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The thermal conductivity of €-iron at high pressure and high temperature is a key parameter to constrain the dynamics
and thermal evolution of the Earth’s core. In this work, we use first-principles calculations to study the Hugoniot sound
velocity and the thermal transport properties of €-iron. The total thermal conductivity considering lattice vibration is
200 W/mK at the Earth’s inner core conditions. The suppressed anharmonic interactions can significantly enhance the
lattice thermal conductivity under high pressure, and the contribution of the lattice thermal conductivity should not be

ignored under the Earth’s core conditions.
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1. Introduction

Iron (Fe) is a material of key importance to condensed
matter physics and Earth sciences, which is reported to be the
major element in Earth’s core. The solid inner core is almost
fully filled with Fe, the other elements are commonly assumed
to be 5% to 10% Ni and 2% to 4% light elements (e.g., Si, C,
$).[1=31 To investigate the properties of Fe under the Earth’s
core conditions, it is essential to know the structure of Fe un-
der high pressure. The stable phase of Fe in the inner core
is widely reported to be £-Fe with a hexagonal-closed-packed
(hep) structure.[*°1 However, this conclusion has been chal-
lenged by some theoretical investigations. Vocadlo et al.!']
and Belonoshko ef al.l'"1?] proposed that body-centered cu-
bic (bcc) Fe may be stable under inner core conditions. Pre-
viously, we calculated the phonon dispersion of bce-Fe and
hcp-Fe under high temperature and high pressure with the
self-consistent ab initio lattice dynamics method.!'3! Though
the bee-Fe and hep-Fe are both dynamically stable under the
Earth’s core conditions, the free energy of hcp-Fe is lower than
that of bcc-Fe. We also investigated the equation of state, elas-
tic constants, phase transition and magnetic of Fe under high
pressure,m‘lS] and all the results showed that the most stable
phase is nonmagnetic &-Fe at high pressure.!!3 Therefore, we
restrict the structure to £-Fe in this work.

The thermal conductivity of Fe under high pressure and
high temperature is of central importance to understanding
the thermal evolution of the Earth’s core and the energetics
of the geomagnetic field. In the past few years, many inves-
tigations of Fe under the Earth’s inner core conditions have
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been done from theory and experiment, but there is still a
significant discrepancy in thermal conductivity at the core—
mantle boundary (CMB).[!%23] By the laser heated diamond
anvil cell (DAC) experiments, the data of thermal conductiv-
ity are 33 +7 W/(m-K)[??l at the CMB conditions and 70—
80 W/(m-K)!** (with an uncertainty of 40%) up to 134 GPa.
In contrast, through the resistivity measurements in DAC, ther-
mal conductivity was reported up to 2263} W/(m-K).1?! But
with similar experiments, Zhang et al. found that the thermal
conductivity of Fe was ~ 100+ 10 W/(m-K).!"?! Theoretically,
the thermal conductivity near the CMB estimated from first
principles was 150 W/(m-K),[?31 ~ 100 + 10 W/(m-K), "]
and 97 £ 10 W/(m~K),[18] respectively. However, these data
are three to five times higher than geophysical estimates and
shock experiments. For metal, the thermal conductivity is
mainly attributed to the electronic conductivity, and the con-
tribution of the lattice thermal conductivity is ignored. Be-
cause of the harmonic phonon interactions, the heat transfer
processes have no thermal resistance, which means the infi-
nite thermal conductivity. The suppressed anharmonic inter-
actions can enhance the lattice thermal conductivity obviously
under high pressure. In this work, we calculated the thermal
conductivity of Fe under the Earth’s core condition with the
Boltzmann transport theory.

2. Theoretical methods

All the calculations are performed by the Vienna ab initio
simulation package (VASP). The exchange—correlation inter-
actions are treated using the spin-polarized generalized gra-
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dient approximation within the Perdew—Burke—Ernzerhof for-
mulation and the project augmented wave. The plane-wave
cutoff energy is set to 500 eV and the k-point sampling grid in
the Brillouin zone is chosen to be 11x11x11 in the geome-
try optimization. The energy convergence criterion is set to a
precision of 107® eV and the forces on all relaxed atoms are
less than 0.001 eV/A. Based on a full iterative solution to the
Boltzmann transport equation, the phonon dispersions of &-
Fe are obtained by finite displacement method with a 4 x4 x4
supercell containing 128 independent atoms. The third-order
force constants are also considered with 128 atoms. The k-
point meshes of 9x9x9 are selected for both second-order
force and third-order force calculations.

The Helmholtz free energy F can be accurately separated
as

F(Va T) = Estatic(v) JFthon(Va T) +Felec<V7 T)a (D

where Egyic(V) is the energy of a static lattice at zero tem-
perature 7 and volume V, Fyec(V,T) is the thermal free en-
ergy arising from electronic excitations. Both Egugc(V) and
Fuec(V,T) can be obtained from static first-principles calcu-
lations directly. The nonequilibrium vibrational contribution
Fphon(V, T) is given by

kT
Fonon(V,T) = 2~ /B _dg ¥ n(2sinh(ho,/ (24 T)). (2)

where Q is the volume of the Brillouin Zone, kg is the Boltz-
mann constant, /i is the Plank constant and @, are the phonon
frequencies. This is obtained within the quasiharmonic ap-
proximation (QHA) by small displacements method.

The elastic constants are defined by means of a Taylor
expansion of the total energy, E(V, &), for the system with re-
spect to a small strain & of the lattice primitive cell volume V.
The energy of a strained system is expressed as

1
E(V.8)=E(Vo,0)+ VW Zfi§i5i+§ZCij5i5;'5j , (3
; i

where E(Vp,0) is the energy of the unstrained system with
equilibrium volume Vj, 7; is an element in the stress tensor,
and &; is a factor to take care of Voigt index. The elastic strains
are generated by the VASPKIT code. >

The lattice thermal conductivity k; can be obtained busing

the phonon Boltzmann transport equation (BTE) given by![%¢]

1 2
k = M;quqrq, “)

where  is the volume of the unit cell, N is the number of
atoms, C, is the heat capacity, v, is the group velocity and 7,
is the phonon relaxation time. The C; can be evaluated from
the phonon density of states. The v, are obtained by calcu-
lating the gradient of the phonon dispersion relation. The T,

are calculated from Fermi’s golden rule using the harmonic
and third-order anharmonic force constants from DFT calcu-
lations. In this work, the phonon—phonon scattering contribu-
tion is considered, and the phonon—electron scattering process
is neglected. The electrical thermal conductivity k. and the
electrical resistivity p are connected by the Wiedemann—Franz

7'[2 kB 2T
ke3(3> o’ )

law

where T is the temperature. The electrical resistivity p is
mainly attributed to the electron—electron scattering contribu-
tion. The electrical resistivity p can be obtained from the elec-
trical conductivity tensor o, directly (p = 1/0.). The 0./
can be obtained using the BTE with the relaxation time ap-
proximation, where 7 is the electronic relaxation time. With
this approximation, (o./7.) only depends on the electronic
band structure and the values can be obtained from DFT-BTE

calculations using VASP and the BoltzTrap code.?’!

3. Results and discussion
3.1. Hugoniot and sound velocity

The Earth’s core is at extreme conditions of high tem-
peratures and pressures. Under the Earth’s core conditions,
the variation of the axial ratio c¢/a is a direct response to the
changes of elastic anisotropy. In present work, for a fixed ax-
ial ratio ¢/a, we calculate the total energies E at different cell
volumes V, and then obtain the lowest energy for the given
ratio ¢/a. The value of ¢/a is 1.603 at 135 GPa, and it in-
creases a little with the increasing pressure up to Earth’s in-
ner core condition. The nearly constant value of the ¢/a ratio
agrees with other data (1.596-1.608).[28-311 We calculated the
phonon dispersions of €-Fe at different pressures (Fig. 1). As
the phase transition of Fe from bcc phase to hcp phase occurs
at 13 GPa,[*?! the obtained phonon dispersions in the present
work started from this pressure. The frequency of phonon dis-
persion increases with the increasing pressure. Near the I”
point, the slope of the acoustic branch increases significantly,
which shows that the group velocity increases with the increas-
ing pressure.

Frequency (THz)

N
N

I K M r A 0.5 1.0 1.5
Phonon dispersion DOS

Fig. 1. The phonon dispersions and DOS of Fe.
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In a shock wave experiment, conservation of mass, mo-
mentum, and energy require that the pressure Py, the molar
internal energy Uy, and the molar volume Vj in the compres-
sion wave are related by the Rankine—Hugoniot formula

1
Un—Up = E(PH‘FPO)(VO_VH)7 (6)

where Uy and V) are the molar internal energy and volume
in the initial state (zero pressure Fy) before the arrival of
the wave. Considering the thermal free energy arising from
electronic excitations and phonon contributions, the obtained
Hugoniot curves of Fe are shown in Fig. 2. At 135 GPa, the
present Hugoniot temperature (7y) is about 2500 K, which
is consistent with the data from the experimental, 331 theo-
retical results’**! and the preliminary reference Earth model
(PREM)P3! at the CMB. At 330 GPa, the present Ty is close
to 6500 K, which agrees with the temperature (~ 6000 K) at
ICB.13¢!

0.75

m Calc. Brown et al.*2
8000 % Expt. Yoo et al.¥3 _m
V¥ Expt. Bi et al.133] - L

%6000 | — Present * t
0.70F é 4000 F
[
N
cE> 2000
>c =
-~ 0.65F 50 100 150 200 250 300 350
. Pressure (GPa)
e Expt. Brown et al.[42]
m  Calc. Brown et al.34
0.60F Present °

100 150 200 250 300 350
Pressure (GPa)

Fig. 2. The Hugoniot of Fe. The green circles are experimental data by
Brown et al.,[*?) the blue squares are theoretical values,** the green
triangle and black stars are experimental data.[3343]

We calculate the elastic constants along Hugoniot, and
then obtain the bulk and shear modulus (B and G) from the
elastic constants. The compressional sound velocity Vp and
shear sound velocity Vs can be obtained as follows:

Vo = [(B+4G/3) /p]'?, (7)
Vs = (G/p)"/?, (8)

where p is the density. The sound velocities along Hugoniot
state are shown in Fig. 3. It can be seen that the sound ve-
locities increase with the increasing pressure. Our results are
generally consistent with the shock wave experimental data
below 160 GPa.[?7:8341 The small discrepancies between our
results and experimental data may be due to the fact that we
neglected the electronic thermal effects when evaluating its
elastic properties. Above 160 GPa, our results deviate from
the experimental data. As those P-T conditions approach the

region of shock-induced melting of Fe, the shock experimental
data show nonlinear relation with pressure. Above 200 GPa,
the shock shear sound velocities Vg decrease dramatically to

e.3:7:8.341 13 our model,

zero, which indicates the melting of F
the QHA for one phase cannot simulate the shock melting.
However, our results can provide useful references for under-
standing the sound velocity under the Earth’s core conditions.
Under the ICB pressure, the Vp and Vs are about 12.2 km/s
and 5.5 km/s, which generally agree with the data (6600 K at
360 GPa and 7000 K at 360 GPa) from ab initio molecular dy-
namics simulations (AIMD).3” But our results are larger than
that of PREM data.[* The difference between our results and
the PREM seismic data is marginally within mutual uncertain-
ties. The differences may be accounted for by the presence of
other light elements (e.g., S, Si and C) and heavy element al-
loy (e.g., Ni). Meanwhile, a possible explanation for the large
discrepancy may be that parts of the inner core are partially
molten. In order to understand the seismic data, further sys-
tematic studies are needed to improve our knowledge.

14 T T T T T T T
Expt.
® Brown et al.l34]

12} 4 Zhang et al.l]

Present

E v Huang et al.[3[]8 M

g Nguyen et al. N -

) 10 ': ~'AIA Lian T
>

X

S 8 ¥ PREMIB3 1
< e Martorell et al.37]
>

e}

g

5

o

n

0 50 100 150 200 250 300 350 400
Pressure (GPa)

Fig. 3. The aggregate velocities versus pressure, compared with the
shock experimental datal®7-334] and the theoretical results (at 6600 K
and 7000 K) from AIMD.7! Preliminary reference Earth model
(PREM) seismic datal®! are reported for comparison as crosses. The
red line is the fitting curve from present data.

3.2. Thermal conductivity

The thermal conductivity of &-Fe is crucial to understand-
ing the thermal history of the core and the geodynamo. As
shown in Fig. 4, the k; increases linearly along Hugoniot curve.
The increasing of the phonon group velocity surpasses the de-
creasing phonon scattering, and it becomes the main contribu-
tion for the increase of k;. The data of the k; are 6.05 W/(m-K)
at CMB and 12.63 W/(m-K) at ICB, respectively. We ana-
lyzed the contribution of each phonon model (one longitudi-
nal acoustic branch LA, and two transverse acoustic branches
TA1, TA2) to the total lattice thermal conductivity, which is
shown in Fig. 5(a). It is found that the acoustic branches dom-
inate the contribution of the lattice thermal conductivity. The
contribution of the acoustic branch to the lattice thermal con-
ductivity is 81% at 135 GPa, and 92% at 330 GPa. The energy
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of the optical branches is lower than that of acoustic branches,
and thus it can be excited more easily. As shown in Fig. 5(b),
the cumulative thermal conductivity is primarily governed by
the acoustic phonon modes at low-frequency regions.

14

12

10

ki (W-m-LK-1)

1 ,l 1 1 1 1
100 150 200 250 300 350
Pressure (GPa)

Fig. 4. The lattice thermal conductivity of Fe as a function of pressure.

Contribution (%)

0
TA1 TA?2 LA Optical
T o12p (b) -
M
T
3 8
g
g
g
5 4 1
=
g — 135 GPa
j=} ——
5 o 330 GPa |
0 5 10 15 20

Frequency (THz)

Fig. 5. (a) Contribution of phonon modes to the lattice thermal con-
ductivity of £-Fe, (b) the cumulative thermal conductivity of e-Fe as a
function of frequency.

To explore the physical mechanism of the thermal con-
ductivity, we investigate the phonon group velocity, phonon
scattering rate and Griineisen parameter under high pressures.
The group velocities vg can be obtained from the slope of
the phonon dispersion. The relationships between the phonon
group velocities and frequencies are shown in Figs. 6(a) and
6(b). The group velocities of acoustic branches are larger
than that of optical branches, which confirms that the acoustic

branches play a major role in the lattice thermal conductivity.
The group velocities of the LA branch are the highest of all
phonon modes and the largest contribution to the lattice ther-
mal conductivity is from the LA branch. Near the I" point, the
maximum of the group velocities at 135 GPa and 330 GPa are
5.72 km/s and 6.85 km/s, respectively.

L (2) 135 GPa

LA
Optical J| 2

oar {p(P) 330 Caa
i erAz ]} Ry
N

o Optical

Group velocity (km/s)
O R R BN

IS

TAL A} oTAL 1
TA2 o TA2
~1A d} LA A

Griineisen parameter (7)

Optical

@ Optical

7 (e) 135 GPa
& 10¢ ] ]
)
=
=1t ] ]
o0
g
£ 01 o TAL o TA1
s VUF o TA2 3 o TA2 1
@ 3 ~ LA o 4 LA
2 N s Optical]| ~ s Optical
= 0.01 N N N N N N N N

0 5 10 15 20 0 5 10 15 20

Frequency (THz) Frequency (THz)

Fig. 6. The variations of group velocity (a) and (b), Griineisen param-
eter (c) and (d), and phonon scattering rate (e) and (f) at 135 GPa and
330 GPa, respectively. The slid spheres are the data from optical branch.
The open circles, open squares and open triangles are the data from lon-
gitudinal acoustic branch LA, two transverse acoustic branches TA1 and
TA2, respectively.

The phonon scattering intensity is dependent on the
mode-dependent Griineisen parameter 7y, which reflects the an-
harmonicity of the phonon. The Yy can be obtained from the
relationship between phonon frequency and volume change as
follows:

dlnw

Y= dmy ©))
where @ is the frequency and V is volume. The relation-
ships between Griineisen parameter and frequencies are shown
in Figs. 6(c) and 6(d). The negative value of the Griineisen
parameter at 135 GPa, which indicates the large anharmonic
terms beyond third-order terms. However, the absence of neg-
ative Griineisen parameters at 330 GPa indicates that the high
pressure suppresses the anharmonicity.

The scattering rates at different pressures are shown in
Figs. 6(e) and 6(f). It can be seen that the acoustic branch
occupies the middle- and low-frequency portions and the op-
tical branch occupies the high-frequency portion. As the fre-
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quency increases, the scattering rates of acoustic branches in-
crease gradually and remain between 1 ps~! and 10 ps~!. The
phonon scattering increases under pressure, which is attributed
to the increased anisotropy. As shown in our previous investi-
gations, Fe is elastically anisotropic at the inner core.!'* At
135 GPa, the small phonon scattering rate results from the
relatively isotropic phonon branches. Such phonon disper-
sions provide few scattering channels, so the scattering rate is
small. However, at 330 GPa the three phonon branches are rel-
atively far from each other. This change opens more scattering
channels and the phonon—phonon scattering is consequently
increased.

The electron thermal conductivity (k) is dominant in the
thermal transport properties of €-Fe. We obtained the elec-
tronic thermal conductivity k. of &-Fe along Hugoniot. At
135 GPa and 330 GPa, the data of electron thermal con-
ductivity are 106 W/(m-K) and 108 W/(m-K), respectively.
The results of the total thermal conductivity (k = ke + k)
are shown in Fig. 7. At the CMB conditions, the value of
k is 112 W/(m-K), which is in agreement with the value of
97410 W/(m-K)['8 and 100+ 10 W/(m-K).!"") Near the ICB,
the value of k is 200 W/(m-K), which is consistent with the pre-
vious results.[>>381 The proportion of lattice thermal conduc-
tivity enhances from 5.4% at CMB up to 6.3% at ICB, which
indicates that the contribution of the lattice thermal conductiv-
ity should not be ignored under Earth’s core conditions. Our
thermal conductivity at the CMB is 112 W/(m-K), and it can
also verify the viewpoint that the geodynamo is driven by ther-
mal convection.

= 250

.“ﬁ Present Calc.

i ok de Koker et al.[23] a

‘E 200} O ke A Pozzo et al.l2l

; o k=k+k, ¥ Xu et al.l'8]

> 150

B

=

;5 Expt.

5 100 f * Keeler[!7]

g ® Gomi et al.[16]

S b » Konépkova et al.[22]
= 50p% 1 < Saha et al.l4

g T L ® Zhang et al.l19

-

.g 0 IE == iy = 1 E_J?

H 100 150 200 250 300 350

Pressure (GPa)
Fig. 7. Thermal conductivity of e-Fe as a function of pressure. The
stars,!17] squares,“(’] right triangles,m] left triangles,[z‘” and circles!]
are the experimental data. The diamonds,!?3 up triangles,!?!] and down
triangles!!8! are the theoretical data.
From thermal conductivity, the adiabatic heat flow (Q,)
of e-Fe corresponding to the top of the liquid core can be ob-

tained as follows:

Qa.(r) =4nr

2 81T (10)
®

where 7 is the radius, ¥ is Griineisen parameter, g is the gravi-
tational acceleration (gcmp = 10.6823 m/s?) and ¢ is the seis-

mic parameter (dcpp = 65.05 km? /s2).3%1 The high thermal
conductivity 112 W/(m-K) at the CMB indicates an adiabatic
heat flow Q, of ~ 14.7 TW. While the present-day CMB heat
flow across the lowermost mantle (Qcwmp) is constrained to
be 10-12 TW based on the estimated thermal conductivity
(~ 10 W/(m-K)) of the mantle minerals.*’ The geodynamo
is maintained by fluid convection in the outer core. It is be-
lieved that the fluid convection is mainly driven by thermal or
compositional buoyancy, where the former requires a higher
QOcmp than the Q, based on the Schwarzschild criterion.*!
The high thermal conductivity of €-Fe makes Q, > Qcwms, and
thus hinders thermal convection. However, chemical buoy-
ancy released at the ICB by inner core growth could still drive
convection at depth. As a result, the present-day geodynamo
would be mainly driven by compositional convection.

4. Conclusions

In summary, the phonon dispersion, Hugoniot equation
of state and thermal transport properties of the £-Fe were in-
vestigated by first-principles calculations together with Boltz-
mann transport theory. The phonon dispersion curves under
high pressure show that the £-Fe is a stable phase at Earth’s
core conditions. The Hugoniot sound velocities agree with the
previous investigations. Considering the contribution of lat-
tice vibration, the total thermal conductivity is much closer to
the experimental data than the result which is obtained only by
considering the electron thermal conductivity. The total ther-
mal conductivity for €-iron is 200 W/(m-K) at the ICB. The
variation trend of lattice thermal conductivity is obviously af-
fected by pressure. The suppressed anharmonic interactions
can significantly enhance the lattice thermal conductivity un-
der high pressure, and the contribution of the lattice thermal
conductivity should not be ignored under the conditions of the
Earth’s core.
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