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Introduction:
How include thermal effects in theory?

> Theoretical calculations often performed at T=0 K !
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> |n Earth interion minerals are commonly at T>0 K
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> Numerical inversion =

— composition (C), temperature (T), fraction of partial
melt (F)

Masters, G. et. al. (2000). In Karato, S. et al. Deep Interior: Mineral Physics
and Tomography from the Atomic to the Global Scale, Washington, Am.
Geophys. Union.

Deschamps, F. and Trampert, J. (2003). Phys. Earth Planet. Int., 140:277-291 -900 -450 0 450 900
Deschamps F, Trampert J / Earth and Planetary Science Letters 222 (2004) dT (K)
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Background T——
Thermodynamics

> Free energy G(T,P) is needed to calculate
phase equilibria

> G(T,P) can be obtained from F(T,V)
GP,T)=FV, T)+P-T=FEx(V)+Ezp(V)-T -S(T,V)+P-V

N——
=U
> Ey(V) can be obtained from static -TS
calculations (geometry optimization) =
> E,p(V) is a (small) correction, taking into m"‘?JJ “Ei
account the quantum nature of the atomic wop | won oo
cores +PV
| H G
> E_o(V)-T * S(T,V) can be calculated from Gday | obhs
partition function e
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Harmonic Oscillator

> Move 1 atom along 1 degree of freedom ¢,
(N atoms, 3N-3 degrees of freedom)

> Curvature of potential energy surface
determines all vibrational frequencies

(e.g. Wu, 2008)
> (Quasi) Harmonic approximation =>
atoms are “connected by springs” and
experience the potential k. o v o
U= 5(q)
2
> Energies for harmonic potential are
equidistant
p € [1,3N — 3]
> Indices:

— Accounts for degree of freedom
— J accounts for energy level

1 0%V(qu)

> Theory breaks down for negative — —_—
y g w 7 m 8qa

curvatures of potential energy surface

4, =0

n’ E{L:h'wu'(%—i_j) and j € Ny
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Background T—
Thermodynamics
> The partition function Z gives 7 — e k;T
access to all thermodynamic .
quantities t
> The free energy is the A=—-kpT'lnZz
thermodynamically relavant
potential at T>0 <E> = kp .T28an
> Thermodynamic energy (9<E> oT
> Heat capacity Cy/ = —(———
. ) oT .
> Elastic constant tensor c;; (T, P) =
(982' an p
GIP,T)=FV, T)+ P-T=FEx(V)+Ezp(V)-T-S(T,V)+P-V
—U A
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Background
Phonons
> In solid, the lowest energy T A2 E -
excitations are coIIe_ctlve P — dqy dqq .-
vibrations of atoms: phonons — Q2 E
_ dgu dq, _

They can be obtained from ,
force constant matrix b a°E _ dF,

dq, By = dq,, dq,, dq,
The eigenvalues of the
dynamical matrix D are i
eigenenergies 1 d*E
D = | Vmimidgdg ,
1 d°E
The eigenvectors of the i T VM my dqy, dqu |

dynamica matrix D are the
polarization vectors
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Example
Dynamical matrix

> Dynamical matrix (6. 0.
: : 0. —6.
In carthesian Coordlnatgs_ ) . w0 o
E - NI dqu 102 04
04 0.2
: " 05 \ 0. 0
0.5 (05 05
0 0.5 —-0.5
) ) g = 0 0
> Polarization vector =051 &= _g5 o5
— Collective modes —0.5 —0.5 —0.5
L0 \ 0 0
(6.6 0. 0. 0. 0. o.\
0. 62 0. 0. 0. 0.
. 0. 0. 6 0. 0. 0.
> Eigenvalue P={, o o 6 o o
0. 0. 0. 0. 58 0.
\0. 0. 0. 0. 0. 54
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Background
Contribution of long wave-length phonons

BERN

> Free energy of solid heo s

A= U+Z hw, + kTl (1—e *5T

> Contribution from long wave-" ™

length phonons are important flwu)
M
> Avoid large supercells through o | o | o
summation over Brillouin Zone
— In small cell determine force e i X
constants o | oI o | o
— Recompute Dynamical matrix at
several long wave-length o | o | o | o
phonons
— Sum up contributions using .
multiplicty w, A—=U+ § : Wy f(w’/)
v<<3N-3
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Composition of the Earth‘s (lower) mantle :
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> MgSiO,: most abundant constituent in the Earth’s lower mantle
>  Orthorhombic distorted perovskite structure (Pbnm)
> Its stability is important for understanding deep mantle (D” layer)

) [Pressure (GPa)]

D [Depth (km)]
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Lower mantle composition
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Lower mantle:
> 53 vol.% of the Earth

> 7 wt.% - CaSiO, perovskite

> 75 wt.% - MgSiO, (post)-perovskite
> 18 wt.% - (Mg,Fe)O magnesiowuUstite

Not suitable for harmonic approximation

'

(Mg(1 -X-Z)3 Fem Alz)(Si(1-y)aA|y)03 (nga Fe(1 -x))o
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Phonon dispersion of MgSiO; perovskite
1000 -
C # o ]
—~ AT i .
~ 800 - -
£ >~ n A A
L P—— [ - g (n] -
> 600 - e © ]
§ : - e o . a =
& 400 ™~ E e 5 A, E
o 200 E :_ : Z x E _:
: 3 A
~ i .
™ 1000 _ [ aman ared (TO, LO)
E’:; 800 V
€ 600 = Theory: Karki, Wentzcovitch, de
S 400 lzg Gironcoli, Baroni (2000) PRB 62, 14750
- 200 S Exp: Raman (Durben and Wolf, 1992)
1 Infrared (Lu et al. 1994)
0

r X Syrzt e EPaDOS
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Temperature dependent elastic constants
MgSiO3 perovskite

0% A

T _
Cij (T, P) =
887; 88]' p
1400
1200
S 1000
S
= 800
3
= 600
1000K S 400
welll== 2000K oo
—:— 3000 K
m—aA= 4000 K
(Oganov et a|,2001) OD 50 100 1500 50 100 1500 50 100 150

P (GPa) P (GPa) P (GPa)
Wentzcovitch, Karki, Cococciono, de Gironcoli (2004) Phys. Rev. Lett.
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