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High-P, T phase relation of Earth materials
(ex. Si0,)

Hugoniot (Hicks+ 2006 PRB)
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 Experimental investigations currently almost impossible

e Ab initio theoretical computation method
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Ab Initio (first principles) Earth and Planetary Sciences

(/) Structural exploration
--- Molecular dynamics

(ii) Vibrational, thermodynamic property
--- Lattice dynamics

(iii) Elastic property

--- Stress-strain theory
(iv) Transport property

--- Atomic, thermal, electrical conductivity
(v) Mechanical property

--- Shear response




T Tsuchiya, 9t" ISPS, 25 June 2012

1.Fundamental methodologies of the ab initio
electronic structure calculation method

2.Applications to high-pressure mineral physics
and Earth & planetary interiors

* Phase relations including melting
* Electronic property
* Transport property
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A.U. a.u.

(Astronomical Unit) (Atomic Unit)

Gravity force: Coulomb force:

Gmimy, 1

1 r
F(r) = — 41927

F(r) = —
(r) re r ATy T4 T

Central force
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Schrodinger equation

ﬁ(r1»r2 () = B )

H : Hamilton operator (Hamiltonian)
W' wave function (Eigen vector)
E: Total energy (Eigen value)

Eigenvalue problem

Quantization

= —ihV (Momentum)

p
E = lha/at (Energy)



Many-electron system

One electron in an

Interacting electrons effective potential

{_ A +V_[N(E)]+V, [n(r)]+ Ve [n(r)]}qﬁi (r) = &4 (r),

2m

n(r) = ZM (r)‘z Kohn-Sham equations (DFT)

(Hohenberg & Kohn, 1964; Kohn & Sham, 1965)
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Density Functional Theory (DFT)

One-electron Hamiltonian

- h
h; =— %A + VpIn(r)] + Vyn(r)] +Vyc [n(r)]
Kinetic Coulomb Coulomb Quantum
energy  potential potential many-body
between between effects
electrons electrons ]
and nuclei Exchange-
Charge density Correla,t'o"
potential

) =) ¢,m|

i



T Tsuchiya, 9" ISPS, 25 June 2012
Angular component of a wavefunction in a central force field
(Coulomb potential) < 1/7r

[: angular momentum quantum number (s, p, d, f)
m: magnetic quantum number
+ spin quantum number (up or down)
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XC (exchange-correlation) potential (V)

Electron (fermion) - Quantum many-body effects

+ 3t 'y } 4

4 /i a

A 2N S 4 W

-

Pauli’s exclusion

Hund’s rule o
principle

Local density approximation (LDA)

Vi determined for the homogeneous electron gas,
which can be calculated precisely, is applied also to
general systems. 1‘

Quantum Monte-Carlo
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Energy level to energy band
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Electronic density of states Tsuchiya & Tsuchiya (2011) PNAS

Fe,P-Si0, 1.5TPa pPv-MgSiO, 1.0 TPa
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Pseudo-potential approximation

 Valence electrons only contribute chemical bonding.

* Nuclei + Core electrons = lon potential (with
orthogonality of valence and core electrons)

//’ "N pseudo wavefunction
P\ p;eudo potential

Ie :
: / -Z/T

L ’ .
true wavefunction

PP is determined nonempirically to reproduce the true wavefunction correctly
in the bonding region (r > ;).
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Self-Consistent Field (SCF) method
ﬁi [n(r)] ¢ ;(r) = ¢ ¢ ,(r)

¢ ; depends on the Hamiltonian fzi In(r)].

h;[n(r)] depends on the total charge density n(r).

n(r) depends on the wave functions ¢ ;.

J

v
The equation is solved iteratively.
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Valence charge density of some representative bond types

lonic crystal [MgO (100)] ° c M?t?| [Au (100)]— ‘
Mg
) 00 (
ONNNONNO] 1

7\ 7
Van der Waals crystal [Ar (100)]
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Compression curve of MgSiO; perovskite

(A lower mantle constituent phase)

Earth’s lower mantle
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Calculation (Tsuchiya+ 2005 JGR) -

Ol igh predictability!
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Large scale computation

GRC-SRFC parallel clusters

=wmw s w AR

—r— -

http://jp.fujitsu.com
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Atomic dynamics and temperature effects

DFT - Total energy of many-electrons system (E,,,)

+ Hellman-Feynman theorem (perturbation theory)

aEtot
6ri

(Force) — Abinitio molecular dynamics
(MD)

0%E,,

: (Force constant) — Ab initio lattice dynamics
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Molecular Dynamics method

A method to investigate dynamical property of many-atom systems

€ @ W w9
% R B ¥ F
BB P @
R, 8y o B
P & |

(a)

Solid (a)
Liquid (b)

Time evolution is calculated by numerically integrating the Newton’s
equation of motion

1
X;(t + At) = x;(t) + v;(H)At + Eai(t)Atz

a;(t) +a;(t + At) At  Velocity-Verlet

2 algorithm

v;(t + At) = v;(t) +

a;(t) = F;(t)/m;
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Hellman-Feynman theorem

dE 3 2
— = ¢()‘ |¢<)

Force acting on an atom can be calculated directly from the SCF
charge density.

~ Force

_~ Stress tensor (Nielsen & Martin, PRB 1985)
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Macroscopic thermodynamic quantities

Temperature (Energy equipartition principle)
T - z 2
3NkpLa 7/
J

Pressure (Virial theorem)

NkgT 1
P = Pstatic + v _3VZFij®rij
L>]

But not temperature dependence of heat capacity due to
the classical Newton’s dynamics (Dulong-Petit law)
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Graphite

Graphite (Hexa-)Diamond
sp? sp>
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Lattice Dynamics Method
Un-2 Un.1 U Un+2 Un- i
— — P — —

o G

€ >

a

Harmonic approximation Force (spring) constant matrix

1
prarm == % o (1, g (Dud, (1)
' nn',af (a, =x,y,2)

Equation of motion

harm
Flr, ()] = - 2

Tout()

af N B 1
o, (1, 1Y, (1)
Ui, ap

Solution uy (1) = ug(q)expliq - r(l) — iwt]
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Dynamical matrix D%, (q) = . Z ®°,(0,1) exp[iq - (rp — 1,)]
nn Noe o : nn

D, (q)
wruf@) = ) 2l @

Density Functional

Perturbation Theory (DFPT)
(Baroni+ PRB 1987; RMP 2001)

1400

o Calculate the dynamical matrix
T 1o based on the quantum perturbation
S theory
|
8 o v

200 Phonon (quantized lattice

oLl r Son russs vibration) dispersion relation

Phonon dispersion of MgSiO, pPv (P=120GPa)
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Silicates and solid solutions

MgSio3
100GPa

300

200

w (cm™)

NN/

100

High spin DOS fotal
100GPa partial DOS Fe =-==--=

-
x
F
-
-

g-vector

Calc

— VIV, =1
0.93
— 0.86
0.82
0.79
O  Expr. (VIV,=1)

(Neutron Scatering)

Low spin DOS total
100GPa partial DOS Fe -++:--

0

Frequency (cm")

Tsuchiya (2003) JGR

(Mg, Fe)SiO; Metsue & Tsuchiya (2011,2012)
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Quasi-Harmonic Approximation (QHA)

Phonon Helmholz free energy

Total Helmholz free energy

F(V,T) = Ugtqt (V) + Fypp (V, T) + Foy (V, T) + -+

P P ox Ent
ressure = —|=— htro
oV ) Py

Other thermodynamic functions including

G(P,T) = F(V,T) + P(V,T)V
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Crystal thermodynamics (e.g., MgSiO; Pv and PPv)

Isothermal bulk modulus K; Thermal expansion coefficient a Griineisen parametery
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Tsuchiya+ (2005) JGR
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Akaogi+ (2008) Phys Chem Miner

B MgSiOa
perovskite

Calorimetry
This study

Tsuchiya et al.
(2005)

Calculation’

Akaogi & Ito
(1993)

200
Temperature / K

Excellent agreement
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P-V-T equation of state up to ultrahigh P,T

P(V' T) — Pstatic (V) + Pthermal (V» T)

Pthermar(V, T)zpph (V,T) + P (V,T) + Pmag v, T)

— 300K
——2000K
—4000K
—8000K
—12000K

Sl iAo aefiiles® H = FE — E,+ 1/2(P+ Py)(V —V,) =0
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How accurate are calculated EoS?

e.g., EoS of H,0

Experimental confirmation in the TPa condition is quite difficult.
Laser or magnetic shock techniqgue seems hopeful.

Ab initio

)

o)
S
S

GJ436b adiabat

Sesame

Neptune adiabat

)
o
S
)
A
-
7]
7]
)
L .
o

Density (g/cm?)

Knudson+ (2012) PRL
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Thermodynamic phase stability

Gibbs free energy G(P,T)=FWV, T)+ PV, T)V

_ 2000} N -
6 = \ \\ H++ + X
S . < HEA A *
2 t —t —t —t < L P\
2 = / Cox Pv Ppv
Q) (]
- 1000} § 4
i |Im
0 .s [ [ | "
0 20 40 80 100

P (GPa)

MgGeO;: Tsuchiya & Tsuchiya (2007) PRB

High-P,T phase boundaries can be determined.
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Multicomponent (P-V-T-x) phase equilibrium

140 —— — - . - T y T
PPv phase equilibrium in | |
MgSiO,-Al,0, system MgSi-Ppv Al-Ppv
130} ! I
L
| | MgSi-Ppv
120} I I + i
| | Al-Ppv Rh+Ppv
I I
o) | Pv+Ppv
o | |
(D 110} | i
T
100 - i i .
L
L Pv Pv+Rh _
I I
— ; . Rh,0;
Multi-configuration sampling | | N\

(MCS) technique %0 02 0.4 0.6 08 1
pyrolite basalt

Xa203
Tsuchiya & Tsuchiya (2008) PNAS
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Internally consistent LDA+U for Fe-bearing system

FLPAU[n(r)] = ELPA[n(r)] + EX [{ng}] — EP[(n'")]

EH”b[{n }] EDC {nIO'} ZTr 10'(1 IO')]

Spin transition in ferropericlase (Mg,Fe)O

On-site Coulomb U parameter

determined non-empirically based 0 02 04 06 08 1

on a linear response formalism n

Tsuchiya+ (2006) PRL
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Crystal elasticity

Stress oy
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Elastic constant tensor

Linear response between stress and strain (Hooke’s law)

Oif — z Cijki€kl or Eif = z SijklOkl

kl kl

Cijk1: elastic stiffness tensor Sijki: elastic compliance tensor

(i,j,k,l =1~3)
Voigt notation (simplified notation)
11-1,22-52,33-53,23=32—-431=13-5,12=21-6

€.8.,C1111 — C11» C1122 = C12, C2323 — C44



Equilibrium

Strained cell

Stress (GPa)

Linear regime
typically within
le| < 0.01

-40
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MgO (P=0 GPa)

Linear regime

-0.10

-0.05

0 +0.05 +0.10
Strain

Tsuchiya & Kawai under review
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Acoustic (elastic) wave speed

Equation of motion Cristoffel’s equation

azul 60'11 60'12 60'13 |Cijklnjnl . pVSI,kl =

E0 = 0 ov,  O0n
du 6022 A 00,3 00y =Single-crystal wave speed

L2 00 O9r, o)
aZU,3 60'33 60'31 - 60'32

o e e 20
[ 1306Pa | ]
Orientational average I Vp /—\

e.g., ice X phase (P=130 GPa)

= Polycrystalline wave speed %\15_
=
P
Q .
Bs + 4/3,u 210r,
i = >
: \V},

[100] [110] [100] [111] [110]

Direct comparison with
seismological observations Propagation direction
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Shear response of crystals

Generalized Stacking Faults (GSF) Theory (Vitek, 1968; Cordier+ 2004; etc)

Pure MgSiO,
Fe-bearing MgSiO,

4 \

/ (001) plane™
1SS=61.7 GPa °
1S5=55.5 GPa

Crystal
sheared by a
value f

pure MgSiOs3

- [1001(001)
- [1001(010)
I nwoojgory
- [001](010)
-1/2<110>{110

Metsue & Tsuchiya, under review

Solid viscosity still uneasy
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1.Fundamental methodologies of the ab initio
electronic structure calculation method

2.Applications to high-pressure mineral physics
and Earth & planetary interiors

* Phase relations including melting
* Electronic property
* Transport property
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Example: Post-perovskite transition in MgSiO,

Upper mantle: et
Olivine Mg,SiO, % °

1 "_. ‘(’""

Lower mantle:
Perovskite MgSiO;
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Perovskite to post-perovskite structural change

Tsuchiya+ (2004) EPSL




T Tsuchiya, 9t ISPS, 25 June 2012

Perovskite

(Lower
mantle)

deformation

(€6)

Post-Perovskite
(D” layer)




T Tsuchiya, 9" ISPS, 25 June 2012

CalrO;-type structure

Orthorhombic cell
(Cmcm, Z = 4) with SiO,
octahedra.

°Those octahedra are
connected with each other
by sharing edges along the
a direction. This is a major
reason for the structure
more stable than Pv.

Exper: Murakami+ (2004)
Theor: Tsuchiya+ (2004)
etc
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High-P,T phase relations in DA GGA
MgSiO; Pv & PPv .

Tsuchiya+ (2004) EPSL 40001

3500

D” layer

3000

2500

2000

Temperature (K)

1500

1000

| Perovskite Post-

AP-~10 GPa perovskite -
| ! | ! ! | ! | | | ! \
80 a0 100 10 120 130 140 150
Pressure (GPa) | ‘
Hill top Valley
) [Pressure (GPa)] ~8 GPa bottom
~250 km

) [Depth (km)]
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High-P,T elastic wave velocities and density
of MgSiO,;-Pv and PPv

p (g/cm3) and V (km/s)
p (g/cm3) and V (km/s)

100 * 120
Pressure (GPa)

100 * 120
Pressure (GPa)

Wentzcovitch, Tsuchiya & Tsuchiya (2006) PNAS
Effects of Fe and Al incorporation

Table 2. Logarithmic Derivatives of Velocities and Density With Respect to Lateral Variations in the Fe and Al
Content at 100 GPa

0 In VploX d In Vg/OX d In Vg/OX
Fe Al Fe Al Fe

0.140 0.049 0.220 0.083 0.098
0.156 0.057 0.236 0.131 0.099

d In p/OX
Al Fe Al

0.026 0.231 0.017
0.012 0.228 0.021

Tsuchiya & Tsuchiya (2006) GRL



Velocity structure of the Earth

-
wv

=
o

wv

mA
£
(&}
S~
Y
>
x
(%]
[
()
©
©
[
O
0
S~
£
4
>
x
O
Rs!
()
>

2000 3000 4000 5000

Depth (km)

o

Observations (PREM, Dziewonski & Anderson, 1981)

Calculated velocities and density of some
model rocks along adiabatic geotherm
(Tsuchiya PEPI 2011;
Tsuchiya & Kawai, under review)

V is the most insensitive to the
composition among these three models.
(cf, Murakami+ 2012)

Density (g/cm?)

Velocity (km/s)

6.0

5.5
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==t==Pyrolite

= o==\]ORB
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* PREM
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D” velocity structure model

PREM
Central America

Arctic
Northern Asia

Case: Ty = 3800 K

2400 T '-‘ -:4 T T H T 2400
i i adiabat

2500

E 2600 [ ™ | 2
.=
j=¥
S
2700 ppv I‘
‘\ 2500 {1 8004
2800 - -O’w I \
% = 7.0 7.2 74
| ._E G| Shear wave velocity (km/s)
2900 L L ! L 1 ~ .
5 S tempersature (K)35 ' ” —g_‘ Observations
<
Temperature structure s
2800 i
ATTBL - 1200~13OO K :: ‘. }iassais nsai .
DTBL - 250 km 2900 : 7|0 ‘ .

sﬁear wave velocity (km/s)
Modeled velocity structure Kawai & Tsuchiya (2009) PNAS
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About CMB heat flux
AT g1 AT,5 =1200~1300 K

CMB heat flux ~K } Kawai & Tsuchiya (2009)

kK=~"10 W K'1m'1 < Representative value
= 79 TW
4 ———— Relationship btwn
B 1 CMB heat flow and Inner core age
P i ] (Nimmo, ToG, 2007)
> . [ -
Q3 130 -
> | 758 ] . .
© b 100(Li)m \ A{50 1 | Estimated inner core age
5 ° P = 2~3G
o f 1500 6200 : - y
@ - e i
S 1 A Model 1 20010500500 2300 1
a . ® Model 2 500(L)" © B~ 5200 .
L ® Model 3 100 1 | However, Kk (thermal
- e e v 1| conductivity) of minerals under
0 % 8 12 16 20 pressure still highly unclear

Present-day CMB heat flow (TW)
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Extend to planetary interiors

Rocky (silicate) mantle +
iron core

Gassy (H,He + rock+ice core?)
~10M
S%

Icy (H,0,CH, + rocky core)

~2M o e.g., Guillot (1999) Science
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Now, more than 700 exoplanets have been fou

Some of them are terrestrial = Super-Earths (SE).

GJ876d (~7.5M)

COROT-7b (~4.8My) HD69830b (~10My)

http://exoplanet.eu/

GJ1214 (~6.55Mg rock+H,0) CoRoT space telescope Kepler space telescope
(France) (USA)

Rivera+ (2005); Udry+ (2007); Charbonneau+ (2009); Barnes+ (2010); etc
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High-P, T phase relation of Earth materials
(ex. Si0,)

Hugoniot (Hicks+ 2006 PRB)

.r Earth } Super-Earth, Gas giant )

7000

6000

L
[=]
o
o
!

eot\qex‘m ]

ane’ﬁ_aN
I 4
] o ] .

300 400 500
> DAC (Kum}ayama+ 2005 Science)
GPa

Stishovite

P\

E's CMB— 1T
CoE —

 High-P,T phase relations highly unclear at ultrahigh pressures
e But several important advances made by ab initio calculations
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H yd roge n Morales+ (2010) PNAS

Ab initio MD

< Primary . A—aA LLT-DFT
Hugoniot : =—a LLT-QMC
7 ® Scandolo (2003)

—— BOMD melting curve
Eremets, et al. (2009)
Bonev, et al. (2004)

+ Datchi, et al. (2000)

I_iquid H Gregoryanz, et al. (2003)

Deemyad, et al. (2008)

Weir, et al. (1996)

Mazin, et al. (1997)

Temperature (K)

Coexistence

Solid H,

I

T,
100 150

Pressure (GPa)
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Water

Schwegler+ (2008) PNAS
Ab initio melting curve
3000 ——

————
-
-

.................................. _ Hermanned20I2F PNAS
] Ab initio static phase stability

Temperature (K)

Dynamical 6.2 88
translational - : ; . : .
disordering ™1
inice-VIl

L L L il L I L L L L I L L L L L L
20 40 60 80
Pressure (GPa)

Enthalpy relative to Pbcm phase [eV/molecule]

|lllIilrrrllllllllllllllllllllll
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c ar b o]p “Diamonds in the sky” Ross+ (1981) Nature ?

Correa+ (2006) PNAS
Ab initio high-P,T phase diagram of C

Diamond stable over liquid Knudson+ {2008) Science

Liquid stable over diamond . E o t | f t] f
BCS8 stable over liquid Xperimental contirmation o

Liquid stable over BC8 the Dia-BC8-Liq triple point
Diamond Hugoniot

Clapeyron check

]
@
o
©
2
)
o
—
5
w
7]
o
o

2000 ;000 6000 8000 10000
Temperature [K]

proposed
triple point

Pressure (10° GPa)

completion

melt onset

7 8
Density (g/cc)
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Iron

Morard+ (2011) HEDP
Ab initio melting curve

Pure Fe melting
(Two-phases approach
2%128 atoms)

. # " Solidus of iron alloy Stixrude (2012) PRL
(reduction of 1500 K)

e Ab initio High-P,T phase diagram

A‘f From van
den Berg et

al, 2010 iy

SME

- From
— :‘} Valencia et 8 fee
_——— al, 2006
10 Mg+ r &
5 Mg 2°

@6\

Pressure - Temperature at the CMB
of exoplanets from 1 to 10 Mg

From Sotin et al, 2007
1 ]

10 15
Pressure (Mbar)

Temperature (K)

10 100
Pressure (Mbar)

No liquid iron core in giant planets
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High-P, T phase relation of SiO,

Hugoniot (Hicks+ 2006 PRB)

.r Earth } Super-Earth, Gas giant )
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Dense packing structures with AX, stoichiometry for initia“Padels T1 8N Yotan

(1) a-PbO, (VI)  (2) Pyrite (FeS,) (VI)  (3) Baddeleyite (VIl) (4) Orthorhombic-I (VIl) (5) Fluorite (CaF,)
(2r0,) (VIII)

(6) P2,/m (VIII) (7) Cotunnite (PbCl,) (8) Fe,P (IX) (9) P-1 (IX) (10) MosSi, (X)
(1X) '

(11) CrSi, (X) (12) Cmcm (X) (13) NiyIn (XI) (14) Mgzn, (XII) (15) MgCu, (XII)

o

[ { .:;’1 o< Blue:Si
> Red: O

Tsuchiya & Tsuchiya (zoﬁ1‘1) Coordination numbers in parentheses



AH (kJ/mol)
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T Tsuchiya, 9" ISPS, 25 June 2012

Static enthalpy differences relative to the pyrite phase

MgCu, much higher

O(.-PbOz
n Ortho-I
Baddeleyite
Cotunnite
Fe,P
—P-1

-

) ) )
Fluorite
- _P21/m -
- _MOSiz
- _chiz
Cmcm
-===Ni,In
-===MgZn, -

0.2 0.4 0.6

0.8

1.0 1.2 14

P (TPa)

H(P) = E;,;(P) + PV

Tsuchiya & Tsuchiya (2011)
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10.0

75

50

0.0

25

AH (kJ/mol)

5.0
]GGA
JLDA

75 =

-10.0

1.0

P (TPa)

* Pyrite directly transforms to the Fe,P-type phase (not cotunnite)
at ~7 Mbar!

* No other stable structures

* No elemental dissociation of SiO, into Si (hcp) plus O, (T), either
Tsuchiya & Tsuchiya (2011)



Crystal structure of the Fe,P-type
new high-P phase of SiO,

Tsuchiya & Tsuchiya (2011) PNAS

*Hexagonal cell (P62m, Z = 3) with two different
kinds of SiOg4 tricapped trigonal prisms

*Those polyhedra are fairly regular. This makes the
structure more stable than Cot.

(001)

0.35

0.29

0.23

0.17

0.11

(110)

0.05
p(efa.u3)

T Tsuchiya, 9" ISPS, 25 June 2012

o1

02

02 v =920 A°
ECON=8.5
o1

02 o1

$i1-01 (% 3)=1.573A
-02(Xx6)=1.692A 02

3 ‘\"’ :

oN=8.4 =
ECoN=34 .. @

02

$i2-01(x6)=1.555A
-02(x3)=1.707A
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510, Quartz

Tsuchiya & Tsuchiya (2011) PNAS
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(metastable)

S104,6

(3) Li,ZrF -type
(metastable)

SiO,

(4) Fe,P-type
(stable >~700 GPa)
Sio,

Tsuchiya & Tsuchiya (2011)
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Ultrahigh-P, T phase relations in SiO,

15000 T T T
Si0, .
Liquid
10000 " % I -
(@] {
A4
S— Uranus Saturn
|_ core
Nigtgge SE adiabat .
5000 - —
Fe,P ﬂgﬁ 1
O | 1 1 1 | 1 1 1 1
1000 1500 2000

P (GPa)

Tsuchiya & Tsuchiya (2011) PNAS
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Experimental confirmation using a low-P analog, TiO,

20
0 \#A Low-transition pressure from

—GGA cotunnite-type to Fe,P-type

= 1.0t ---- LDA
Q .20 = 161 GPa ~
£ | | at ~¥150 GPa and O K
} —_ Rugltl)% 0 T
R — - P Teell
T 40 — Baddeleyite i 140 GPa )
A — 0l -1.0
— Pyrite 120 740 160 180
-60 — Cotunnite
— FeP g T-quenched from
-80 PP R R B ol 4000 K at 210 GPa
0 50 100 150 200 2
P (GPa) Fe,P-type

Intensity

Successful experimental
identification by LH-DAC at
SPring-8

| |I|M1|I..|J|

8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23
2-theta (deg.)

I‘J‘\

Dekura, Tsuchiya+ (2011) PRL
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Experimental confirmation
e Laser shock technique

USA, France, ...
e Magnetic shock (Z-machine)

A new project in Japan at Spring-8

S B B FELENT—L—H—[ZLD
= B A HTIBRYE MR DR

. High-P,T -
generation K. Tanaka, N. Ozaki, O. Sakata,
P Drive laser T. Tsuchiya, T. Sano, T. Sekine,
Radiograph K. Arakawa, (>20 people)

— R
A=l1ns N

Diffraction
Scattering X-ray Free Electron Laser (XFEL)

/ Ultrafast
A , shock front

Osaka Univ., NIMS, Ehime Univ., Hiroshima
Univ., Shimane Univ,, ...

Optical
measurements

Intensity (arb. us

In situ observation in TPa regime

Ozaki (2012)
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Significant optical absorption of Fe,P-typ TiO Dekura, Tsuchiya+ (2011) PRL
2 2

T-quenched from
4000 K at 210 GPa

T-quenched from
2000 K at 177 GPa

Bonding type
interaction

"!-,‘ \s‘
-— -_———

' —No bonding

-_]1 type
,,’ interaction

f

{
|

oy
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Electronic density of states Tsuchiya & Tsuchiya (2011) PNAS

Fe,P-Si0, 1.5TPa pPv-MgSiO, 1.0 TPa

10 — . : : 1.5 —m : : :
E 7&35 g | :Mg2p )
S osf s Gap 1 £ Gap %
S 02s > 10} —Si3p
v 06} —02p (1) ——5i3d
~ ~ 02s
T 04} 5
7S % 05
8 02f 3
& sty &

0.0 L=t AITREY 0.0

40 -20 0 20 40
E (eV)

B2-MgO 1.5TPa B2-CaO 0.4TPa

2.0 — : . : 2.0 — : : ;
‘g‘ — Mz ‘g Metal
% 15} Gap 0% % 1.5
> g >
X 2
g 10} g 10
; :
@ 05} w 0.5
3 S
g o '

0.0 L PR SO QAA 0.0

40 .20 0 20 40

E (eV)
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Band gap vs pressure in SiO, phases

[ ] [ |

Pyrite —lil}—
Cotunnite —@—

Fe,P ——

-

o

1 | 1 1
500 700 900 1100 1300 1500
P (GPa)

Metsue & Tsuchiya (2012) Phys Chem Min

Fe,P-type SiO, has much smaller gap than Pyr
but still remains insulating even above 1 TPa.




P2,-type H,0 ice electronic DoS

I ! I

. H,O P2, 2000 GPa

Distinct band gap

T Tsuchiya, 9" ISPS, 25 June 2012

Hermann+ 2012 PNAS
J. Tsuchiya, unpub.

Ice also still remains insulating even at 2 TPa.

Metallization in solids only for compounds with heavy (d) metals
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Thermodynamic properties of Fe,P-type SiO,

——0.3TPa
[ ——0.6TPa
L =——1.0TPa
| ——1.5TPa

Thermal expansivity

2 4 6 8 10

T (kK)
Specific heat

===0.3TPa
==0.6TPa
e=1.0TPa
e===1.5TPa ]

2 4 6 8 10

B (TPa)

1.8

Bulk modulus

| —oaa oo oo
=—=0.6TPa
=—1.0TPa
———1.5TPa 7]
Bs
__ . .
Br
e e
s . ' . s 10
T (kK)
Grineisen parameter
=—=0.3TPa 1
=—=0.6TPa
e—1.0TPa -

o==1.5TPa

T (kK)
Tsuchiya & Tsuchiya (2011)
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Modeling of the silica-rich planetary mantle

dp _ p(r)g(r)
dr ¢ (r)

: dg 26m(r)
Gravity = 4tGp(r) — —

dm
Mass —= 4rtr2p(r)

dP
Pressure i —p(r)g(r) ¢ (r)=Bs(r)/p(r)

Density

The p — r relationship for a super-Earth with 10Mg, evaluated by Valencia+ (2006)

Density (g/cm’)

4000 8000

Radius (km)
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Thermal structure of SE

Adiabatic temperature (dT) . a(P)g(P)T

gradient dP - Cp(P)
Almost no difference by using MgSiO, parameters
10000 . ; , . . . .
Sio, |
8000 Saturn -
core
Uranus
N n
e s 457 MPA/K Sotin+ (2007) .
= -10MPa/K____----7~-"" Thi r
— is study

Valencia+ (2006)

Fe,P ]

1000 1500
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Phase transition buoyancy parameter Christensen and Yuen (1985)
Negatively large P, Small or positive P
_I'p/p)
L apgh

For 660-km discontinuity, P~ — 0.2

Layered convection Whole convection

For the Pyr-Cot transition in a super-Earth with 10Mg,:

I['=—10 MPaK™!
e
p
p = 8400 kgm™ = P~ — 0.064
T @52 10
g=31ms *
h = 4500 km

The transition might have not so large effect even with a negative boundary.
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Decomposition of MgSiO, post-perovskite

Tsuchiya & Tsuchiya (2011)

€ MgSio; (PPv) > MgO (B2) + SiO, (Cot or Fe,P) — ooy aoten
(Umemoto+ 2006; —— Si0,(Fe,P)+MgO(B2)

Tsuchiya & Tsuchiya 2011)

€ An intermediate state with MgSi,O; + MgO
(Umemoto+ 2011)

AH (kJ/mol)

@ Disproportionation reaction in NaCoF,

NaCoFe; (PPv) - Na:CosF,; + NaCo,F,
(Yusa+ 2012)

Further studies with careful structure search maybe needed

But no eccentric changes such as metallization seem likely.
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Energy transportation in the Earth

Jsurface
~ 44 TW Mantle convection

Rayleigh number

Ra = (agATCy p? 23)/(vK)

W e W e o .
_— —
- o

—> Convection style

e CMB heat flux
qg=-kAT/b781
= Jewvis '_"f q da

— Geodynamo
- Inner core growth

—> = Lattice conductivity
Propagation of photon

——* Radiative conductivity
Emission of photon
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Lattice thermal conductivity

(a) Phonon = Quantized lattice vibrations

(b) Phonon-phonon scattering - Thermal resistivity

(c) Anharmonicity - Interaction of phonons

1 low-T (<) high-T

Density functional
perturbation theory
(DFPT)

(b)
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Lattice thermal conductivity
(Higher order anharmonic lattice dynamics)

Harmonic quantities

VCLS Cq,s
Phonon group velocity § Mode specific heat

Anharmonic phonon

Phonon lifetime Phonon damping function

1 . :
@%q’J’,q—q’J") [T+ng;

Fy(@)=75 3

T = =
q,s m q'.j'J

+ nq—q’j"] 5( a)q.'jr + wq_q.'jrr_ (U) o 2[nq_qrjn

Bose-Einstein function —ng ]y j—wg_g =)}

1
Ngj = : : .
UV phwgj/keT _ q V,: anharmonic coupling coefficient
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Previous works on K

Ab initio (non-equilibrium) molecular dynamics (MD), etc

>
>

Limited to simple crystal structures like MgO
(de Koker 2009; Tang & Dong 2010; etc)

Our technique

DFPT approach
* Small (primitive) unit cell size

# High efficiency & low numerical error
Applicable to complex structures like MgSiO,




k of MgSiO,-Pv

300 K

@ Manthilake+2011 P =26 GPa

_' A Osako 1991 0 GPa, 300K
M Ohta+ accepted T=300K

4000 K |

0 20 40 60 80 100 120 140

P (GPa)

Lattice thermal conductivity rapidly
increase with increasing pressure.

Kpy (2900 km)~3xp, (660 km)

T Tsuchiya, 9" ISPS, 25 June 2012

P (GPa)

0) 10 20 30
K (W/m.K)

Dekura, Tsuchiya, Tsuchiya, PRL, under review



Rayleigh number of mantles

T Tsuchiya, 9" ISPS, 25 June 2012

1x107 ——"
Ra = agATp?Cpz3/(vK) “
Earth A7 = 500 [K] 6
v ~10%21 — 10%3[Pa s] PAoTE
Mitrovica & Forte (2004)
k~2—7[Wm 1K™1]

This study X105 F

T

o

Super-Earth with 10Mg,
1x10%
AT = 500 [K] :

v ~1023 — 10%* [Pa s]
K ~4—200 [Wm™1K™1]

This study 1x103 F

= Mantle convection maybe
significantly suppressed

o v=10%"[Pas]
—"’. -
%Y =102 [p
o vV [Pa s]

(Consistent with a recent modeling by 500

Stamenkovic+ 2011)

1x102

P
1000

METI BT
1500

IéOObl
z (km)

2500

M B
3000

P |
3500

Dekura+ in prep.
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Melting temperature
Ab initio two-phase coexisting MD (Alfe 2009; Usui & Tsuchiya 2010; etc)

e Equilibrate a supercell with Sol-Liq interfaces at several P.T conditions
* A method to avoid the kinetic effects (super-cooling and -heating)
across melting and freezing

Initial structure Final structure

T>Ty

Liquid cell

Relaxation -

T<Ty

Solid cell
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Ex) SiO, stishovite

Usui & Tsuchiya (2010) J Earth Sci

a)T>T,, b) T<T,, _
Melt stable Solid stable
t=1f1s t=1f1s
T=5610K T=5306 K
P =79 GPa P =68 GPa
Si ()
O @
si @
O @

P=73 GPa, T=5,600 K P=62 GPa, T=5300K
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Melting curve of SiO,
15000 LJ LJ l LJ LJ LJ LJ l LJ LJ LJ LJ l LJ LJ LJ LJ
Si 02 r sofic Iro:w’;s T (Morafd+ 2011) 1
O | ° M P s -~ - -
- Liquid-~"__-
B . -~ + P +
L o) X EXp Trlple - #/ . |
> . -
10000 | © " point | + -
L (O]
N . . + + | -
—— | | + +
N - : +1+ + -
— - : + -|-+ :+ = Uranus >aturn N
| core
= ¢ttt — + :-t I, 4+ Neptune SE adiabat -
: + W+ cores -
7 il |
D FE2P |
[}
. Pyr '
! .
[l : [l | [l [l [l | [l [l [l [l | [l [l [l [l
500 1000 1500 2000
P ( G P a) Usui & Tsuchiya (2010);
Mazevet, Tsuchiya+ in prep.

T,, quite comparable to the core conditions of some planets
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Electronic DoS of silicate melt

Subsolidus condition Supersolidus condition
(1800 GPa, 10000 K) (1800 GPa, 12000 K)
Fe,P-type SiO, Liquid SiO,

1 E¢

Pseudio-gap

Semi-metallic Metallic

Metallization (band gap closure) across melting (cf. Karki 2007 PRB)

Liquid silicate maybe easily mix with H or H,0. - Core erosion (cf. Wilson+ 2012 PRL)
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Solubility of oxide into liquid H

QB/

v
=
o
o
~
S
]
—
5
4+
[
b
9]
=%
£
]
l_

30
Pressure (MBar)

Wilson & Militzer (2012) PRL

Oxides soluble to liquid H at L sicians but not at T,
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Current views

Gas & ice planets .

Molten metallic rocky
core
Liquid iron core

|

Active interior
Core erosion

Solid insulating thermally
well conductive rocky
NEIE

Solid iron core

l

Less active interior
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Lattice thermal conductivity
(Higher order anharmonic lattice dynamics)

Anharmonic phonon

Phonon lifetime Phonon damping function

1 . :
@%q’J’,q—q’J") [T+ng;

Fy(@)=75 3

T = =
q,s m q'.j'J

+ nq—q’j"] 5( a)q.'jr + wq_q.'jrr_ (U) o 2[nq_qrjn

Bose-Einstein function —ng ]y j—wg_g =)}

1
Ngj = : : .
UV phwgj/keT _ q V,: anharmonic coupling coefficient




Bohr-Sommerfeld quantization condition

[ =m,vr =nh

n=1273,..
h: Plank constant

[ is discrete, not constant.

4

fpdq = nh

Quantization condition




SCF cycle vs total energy variation

Au fcc structure

I ' I ' I ' I
-1.6

-1.8

ETot (Ha)
N
I
I

22+ —

2.4+ .

0 20 40 60 80 100
SCEF iteration



B2-CaO0 electronic DoS

PDoS (states/eV atom)

PDoS (states/eV atom)

3.0

2.0

1.0

0.0

1.0

0.8

0.6 |-

0.4

0.2

' " '
Narrow band gap

0.0 ==

RS 100 GPa
-t 02p
02s Ca3d
—O02p
m b, LAK/\L
E (eV)
' e 2000 GPa |

PDoS (states/eV atom)

VDoS (states/cmcell)
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0.015
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=)
S
7]

0.000

T Tsuchiya, 9" ISPS, 25 June 2012
Tsuchiya & Tsuchiya (2011)

Ca3s

| —Ca3p

—Ca3d

—Cads
02s

-40

400 GPa |

Band gap closure .

-20 o 20 40
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B2-CaO Vibrational DoS
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Compression behaviors

o

Mean bond length (A)

=
~

Vv (A%/sio,)

=
wn

Mean bond lengths in Fe,P

700 GPa 0 GPa
VFGZP e 033V 7

Volume But the Si-O distance in Fe,P comparable to
in Qz even at 1 TPa!ll

Tsuchiya & Tsuchiya (2011) PNAS




Density variation of super-Earth with assuming pyrolitic composition

Earth Super-Earth (10Mg)
Lower mantle | B S R S R E A
D g ver 04} (D”) MgSiO,, MgO(B1), CaSiO; -
Core
% 4 () MgSio,, MgO(B2), CaSiO |
Ca i () ! Y] IR i-«
"'1‘-
A ,&‘ - X a »- 4 (") | i
g. o .6, 2 g ....'r? ®8 I () Mgsio,, Mgo, C 1
’ " & ( ) g | 37 g »
; =
a 1} A «

Two silicate breakdowns .
produce density jumps: 1 | () Mgo, Si0,(Fe,P), CaO(B2) |

(10->(n)

.
—_— 0 L o e e e e —_— = =]
Ap/p_+0.2 /0 g 4 _CQre-MantIe Boundary (10 Mg) |
!. 1 2 | M 1 2 1 2 1 M 2

(11)->(1n) ) 6 7 8 10 11 12

Ap/p=12.3% | | Density (g/cm?)

L T
B it




Periodic boundary condition for a crystal
¢ (x+a)= ¢ (x)
Ga =+2nmt (n=0,1,2,3,---)

2T 4’ 2NTT
G — O;i_ i_
a

2nm
3-dimensional G, = iT(aﬁ X a,)

Reciprocal lattice vector



'|11|| |

ppan

%_%E _I?'Ik,u\ n-l_ﬁd) BEE%
DN R Xy TRE: N\ RFvyT a8/

(o 2]

— 2 O
2 <
o ©oLDA ®
g, leExx| = o |
o
e
ELDA O 5EeXp _‘E 2 ‘S"% ¢
- !
gap B, & |
= o ©
L S o
o
(& IN
0 = ] . ] .
0 2 4 6

Experimental band gap [eV]

FIG. 3. Comparison of self-consistently calculated LDA and
EXX band gaps (1 eV) of various semiconductors with experimen-
tal data from Refs. 73 and 89-91.

Stadele+ (1999) PRB



@5 EWLMES: ) LDAKE S EEBE A 18 /M 584 (overbind)

TABLE 1. Properties of Bernal-Fowler 1ce.

Bulk Sublimation
Volume Error Modulus Error Energy Error
(A% (%) (GPa) (%) (eV) (%)
LDA 26.43 —18 25.3 T+132 0.99 +71
- BPS6 30.85 — 13.5 +24 0.68 +17
7 ~ ) 3 py. 55 —
HEARTE PWOl 31.35 2 13.3 +24 0.33 1
(GGA) PBE 31.82 =i 12.8 ol ¥ 0.53 —8
| B-Loc. 39 +22 | — &3 0.24 —42
Exp. 32.05° 10.9° 0.58°
Hamann+ (1997) PRB
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) EREFINRE
A1) FeO 7.0 — R
o _ Fe d states (majonty spin) GGA -
60 Fed states (mmonty spin) '_
5 50 Fe s states ::
> O p states &
240 I |
g ::
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Energy (eV)

Cococcioni & de Gironcoli (2005) PRB
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Melting curve of MgSiO,

15000 T T T T T T T T T T T I T T .
M gSIO 3 Irgn (Morar;df 2011)
Liquid - e N
10000 g
o
— T .
A4 : \( i + Solid
S ] S t
— : ~ \Uranus agot:Er!n + Melt
|+ Neptune + @Glass |
, cores SE geotherm .
5000 — Exp _

B2-MgO+Fe,P-SiO,
or
other stable phase?

0 500 1000 1500 2000
P (G Pa ) Tsuchiya, in prep.

Comparable to the SiO,’s T,, and also Fe’s T,,



Study on the ultrahigh-pressure phases of
Earth and planetary materials

Just started and now rapidly progressing
Unexpected phases are continuously discovered.
There would still be many other unrevealed
structures.

Off-Hugoniot laser shock appears quite important
to confirm calculations experimentally, maybe a
unique technique from the experimental side.




— - S — ——- A S —— — - A —— — A g — —— - -

Large scale computatlon
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GRC-SRFC parallel cluster systems
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Observation of exsoplanets

Doppler method 3
Gravitational interaction between L.“ _
a parent star and a planet : 7 Long wavelength
- % indicates retreating star
\l/ Parent star woblbles : |
. H t tf
e Existence of a planet aravititionalpall =

e Mass of a planet Short wavelength

indicates advancing star

Transit method Parent star
Planet
Eclipse by a planet, i.e., the light
of a parent star dimmed by a
transiting planet

N

* Existence of a planet
 Size of a planet

LE‘
=

Apparent brightness of
star drops as some

Relative brightness
measured by telescope

Mass + Size = Mean density

Sasselov (2008)




Eutectic melting relation in the MgO-SiO, system

Pyrolite MORB
9 000 ; 5
P=135GPa |

3 000

K)

‘,57000

=)
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(31
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o,
F
=
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N
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<+ o-PbO:+L
" Pv+a-PbO:

: PPv+a-PbOF=T"

0.4 06 08 1.0

MgSiO: SiO:
X




Lattice Dynamics Interatomic Interatomic

Potential Force
method ‘
A ; /.
Atomic thermal vibration in s \/

sold m

- —
5 ) ] _
Collective motion of N -

oscillators (phonon) Approximation Approximation
AE=(k/2)Ax? F=-kAx

Dynamical matrix

Dg’c, (q) = Harmonic force constant matrix

1

e ) L Oexpi=ia - (o = )

\ 4

Phonon dispersion relation




A milestone from K (November/2011):
First-principles calculations of electron states of a

silicon nanowire .
www.riken.jp

100,000 atoms!!!

Calculations with a few hundred atoms now not special




Examples of the transit planet

CoRoT-7b GJ1214b

Discovery: 2009 Discovery: 2009

M = ~4.8 Mg M = ~6.55 Mg

R =~1.7 Rgy R =~2.7Rg

(p) = ~5.6 g/cm°~(pg) (p) = ~1.9 g/cm’ < (pg)

Rocky Icy
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Electronic structure of solids

A- iD_i
] H = .

Insulator Metal Half metal J Semi-conductor

Energy

Electronic state distribution



Thermal structure of SE

Adiabatic temperature

T Tsuchiya, 9" ISPS, 25 June 2012

(dT) s (g

gradient dP - Cp(P)
10000 T
Si0, l
8000 Saturn -
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