Here for cubic CaPv in the relevant temperature range, all
the phonon quasiparticles sampled by the MD simulations are well-defined, the VAF of which can
be perfectly described by Eq. (3). In practice, for well-defined VAF, to obtain reliable @q, and 7,
the fitting needs only the numerical data of (Vs(0) - V4s(£)) for the first few oscillation periods

[10,41], e.g., till the oscillation amplitude decays to its half maximum. @q,, 745 and Ag, are



obtained simultaneously by the least square fitting. Figure S1 of the Supplemental Material [42]
showcases the VAF of a phonon mode for CaPv at 2000 K and the corresponding fitting curve.
The changes in @q, and 74, by conducting the fitting for several more or fewer oscillation periods
of the VAF are negligible, indicating the convergence of quasiparticle properties.

We carried out ab initio MD simulations in the NVT ensemble and phonon calculations with
the DFT-based Vienna ab initio simulation package (VASP) [28] employing the local density
approximation (LDA) and the projected-augmented wave method (PAW) [68]. The kinetic energy
cutoff adopted was 550 eV. MD simulations were conducted on 2 X 2 x 2 (40 atoms) and 3 X 3 X
3 supercells (135 atoms) for a series of volumes (44.39, 40.26, 36.77, 34.34 and 32.49 A3/primitive
cell) corresponding to densities 4.35, 4.79, 5.25, 5.62, and 5.94 g/cm?, respectively. A previous
study [9] has shown that 2 x 2 x 2 supercells (40 atoms) are sufficient to converge the anharmonic
interactions and anharmonic phonon dispersions. In this study, we used the 3 X 3 x 3 g-mesh to
investigate the behavior of phonon lifetimes. We carried out isochoric MD simulations for
temperatures ranging from 1300 to 4000 K controlled by the Nosé thermostat [69] for over 60 ps
with a time step of 1 fs. Throughout the volume and temperature range considered, the cubic CaPv
phase was confirmed to be stable, and phonon quasiparticles were well-defined. Harmonic phonon
frequencies and normal modes were calculated using DFPT [70] implemented in the VASP
package. Anharmonic phonon dispersions and phonon lifetimes were extracted from the phonon
quasiparticles sampled by the MD simulations [9,41]. Similar MD simulations were also
conducted for MgO periclase (Pc) with 4 x 4 x 4 supercells (128 atoms) and Pbnm MgSiOs
perovskite (MgPv) with 2 x 2 x 2 supercells (160 atoms). Since the focus of this paper is on CaPv,

we report only a few results on these systems here.

I11. RESULTS AND DISCUSSION

Ab initio simulations combining lattice dynamics and molecular dynamics (MD) give phonon
quasiparticle properties of cubic CaPv at LM conditions. Figure 1 shows vgs and 74s Versus g
collected in 135-atom MD simulations at various temperatures for p = 4.79 g/cm?®, Wqs aNd Vg
show a mild and nonmonotonic temperature dependence (Fig. 1(a)), while the temperature
dependence is relatively stronger for 74, (Fig. 1(b)). Sub-minimal mean free paths [43], l4s, are

observed for CaPv and are shown in Fig. S2 of the Supplemental Material [42].



To obtain k;,, converged in the thermodynamic limit, the summation in Eq. (1) must be carried
out over a dense g-mesh throughout the Brillouin zone (BZ). The number of g-vectors sampled in
MD simulations is limited by the supercell size. Therefore, it is desirable to find a parameterization
of 74s’s dependence on frequency [43,47,71,72]. We rely on such parametrization [42] to obtain
Tqs ON a dense, converged g-mesh. The parameterized values of 74¢ at 1300 K are shown in Fig.
2(a). Anharmonic phonon dispersion is obtained by Fourier interpolation [9,10], and v4s can be
calculated on any desired g-mesh, as also shown in Fig. 2(a). For comparison, we show 745 and
vqs Of MgPV [42,43] in Fig. 2(b).

We have also computed the average lifetimes, 7, and average velocities, ©. Figures 2(c) and 2(d)
show their pressure and temperature dependence for CaPv and MgPv. Despite being strongly
anharmonic, CaPv’s T and v are larger than those of MgPv at all temperatures and pressures
considered. Such behavior is unexpected because MgPv is weakly anharmonic [10,20,43] and less
dense than CaPv. Note that only acoustic branches of CaPv in the narrow region of the BZ marked
by the dashed rectangle in Fig. 2(e) show strong temperature dependence. Compared with the
phonon dispersion of MgPv shown in Fig. 2(f), the temperature dependence of the optical modes
in CaPv and MgPv are similar. Plotting these phonon dispersions in their respective BZ’s
highlights another essential fact. Cubic (Pm3m, 5 atoms/cell) CaPv has higher symmetry and
fewer reflections at BZ edges than orthorhombic (Pbnm, 20 atoms/cell) MgPv. MgPv’s phonon
branches are folded into a smaller BZ and show less dispersive optical branches with lower
velocities. Branch folding in some cases causes repulsive branch interaction that reduces vg;.
These branch folding effects are quite visible when comparing phonon velocities in Figs. 2(a) and
2(b). Above ~250 cm™, CaPv’s vqs are generally larger than those of MgPv. More importantly,
the proportion of acoustic branches with high v4s and long 74, for CaPv (3/15) is much larger than
that for MgPv (3/60). Therefore, CaPv’s higher crystal structure symmetry leads to higher v and
larger g

Employing these v, and 74, computed in the thermodynamic limit, we have calculated x4, Of
CaPv at several densities (p) and temperatures using Eqg. (1) (Fig. 3(a)). The density and

temperature effects on x;,; can be described by [48,73]

Kiat = Kref (TTT_ef)a< 2 )ga (4)
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wheregisg =bln (ﬁ) + ¢ [73]. By choosing the reference density (p,.r) as 4.35 g/cm? and

reference temperature (T,.f) as 1300 K, we obtained the fitting parameters k,..¢, a, b and ¢ as 10.9
W/m/K, 1.11, -10.2 and 7.87, respectively (solid curves in Fig. 3(a)). The choice of p,..; and T;..f
is not unique, but they do not change the density and temperature dependence of k;,.. At each
density, k4, Varies approximately as 1/T111, i.e., it decays faster than the theoretically expected
/T relation. The 1/T dependence is associated with the dominant three-phonon scattering
processes. With increasing temperature, four-phonon and higher-order phonon scatterings become
important, enabling more phonon decay channels. Hence, k,,; is expected to decay faster than 1/T
at high temperatures [74]. However, such dependence only applies within the temperature range
investigated in this study, where the cubic phase is adopted, and phonon quasiparticles are well-
defined.

K14:(T, p) are converted into x;,; (T, P) by using an accurate thermal equation of state of cubic
CaPv [75], which was developed by carefully combining [76,77] anharmonic free energy, F(T,V),
and pressure, P(T,V) [10,36], with experimental data [12,78]. Converted results for ;.. (T, P) are
shown in Fig. 3(b). There are two notable features in iy, (T, P)’s behavior. First, i IS
considerably large against the conventional wisdom that strong anharmonicity reduces thermal
conductivity. At the onset of the D” region at 2600 km depth (T = 2735 K and P = 120 GPa), k4
= 16.3(10) W/m/K, which is about 2.5 times as great as that of MgPv (6.5(4) W/m/K [42]). This
relationship applies approximately to the entire LM. This relatively large k;,; of CaPv results
mainly from CaPv’s high crystal structure symmetry (see discussion above). Second, x;,; varies
linearly with pressure, similarly to MgPv [6] and Pc [56] observed by experiments. This feature
has also been reproduced by ab initio studies of MgPv [20,43] and Pc [79].

Such counterintuitive results call for experimental validation. To obtain CaPv’s k., @
combination of pulsed light heating thermoreflectance and laser-heated DAC techniques was
employed for the measurements of thermal diffusivity in-situ at high P-T conditions (see Appendix)
[24,25]. The measured values for CaPv are summarized in TABLE | and shown in Fig. 3(b). Four
separate measurements were performed at ~1300 K, and one at 1950 K. The measured k;,;
compare well with the calculated values within experimental and computational uncertainties.

Such an agreement further validates the present theoretical approach.



There are reports of strongly anharmonic perovskites with ultralow k;,; [35,80]. Such systems
are quite different from CaPv, the leading cause of the distinct k;,; being CaPv’s much larger
phonon velocities originating in the wider frequency range of phonon dispersions (>1000 cm™ for
CaPv and <170 cm™ in [35,80]). Besides, many of the ultralow-x,,. Systems were investigated
near their 2"%-order phase transition temperature range [35,80], in which the single-phonon power
spectrum exhibits strong broadening and non-Lorentzian features. In such a case, the validity of
phonon quasiparticles and the applicability of the LBTE are debatable. In these ultralow-x;,;
materials, the small frequency range also leads to closely spaced phonon branches, and thus, strong
coupling between different phonon eigenstates. Whether the off-diagonal wavelike tunneling
terms of the heat flux operator contribute significantly to the thermal conductivity may need to be
studied as well [33,80,81]. The 2"-order phase transition for CaPv happens below ~600 K at ~26
GPa [9], through which the single-phonon power spectrum exhibits strong non-Lorentzian features
with double peaks [9]. The corresponding phonon lifetime should be very short. The present study
focuses on T > 1300 K, which is well above CaPv’s 2"-order phase transition temperatures for
the LM pressures. All the phonon quasiparticles are well-defined, corresponding Lorentzian power
spectra allow extraction of well-defined lifetimes, phonon branches are sparsely spaced, and the
RTA of the LBTE is applicable.

The recently reported values of «;,; and total thermal conductivity (k;,;) of the LM, the latter
including a radiative contribution (x,,4), considered the LM as a mixture of MgPv and Pc only
[18,19,48,49,51,52]. In the LM, both MgPv and Pc contain significant amounts of iron, and MgPv
also contains aluminum; therefore, it is necessary to consider the impact of these substitutions on
K1q¢- Such an impact was shown to be substantial, reducing x;,; by ~50% for MgPv and Pc [48].
By including the impurity effects and the radiative contribution [2,19], theoretical and
experimental estimations of x;,, [48-52] and &, [18,19] of the LM has yielded large
uncertainties (Fig. 4). However, the contribution of CaPv has been omitted [18,19,48,49,51,52] in
these studies.

With a large x;,;, CaPv should contribute significantly to the k;,, of the LM. CaPv contains
insignificant amounts of iron and aluminum and their effect on x;,; should be negligible.
Therefore, it is reasonable to approximate the ab initio value of CaPv’s k;,; as its LM value. Our
predicted k;,; along a typical LM geotherm [60] with a thermal boundary layer above the CMB is

shown in Fig. 4. We compute k,,; of the LM in the following four steps. First, x;,; of pure MgPv



and pure Pc were also investigated [42] using the same method. The obtained x;,; are shown in
Figs. S3 and S4 of the Supplemental Material [42], respectively. Second, as in previous studies,
we assume k;,; values of MgPv and Pc are reduced by 50% after considering impurity effects [48].
Third, x4, of a pyrolitic LM, i.e., ~7 vol% CaPv, ~75 vol% bridgmanite (postperovskite in the D”
region [21]), and ~18 vol% ferropericlase [7], is obtained using the Voigt-Reuss-Hill averaging
[49,66] scheme. Fourth, k., is obtained by adding the recent experimental determination of k.4
of a pyrolitic aggregate [53] to k4. k1o Of the LM along the geotherm is shown in Fig. 4, along
with several other previous estimates [18,19,48-52]. We predict k., = 6.0(4) W/m/K at 2600 km
depth, and x;,; =4.9(3) W/m/K at the CMB. The Supplemental Material [42] presents a discussion
on discrepancies between different published results. With its relatively low abundance (~7 vol%),
the inclusion of CaPv increases k;,; of the LM by ~11% and k;,; by ~9% at all depths. In regions
populated with subducted mid-ocean ridge basalt (MORB) [13], where CaPv is more abundant
(>23 vol% [61]), the inclusion of CaPv is expected to increase the MORB’s k;,; by ~40% [42].

IV. CONCLUSIONS

In summary, we investigate the lattice thermal conductivity of cubic CaPv under the LM
conditions utilizing the ab initio phonon quasiparticle approach and the pulsed light heating
thermoreflectance measurement in a laser-heated DAC. Both the computational and the
experimental techniques are able to deal with the cubic CaPv at high P-T, which is unquenchable
at ambient conditions. CaPv’s k4, is shown to vary with temperature as 1/T111, and to vary
linearly with pressure. Throughout the LM, CaPv’s k;,; IS roughly 2.5 times as large as that of
MgPv. Being a strongly anharmonic material, CaPv’s surprisingly large k., is found to be mainly
caused by the high crystal structure symmetry and the corresponding generally high phonon group
velocities of the cubic primitive cell. Thermal conductivity of the pyrolitic mantle comprising of
CaPv, bridgmanite, and ferropericlase is then modeled along the typical geotherm. Despite its
relatively low abundance (7 vol%) in the pyrolite, CaPv increases the mantle’s k by ~10%, if
accounted for. In mantle regions enriched in subducted crust, where CaPv is much more abundant

(>23 vol% [61]), the x will be more greatly enhanced.
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APPENDIX
1. Synthesis of CaSiOs Perovskite

We used pure natural wollastonite (CaSiOz) powder as a starting material (Fig. S6(a) of the
Supplemental Material [42]). We confirmed no aluminum was included in the wollastonite sample
by energy dispersive spectroscopy analysis. The powder was shaped into a disk, and then we
sputtered gold or platinum onto both sides of the sample disk, which played as both a laser absorber
and a monitor for temperature rise in thermal conductivity measurements. High pressure was
generated in a symmetric-type DAC using a pair of diamond anvils with 300 um culet and a
rhenium gasket that was pre-indented to a thickness of about 50 um. We loaded the disk-shaped
sample together with a single crystal sapphire plate (initial thickness: 30 um) and NaCl pressure
medium into a sample chamber with about 100 pm diameter drilled at the center of the gasket. The
pressure was determined from the Raman spectrum of the diamond anvil at room temperature [82].

To synthesize CaSiO3z perovskite (CaPv), we compressed the starting material to ~50 GPa at
300 K and then heated it to more than 1500 K from both sides using a pair of continuous wave
fiber lasers for at least 60 mins. We collected thermal radiation from the sample and analyzed it in
wavelengths between 550 and 750 nm to convert it into temperature in accordance with Planck’s
black body radiation law. The synthesis of CaPv was confirmed by utilizing synchrotron XRD
experiments at the beamline BL10XU of SPring-8 (see sharp peaks from CaPv in Fig. S6(b) of the
Supplemental Material [42]) [11,83]. Subsequently, we performed thermal diffusivity
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measurements with changing pressure and temperature conditions. We performed thermal

annealing every time after the pressure was adjusted to release deviatoric stress on the sample.

2. Experimental Determination of the High P-T ,; of CaPv

We performed three separate measurement runs up to 67 GPa and 1950 K (TABLE I). x;; IS
written with thermal diffusivity D, density p, and isobaric heat capacity Cp,

Kiat = DpChp. (A1)
We obtained CaPv’s p from its high-temperature equation of state [75] and Cp from
thermodynamic relations and reported thermoelastic parameters of CaPv [12,78]. D was measured
in-situ at high P-T by employing a combination of pulsed light heating thermoreflectance and
laser-heated DAC techniques. A pulsed laser beam (thermoreflectance pump laser with 1064 nm
wavelength, 1 ns pulse width, and 50 kHz frequency) irradiated the synthesized CaPv covered by
a metal film to induce a temperature gradient within a few kelvins inside the sample. To observe
the temperature change at the opposite side of the sample due to the pulse, we irradiated the
opposite face of the sample with a continuous wave probe laser (thermoreflectance probe laser
with 532 nm wavelength) to detect reflectivity changes due to the temperature change in the sample.
During the operation of the thermoreflectance measurement, high-power continuous wave infrared
laser beams (1064 nm wavelength) irradiated both surfaces of the sample to maintain a steady-
state high temperature. The steady-state high temperatures were determined from the thermal
radiation spectrum between 640 and 740 nm to fit Planck’s law. The reliability of the high P-T
thermoreflectance technique has been tested by comparing the measured thermal diffusivity of Pt
and Fe up to 2000 K and 60 GPa with previous works that used different experimental approaches
[24].

The obtained thermoreflectance signal of CaPv at 44 GPa and 1260 K is shown in Fig. S7(a) of
the Supplemental Material [42]. Such transient temperature curves were fitted by the one-
dimensional thermal conduction equation to estimate the heat diffusion time (z) through the metal-
CaPv-metal layers,

T =T[5 Ty ?mexp [ 2220 (A2)

4 t

where T(t) is temperature as a function of time (t), T is a constant, and y is a fitting parameter

describing heat effusion to the pressure medium. The fitting yielded the 7 within a 5% error. The

12



thicknesses of the recovered sample and metal layers were measured after the thermoreflectance
measurements. We obtained a cross-section of the heated portion for CaPv synthesis by using a
focused ion beam apparatus (Fig. S7(b) of the Supplemental Material [42]). Subsequently,
thicknesses of the sample and metal layers were observed with a scanning electron microscope.
Those thicknesses at high P-T conditions were estimated after the correction of elastic lattice
expansion [84,85] and the pressure-induced amorphization of CaPv [86]. The error of the CaPv
thickness was estimated from the standard deviation of the estimated thickness in the heated
portion. We considered a three-layer heat diffusion model, namely heat diffusion through the

sputtered metal layers, and extracted the thermal diffusivity of CaPv (Dcapv) from the following

equations,
r, ., 1
—+1+=
Dcapy = T6 4F az d(ZJana (A3)
T'+2)%—(I'+2)-metal
T+ )6 ( +3)Dmetal
c d
F _ CaPv“CaPv (A4)

- 1
Cmetaldmetal

where Dmetal is the thermal diffusivity of metal (gold or platinum), dcapv and dmetal are the thickness
of CaPv and metal, respectively, and Ccapv and Cmetal are heat capacity per unit volume (C = pCp)
of CaPv and metal, respectively. Dmeta [87,88] and Cmetal [84] of Au were estimated as previously
reported [25]. Since the thickness of Au film (< 0.4 um) was less than a tenth of the thickness of
the CaPv sample (Fig. S7(b) of the Supplemental Material [42]), the uncertainties in the thickness
and the thermophysical properties of metal (Au and Pt) does not affect the value of the obtained
Dcapv, Which has been shown in our previous study for (Mg,Fe)SiOz postperovskite (see
Experimental methods and S3 of the Supporting information of Ref. [25]).

The temperature uncertainty during high P-T thermoreflectance measurement, ur, was

ur = ,u]%it + u?tr’ (AS)

where usit and usy are temperature uncertainties from Planck fitting error (Fig. S7(c) of the

estimated from the following,

Supplemental Material [42]) and from temperature structure (heterogeneity) in the sample
estimated using the finite element method simulation (see Ref. [24] for more details), respectively.
The combined standard uncertainty in the obtained temperature during high P-T thermoreflectance
measurement was estimated as 10%. Thermal pressures in the present high P-T experiments were

estimated empirically based on earlier laser-heated DAC measurements for CaPv [89]. Further

13



details of the measurement system and the analytical methods of this approach can be found in our
previous reports [24,25,90,91].
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TABLE 1. Experimental pressures (P), temperatures (T), thermal diffusivities (D), and lattice

thermal conductivities (k;,.) of CaPv.

Run (GIPDa) T (K) D (mm?/s) (W’;#JK)
1 44(2) 1250(120) 349(53) 20.0(31)
44(2) 1260(130) 3.14(46) 18.1(27)
2 52(2) 1330(130) 3.82(59) 22.2(34)
52(2) 1370(140) 3.52(55) 20.6(32)
3 55(3) 300(0) 16.70(247) 37.3(55)
67(3) 1950(200) 2.84(47)  18.3(30)
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FIG. 1. (a) Phonon group velocities (v4s) and (b) lifetimes (z4s) of CaPv’s phonon quasiparticles

sampled by MD simulations using a 3 x 3 x 3 supercell (135 atoms) vs. renormalized phonon

frequency (@gs) at several temperatures.
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FIG. 2. (a) tqs and vqs sampled by a 20 X 20 X 20 g-mesh versus &g, of CaPv at T = 1300 K and

p = 4.79 glcm?, corresponding to P = 45 GPa. (b) Tqs and vgs sampled by an 8 x 8 x 8 g-mesh

Versus @gs of MgPv at the same P-T conditions and p = 4.63 g/cm®. Dashed lines indicate average

phonon lifetimes (7) and average phonon velocities (¥). (c) T and (d) v of CaPv (solid curves) and

MgPv (dots) versus P at various temperatures. (€) Anharmonic phonon dispersions at 1300 K (solid

blue curves) and 3500 K (dashed red curves) at p = 4.79 g/cm?® of CaPv, corresponding to P = 45

and 61 GPa, respectively. The dashed rectangle marks the phonon branches that are strongly

temperature-dependent. (f) Anharmonic phonon dispersions at 1300 K (solid blue curves) and
3500 K (dashed red curves) at p = 4.63 g/cm® of MgPv, corresponding to P = 45 and 62 GPa,

respectively.
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FIG. 3. (a) Lattice thermal conductivity (k;,.) vs. T of CaPv (symbols) at several densities. Error
bars show the computational uncertainties (6—7%) caused by fitting the frequency dependence of
phonon quasiparticle linewidth [42]. The uncertainty arising from MD simulations is found to have
negligible effects on the fitting and thus, in the final result for x;,; (see test reported in Fig. S5 of
the Supplemental Material [42]). Solid curves show the fitting to Eq. (4). (b) x4, Versus P of CaPv
at a series of temperatures. Shaded areas indicate the same computational uncertainties as in (a).

Solid symbols with error bars are experimental measurements.
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FIG. 4. Thermal conductivities along the geotherm [60]. x;,; of CaPv is shown in orange, the
experimental radiative thermal conductivity (x,,4) [53] of a pyrolitic aggregate is shown in purple,
the total thermal conductivity (x;,;) of the LM without CaPv is shown in yellow and with CaPv in
blue. Shaded areas indicate computational uncertainties. Available estimations of x;,, [48-52] and

Keor [18,19] of the LM are shown for comparison.

24



