High-Temperature High-Pressure Properties of Silica From Quantum Monte Carlo
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Introduction: computational mineral physics and the silica phase diagram Computation of thermal equations of state and phase boundaries
Denth (kim foni . ] . ] .
epth (km [mi]) \;z_lrlatmn with Density Functlo_nal Equations of State Enthalpy Differences Phase Boundaries
0  30[18] 670 [415] 2900 [1800] = of ; - , . , . , — 0.02 S o e
A i 275 (a) Quartz to stishovite boundary
Crust Upper Mantle Lower Mantle S 7 7 =1 QMC with DFT phonons : Liquid
2000 FE) g 2: o 1 250 v T=2500K = = DFT(WOGGA) . éf“ S i —— . o 3000 B e« — 1
;o: % al g B Levien T=300 K (1980) ‘“Ia -~ 2 ] E e 3 /s Stishovite
. / / / éﬂ‘: 3 — = 5000 e g 2000 F & .
%! - B g - Quartz . e antle Geothe
% e M il Wi Aol St 5% é = = 200 | Z o0} ?ggﬁwceﬁm Wt | " 1000 £ IEEFJttﬁ%((E%E T
g Stishovite | / CaCl, |/ 0~PbO, | / Pa3 | = _1:_ a: 4 _ ! stishovite stable e g L g . Ak;mgi (1984)
g" / / // Ik — @® Q;ua“z ; ; : L0.02 () . L . L . 1 . 1 . P . ; —ﬁﬁ%?lggﬁ?}
& 1000 / / / 3t 0 10 20 30 40 "0 > 4 6 8 10 S s % 10 12 14 16
— o / I~ / g ¢ - - e 0.002 ' A A T 4000 — —r .
X / 6,/?%2 /e _ w // & 165 ? %H{ﬁgr(ﬂﬁ} phonons | R ] |(b) CaCl, to aPbO, boundary / ; /
pe / p? / ~ . . ~~ edaalt T=3 " s ] i :
0 : * °FE / — B - £ 3001 Stishovite 7 2 « T=4000K S i T=300K (2003) '% iR _ 3000 | Y 2
0 10 [1] 50[7] 80[12] 200 [30] < ~ 150 b ® Hemley T=300K (1994) | _ 2 AW < o -~ — 3
- : w 2501 7 2 A Ross T=300 K (1990) o 2 = et \ _ - ——— / 5
Pressure (GPa [millions of psi]) = B +—+ Panero T=300 K (2003) g 0000 E=rT £ go00 F  Mantle GO — A~ / S
. . —§ 2001 . g T=300 K g 2 ; 3 A - 3
MOtlvathn: p= = 135f :a o001l [E=mQMC E I;Ig;[[(f ‘I..;.TEEEE phonons : ; g
% 150+ - g _ = | | = = - DFT(WCGGA) 1000 Eﬂ ﬁubﬁinﬁ% &3%'?" ; E 1
. . . . . . o« g . = ishovite L Urakanmi /
*Computational mineral physics is important in the guiding, understanding, and = | 5 i | 4 e V- Stishovite = CaCl, / aPbo,
. £ 100 = 120 — %0 T =i 40 50 60 70 80 9 100 110 120 130 e L
absence of experiments. _% sl :‘% 180 = Pressure (GP) 20 40 6 o T 120 140
*Density functional methods (DFT, Nobel 1998) have made great contributions & = e ' Computational Method
) y « T=4000K Lgipons 5 |
to Earth science. 160 B Murakami T=300 K (2003) C -  Helmhol f
. . *Compute quasi-harmonic Helmholtz free energy: F  =F (V)+F  (V,T
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*The aim is to use QMC for selected important problems in which a accuracy benchmark for DFT is paramount. 201 apvo, *Dominant energy contribution *Currently too costly for QMC
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Why Silica? *CASINO code *ABINIT, Linear Response, quasi-harmonic, WCGGA functional
*Silica is the simplest of Earth's silicates and a natural place to demonstrate the feasibility of QMC in obtaining
equations of state and elastic and thermodynamic properties for geophysical applications. *Plots show equations of state, enthalpy differences, and phase boundaries of silica phases.
*DFT generally works well for silica, but can unexpectedly fail and depend strongly on functional type. *The thermal equations of state provide a route to all thermodynamic information, such as phase equilibria, elasticity, heat capacity, and thermal expansion.
*Silica undergoes a complex series of structural transitions with applied pressure, which exhibit first and second *QMC improves equation of state agreement with experiment over DFT for each phase: quartz, stishovite, CaClZ-structured, and OchOz-structured.
order behavior, elastic instabilities, and a four- to six-fold coordination change. *Enthalpy differences and errors determine the equilibrium phase relations and their statistical accuracy.
*Such a collection of physics is challenging for even the best computer simulations and experiments to untangle. *QMC provides accurate phase transformation boundaries for quartz-stishovite and CaCl -aPbO_; DFT(WCGGA) gives quartz-stishovite 4 GPa too low.
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*Plots show temperature and pressure dependence of thermal expansivity and heat capacity for three silica phases.
*QMC and DFT thermal expansivities and heat capacities agree well with available data for each silica phase.
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