


Elastic Anisotropy of IC

• Morelli & Dziewonski [1986]
– Travel Time Residual of the PKIKP



Elastic Anisotropy of IC
• By introducing 

anisotropy with 
cylindrical 
symmetry aligned 
with the earth’s 
rotation axis, data 
with different 
epicentrical
distance become 
consistent
– vp=veq×(1+εco

s2ζ+σcos2ζsi
n2ζ)

• ε= 0.032(5)
• σ= -0.064(15)

Morelli & Dziewonski [1986]

170-180°

155-170°

120-135°

Epicentrical
Distance



Successive studies for anisotropy of IC

• Creager (1992)
– Differential travel time 

of PKP (BC) and 
PKIKP (DF)

– Axisymmeteric
anisotropy in the outer 
most portions of the 
inner core

– 3~4 % faster in the 
direction of the spin 
axis



More complicated anisotropy
• Song and Helmberger [1995]

– Comparison of PKIKP and PKiPK
– The top 150 km of IC is weakly anisotropic and the top 60 km is no anisotropic

• Souriau and Romanowicz [1997]
– Comparison of PKP(DF) and PKP(BC)
– Faster velocity, stronger attenuation 

• Ishii & Dziewonski [2002]
– Comparison of PKP(DF) with PKP(AB) or PKP(BC)
– Strong anisotropy in the innermost inner core (IMIC) with a 300 km radius.
– The slowest direction of wave propagation in ~45°from the equatorial plane

• Beghein & Trampert [2003] 
– Free oscillation (normal mode) of the Earth
– P-wave anisotropy sign changed around radius of 400 km

• Faster in the axis direction in shallower depth
– S-wave anisotropy is strong in the lower part

• Faster in the axis direction
• Cao & Romanowicz [2007]

– Examine Ishii & Dziwonski [2002] and Beghein & Trampert [2003] 
– Ishii & Dziwonski [2002] is better but,
– IMIC radius of 500 km, the slowest direction is between 50 to 55°.



Current explanation of IC anisotropy

• Preferred orientation 
of hcp iron
– HCP iron is 

considered to be 
stable under the IC 
conditions

– HCP iron should have 
anisotropy because it 
has a hexagonal 
symmetry



Anisotropy of hcp iron
• Stixrude & Cohen [1995]

– Ab initio calculation of elasticity of fcc & 
hcp irons

• 0 K & HP, ρ= 13 g/cm3

– Vp is fastest in the [001] direction in 
hcp iron

• However, anisotropy of hcp iron is 
much smaller than fcc iron

– [001] of Hcp iron should nearly 
perfectly aligned in the spin direction of 
the Earth 

fcc

hcp



Decrease in anisotropy of hcp iron

• If c/a is ideal (1.633), no 
anisotropy
– the distances with 12 

nearest neighbors are the 
same.

• With increasing 
temperature, c/a 
approaches to 1.633

• Small anisotropy should 
be present under the 
inner core conditions

Belonoshoko et al. [2003]



Possibility of bcc iron
• Brown & McQueen 

[1986]
– Observed ε-”γ”-Liq

phase transitions in 
the shock Hugoniot

• Ross et al. [1990]
– B&M: too high 

pressure for  “γ”
phase 

– Introduce BCC phase 
(α’)

?

Brown &
McQueen
[1986]

Ross et al.
[1990]



Stabilization of BCC phase
• Stabilized by high entropy at 

high temperatures
– Belonoshko et al. [2003]

• Molecular dynamics based on 
EAM

• Above 120 GPa, bcc iron 
appears at high temperatures

– Vocadlo et al. [2003]
• Ab initio molecular dynamic 

calculation
• BCC iron is getting more 

stable, but HCP is more 
stable for pure iron

• For stability of BCC, impurity 
is necessary

• Experimentally reported 
recently
– Dubrovinsky et al. [2007]

Belonoshoko et al. [2003]

Dubrovinsky et al. 2007



This study

• Simulation of sound wave propagation
• Molecular dynamics simulation
• The embedded-atom method (EAM)



Embedded atom method (EAM)
• An approximation of potential for metal
• Combination of short-range repulsion and many body 

attraction terms
• Etot = ∑iFi(ρi(Ri))+1/2∑i,jφ(ri,j)

– φ: short-range electrostatic pair potential
• φ(ri,j) =ε(a/ri,j)n, 

– ρi: electron density of the host without atom i
– Simplification: the electron density is given by a linear 

superposition of the electron densities of the constituent atoms: 
• ρi(Ri) = ∑i,jρ(ri,j)
• ρ(ri,j) = (a/ri,j)m, 

– F(ρi(Ri)) = -εCρi(Ri)1/2



Samples
• BCC Single crystal 1

– Orientating [100] in Z direction
– 2 atoms in a unit cell

• BCC Single crystal 2
– Orientating [111] in Z, [110] in X, 

[112] in Y
– 12 atoms in a unit cell

• Polycrystalline
– 2,000,000 atoms heated to 10,000 

K for melting
– 4 bcc crystals whose [001] is 

aligned in Z axis and rotated 
around Z axis

– Cooled to 6800 K and 3.6 Mbar
– The sample size is 240Å

• HCP iron 



Simulation of sound wave 
propagation

• Shifting the two halves of the 
samples toward each other by 0.3Å
along the X axis

• Energy pulse is concentrated in 15 % 
of interatomic distance

• Simulation keeping N (number of 
particles), E (total energy) and V 
(volume)

• Propagation of the energy pulse
– Axi = (1/Niatoms)∑atom in ith layer fxatom
– Calculate energy in each layer 

normal to the X axis
• Wave is noticed not by the 

displacement of atom but by the 
force

– Force in EAM is 8 power of distance
– Force is much easier to detect than 

displacement



Propagation of sound waves

time

Wave propagation

Single crystal 1

Single crystal 2

Polycrystal



Results

• Precision of velocity : 0.1 km
– Compare 1, 2 and 3: 12.05, 12.02 and 12.16 km

• <001> :slowest, <111>: fastest, difference 1.5(1) km 
• Defect has no impact on the velocity

– Compare 1,2 and 3 with 6

1
2
3
4
5
6
7
8
9
10
11
12

[001] aligned



Essential isotropy of hcp iron

Thin line [001]
Thick line [100]

Waves of the 
thin and thick 
lines are in the 
same positions



Why hcp is isotropic?

• The 12 first neighbors in the ideal hcp structure 
are located in the same distance

• The structure is identical in the 12 directions



Why bcc is anisotropic?
• The 8 first neighbors 

(<111> directions) whose 
distance is slightly shorter 
than in hcp structure

• The 6 second neighbors 
(<100> directions) are 
located in the distance 
larger than the nearest 
neighbors in the hcp
structure

• Largely different between 
<100> and <111> 
directions



Explanation of IC anisotropy

• Bcc crystals with [111] aligned with the 
Earth’s spin axis

• Only 30 %
– Difference between [111] and [100] is 15 %
– IC anisotropy: 3~4 %

• Velocity of bcc is closer to IC than hcp
– IC: 11.26 km/s, bcc: 12.0-12.9 km/s, hcp: 

13.6-13.9 km/s.



IC is mixture of bcc and hcp?

• Different seismic observations give different 
results
– Ishii & Dziewonski [2002]

• Strong anisotropy in the innermost inner core (IMIC) with a 
300 km radius.

– Beghein & Trampert [2003] 
• P-wave anisotropy sign changed around radius of 400 km

– Faster in the axis direction in shallower depth

• Such difference may reflect the mixture of hcp
and bcc irons?
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