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Abstract 

The lowermost portion of Earth’s mantle (D’’) above the core-mantle boundary shows anomalous 

seismic features, such as strong seismic anisotropy, related to the properties of the main mineral 

MgSiO3 post-perovskite. But, after over a decade of investigations, the seismic observations still 

cannot be explained simply by flow models which assume dislocation creep in post-perovskite. We 

have investigated the chemical diffusivity of perovskite and post-perovskite phases by experiment 

and ab initio simulation, and derive equations for the observed anisotropic diffusion creep.  There is 

excellent agreement between experiments and simulations for both phases in all the chemical 

systems studied. Single-crystal diffusivity in post-perovskite displays at least 3 orders of magnitude 

of anisotropy by experiment and simulation (Da = 1000 Db; Db ≈ Dc) in zinc-fluoride and an even more 

extreme anisotropy is predicted (Da = 10000 Dc; Dc = 10000Db) in the natural MgSiO3 system. 

Anisotropic chemical diffusivity results in anisotropic diffusion-creep, texture generation and a strain 

weakening rheology. The results for MgSiO3 post-perovskite strongly imply that regions within the 

D’’ region of the Earth dominated by post-perovskite will (1) be substantially weaker than regions 

dominated by perovskite and (2) develop a strain-induced crystallographic-preferred orientation 

with strain-weakening rheology.  This leads to strain localisation and the possibility to bring regions 

with significantly varying textures into close proximity by strain on narrow shear zones. Anisotropic 

diffusion creep therefore provides an attractive alternative explanation for the complexity in 

observed seismic anisotropy and the rapid lateral changes in seismic velocities in D’’.  

Significance Statement 

The Earth's core-mantle region is an important, but poorly understood, region which drives mantle 

convection (and hence surface processes) by heat transfer from the core to the mantle. Seismic 

observations show the complexity of the region but current geodynamic modelling of lowermost 

mantle flow is hindered by an incomplete understanding of the rheology of the main mineral, post-

perovskite. Here we show that post-perovskite is strongly anisotropic in diffusion creep and hence 

will show non-linear behaviours during deformation, including strain weakening and localization. 



This will help to explain much of the observed seismic complexity of the core-mantle boundary 

region. 

Main Text 

The post-perovskite phase (CaIrO3-type) of (Mg,Fe)(Si,Al)O3 is stable at pressures above ~120 GPa1-3, 

corresponding to the D’’ region of Earth’s lowermost mantle. Its strongly anisotropic elastic and 

rheological properties have been invoked to explain observations of strong seismic anisotropy in D’’ 

which are interpreted as requiring creep by a dislocation migration process. If we can determine the 

active flow mechanisms of post-perovskite this then offers the possibility of interpreting the D’’ 

seismic anisotropy in terms of convective patterns deep in the Earth, and using them to map flow 

further back into deep time than current plate reconstructions allow4-7. This has important 

implications for understanding many first order questions about the deep Earth, such as the degree 

of mixing, the ultimate fate of slabs as well as the longevity of seismic anomalies such as LLSVPs.   

In order to interpret the seismic observations, one must fully understand the relationships between 

strain and texture generation in mantle rocks. Although there have been many studies attempting to 

do this for post-perovskite8-16, no unique solution has been found which fits the globally observed 

seismic anisotropy using a single slip system in post-perovskite (e.g.; ref.15). In particular strong 

changes in anisotropy observed around hot regions of D’’are difficult to explain by simple flow and 

dislocation creep. One aspect that has been relatively ignored is the remarkably large anisotropy in 

diffusion rates along different crystallographic directions predicted in ab initio calculations, with up 

to 8 orders of magnitude difference between the fast and slow diffusion directions in post-

perovskite17.  This would be the largest diffusion anisotropy seen in any material, to the best of our 

knowledge, and if correct might have significant implications for the dynamics of the core-mantle 

boundary region.  However, there have not as yet been any studies to test whether the predicted 

diffusion anisotropy is real. Furthermore, only one study has investigated the effect of the 

anisotropic diffusion on the rheology of D’’18 and only for deformation by either pure dislocation 

glide or climb-assisted glide. And crucially, there have been no studies to date of the effect of 

extreme anisotropic diffusion on lattice-diffusion creep. This is because the observation of seismic 

anisotropy is generally thought to require dislocation creep.  However,  the high temperatures and 

low stresses of the core-mantle boundary, combined with the very small grain size expected in post-

perovskite12,19, would argue for diffusion creep to be the active deformation mechanism in D’’. Here 

we present a combined ab initio simulation and multi-anvil experimental study of chemical diffusion 

in both the perovskite and post-perovskite structures in a fluoride analogue system. Fluorides have 

been shown to be a good analogue for the silicate system with similar crystal chemistry in both 

perovskite and post-perovskite structures (ref 20 and references therein) and transforming via the 

same martensitic-like mechanism between the two phases12. We find that similar to the silicate 

system, the fluoride system also displays extreme anisotropy in chemical diffusivity in the post-

perovskite phase. By developing an analytical solution for strain in grains with anisotropic chemical 

diffusivities we show that diffusion anisotropy will create a strain weakening rheology, with the 

ultimate strain rate controlled by the fastest diffusion direction. We observe that the 

crystallographically-controlled shape anisotropy of crystals deforming in lattice-diffusion creep leads 

to crystallographic-preferred orientation in crystals deforming by lattice-diffusion creep and discuss 

the implications of anisotropic diffusion creep for the D’’ region. 



We prepared diffusion-couples of NaZnF3 – NaXF3 (X= Mn, Co, Fe) from pre-sintered and polished 

pure end-member perovskite samples and annealed them at pressures ranging from ~2 to 14 GPa 

and temperatures from 823 to 1073 K (see SI Appendix, section S1 for details).  Recovered samples 

were analysed by energy-dispersive EPMA for Zn-X concentration gradient and a Boltzmann-Matano 

analysis was applied to the observed diffusion profiles. The zinc diffusivities extrapolated to pure 

NaZnF3 composition (equivalent to zinc-self diffusivity) are presented in figure 1. The perovskite-

diffusion coefficients at 10 GPa and below are well fitted by the Arrhenius relation, 

 𝐷 = 𝐷0𝑒
−

∆𝐻+𝑃∆𝑉

𝑅𝑇         1, 

with parameters: ln D0=13.4 ±9.2 cm2s-1; H=317 ±74 kJmol-1; V=5.5 ±1.4 cm3. The 14 GPa 

perovskite datum falls significantly above the predicted value from the Arrhenius fit, however this 

sample transformed to post-perovskite during the experiment, which means that its final measured 

diffusivity falls between that of perovskite and post-perovskite.  Pre-synthesised post-perovskite has 

a bulk chemical diffusivity at 14 GPa substantially larger than the predicted value for perovskite at 14 

GPa and with a much smaller activation enthalpy (88 ±15 kJmol-1, based on two measurements; the 

end-member values of the Boltzmann-Matano fits to all experiments are presented in SI Appendix, 

Table S1).  The increased chemical diffusivity in post-perovskite is also seen in the ab initio 

simulations of NaZnF3 post-perovskite which predict a difference in bulk Zn-diffusivity between 

perovskite and post-perovskite of 2.8 orders of magnitude at 14 GPa and 1073 K (Figure 2). Direct 

comparison of the predicted ab initio vacancy diffusivities with the experimental results requires 

knowledge of the vacancy concentration, which is not trivial for transition-metal-bearing systems.  A 

concentration of 3.5 ppm zinc vacancies per formula unit, brings the experimental results into 

excellent agreement with the simulations for both phases.   The simulated Schottky vacancy 

formation energies per atom at 14 GPa and resultant intrinsic Zn-vacancy concentrations are 

respectively 180 kJ/mole and 5 ppb for perovskite, and 170 kJ/mole and 13 ppb for post-perovskite. 

It seems reasonable, therefore, that the defect population is dominated by extrinsic vacancies under 

the experimental conditions.  Regardless of whether the value of 3.5 ppm for the extrinsic vacancy 

concentration is the correct value, the ratio of zinc diffusivities in perovskite and post-perovskite 

shows excellent agreement between the experiments and simulations. 

 The NaZnF3 post-perovskite simulations show a large anisotropy, with diffusion in the <100> 

direction 4.5 orders of magnitude faster than diffusion in the slowest, <010>, direction. This sense of 

anisotropy is that same as predicted for MgSiO3 perovskite17 and the 6-hop cycle previously found in 

the computer simulations to be faster than direct diffusion in the <010> direction also dominates 

here for <010>.  While the experimental measured bulk diffusivity in post-perovskite agrees well 

with the bulk average of the predicted single-crystal values it is necessary to compare the 

simulations with experimental single-crystal measurements to confirm the predicted anisotropy.  

Figure 3 shows a single crystal of NaCoF3 post-perovskite embedded in finely crystalline NaZnF3 from 

a diffusion experiment at 14 GPa and 823 K.  The fluoride post-perovskites form with rod- or needle-

habits (with aspect ratios ranging from 4:1 for CaIrO3 to >10:1 for NaNiF3) with their a-axis parallel to 

the rod/needle axis20-22.  The observed diffusion profile in the direction of the long axis of the crystal 

is well fitted with a Co-diffusivity in the single crystal of 5.3 ±0.42 x 10-14 cm2/s and a matrix Zn-

diffusivity of 2.0 ± 1.0 x10-14 cm2/s (figure 3 b). The radial (ie perpendicular to the long axis of the 

crystal) diffusivity is substantially smaller, with a diffusion profile length which is similar to the 



analytical spot size (figure 3 c).  In this case, the beam convolution is significant to the fit – the 

dashed line in figure 3 c is the best-fitting diffusion profile and the solid line is this diffusion profile 

convolved with a Gaussian beam correction23 with a standard deviation of 0.35 m. The effect of the 

beam convolution in the axial direction is so small that the two lines are indistinguishable in figure 3 

b.  The measured radial diffusivities are 6.1 ±3.4 x10-17 cm2/s and 7.1 ±2.2 x 10-15 cm2/s respectively 

for the cobalt in the crystal and zinc in the matrix, giving an observed anisotropy for this crystal of 

three orders of magnitude for the single crystal but a reasonable agreement for the matrix diffusivity 

measured in the axial and radial directions.  Multiple measurements give mean single-crystal Co-

diffusivities in the axial and radial directions of 5.5 ±0.3 x10-14 cm2/s and 3.7 ±1 x10-17 cm2/s 

respectively, and a Zn-diffusivity of 8.2 ±1 x10-15 cm2/s in the matrix.  We therefore observe an 

apparent anisotropy in NaCoF3 post-perovskite of 3 orders of magnitude at 823 K but we consider 

this to be a minimum anisotropy as our errors are likely to cause an overestimate of the diffusivity in 

the radial direction (see SI Appendix,  section S1.5). The inability to determine the crystal orientation 

in the diffusion couple, due to the small crystal size and weak metastability of fluoride post-

perovskite means we are limited to comparing the axial value with the mean radial value.  The long 

axis of post-perovskite crystals is invariably the a-axis in a range of systems11,20-22, but we cannot 

identify the orientation of the other two axes in our diffusion couple.  The observed radial diffusivity 

displays the most variability in the experiments; if we assume that this arises from differences in the 

diffusivities in the b- and c- axial directions then, by comparison with the simulations we can ascribe 

the smallest and largest radial diffusivities to the b and c directions respectively. This would give Da = 

5.6 ±0.3 x10-14 cm2/s, Db = 4.6 ±1.2 x10-18 cm2/s, Dc = 1.7 ±1.3 x10-16 cm2/s or 4 orders of magnitude 

difference between the fastest and slowest directions, in reasonable agreement with ab initio-

predicted value of 4.5 orders of magnitude.  We stress here that these experiments are likely to 

provide minimum estimates of the anisotropy in single-crystal post-perovskite diffusion. 

In addition to the close agreement between experiment and simulations in the fluoride system 

studies, we have also found close agreement between (ab initio) predictions and experimental 

measurements of anisotropy in CaIrO3 post-perovskite single crystals for Pt-Ir interdiffusion24, 

however the total anisotropy in this system was only Da ≈ 4Db necessitating the present study to 

confirm the extreme anisotropy predicted for the silicate system. It is therefore clear that the ab 

initio simulations do correctly predict the anisotropy across a range of post-perovskite analogues 

with widely varying anisotropies, as well as the absolute values for relevant systems (fluoride 

perovskite and post-perovskite, MgSiO3-perovskite17, (Mg,Fe)O ref.17) which have been measured 

experimentally. This sense of anisotropy, can be explained by the same crystal chemical arguments 

as explains the more moderate anisotropy in olivine and feldspars, and the extreme values of 

anisotropy are largely explicable by the effect of the pressure acting on the activation volume of the 

diffusion in the different directions (see SI Appendix, section S2) . We are therefore confident that 

the anisotropy of chemical diffusivity from the simulations in silicate post-perovskite17, with Da ≈ 104 

Dc ≈ 108 Db, is correct and we now explore some consequences of extreme anisotropic chemical 

diffusivity for diffusion-creep deformation of post-perovskite in D’’. 

First, we reiterate that shape anisotropy is seen in all low-pressure analogue post-perovskite-

structured materials20-22,25 (and related structures such as stibnite, Sb2S3) and suggest that 

magnesium-silicate post-perovskite will also grow with a [100]-rod morphology.  This is consistent 

with post-perovskite morphologies which would be predicted from growth morphology theories 



based on lattice spacings26-28 or attachment energies29. Anisotropic crystal shapes result in 

anisotropic rheology for deformation by diffusion creep of the form 𝜀𝑖̇ ∝ 𝐷
𝑋𝑖

2⁄ , where 𝜀𝑖̇  is the strain 

rate and 𝑋𝑖  is the length of the crystal in the ith direction (SI Appendix, section 3). This shape-

controlled creep anisotropy can be modified during the rotation of grains which is required by 

diffusion creep. Grain rotation during deformation tends to break up needles and rods by 

microboudinage leading to deformation-induced reduction of grain-shape anisotropy of needles30.  

The processes which cause this boudinage vary depending on strain rate and temperature31, but at 

least some of them can operate in the diffusion creep regime30,32, and can be accompanied by other 

processes which reduce grain size during crystal stretching in diffusion creep32. In general, this will 

result in a reduction in diffusion-creep strength by needle breaking and a reduction in the aspect 

ratio of needles, as has been seen in some industrial materials33, but in post-perovskite shape 

anisotropy does not operate in isolation and the extreme anisotropy of chemical diffusivity must also 

be considered. 

We derive an analytical solution for the case of rectangular grains oriented with their 

crystallographic axes normal to crystal faces and explore various scenarios in the SI Appendix, 

section 3. Strain rates in in each direction are strongly influenced by 
𝐷𝑖

𝑋𝑖
2⁄ where i denotes the ith 

direction and X is the dimension in that direction. For anisotropies where one diffusing direction is 

much slower than the other two directions, as in post perovskite (Da, Dc>>Db) there is no significant 

strain in the slow direction for any reasonable values of stress and strain is confined to the X-Z plane. 

However, the relative strain rates in the other two directions are a complex interplay between the 

chemical diffusivities and crystal dimensions in those directions.  The evolution of a grain of MgSiO3 

post-perovskite, with initial dimensions of 1 mm x 1 mm x 1 mm, under core-mantle boundary 

conditions and an applied differential stress of 5 MPa is presented in figure 4. The figure shows that 

it is easy to stretch equant grains parallel to the a-axial direction and shrink them in the c-axial 

direction, but difficult to do the stretch along c. Thus, beginning with a random CPO, we predict the 

preferential development of bladed needles with the long axis parallel to a. Strain rates for 

extension parallel to X, parallel to the fast diffusing axial direction, are up to 500 times higher than 

for shortening parallel to X. Extension parallel to X also produces strain weakening by a factor of 50 

after the first ~50Ma, whilst shortening just induces gradual strengthening. Both these observations 

are a consequence of the strain being initially rate limited by 
𝐷𝑐

𝑍2⁄ ; for stretching along X the crystal 

is shrinking in the Z-dimension whereas for compressions along X, Z must increase to conserve 

volume. However, once X is sufficiently large the strain becomes rate limited by 
𝐷𝑎

𝑋2⁄ , and with 

continued strain the strain rate decreases.  Taken at face value, this would suggest that the strain 

weakening is transient but, as discussed above, large shape anisotropies tend to be unstable against 

shear, with boudinage processes limiting the aspect ratio of grains.  The maximum strain rate for the 

scenario shown in figure 4 occurs when X = 11 mm, Y = 1 mm and Z = 90 m which, with an aspect 

ratio of over 100:1 will be susceptible to boudinage and hence grain-size (and aspect ratio) 

reduction.  We therefore suggest that ongoing deformation will result in continued strain weakening 

by stretching along X accompanied by repeated boudinage. 

We have shown that the extreme anisotropy of diffusivity in post-perovskite should result in strain-

weakening rheology.  In addition to strain weakening, the formation of bladed needles of the form 



shown in figure 4 will result in development of a shape preferred orientation since anisotropic grains 

undergoing shear settle with their long axes parallel to elongation and their intermediate axes 

perpendicular to the shear profile plane as shown in numerical models of anisotropic ellipsoids 

under shear strain (see SI Appendix, sections S4 and S5). Since the shape anisotropy is a result of 

diffusion anisotropy this also implies CPO formation with a-axes oriented parallel to the stretching 

direction and b-axes perpendicular to the shear-profile plane.  There are several experimental 

studies which show that the generation of CPO is possible during diffusion-creep deformation of 

olivine34,35 and anorthite36.  Here we show that, in addition to those examples of texture generation 

in diffusion-creep, anisotropic chemical diffusivity should in itself generate texture by formation of 

strongly anisotropic crystal shapes.    Development of CPO in mica has been observed in micaceous 

metapelites accompanied by preferential diffusion creep along the fast diffusion direction (in that 

case diffusion within the mica (001) plane is ~4 orders of magnitude faster than diffusion 

perpendicular to this plane)37.  For MgSiO3 post-perovskite deforming by diffusion creep in a 

horizontal flow field along the core-mantle boundary texture will develop with a-axes oriented 

parallel to the flow direction with c-axes oriented vertically.  

 

As dislocation creep is generally thought to be a requirement to produce CPO, the observation of 

seismic anisotropy in D’’ has led to the common assumption that dislocation-creep must dominate 

deformation in D’’. However, our results show that anisotropic diffusion creep in post-perovskite is 

also able to produce CPO, and as discussed earlier, diffusion creep is in fact more consistent with the 

strain rates and stress expected in the D’’ region38 and the likely grain size of post-perovskite (SI 

Appendix, section 6). An anisotropic diffusion-creep controlled deformation mechanism of the form 

described here has a number of fundamental implications for the Earth’s lowermost mantle.  The 

first is that post-perovskite will be much weaker than perovskite, even when cooler. This is because 

post-perovskite deforming by diffusion creep will be controlled predominantly by the fastest 

diffusing direction. This is also consistent with recent atomistic simulations which show that post-

perovskite deforming by dislocation creep will also be weak14, so regardless of which deformation 

mechanism is operating this finding is robust. Weak post-perovskite means that cool subducting 

slabs in D’’ will be weaker than warmer perovskite-bearing LLSVP regions, making LLSVPs more 

resistant to being deformed or pushed about by slabs. Secondly, the anisotropy formed by diffusion 

creep will not have the same dependence on strain as dislocation creep, and so mapping mantle 

flow from anisotropy with diffusion creep will produce a different flow pattern than flow models 

previously based on dislocation creep. The third implication is that post-perovskite deforming by 

diffusion creep in D’’ will exhibit a strain-weakening rheology. Strain weakening results in localization 

of deformation onto shear zones39. This is observed on all length scales in both brittle and plastic 

deformation, and is a key to generating plate-tectonic style convection in the Earth39.  We suggest 

that a similar process might operate in the D’’ region resulting in strain being localised in narrow 

shear zones of strongly textured post-perovskite with larger regions between these shear zones 

suffering relatively little deformation. This will allow previously developed textures to survive in the 

non-deforming regions, something that would be very problematic when mapping seismic 

anisotropy onto mantle flow. Also rapid changes in observed seismic wave-speed40 which are 

currently interpreted as compositional variations might simply be due to adjacent regions of very 

different anisotropy brought into close proximity along shear zones. In addition, shear zones which 

display a substantially different seismic anisotropy from their surroundings might contribute to 

scattering in the lowermost mantle.  The development of shear zones within post-perovskite 



dominated regions might also contribute to the long-term survival of the large-low-shear-velocity 

regions by localisation of strain to their outermost margins.  Strong localisation of strain may also 

have a strong effect on heat flow in D’’ due to the anisotropic thermal conductivity of post 

perovskite41,42.  If, as we argue, post-perovskite dominated regions of D’’ are in fact deforming by 

diffusion creep, texture generation and strain localisation are likely to exert strong controls on the 

dynamics of D’’.  These processes should therefore be considered in future geodynamical and 

seismic studies of this region. 
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Figure Captions 

Figure 1.  Measured Zinc chemical diffusivity in NaZnF3 perovskite (circles) and post-perovskite 

(diamonds).  The Arrhenius fit to the perovskite data at pressures of 1.6 to 10 GPa are shown as solid 

lines and the dashed line is the Arrhenius fit to the post-perovskite diffusion data.  Data are colour-

coded by pressure. Error bars are ± two standard errors; the post-perovskite error bars are similar to 

the size of the symbols.   

 

Figure 2.  Zinc vacancy diffusivity in NaZnF3 perovskite (solid diamonds) and post-perovskite (solid 

circles), as a function of pressure at 1073K, predicted from ab initio simulations.  The diffusivity in 

perovskite is isotropic but post-perovskite shows ~4.5 orders of magnitude difference between the 

fastest <100> and slowest <010> directions.  The Voigt-Reuss-Hill average of the post-perovskite 

axial diffusivities (cross) is 2.8 orders of magnitude higher than perovskite diffusivity at 14 GPa and 

1073 K.  This is in excellent agreement with the bulk-diffusivity experiments (open symbols) which 

are plotted after conversion to vacancy diffusivities by a constant vacancy concentration of 3.5 ppm.  

 

Figure 3.  A. Post-perovskite diffusion couple of a NaCoF3 single crystal embedded in NaZnF3. (A) 

Back-scattered electron image; (B) chemical analysis profile for Cobalt in the axial and (C) radial 

directions.  The dashed lines are best-fitting compositionally dependent diffusion profiles and the 

black lines are these profiles convolved by the analytical spot size.  In the axial direction the effect of 

the convolution is smaller than the width of the line. 

 

Figure 4. Figure 4. Time evolution of grain dimensions for an initially cubic crystal of MgSiO3 post-

perovskite of volume 1 mm3 under a differential stress of 5 MPa for (A) tension parallel to a, and (B) 

tension parallel to c. The axial diffusivities are Da=10-16m2/s; Db=10-22m2/s; Dc=10-20m2/s, consistent 

with ref. 17 at 120 GPa and 4000 K and a vacancy concentration of 10-5.  The crystal axial 

lengths, X, Y and Z, are parallel to crystallographic axes, a, b and c and the inset shows strain rates 

parallel to X for situations A and B (the strain rate in Y is near zero and that in Z is equal, but 

opposite, to that in X). The length evolution of Y, being negligible, is omitted. Starting crystal shape 

and shape at maximum strain rate are sketched in (A). 
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S1 Materials and Methods 

S1.1 Samples 

Fluoride perovskite samples were synthesised by coprecipitation from concentrated solutions of NaF 

and M(NO3)2 (M=Mn, Co, Zn, Fe).  Any metal fluoride (or hydroxyfluoride) which precipitated along 

with the perovskite was removed by washing in a concentrated solution of NaNO3. The resultant 

precipitate was then twice-washed in deionised water to produce pure fluoride perovskite as 

confirmed by X-ray diffraction. The fine-grained fluoride thus produced was packed in Au-foil 

capsules and sintered at 1 GPa and 973 K for 24 h to grow the grain-size sufficiently (~100m) for 

grain-boundary diffusion not to be significant. Aliquots from the zinc and iron fluoride perovskites 

were transformed to post-perovskite at 14 GPa and 1073 K for bulk diffusivity measurements. 

S1.2 Diffusion experiments. 

Bulk diffusion experiments 

Pre-sintered polycrystalline perovskite (or post-perovskite) samples were polished to 0.3 m finish 

and placed together as a bulk-diffusion couple between NaZnF3 and either NaMnF3, NaFeF3, or 

NaCoF3.  These couples were embedded in perovskite powders, of the same composition as the 

couple, within Au or Pt capsules; the metal capsules were placed in polycrystalline MgO sleeves for 

multi-anvil diffusion experiments. Experiments were performed by compression to the pressure of 

interest, followed by rapid heating to the target temperature (over ~10 minutes with the final 100 K 

of heating taking less than 1 minute).  The temperature was maintained, to within +/- 10 K, for 

durations of several tens of minutes to hours after which power was cut to the furnace, resulting in 

quench rates of 100s of Kelvin per minute.  Pressure was then slowly released at a maximum rate of 

1 GPa/h and the sample recovered and sectioned parallel to the capsule axis for chemical analysis.   

Single-crystal diffusion experiments 

For the single-crystal post-perovskite diffusion experiments NaCoF3 post-perovskite single crystals, 

picked from the sample in ref20, were mixed with the NaZnF3 perovskite precipitate in a ratio of 

1:100 by weight and packed in Pt foil capsules. Capsules were packed by repeatedly adding small 

amounts of the mixture and then tamping with a mirror-finished flat-ended steel rod to ensure that 

the crystals lay as flat as possible when the recovered sample was sectioned for chemical analysis.  

Due to the needle habit of the post-perovskite, with a-axis as the long axis and b- and c-axes 

approximately equal, this resulted in a final mixture with post-perovskite single crystals lying with 

their a-axes close to perpendicular to the packing direction and b- and c-axes randomly oriented.  

Experiments were performed at 14 GPa and followed the same protocol as the bulk diffusion 

experiments with the following exception: temperature was ramped to the target temperature at a 

constant rate of 100K/minute after which the temperature was quenched by cutting power to the 

furnace after 20 s at temperature.  There is therefore likely to be a significant contribution to the 

measured diffusivity from diffusion during temperature ramping cycle, since the duration at 

temperature is very short. Recovered samples were sectioned perpendicular to the axis of the 

capsule to reveal NaCoF3 post-perovskite single crystals with their a-axes lying in the plane of the 

section. 

Chemical analysis 



Recovered and sectioned samples were polished under water, finishing with 0.3m alumina, and 

then coated with 7 nm of carbon for chemical analysis.  Samples were analysed using a LEO Gemini 

1530 FEG SEM at 15 kV accelerating voltage and 4 nA beam current in high resolution mode.  

Chemical profiles, perpendicular to the diffusion interface were collected and, additionally for the 

single-crystal samples, 2-dimensional compositional maps were collected in energy dispersive mode 

using Link ISIS software.  Due to strong interferences between the escape peaks of the divalent 

metal species and the K-lines of fluorine and sodium it was not possible to perform quantitative ZAF 

corrections.  Instead zinc compositional profiles from interdiffusion experiments were analysed in 

the form CA={A}/({A}+{B}), where {A} and {B} are the raw X-ray counts of the two divalent metals in 

the interdiffusion couple (Zn, Mn, Co, Fe).  Errors due to differences in ZAF parameters between the 

divalent species are negligible due to their similar atomic numbers and the fact that they are 

significantly heavier than either fluorine or sodium. 

S1.3 Diffusion profile fitting 

Diffusion profiles were fitted using a Boltzmann-Matano formulation (eg ref. S1) since the 

interdiffusion coefficient was found to be compositionally dependent. In this case, the 

concentration-dependent interdiffusion coefficient of a species, 𝐷̅(𝑐), at position z from the Matano 

interface is given by: 

𝐷̅(𝑐) = −
1

2𝑡

∫ 𝑧d𝑐
𝑐0
𝑐

(d𝑐/d𝑧)𝑐
         (M1), 

where the concentrations at plus and minus infinity are C0 and C1 respectively.  The Matano 

interface, where the flux of atoms in the positive and negative directions is equal, is given by:  

0 =  ∫ (𝑧 − 𝑧0)d𝑐
𝑐1

𝑐0
        (M2). 

An appropriate functional form is fitted to the experimental data and then equations M1 and M2 are 

applied to the fit.  We used a sigmoidal function which is appropriate for diffusion of vacancies of 

heterovalent species in ionic crystalsS2 : 

𝑥 = 𝐴0 (1 −
1

(1+𝑒𝐴1𝑥+𝐴2)𝐴3
) + 𝐴4      (M3). 

An example of the fit and resultant concentration-dependent diffusivity is presented in figure S1. 

The sigmoidal functions fit the experimental data extremely well at most compositions. However, 

close to the extrema in composition the integral (equation M1) deviates strongly and the end-

member diffusivities are derived by extrapolation of a linear fit to mid-range values (0.1<CZn<0.9) of 

𝐷̅(𝑐).  For comparison with the simulations, performed for pure NaZnF3, exponential fits to the 

integral were extrapolated to the end-member compositions (Fig. S1b).  We have chosen here to 

concentrate on the diffusivities of the Zn end-member for several reasons: First, its solely divalent 

state gives it the simplest point-defect chemistry for comparison with the ab inito simulations; 

Second, Zn2+ is non-magnetic which significantly simplifies the simulations; Third, the post-perovskite 

form of NaZnF3 forms at slightly lower pressure (10-12 GPa) than the other compositions and is fully 

recoverable, making it ideal for the matrix of the single-crystal simulations. 

 



Fitting single-crystal data. 

Post-perovskites grow as long needles with their a-axes as the needle direction20-22; in the case of 

the crystals used here the long dimension was up to 3m and the short dimension was ~0.5 m. Line 

profiles (in the axial and radial directions) were collected from the diffusion-annealed sample and 

these were fitted independently.  In this case the diffusion couple is between a NaCoF3 single crystal 

and a NaZnF3 polycrystalline matrix hence the local diffusivity at each point includes a compositional 

dependence and a crystallographic dependence.  Since we are interested in the end-member single-

crystal and bulk diffusivities a Boltzmann-Matano analysis was performed and the reported single-

crystal and matrix diffusivities are the fitted values at the end-member compositions at the centre of 

the crystal and in the matrix respectively.  The profiles thus calculated fitted the observed profiles to 

within the observational error (see Figure 3 of main text). The extremely short diffusion profiles 

necessary in the single-crystal study caused the SEM analytical spot size to become significant for the 

profiles in the slow diffusion direction.  A Gaussian beam-convolution was therefore added to the 

calculated diffusion profiles for comparison with the observations.  This convolution was determined 

by cold-pressing a couple comprising NaMnF3 and NaCoF3 perovskite with each surface of the couple 

having been polished to mirror finish using 0.1 m diamond abrasive.  The interface of the recovered 

couple remained sharp and the apparent profile was well fitted with a Gaussian convolution with 

standard deviation of 0.35m (Figure S2).  The convolution was applied to the calculated diffusion 

profiles as a weighted boxcar average with the weightings following a Gaussian profile (=0.35 m) 

about the centroid of the boxcar. Fitted single-crystal and matrix diffusivities are given in Table S2. 

To check the assumptions inherent in these fits of; (1) independent diffusion in each direction and, 

(2) composition dependence also accounting for matrix dependence, we collected a compositional 

map from one crystal. This was compared with a finite difference model (based on the model of 

referenceS3) which incorporated the axial-, and radial-single-crystal, and bulk diffusion coefficients 

derived from the Boltzmann-Matano analyses of the line profiles (Figure S3).   

 

S1.4 Ab initio simulations 

Zinc-vacancy diffusion coefficients for NaZnF3 perovskite and post-perovskite were calculated from 

first principles using Vineyard Theory implemented in the Vienna Ab Initio Simulation Package as 

described previously11, S4-S5. 

The ab initio calculations used the projector augmented wave implementationS6-S7 of the density 

functional theoryS8-S9 with the generalised gradient approximation (GGA) PBE pseudopotentialsS10. 

An electronic minimization convergence criterion of 10-6 eV was used for the internal energy. A k-

point density of 6 x 6 x 6 S11 and an energy cutoff of 1000 eV were found to be sufficient to produce 

changes of less than 0.001 eV atom-1 in the calculated internal energy.  

Migration enthalpies were calculated for the direct jump and the 6-jump cycle found to be fastest 

for Zn in perovskite in all directions and in the <010> direction in post-perovskite. The attempt 

frequencies of MgSiO3 perovskite and post-perovskite close to their equilibrium boundaries were 

used for the present calculations on NaZnF3.  While this might cause some error in absolute 

diffusivity values, it is unlikely to significantly affect the relative diffusivities between phases and 



directions as the difference in attempt frequency is a factor of two between the highest and lowest 

frequencies. The largest error in predicting chemical diffusivity from the simulations arises from 

uncertainty in the vacancy concentration.  In ionic compounds of multivalent transition metals, such 

as those under investigation here the dominant vacancies are likely to be extrinsic due to either 

impurities or redox-induced non-stoichiometry.  We therefore treat the vacancy concentration as a 

single adjustable parameter.  A not-unreasonable vacancy concentration of 3.5 ppm is required to 

bring the ab initio simulations into close agreement with the bulk diffusion experiments. (See 

Ammann et al 201017 supplementary information for additional information on the method) 

The simulated activation enthalpies found here and other parameters used in the Vineyard equation 

are given in Table S3. 

S1.5 Errors 

We consider that there are two main sources of error in the single crystal study: geometric errors 

and resolution limitations.  Here we argue that the sources of error will tend to reduce the apparent 

anisotropy observed in the present experiments and that the quoted experimental anisotropy of 

three orders of magnitude is likely to underestimate the true value, possibly significantly so. 

Geometric errors 

In the single-crystal diffusion experiments there are several errors which can arise due to the 

geometry and orientation of the crystal with respect to the analytical plane.  Consider an acicular 

crystal embedded in an isotropic matrix intersected by an arbitrary plane as shown in figure S4.  In 

the case of a crystal whose long axis intersects the plane on which analyses are performed at an 

angle, , (fig. S4 A) there is an artificial lengthening of the profile in the axial direction by either 

D’=Dr/sin, or D’’=Da/cos, where D’ and D’’ are the apparent profiles observed for true profiles, Dr 

and Da, in faces parallel and perpendicular respectively to the long axis.  Measured radial diffusion 

gradients are primarily influenced by how close the long axis of the crystal is to the surface (crystals 

B and C in figure S4).  For a crystal of radius, r, surrounded by a diffusion profile of length Dr, the 

apparent profile length is D*=(r+Dr)sin-rsin, where the angles subtended by the chords made by 

the intersection of the analytical plane with the diffusion profile are  and  respectively.  It can be 

seen, therefore, that in all cases apparent diffusion profiles in the radial direction can never be 

shorter that true diffusion profiles and that the matrix diffusivity will be just as affected by these 

errors as the single-crystal values. 

We therefore have several checks on the accuracy of the observed single-crystal diffusivities: 

1 The packing and sectioning procedure was developed to try to minimise the angular mismatch 

between the long axis and the analysis section; 

2 Analyses which showed a significant difference in axial diffusion between one end and the other 

were rare and those which did show significant difference were discarded; 

3 The variability of measured diffusivity in each direction was low, being 10% for the axial direction 

and 50% for the radial direction.  This might mean that the radial direction was more affected by the 

geometric errors discussed above, but equally since the crystal orientation was not determined this 

might represent a true variability between diffusion in the crystallographic b and c directions. 



4 The matrix diffusivity agrees to within 1 standard error for measurements from either radial or 

axial profiles whereas the crystal values differ by 3 orders of magnitude on average. The sources of 

error discussed above should affect the apparent matrix diffusivity equally as much as the crystal 

diffusivity suggesting that the observed differences between axial and radial diffusivities are 

genuine. 

5  Possibly the most robust measurements are those with the shortest profiles, which give diffusion 

coefficients of 5.17x10-14 cm2/s and 4.59x10-18 cm2/s respectively in the axial and radial directions, 

showing 4 orders of magnitude of anisotropy, in close agreement with the simulations.  

Resolution limitation 

The observed radial diffusion profiles are very short, close to the resolution of the SEM spot. Use of 

larger crystals or a smaller analytical spot would solve this, but this was unfortunately not possible. 

Attempts at flux-growing large single crystals of post-perovskite produced radiating arrays of 

extremely fine needles with aspect ratios in excess of 10 which were very difficult to separate 

without damaging them.  Furthermore, the fluoride post-perovskites are quite weakly metastable; 

they back-transform to perovskite at ~473K and readily decompose during transmission electron 

microscopy.  This weak metastability also impeded EBSD determination of crystal orientation in the 

single-crystal diffusion couple.  We are therefore confined to measuring short diffusion profiles in 

the SEM and using a beam profile convolution to model the finite analytical volume as discussed 

above.  This convolution improves the accuracy of measurements for short profiles, but there is still 

a lower limit to the diffusion coefficient measurable from the diffusion profile lengths: here we 

consider this to be 2x10-18 cm2/s in the single-crystal experiment when the beam convolution will 

contribute 80% of the observed signal.  The shortest radial diffusion profile did come close to this 

resolution limit suggesting that perhaps the slowest diffusion direction might be too slow for 

accurate measurement in this study. 

 

  



S2 The Crystal chemistry of extreme anisotropic diffusion creep in post-perovskite. 

The post-perovskite sctructure can be viewed as sheets of interconnected octahedral SiO6 units 

separated by layers of magnesium in 8-fold coordination.  The silica octahedra are edge-sharing in 

the a-crystallographic direction and corner sharing in the c-direction defining the unit-cell 

parameters in those directions as 2.46 Å and 6.09 Å for MgSiO3 post-perovskite1. A triangular 

prismatic interstitial volume exists between the Mg-O and Si-O coordination polyhedra. This 

interstitial volume is repeated by stacking on its basal pinnacoid to created an interconnected 

channel running parallel to the a-axis. The b-axial direction is longer (8.042 Å), encompassing both 

the silica and magnesia layers. The anisotropy of chemical diffusion in this structure can be explained 

by consideration of the ease of hopping in the various axial directions. For diffusion along a (the 

fastest diffusion direction) the jump distances are smallest, Si moves between edge-sharing 

octahedra and Mg can utilise the interstitial channel during the hop from one Mg site to the next. 

Diffusion along c (the intermediate direction) has an intermediate hop distance and requires 

hopping of Si between corner sharing octahedra and  Mg across face-sharing Mg-O polyhedra. 

Diffusion in the slowest, b, direction direction involves the largest distance of hop and requires both 

Mg and Si to traverse the sheets containing the other  species.  The hopping distance and the degree 

of connectivity of coordination polyhedra have been invoked to explain the observed diffusion 

anisotropy in feldspar and olivine respectivelyS12. While both of these considerations apply to post-

perovskite the anisotropy in MgSiO3 is extremely large.  This is due to the effect of pressure.  

Diffusion is a thermally activated process with the activation energy comprising an enthalpy and a 

volume component: E=H+PV. The values of activation enthalpy and activation volume are 

positively correlated, both arising from the local atomic strains required during the hopping of an 

atom or ion from one site to another.  This results in diffusion processes with a large activation 

enthalpy being more sensitive to pressure and hence an increase in anisotropy with increasing 

pressure.  This is seen in figure 2 where an increase of 6 GPa in pressure increases the anisotropy of 

diffusion in NaZnF3 post-perovskite by a factor of 3. In the case of magnesium silicate post-

perovskite the activation enthalpies for vacancy diffusion in the a, b and c directions are 3.43, 13.76 

and 7.95 eV and the activation volumes are 1.29, 3.58 and 2.15 cm3/mole respectively at 121.5 

GPa17. 

 

S3 Diffusion creep. 

Lattice-diffusion creep operates by diffusion of vacancies through a crystal, from sources to sinks at 

crystal surfaces, combined with grain rotations and grain-boundary sliding. For the case of isotropic 

diffusion and equant grain shapes, the classical Nabarro-Herring equation takes the form: 

𝜖̇ =
𝐴𝐷𝜎

𝑔2𝑘𝑇
          S1, 

where 𝜖̇ is the strain rate, A is a geometric constant, D is the self-diffusion coefficient, 𝜎 is the 

applied stress,  is the atomic volume, 𝑔 is the grain size, k is the Boltzmann constant and T is the 

absolute temperature. We consider two possible cases of anisotropy in diffusion creep in post-

perovskite: anisotropic crystal shape and anisotropic chemical diffusivity.  First we consider the 

effect of shape anisotropy in a material with isotropic chemical diffusivity and then extend this to 

include anisotropic diffusivity.  



S3.1 Anisotropic creep due to grain shape 

For the case of principal tensile stresses, 𝜎𝑖, acting along the axes, x, y, z of a crystal taking the form 

of a rectangular parallelapiped of dimensions ±𝑋
2⁄ , ±𝑌 2⁄ , ±𝑍 2⁄ , as cartooned in figure S5, the 

analytical form for the steady-state strain rates in the axial directions, 𝜖𝑖̇, is
S13: 

𝜖𝑥̇ =
𝐴𝐷

𝑘𝑇
[𝜎𝑥(𝑌

2 + 𝑍2) − 𝜎𝑦𝑍2 − 𝜎𝑧𝑌
2]/[𝑋2𝑌2 + 𝑌2𝑍2 + 𝑋2𝑍2]; 

𝜖𝑦̇ =
𝐴𝐷

𝑘𝑇
[𝜎𝑦(𝑍2 + 𝑋2) − 𝜎𝑧𝑋

2 − 𝜎𝑥𝑍
2]/[𝑋2𝑌2 + 𝑌2𝑍2 + 𝑋2𝑍2]; 

𝜖𝑧̇ =
𝐴𝐷

𝑘𝑇
[𝜎𝑧(𝑋

2 + 𝑌2) − 𝜎𝑥𝑌
2 − 𝜎𝑦𝑍2]/[𝑋2𝑌2 + 𝑌2𝑍2 + 𝑋2𝑍2], 

or in matrix notation: 

[

𝜖𝑥̇

𝜖𝑦̇

𝜖𝑧̇

] =
𝐴𝐷

𝑘𝑇
[

(𝑌2 + 𝑍2)/𝛽 −𝑍2/𝛽 −𝑌2/𝛽

−𝑍2/𝛽 (𝑍2 + 𝑋2)/𝛽 −𝑋2/𝛽

−𝑌2/𝛽 −𝑋2/𝛽 (𝑋2 + 𝑌2)/𝛽
] [

𝜎𝑥

𝜎𝑦

𝜎𝑧

]    S2, 

where 𝛽 = [𝑋2𝑌2 + 𝑌2𝑍2 + 𝑋2𝑍2], D is a scalar self-diffusion coefficient and A=12.   Suppose that X >> 

Y and Z, so grains are needle-shaped, then approximately 

[

𝜖𝑥̇

𝜖𝑦̇

𝜖𝑧̇

] ≅
𝐴𝐷

𝑘𝑇
[

1/𝑋2 −𝑍2/(𝑌2 + 𝑍2)𝑋2 −𝑌2/(𝑌2 + 𝑍2)𝑋2

−𝑍2/(𝑌2 + 𝑍2)𝑋2 1/(𝑌2 + 𝑍2) −1/(𝑌2 + 𝑍2)

−𝑌2/(𝑌2 + 𝑍2)𝑋2 −1/(𝑌2 + 𝑍2) 1/(𝑌2 + 𝑍2)
] [

𝜎𝑥

𝜎𝑦

𝜎𝑧

]  S3.  

This demonstrates there is strain rate (mechanical) anisotropy; the strain rate depends on 1/L2 

where L is the length of the crystal in the direction of strain.  For needles, with an aspect ratio of 

100:1:1, changing the stress parallel to the long dimension (x) gives a 104 times smaller effect on 

strain rate than changing the stress in the transverse directions y or z (for a material with isotropic 

chemical diffusivity) because 1/X2 is small. If the aspect ratio is 10:1:1 this strain rate anisotropy 

would be 1:100:100 and for an aspect ratio of unity equation S3 is identical to S1. 

 

S3.2 Anisotropic creep due to anisotropic diffusivity 

Since equations S2 and S3 are steady-state solutions they can be generalised to cases of anisotropic 

diffusivityS13 where the principal axes of diffusion are parallel to the edges of the rectangular crystal, 

xIIa; yllb; zllc. In this case, we stipulate that 𝐷̅ is the geometric mean, 𝐷̅3 = 𝐷11 × 𝐷22 × 𝐷33, of the 

anisotropic diffusion tensor: 

𝑫 = [

𝐷11 0 0
0 𝐷22 0
0 0 𝐷33

]        S4. 

Here we use the indices Dii to denote a general anisotropic diffusion tensor.  We distinguish this 

from the specific diffusion tensor of MgSiO3 post-perovskite by replacing the indices with 

crystallographic directions, D11 = Da; D22 = Db; D33 = Dc, for the post-perovskite system.  

A Lagrange transform is applied to the spatial coordinate systemS14: 



𝑥 = 𝑥′√
𝐷11

𝐷̅
⁄ ;  𝑦 = 𝑦′√

𝐷22

𝐷̅
⁄ ; 𝑧 = 𝑧′√

𝐷33

𝐷̅
⁄      S5.   

This transform can be viewed as a volume-conserving homogeneous strain and hence source and 

sink strengths and compositional isograds are conserved. It can be further shownS14 that fluxes are 

also conserved under this transform. In the transformed coordinate system the diffusivities are 

isotropic and the solutions of ref.S13 apply; S2 becomes: 

[

𝜖𝑥̇

𝜖𝑦̇

𝜖𝑧̇

] =
𝐴𝐷

𝑘𝑇
[

(𝑌′2 + 𝑍′2)/𝛽 −𝑍′2/𝛽 −𝑌′2/𝛽

−𝑍′2/𝛽 (𝑍′2 + 𝑋′2)/𝛽 −𝑋′2/𝛽

−𝑌′2/𝛽 −𝑋′2/𝛽 (𝑋′2 + 𝑌′2)/𝛽

] [

𝜎𝑥

𝜎𝑦

𝜎𝑧

]   S6 

and similarly for S3.  Applying the substitution S5 we obtain the equation for anisotropic diffusivity in 

the real space coordinate system:  

[

𝜖𝑥̇

𝜖𝑦̇

𝜖𝑧̇

] =
𝐴

𝑘𝑇

[
 
 
 
 
 (

𝑌2

𝐷22
+

𝑍2

𝐷33
) /𝛾 −

𝑍2

𝐷33
/𝛾 −

𝑌2

𝐷22
/𝛾

−
𝑍2

𝐷33
/𝛾 (

𝑋2

𝐷11
+

𝑍2

𝐷33
) /𝛾 −

𝑋2

𝐷11
/𝛾

−
𝑌2

𝐷22
/𝛾 −

𝑋2

𝐷11
/𝛾 (

𝑌2

𝐷22
+

𝑋2

𝐷11
) /𝛾]

 
 
 
 
 

[

𝜎𝑥

𝜎𝑦

𝜎𝑧

]   S7, 

and 𝛾 = [
𝑋2

𝐷11

𝑌2

𝐷22
+

𝑌2

𝐷22

𝑍2

𝐷33
+

𝑋2

𝐷11

𝑍2

𝐷33
].    In the case of isotropic grain shape 𝑋 = 𝑌 = 𝑍, this further 

simplifies to: 

[

𝜖𝑥̇

𝜖𝑦̇

𝜖𝑧̇

] =
𝐴

𝑘𝑇𝑋2 [

(𝐷11𝐷33 + 𝐷11𝐷22)/𝜗 −𝐷11𝐷22/𝜗 −𝐷11𝐷33/𝜗

−𝐷11𝐷22/𝜗 (𝐷11𝐷22 + 𝐷22𝐷33)/𝜗 −𝐷22𝐷33/𝜗

−𝐷11𝐷33/𝜗 −𝐷22𝐷33/𝜗 (𝐷11𝐷33 + 𝐷22𝐷33)/𝜗

] [

𝜎𝑥

𝜎𝑦

𝜎𝑧

] S8, 

where 𝜗 = (𝐷11 + 𝐷22 + 𝐷33). 

Table S4 lists the anisotropy of strain rate from equations S8 for cubic grain shape and several cases 

of diffusion anisotropy: prolate anisotropy (𝐷11 > 𝐷22 = 𝐷33), oblate anisotropy (𝐷11 < 𝐷22 = 𝐷33) 

and general orthorhombic anisotropy (𝐷11 > 𝐷22 > 𝐷33) deforming under pure shear. 

To understand the anisotropy in more detail, first consider a plane strain situation in which (for 

example) 𝜖𝑦̇ is set to zero. Then equation S8 can be used to determine y in terms of x and z and the 

other strain rates can be calculated in terms of the differential stress:   

𝜖𝑥̇ =
𝐴

𝑘𝑇(
𝑋2

𝐷11
+

𝑍2

𝐷33
)
(𝜎𝑥 − 𝜎𝑧)        S9  

This shows that when deforming solely in the XZ plane in crystals with small shape anisotropy, it is 

the slower of the two diffusion coefficients which is rate-determining, because the intracrystalline 

diffusion pathways are curved and diffusion is hampered when the path turns into the slower 

direction. In 3D strain the pathways are generally curved in 3D and all three diffusion coefficients 

have an effect. Consider a diffusion tensor with 𝐷11 >> 𝐷22, 𝐷33, then S8 for a cubic grain becomes 

[

𝜖𝑥̇

𝜖𝑦̇

𝜖𝑧̇

] ≅
𝐴

𝑘𝑇𝑋2 [

(𝐷33 + 𝐷22) −𝐷22 −𝐷33

−𝐷22 𝐷22 0
−𝐷33 0 𝐷33

] [

𝜎𝑥

𝜎𝑦

𝜎𝑧

] S10, 



This shows that the two slower diffusion coefficients contribute to the anisotropy. If we further 

propose that 𝐷33 >> 𝐷22, as for post-perovskite, S10 becomes 

[

𝜖𝑥̇

𝜖𝑦̇

𝜖𝑧̇

] ≅
𝐴

𝑘𝑇𝑋2 [
𝐷33 0 −𝐷33

0 0 0
−𝐷33 0 𝐷33

] [

𝜎𝑥

𝜎𝑦

𝜎𝑧

] S11, 

which shows that, for a cubic grain shape, the faster creep rates are controlled by the second fastest 

diffusion direction, with creep rate being very slow parallel to the slow diffusion direction (unless 

huge stresses are applied in that direction).   

In the case of MgSiO3 post-perovskite (Da~10-16m2/s; Db~10-22m2/s and Dc~10-20m2/s at 120 GPa and 

4000 K17, with a vacancy population of 10-5) with equant crystals, the anisotropy of the strain 

response (eqn S10) would therefore be 𝜖𝑥̇ 𝜖𝑧̇ 100𝜖𝑦̇. 

S4 Effect of combined shape and diffusion anisotropy on creep 

Consider the evolution of an initially cubic grain of post-perovskite in a plane strain scenario, so that 

grain area G = XZ is conserved. For isotropic diffusion, elongate grains are stronger than equant 

grains of equivalent area as shown by eqn (S9), see also eqn 5 of reference 28. For anisotropic 

diffusion, the strain rate given by eqn (S9) has a maximum at X/Z = (D11/D22), or X = (D11/D22)
1/4 X0 

10 X0 before decreasing as hardening is established. This is because the rate limiting diffusion 

direction relates to the direction with the second largest value of 𝐷𝑖 𝑋𝑖
2⁄  where the subscript, i, 

denotes the ith direction. This is shown graphically in Figure 4 where equation (7) is propagated in 

time for an initially cubic grain of 1 mm3 and chemical diffusivities of Da=10-16m2/s; Db=10-22m2/s and 

Dc=10-20m2/s, appropriate for MgSiO3 post-perovskite at the core-mantle boundary, and a differential 

stress of 5 MPa.  As expected there is virtually no strain in the slow (crystallographic b) diffusion 

direction, but the behaviour in the fast (a) and intermediate (c) directions varies substantially 

depending on whether the fast direction is in tension of compression.  For the case of compression 

along a (Figure 4b), the strain rate is limited by 𝐷c 𝑍2⁄ and, as Z increases with strain, the crystal 

exhibits strain hardening behaviour. For the case of tension along a (Figure 4a) the strain rate is also 

initially controlled by 𝜖̇~𝐷𝑐 𝑍2⁄ , but now the crystal is stretching in X and shrinking in Z, resulting in 

an acceleration in the rate limiting process, diffusion along c. The crystal therefore exhibits a strain 

weakening rheology until X  100 Z, after which the limiting process switches to diffusion along x 

with 𝜖̇~𝐷𝑎 𝑋2⁄ .  Further strain then results in increasing viscosity as the X-dimension continues to 

grow. However, by the time the rheology switches from one of strain weakening to strain hardening 

the initially cubic crystal has evolved to dimensions of X=11 mm, Y=1 mm, Z=0.09 mm which, as we 

argue in the main text, is likely to be susceptible to breaking during shear-induced rotations and 

hence reduction of the long dimension of the crystal. 

S5 Generation of shape- and crystallographic-preferred orientation due to anisotropic diffusion 

creep 

So far we have shown that an anisotropic diffusion tensor will result in anisotropic diffusion creep in 

single crystals.  We now discuss some implications of this for generation of crystallographic 

preferred orientations and for rheological laws in polycrystals.  Consider the directions of strain 

generated in a crystal of cubic shape with crystallographic axes parallel to the cube vertices, as in the 



foregoing discussion, where the stresses acting on the crystallographic axes are: 𝜎1 = 𝜎𝑚; 𝜎2 =

𝜎𝑚 + 𝛿𝜎; 𝜎3 = 𝜎𝑚 − 𝛿𝜎. In the case of isotropic diffusivity this would result in a pure shear in the 

(011) plane of the crystal as illustrated in Figure S6a. For general orthorhombic anisotropy with 

D11>>D22>>D33 (Table S4) these stresses result in out-of-plane crystal strains with mass flux from 

(010) faces to (100) faces with resultant strains as illustrated in figure S6b.  The key point here is that 

crystals will acquire shapes in which the slow diffusion direction is parallel to the axis of 

intermediate length. Elongate shapes are likely to rotate, as shown in precise grain-scale models for 

grain boundary diffusion (Coble) creepS15-S16, but there is no comparable model for Nabarro-Herring 

creep.  However, a wide variety of models for objects (e.g. triaxial ellipsoids) embedded in a medium 

of different rheologyS17-S19 show that grains will rotate so that the long axis is parallel to the shear 

direction and the intermediate axis is perpendicular to the shear profile plane. We propose this will 

occur here, and in so doing, the plane containing the faster diffusion directions aligns with the 

profile plane, where differential stress is at a maximum.  It follows that post-perovskite should 

display a strain-weakening rheology since the developing CPO results in increasing numbers of grains 

oriented in the fastest straining orientation. There is a second process we propose that leads to 

strain softening. Imagine stressing 2 equant grains, one (P) with D11 perpendicular to 1 and the 

other (Q) with D11 parallel to 1. According to section S4, grain P will strain soften and grain Q will 

strain harden. This means that grains in similar orientations to P will elongate more quickly and will 

likely rotate more quickly than those similar to Q, suggesting that D11 will evolve preferentially to be 

parallel to the shear direction. Since, for elongations less than 100, such grains strain soften, this is 

an additional cause of weakening in the overall polycrystal. This combination of passive rotation and 

active intracrystalline deformation is no different to standard explanations of fabric development in 

crustal rocks, for which there is abundant evidence, e.g. Chapter 14 of reference S20, - though the 

prediction of this type of consequent weakening is novel. The prediction of CPOs which anisotropic 

diffusion creep might lead to is beyond the scope of the present paper but we suggest that 

embedded particle in continuum modelling akin to the VPSC method might be a fruitful first step. 

 

S6 Diffusion creep versus dislocation creep in D’’ 

On the basis of the calculated diffusivity in magnesium silicate post-perovskite Ammann et al.17 

concluded that post-perovskite would be stronger than perovskite in D’’ when deforming by 

diffusion creep and so concentrated on the effects of the calculated diffusivity on dislocation creep 

in post-perovskite.  This was based on volumetric averaging of the diffusion tensor over 106 

randomly oriented cubic crystals and resulted in a viscosity about 1 order of magnitude higher than 

that derived from equation S11 for diffusivity values of magnesium silicate post-perovskite and 2 

orders of magnitude higher than the viscosity of perovskite. Given this result, coupled with the 

observation of strong anisotropy in D’’, they chose to concentrate on the effects of post-perovskite 

diffusivity on dislocation creep, concluding that post-perovskite is weaker than perovskite deforming 

in dislocation creep.  A similar conclusion has recently been drawn on the basis of simulations of 

climb-assisted dislocation glide and pure climb plasticity in perovskite and post-perovskite14,S22-S23, 

concluding that post-perovskite is weaker than perovskite and that dislocation mechanisms 

dominate for grain sizes above about 10-1 mm at mantle strain rates. Those studies also used 

diffusivity values from17.  This critical grainsize is very close to the grain sizes predicted from 

laboratory grain growth studies of brigdmaniteS24 and so there is a realistic possibility that pure climb 

might control the rheology of perovskite-dominated regions. For anisotropic diffusion creep in post-

perovskite these arguments are modified by the coupling between diffusivity and grain size 



(equation S7) which implies that for needle-like post-perovskite crystal shapes with aspect ratios of 

100:1 dislocation creep would dominate in D’’ only for needle lengths of 10 mm or more. This is 

likely to be unrealistically large since (1) shear processes break needles as discussed above, (2) the 

grainsize of post-perovskite after transformation from perovskite will be smaller than the original 

perovskite grainsize, possibly substantially so, based on experiments investigating the 

transformation mechanism12 and (3) the free-slip condition at the core-mantle boundary means that 

stresses in the lowermost mantle will be very small.  It is possible that immediately surrounding 

subducting slabs the stresses might be sufficiently high to support dislocation creep in limited areas 

in D’’, as suggested by38 but the majority of D’’ is more likely to be deforming by diffusion creep.  

 

S7 Note on nomenclature 

Natural mineral samples of perovskite-structured (Mg,Fe)SiO3 are called bridgmanite.  Here we use 

the term perovskite for synthetic samples since we are primarily interested in the differences in 

properties between materials in the perovskite and post-perovskite structures.  For clarity we also 

use the term ‘perovskite’ or MgSiO3-perovskite in our discussion for natural bridgmanite which is 

postulated to be the main phase in the lower mantle and, possibly, in hot regions of D’’.   
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Figure S1.  Boltzmann-Matano fit to NaZnF3-NaMnF3 perovskite interdiffusion couple run at 1.8GPa 

and 873 K for 90 minutes.  A) Zinc concentration versus distance.  The data are solid points and the 

sigmoidal fit is the line.  B) The composition-diffusivity relationship obtained from integrating the 

sigmoidal fit under the Matano condition.  Solid line-integral, dashed line-exponential fit. 
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Figure S2.  Fitted profile for couple with no diffusion to determine the convolution due to the finite 

beam size.  The dotted line is assumed true compositional profile in this zero-second duration 

experiment. The solid line is this profile convolved over the best-fitting Gaussian function, with 

=0.35m. 
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Figure S3.  Compositional map (CCo) over a NaCoF3 post-perovskite single crystal embedded in 

NaZnF3 matrix and finite-element model of diffusion of an anisotropic cylindrical crystal in an 

isotropic matrix. 
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Figure S4. (a) Cartoon depicting 3 single crystals with isotropic chemical diffusivity intersected 

arbitrarily by an analytical surface and (b) the observed profiles due to these geometric  

convolutions.  In the case of crystal A, the long axis of the crystal is not parallel to the analytical 

surface.  Crystals B and C have long axes parallel to the analytical surface but at different depths 

below the surface, resulting in an apparent profile length shown diagrammatically in (c). 

  



 

Figure S5. A: The grain geometry used in the analysis of the strain response to anisotropic chemical 

diffusivities. B: Vacancy flux lines in the a-c plane for the case of isotropic chemical diffusivity 

showing that flux lines are curved and convolve diffusion in two directions for this 2-D case.   
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Figure S6. Strains in a crystal resulting from stresses of the form 𝜎𝑥 = 𝜎𝑚; 𝜎𝑦 = 𝜎𝑚 + 𝛿𝜎; 𝜎𝑧 = 𝜎𝑚 −

𝛿𝜎. A: when the chemical diffusivity is isotropic. B: with anisotropic diffusivity of the form 

D11,D22>>D33 which results in out of plane strains for the orientation of the crystal to the stress field 

shown here.  
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Table S1.  Diffusion couples, conditions and measured diffusivity for bulk diffusion experiments. 

Run # 
 

t 
min 

P 
GPa 

T 
K 

DMn/Fe/Co 

cm2s-1 
DZn 

cm2s-1 

H4017 Zn-Co 15 1.8 1043 2.4±1.8x10-13 6.7±2.2x10-12 

H4018 Zn-Mn 60 1.8 973 5.9±4.1x10-12 6.93±0.5x10-12 

H4038 Zn-Mn 30 1.8 1023 1.27±0.36x10-11 3.69±0.57x10-11 

V879 Zn-Mn 90 1.8 873 2.91±2.0x10-13 1.04±0.27x10-14 

H4053 Zn-Mn 30 6 1025 2.38±0.73x10-12 1.11±0.12x10-12 

H4056 Zn-Mn 120 6 873 1.61±0.97x10-11  4.04±0.45x10-14 

H4050 Zn-Mn 90 10 1023 3.44±0.42x10-12 4.2±1.8x10-14 

H4042 Zn-Mn1 40 14 1073 4.2±2.1x10-12 5.42±2.71x10-13 

H4066 Zn-Fe2 90 14 873 7.31±0.78x10-12 1.41±0.11x10-12 

H4068 Zn-Fe2 30 14 973 3.71±0.55x10-11 4.87±0.73x10-12 

Notes: 

1) The sample transformed to post-perovskite during the experiment 

2) Pre-sintered post-perovskite starting samples 

  



Table S2. Diffusivity in NaCoF3 post-perovskite single crystals and matric diffusivity in NaZnF3 post-

perovskite from experiment at 14 GPa and 823K for 20s.  

Crystal# DCo fast 
cm2s-1 

DCo slow 
cm2s-1 

DZn matrix 
cm2s-1 

1 5.33x10-14  2.96x10-14 

1 5.25x10-14  9.59x10-15 

1  2.97x10-17 1.18x10-14 

1  5.44x10-17 9.99x10-15 

1  1.49x10-17 2.76x10-15 

1  5.75x10-16 3.19x10-15 

Average crystal 11 5.29±0.42x10-14 6.1±3.4x10-17 4.02±0.2x10-15 

2 5.17x10-14  5.87x10-15 

2 6.51x10-14  8.51x10-15 

2  3.90x10-17 1.15x10-14 

2  4.59x10-18 7.41x10-15 

Average crystal 21 5.80±0.6x10-14 1.33±0.74x10-17 8.1±1.0x10-15 

Notes: 

Geometric averages are used here. 

  



Table S3. Diffusion parameters for Na and Ni vacancy diffusion in perovskite and post-perovskite 

from ab initio simulations. 

  Perovskite   

P (GPa) ΔHZn (eV)      Si (THz)
1
                 Z LZn(Å) 

log D1073 (m
2
/s) 

6-hop
2 

0.01 0.82 18.62 2.00 3.75 -9.91 

1.99 0.90 18.62 2.00 3.74 -10.55 

6.00 1.01 18.62 2.00 3.69 -11.12 

15.07 1.18 18.62 2.00 3.56 -11.97 

P (GPa) ΔHNa (eV) Mg(THz)
1
                 Z LNa(Å) 

log D1073 (m
2
/s) 

<110> 

0.01 0.62 8.48 2.00 3.72 -9.31 

1.99 0.76 8.48 2.00 3.70 -10.05 

6.00 1.00 8.48 2.00 3.65 -11.21 

15.07 1.39 8.48 2.00 3.54 -13.08 

<-110> 

0.01 0.57 20.82 2.00 4.06 -8.61 

1.99 0.69 20.82 2.00 4.02 -9.24 

6.00 0.88 20.82 2.00 3.97 -10.19 

15.07 1.22 20.82 2.00 3.89 -11.77 

<001> 

0.01 0.33 22.86 2.00 3.89 -7.49 

1.99 0.69 22.86 2.00 3.86 -9.25 

6.00 0.89 22.86 2.00 3.81 -10.22 

15.07 1.21 22.86 2.00 3.78 -11.77 

Post-perovskite  

P (GPa) ΔHZn (eV) Si (THz)
1 

Z LZn(Å) log D1073 (m
2
/s) 

<100>
2
 

13.92 0.61 65.84 2.00 2.78 -8.64 
20.04 0.55 65.84 2.00 2.72 -8.39 

<010> 

13.92 2.99 51.44 4.00 5.05 -19.12 
20.04 3.11 51.44 4.00 4.94 -19.70 

<001> 

13.92 1.55 61.04 2.00 3.57 -12.87 
20.04 1.67 61.04 2.00 3.51 -13.43 

6-hop
2 

13.92 1.65 17.14 4.00 4.86 -13.30 
20.04 1.71 17.14 4.00 4.74 -13.65 

P (GPa) ΔHNa (eV) Mg (THz)
1 

Z LNa(Å) log D1073 (m
2
/s) 

<100> 

13.92 0.64 11.22 2.00 2.71 -9.56 
20.04 0.82 11.22 2.00 2.73 -10.40 

  



Table S3 Continued. 

<010> 

13.92 3.18 2.31 4.00 5.05 -21.33 
20.04 3.53 2.31 4.00 4.94 -22.99 

<001> 

13.92 1.47 8.31 4.00 3.86 -12.98 
20.04 1.66 8.31 4.00 3.85 -13.86 

6-hop
2 

13.92 2.26 5.54 4.00 5.28 -16.59 
20.04 2.28 5.54 4.00 5.40 -16.69 

Notes: 

1. The attempt frequencies used here were calculated for for Si and Mg hopping in post-perovskite14.  

2. Diffusion direction – ‘6-hop’ refers to the 6-hop cycle which is faster than direct diffusion of Zn in 

all directions in perovskite and along b, <010>, in post-perovskite. A similar result was found14 for Si 

diffusion in MgSiO3. 

 

  



Table S4. Strain anisotropy produced by anisotropic diffusion creep for cases of prolate, oblate and 

general orthorhombic diffusion anisotropy in a cubic grain for various pure shears. The values given 

in the table are normalised to the slowest strain rate for each case. 

 𝐷11      𝐷22 𝐷33    𝜎𝑥      𝜎𝑦      𝜎𝑧          𝜖𝑥̇        𝜖𝑦̇         𝜖𝑧̇ 

p
ro

la
te

 1 1 1 1 1 0 1 1 -2 

100 1 1 1 1 0         100 1 -101 

10000 1 1 1 1 0 10000 1 -10001 

o
b

la
te

 1 1 1 0 1 0 -1 2 -1 

1 100 100 0 1 0 -1 101 -100 

1 10000 10000 0 1 0 -1 10001 -10000 

ge
n

er
al

 

10000 100 1 1 0 0 101 -100 -1 

10000 100 1 0 1 0 -10000 10001 -1 

10000 100 1 0 0 1 -100 -1   101 

10000 100 1 0 1 -1 -97.06   98.06 -1 

10000 100 1 1 0 -1 50.75 -49.75 -1 

10000 100 1 1 -1 0 203.03 -202 -1 

 

 

 


