Spin crossovers in iron bearing minerals
of the lower mantle

Renata Wentzcovitch

Applied Physics and Applied Mathematics
Lamont Doherty Earth Observatory, Columbia University



Body wave (acoustic) velocities

 Longitudinal waves (P-waves)

(] VP —
(compressive waves)

o [ransverse waves (S-waves)

(shear waves)

[\ /]S /
s

\/ \/ S2

K and G from Voigt-Reuss-Hill bounds




PREM
(Preliminary Reference Earth Model)

(Dziewonski & Anderson, 1981)
PgG Pa)
23 135

o

-t
(4 ]

O
=i
0
=
©
=i

Density (g/cm3) and Velocity (km/s)

0 2000 4000 6000
Depth (km)

(Density from free oscillations)



Making sense of mantle heterogeneities
(Seismic Tomography)
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OV (Garnero et al., 2011)



Earth’s lower mantle

Lower Mantle: Ferrosilicate perovskite + ferropericlase + CaSiO;
Low iron concentration (x~0.1)
2000 K < T < 4000 K CaSiO5-Perovskite

(Mg 1-xFex+z)(Si1-zFez-wA|w)o3 (Mgl-xFex)o

23 GPa < P < 135 GPa Perovskite ferropericlase

) [Pressure (GP

) [Depth (km)]




Pressure induced spin “transition” in (Mg,Fe)O
and (Mg,Fe)SiO,
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Outline

Spin crossovers

Thermodynamics model of a spin crossover: (Mg,Fe)O
(Mg,Fe)SiO, (it is not what it seems...)

Spin crossover in (Mg,Fe)(Si,Fe)O, and (Mg,Fe)(Si,Al)O,

Manifestation of a spin crossover in the mantle (1D and
3D models)
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Methods

ADb initio variable cell shape molecular dynamics
(Wentzcovitch and Martins, 1993)*

Self-consistent DFT+U
(Cococcioni and de Gironcoli, 2005)

Density Functional Perturbation Theory + U for phonons
(Floris, de Gironcoli, Gross, Cococcioni, 2011)

Quantum ESPRESSO and Wien2K (all electron code)
(Giannozzi, ..., Wentzcovitch, 2009%, 2016; Blaha et al., 2010)

QHA to compute vibrational free energy
(Karki, Wentzcovitch, de Gironcoli, Baroni, 2000)*

Semi-analytical method to compute acoustic velocities
(Wu & Wentzcovitch, 2011)*

Quasi-ideal solid solution
(Wu, Justo, da Silva, Wentzcovitch, 2009)*



Spin transition (or crossover)
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Spin transition (or crossover)
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Ferropericlase



0 ., around Fe?* (Isosurface:p_=0.3 e/A3)
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Static equation of state
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Thermodynamics



Quasi-ideal solid solution of HS and LS ferropericlase
(Xee = Cte)

n=ng/(nystngs)



Quasi-ideal solid solution of HS and LS ferropericlase
(Xee = Cte)

n=ng/(nystn s)

G = (1 'n)GHS + nGLS + G

mix



Quasi-ideal solid solution of HS and LS ferropericlase
(Xee = Cte)

n=ng/(nystn s)

G = (1 'n)GHS + nGLS + G
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Free energy minimization

n(P,T)=
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Vibrational Virtual Crystal Model

@® Replace Mg mass by the average cation mass of the alloy

@® Replace “some” inter-atomic force constants of MgO to
reproduce the that the static elastic constants of the alloy
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Volume V(P,T) for x,.= 18.75%
12

Xge= 18.75%

+ 300K (exp.)
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P (GPa)
+ Experiments (Lin et al., Nature, 2005) (Xg,=17%, RT)
oand A (Fei et al., GRL, 2007) (Xg,=20%, RT)
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Wentzcovitch, Justo, Wu, da Silva
Yuen, Kohlstedt, PNAS 2009

Exp: Crowhurst et al, Science 2006



Thermodynamics properties X..= 18.75%
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LS fraction n(P,T)

(Tsuchiya et al., 2006, Wentzcovitch et al,, PNAS, 2009)
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Free energy shift (E,g— E 5 =-0.06 eV/Fe):
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Elastic anomalies in Mg, Fe O

B Impulsive stimulated scattering: softening of C,,, C,,, and C,,

(Crowhurst et al., 2008, EEEE)

B Brillouin scattering: softening of C,, and C,,, but not C,,
Science
(Marquardt et al., 2009, )

AVAAAS

B /nelastic X-ray scattering: softening of C,, and C,,, but not C,,
Ant lli et al., 2011, E5E0E
(Antonangelli et a -)

AVAAAS



Vibrational properties across the spin crossover

¢ NO unstable phonons throughout the spin crossover in Fp
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High temperature elasticity
(Wentzcovitch et al., PNAS 2009; Wu, Justo, and Wentzcovitch, PRL 2013)

VP, T,n)=nV, (P, T)+(0-n)V, (P, T)




High temperature elasticity
(Wentzcovitch et al., PNAS 2009; Wu, Justo, and Wentzcovitch, PRL 2013)

V(P,T,n)=nV, (P, T)+(-n)V, (P,T)

= Compressibility:

V(n) — 7 VLS _|_(1_n) VHS
K(n) K K s

on
(V.. —V. 2
Vis Vs o




High temperature elasticity
(Wentzcovitch et al., PNAS 2009; Wu, Justo, and Wentzcovitch, PRL 2013)

V(P,T,n)=nV, (P, T)+(-n)V, (P,T)

= Compressibility:

V(n) — 7 VLS _|_(1_n) VHS
K(n) K K s

on
(V.. —V. 2
Vis Vs o

= Compliances:

1 on
S, (n)V (n) = nSijiSVLS + (1- n)S,fSVHS - gaij(VLS - VHS)ﬁ_P
T

0{11=0512=10(44=0




High Temperature Elastic Tensor

Karki et al., Science (1999), Wentzcovitch et al., PRL (2004), Wu & Wentzcovitch, PRB (2011)
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Elastic anomalies in ferropericlase - |
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Spin Crossovers in bridgmanite

(Fet?) (Fe+3)



“New” species of Fe?*: |IS?
- At 0 GPa: HS state with QS = 2.4 mm/sec
““New” Fe?* (QS = 3.5 mm/s) for P> 30 GPa

« Fe2* QS = 3.5 mm/s increases at the expense of the HS Fe?*
(QS = 2.4 mm/s)

* The two sets of peaks “merge” at P ~ 60 GPa

McCammon et al. Nature Geoscience (2008)




Relative transmission

“New” species of Fe?*: IS?

& 2 0 2 4
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McCammon et al., Nature Geosciences (2008)



HS and LS configurations at 0 GPa

Xge = 0.25and 0.125

HS (3.3) HS (2.3) HS (2.1)

Hsu, Umemoto, Blaha, and Wentzcovitch, EPSL 2009
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Spin Crossover in Perovskite

(Fe™)



What we know:

Experiments

Calculations

XES HS - LS

(P ~ 50-60 GPa)
Mossbauer 50% HS = LS
(QS: ~0.5 > 50% remains HS
~3.0 mm/s) (Pr ~ 150 GPa)

Catalli et al.,
EPSL (2010)

GGA | Ground state: (A-HS, B-LS)
(A-HS, B-LS) = (A-LS, B-LS)
P> 75 GPa

Zhang & Oganov, EPSL (20006)

Stackhouse et al., EPSL (2007)

Inconsistent with Exp
* P; too high
 Fraction of HS Fe3* too low
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Spin crossover in aluminous Pv

Hsu, Yu, and Wentzcovitch (EPSL 2012)



Consequences for Mantle Structure



Lower Mantle

(M (1.xz),F % AL)(Si.y),Al) O3 (Mg,.Fe4)0 CaSiO;




Lower Mantle

(M (1.xz),F % AL)(Si.y),Al) O3 (Mg,.Fe4)0 CaSiO;




(@) Oxides' mol% (b) Minerals’ mol%

) [

Harzburgite | 053 ' 6.07 x=0.0693
Mg/Si: 1.56 : y=0.1315
% z=0.0149
Baker-Beckett, 1999 56.51
x=0.0747
Posidotite y=0.1458
Mg/Si: 1.30
Hirose et al., 1993 z=0.0492
a 50.61
Pyrolite x=0.0779
Mg/Si: 1.24 y=0.1523
Hart-Zindler, 1986 49.3 z=0.0553
. 1.84 ~
Chondrite o 525 SOIar
Mg/si: 1.07 43.52 x=0.0818
McDonough- Sun, 1995 46.74 y=0.1575
z=0.0432
2.18
= oa
Pv Only = 48.91
Mg/Si:0.82 : x=0.1220
Williams-Knittle, 2005 2=0.0453
2.97
0 10 20 30 40 50 60
Mol % Mol %

m Al203 mFeO mSiO2 mMgO mCa0 B (Mg1-x-zFexAl:)(Si1-2Al:)03 ™ Mg1-yFeyO B CaSiOs3



Can we see the spin crossover in Fp in
the lower mantle?
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Valencia-Cardona et al., GRL 2017



Can we see spin transition in the
lower mantle?
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Bridgmanite Enriched Mantle Structures
can survive convection in the lower mantle

BEAMS
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Core-mantle boundary

Ballmer, Houser, Hernlund, Wentzcovitch, Hirose, Nat. Geosc. 2017



Bridgmanite Enriched Mantle Structures
can survive convection in the lower mantle
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Bridgmanite Enriched Mantle Structures
can survive convection in the lower mantle
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Bridgmanite Enriched Mantle Structures
can survive convection in the lower mantle

BEAMS
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Stacked slab

1,000
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(uny) ydag
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2,900
Core-mantle boundary

Ballmer, Houser, Hernlund, Wentzcovitch, Hirose, Nat. Geo. 2017



But, can we see spin crossover in the
lower mantle?



Elastic anomalies in ferropericlase - 11
Wu and Wentzcovitch, PNAS 2014
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Elastic anomalies in ferropericlase - 11
Wu and Wentzcovitch, PNAS 2014
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Lower mantle aggregate

Wu and Wentzcovitch, PNAS 2014
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Predicted effect

Wu and Wentzcovitch, PNAS 2014

Slow (hot) anomaly (plume) with spin crossover

Vs




Predicted effect

Wu and Wentzcovitch, PNAS 2014

Slow (hot) anomaly (plume) with spin crossover
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Potential seismic signatures of spin crossover
Wu and Wentzcovitch, PNAS 2014

-E““ E o
-Jan’iyia -./ x ‘«?-.H g "
/ "‘% © N eland
5 udahanchl : Bowie &
2 o } e ) NS
7 53 Changba Yellowstone : Azor‘es
Datong Rilon Bermuda Madeil'a 2
A Tibes ™ o
Darfur - &mn Hawaii & = A
> A Afar Cape Verde
Cameroon A East/Africa
Carolme

/" a Lake Victoria \ 6{? : Galﬁmg Fe"{'a“d"

\ n i S Marquesas AsgensionA

A St. Helena \ e o Talllt! rno‘ld
A Reunion Pltcmrn Easter San Feli - ;:[ -
ve‘ A d lowe MacDonald
msterdam acDona :
Discovery A Wa‘ Tasoiania Tristan
A Marion Crozet
Met:or "
A Bouvet Kerguelen Louisville

Balleny

rebus

‘ P-modelsw

Zhao, Gondwana Res. 2007



Potential seismic signatures of a spin crossover
Wu and Wentzcovitch, PNAS 2014
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Potential seismic signatures of spin crossover
Wu and Wentzcovitch, PNAS 2014
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Geodynamic/seismological analysis of global models
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Thermal and chemical heterogeneities
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Can we see spin transition in the lower mantle?

Absence of spin crossover signature in 1D models suggests
the presence of silicate rich, high viscosity structures in the
lower mantle (BEAMS)

Signatures of spin crossover in Fp should be identifiable in
tomographic models but co-existence with chemical
heterogeneities complicates analyses of models

Several hot spot plumes appear to display the pattern of P-
heterogeneities predicted by a spin crossover in
ferropericlase while S-heterogeneities do not.

The pattern is consistent with predictions of heterogeneities
caused by spin crossover in Fp



Thank you!!



