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ABSTRACT INTRODUCTION
The ilmenite-hematite (Fc"l'103-FeZO3) solid solution is one of the most important
phases in nature. Unusual magnetic behaviour is often observed in intermediate compositions due Nature ofthe problem Transmission Electron Microscopy
to the interaction between cation ordering, magnetic ordering, and exsolution. This poster . S
describes how this i ion leads to the p n of lamellar ism in slowly-cooled ‘ e e o

metamorphic rocks. We also present the results of preliminary experiments to test the lamellar
magnetism hypothesis directly using off-axis electron holography. The results are consistent with
a significant enhancement of magnetization in regions that are exsolved on a very fine scale.
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Metamorphic titanohematites from the Swedish Granulite Region carry an unusually strong
and stable remanent magnetization, caused by the presence of exsolution microstructures at the ~200 um

nanometer scale. To provide insight into the effect of these precipitates on the bulk magnetic To understand the magnetic properties of
ilmenite-hematite solid solutions containing

properties, we have performed a detailed series of Monte Carlo simulations, which model multiple generations
successfully the interaction between cation ordering, magnetic ordering, and exsolution in the of exsolution lamellae
il ite-h tite system. The simul allow magnetic transitions in chemically

DR ST e Bt Tl il b B T Crystal and Magnetic Structure of the Solid Solution Intermediate members of the solid solution undergo a cation

antiferrc ic hematite and ic ilmenite. Despite the antiferromagnetic nature of ordering phase transformation, involving partitioning of Fe
the hematite component, the simulation cells as a whole are ferrimagnetic, with a small but re? ‘%?I‘ o rct oo 956 <—| and Ti cations onto alternating layers in the structure.
significant net magnetization associated with the interface between exsolved phases. Competition .\:"N I" — ol u:‘g:'g:o Pud Disordered distributions have a canted antiferromagnetic
between chemical and ic i ions leads to a ch istic cation distribution at the $I¢ 'i% : — ':* ‘-“Ivg:ﬁ‘: = structure below the Curie temperature. Ordered distributions
interface, which ensures a local imbalance between the numbers of up and down magnetic spins. Jo e to - Jo P _fote -d have a large ferrimagnetic moment. However, these are
. X . X S Y o i s ‘“J‘ e metastable with respect to an intergrowth of
The interface moment acts as a defect moment of the antiferromagnetic hematite, and has the £6 = %o fo-fo nd N K N & . .
" - L . X . B ‘“uIv o Jotete s antifer hematite and ilmenite,
magnitude, coercivity, and thermal stability required to explain the remanent properties of the e — $o 05 o9 — o q q 5
. L ) . A . 6P P $6 S0 | %o 006 4 leaading to fine-scale exsolution microstructures in slowly-
metamorphic samples, thus blisk exsolved titanc as a potential carrier of strong P05 =P PoPo P05 - sooled natural samples
sl ooboeso0 @ slopl el ol < cooled natural samples.
remanence on Earth and other planets. o fo S0 686 —bl © &I o ‘I —
95909595 4| 900005 = " - 3 .
o-0L-9b 0l -9 —mpl ob-ol el - The saturation magnetization of exsolved samples is a factor
Ve I ¥ L « of 2-5 greater than that expected for the weak canted
The magnetization of a hematite host containing fine scale ilmenite precipitates has been Disordered R3¢ (Antiferromagnetic) Ordered R3 (Ferrimagnetic antiferromagnetic moment of the hematite component.
compared quantitatively with the magnetization of a region containing no exsolution lamellae
using off-axis electron holography. The magnetization is determined from the holographic phase
shift accumulated across each region. Analysis yields estimates of 3.8-4.7 mT for the exsolved
region and 0.4-0.7 mT for the precipi free region, ponding to an enh in
magnetization by a factor of ~5. This is much lower than the theoretical maximum enhancement ATOMISTIC MODEL OF CHEMICAL AND MAGNETIC ORDERING
factor of ~22, indicating that there is a ~ 60:40 ratio of in-phase to out-of-phase lamellae. These
results represent some of the smallest magnetic fields ever quantified using any technique at this Modelfor cation ordering Including Magnetic Ordering in the
spatial resolution, and further demonstrate why holography is at the forefront of attempts to Simulation
understand mineral magnetism at the nanometre scale. Define encrgy of

interaction between [Define New Cation Species Fe2* 1, Fe?- |, Fe- 1, Fe3- | |

Fe?, Fe', and Ti

cations
within the ilmenite

TRANSMISSION ELECTRON MICROSCOPY

3 = 2w (Wi + W) Si Si
4 J's taken from literature (obtained from spin-wave dispersion curves)
Two Types of MC Operation:
Cation Swap
Spin Flip
‘Magnetic only’ simulation - Only Spin Flips (cation distribution constant)
_ “Global’ simulation - Equal Spin Flips and Cation Swaps
£
&
RESULTS OF MONTE CARLO SIMULATIONS
o
o Distance (nm) 450

Monte Carlo Simulation of the R-3 to R-3¢ ‘Global’ Simulations
phase transition (magnetic and cation ordering develop simultaneously)

Electron holography has been used to compare the magnetic signal from regions containing abundant fi exsolution
lamellac with regions free from lamellae. The gradient of the holographic phase shift, de/dx. is proportional to the magnetic flux.

To eliminate other contributions to the phase shift, a second hologram of the same area was recorded with the sample turned over. o P {
This has the effect of reversing the magnetic contribution o the phase, keeping other contributions the same. The difference in $ o Y s Antiferromagnetic 4
slope beween the two measuements is then attributed to the magnetic contribution only. I o L
£ oo
‘The magnetic signal from exsolved regions is found to be around 3-5 times higher than in regions that are free of fine-scale i o
lamellae. This is good agreement with the enhancement of magnetization seen in natural samples. oy o st R sine . .
Ferrimagnetic |

T, Kasama has produced a series of defocused images of
ilmenite exsolution lamellac in hematite using the Lorentz
mode of the TEM. The main feature of these images is the
‘asymmeric contrast seen across the lamellac. A dark fringe
is seen adjacent to & much lighter fringe. It s proposed this is
‘an effect of the contact layer magnetization. Notc that both
white-black and black-white lamellae arc observed in the
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experimental images, which may correspond {0 in-phase nd
outof:phase lamellac, with opposed magnetizations. Temperaue (C) Tenperaure () Temperature ()
Simulated Lorentz images were produced by E. Simpson.
based on magnetic phase profiles consistent with the lamellar
agntsm bypoei. Thes were bl 0 epoduce e Results of t
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A simplified magnetic profil of an lmenite lamella the PM R-3c + i
i heonaite, The santed aniferromagneti hematite, The simulated defocused image produced according (0 the assumed PM R-3 field
which has a small magnetic moment, surrounds the magnetc profile. The asymmetri contrast very closely resembles that seen il % 0z as as 08 10
paramagneic ilmenite. The large change in phase at in the defocused images. ron Mole action mente  rero,

the boundaries arises due to the hypothesised effect of
the contact layers.




