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Abstract

Ab initio electronic structure calculations are reported which directly relate local chemical and distortion
environments of oxygen-coordinated octahedral Fe®* to corresponding hyperfine parameter distributions in
Méssbauer spectroscopy. Changes in the quadrupole splitting (QS) and other properties of the electric field
gradient (EFG) with various distortions were investigated on model clusters including the bare octahedra
FeOs'* and Fe(OH)¢", and various seven-octahedra sections of an octahedral sheet, through self-consistent
charge (SCC) Xa ab initio calculations. The percent change in the EFG over the range of distortion
parameters found in trioctahedral micas is greatest with flattening for the clusters compared, suggesting that
flattening is the most important structural distortion in determining the EFG. The independent parameters
of the EFG tensor - particularly the principal value Vzz, the asymmetry parameter 1, and the direction of the
principal axis with regards to the octahedral sheet - are examined in detail as functions of octahedral
flattening for each of the thirteen possible configurations of Mg? and AI** cations in the first nearest
neighbour octahedra of a Fe**-centred seven-octahedra cluster. It is demonstrated that the argument that the
EFG tensor at a particular site is largely determined by the point group symmetry of the corresponding
crystallographic site is not correct. Averages and distributions of 1, principal axis angles and quadrupole

splittings are simulated by taking EFG tensor results from all seven-octahedra clusters, and using
probabilities for the occurrence of each possible cation configuration in a chemically disordered octahedral
sheet of a given bulk composition. Simulations of all hyperfine parameter distributions, including the
isomer shift (IS) and the hyperfine magnetic field, were performed using ensembles of Fe(OH)¢" octahedra
generated by applying random distortions to the average structure. Distributions of the QS at 0 and 300 K
agree well with experimental results, possessing a low QS tail and a sharp edge at high QS values. This
high edge is due to a universal upper bound on the QS, corresponding to the maximum of the QS versus
flattening curve. The width-to-mean ratio of the distribution of the nuclear electron spin polarization, the
dominant contribution to the hyperfine magnetic field, is large compared to that of the other parameter
distributions. The variation of the spin polarization due to local structural variation alone is found to be
sufficient to account for the widths and intensities of lines in magnetic hyperfine spectra. The widths of
most distributions increase monotonically with the static disorder parameter, and are universal functions of
one another, providing a useful constraint in fitting Mdssbauer spectra. The correlations between hyperfine

parameters are non-linear and considerably more complicated than those supposed in current spectral fitting



i

models. The correlation between QS and isomer shift increases with the amount of disorder in the material.
Isomer shift and spin polarization have a strong non-linear correlation. The complexity of the correlations
between hyperfine parameters, together with the fact that optimal fits of Mdssbauer spectra are not unique,
strongly implies that fits to spectra require supporting electronic structure calculations and crystal chemical
models of the measured materials for a correct interpretation. It is also shown that published mathematical
models of electric field gradient tensor distributions in amorphous materials, derived assuming an isotropic
solid, do not describe the distributions in 61Ee2* sites in disordered materials, except under special

symmetry conditions.
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Statement of Originality / Contributions of Co-Authors

The three papers comprising this thesis present original electronic structure calculations of Mdssbauer
hyperfine parameters performed by R. James Evans, under the supervision of D. G. Rancourt. All
calculations were performed using the SCC Xa code written by M. Grodzicki of the University of
Salzburg. The first paper, "Hyperfine electric field gradients and local distortion environments of

2o presents the first systematic calculations of quadrupole splitting and electric

octahedrally coordinated Fe
field gradient tensor properties in Fe?*Og-centred clusters as functions of progressive distortion from
octahedral symmetry. The second paper, "Hyperfine electric field gradient tensors at Fe®* sites in octahedral
layers: Towards understanding oriented single-crystal Mssbauer spectroscopy measurements of micas”,
presents the systematic study of the complete electric field gradient tensor as a function of progressive
flattening of the Fe?* site, with applications towards oriented single-crystal Mossbauer spectroscopy. The
first two papers have been previously published in American Mineralogist (see Introduction, references).
The final paper, "Simulated quadrupole splitting, isomer shift and hyperfine field distributions of
octahedral Fe”* in Mossbauer spectroscopy from electronic structure calculations”, presents the first
simulations of hyperfine parameter distributions using electronic structure calculations of large numbers of
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The most incomprehensible thing about the
Universe is that it is comprehensible.

— Albert Einstein, attributed

A story that is simple enough for an
overdeveloped ape brain to understand is unlikely
to be the whole story.

— lan Stewart, What Shape is a Snowflake?
Weidenfeld and Nicholson, U.K. (2001)




Introduction

Mossbauer spectroscopy is a very precise method of characterization of materials in the solid state, based
upon the Mdssbauer effect, where a nucleus in a solid absorbs a gamma ray photon without recoil. The
most common isotope for Mossbauer spectroscopy by a very wide margin is %"Fe. Iron is the most common
transition metal in the earth, present in a large number of common minerals and sediments, and plays an
important role in many environmental systems as well as being technologically important. The combination
of iron's importance and the relative ease of performing Méssbauer spectroscopy with *’Fe compared to
most other nuclei is responsible for the dominance of iron Mdssbauer spectroscopy.

The greatest obstacle in Mossbauer spectroscopy is that while performing the measurement is
relatively easy, fitting the resulting spectrum so as to extract useful information from it is difficult, and
actually interpreting the fitted spectrum is even harder. There is a great need for theory in the Mossbauer
field (Rancourt 1998, Stadnik 1994) to overcome this barrier by providing models, based in the relationship
between mineral structure and Mossbauer hyperfine parameters, for interpreting spectra. The ab initio
electronic structure methods of quantum chemistry are the best tools for exploring this relationship.

In *’Fe M6ssbauer spectroscopy, absorption of a photon with an energy of 14.41 keV excites the
5"Fe nucleus from its I = 1/2 ground state to an / = 3/2 excited state. Hyperfine interactions, the interactions
of electrons with the >’Fe nucleus, lift the degeneracy of the nuclear states and alter the resulting Mdssbauer
spectrum (figure 1, from Rancourt 1998). Interaction between the electron density at the nucleus and the
nuclear charge shifts the nuclear energy levels at the absorber (*’Fe) with respect to the source, producing
the isomer shift, the main component of the centre shift of the spectrum, measured relative to metallic a-Fe
at room temperature (figure 1, part A). Interaction between the electric field gradient at the nucleus, due to
the non-spherical distribution of electrons, and the nuclear quadrupole moment of the I = 3/2 state, splits
the excited state into m; = £1/2 and m, = +3/2 states, splitting the single line spectrum into a doublet (figure
1, part B). The separation between the two lines is the quadrupole splitting, proportional to one of the
matrix invariants of the electric field gradient. Finally, a non-zero magnetic field at the nucleus, some
components of which are due to local electronic properties (see paper 3), lifts all degeneracy between ml
levels of the nuclear states, resulting in a sextet in the limit of low electric field gradient (figure 1, part C),

or an octet in the most general case.



The properties of the Méssbauer spectrum are the result of the local electronic structure of the *'Fe
nucleus. The electronic structure of the atom, in turn, is a result of the local chemical and structural
environment of the iron atom, up to the first and second nearest neighbours at least. Therefore, the values of
the hyperfine parameters of an experimental Mossbauer spectrum contain information about the local
environment of iron in the sample measured. Most minerals contain some chemical and/or structural
disorder, which leads to a distribution of local environments for each class of crystallographic site. This
leads to distributions of all the hyperfine parameters, and to Mdssbauer spectra with lines broader than the
elemental Lorentzian Heisenberg line-width. The hyperfine parameter distributions, in the absence of
dynamical line-shape effects, represent the greatest amount of information that can be extracted from the
Maossbauer spectrum. Electronic structure calculations are needed to make the link between local structure
and the hyperfine parameters, and between experimentally extracted hyperfine parameter distributions and
information about the distribution of local environments in the sample.

This thesis is composed of three papers applying electronic structure calculations of hyperfine
parameters to oxygen-coordinated octahedral Fe**. Most mineralized iron apart from the iron oxides is in
the form of Fe?*, and octahedral oxygen-coordination is the most common local environment of Fe?*. Most
of the present work was done assuming that the Fe?* octahedron is part of a brucite-like octahedral sheet in
a layer silicate, specifically in a 1M trioctahedral mica. Micas are very common minerals and many
different cations are found in their octahedral sites; thus Fe** has a particularly wide distribution of local
environments in the micas' octahedral sheets, and it provides a good test material for exploring the links
between local environment and hyperfine parameter distributions. Model clusters used that are larger than a
single octahedron are surrounded by six edge-sharing neighbour octahedra, and OH groups in Fe(OH)s"
and larger clusters were aligned normal to the hypothetical sheet. However, Fe?*Og octahedra are common
in a large number of minerals (often edge-sharing in sheet-like structures), and form a fundamental part of
the Earth's geochemistry (Putnis 1992); so while this work is particularly applicable to micas and other
layer silicates, it is also applicable to any Fe**Og-bearing mineral, particularly the results of papers 1 and 3.

Each of the three papers includes its own introduction, theoretical background, and review of past
work, thus, this material will not be covered in detail here. All electronic structure calculations are

performed in the local density approximation with the spin-polarized self-consistent charge Xo (SCC X))



method, described in Grodzicki (1980) and Grodzicki et al. (1987), and summarized in the introduction to

paper 1.
The first paper, "Hyperfine electric field gradients and local distortion environments of

2 (Evans et al. 2005a), takes the elementary approach of calculating the

octahedrally coordinated Fe
quadrupole splitting V* for various model clusters (FeOG'O', Fe(OH)*, and Fe2+06-centred clusters of seven
octahedra) while progressively distorting the cluster. That is, V* is calculated as a function of a distortion
parameter for an otherwise undistorted octahedron, and also for combinations of key distortions. This
differs from the usual approach of electronic structure calculations, where a specific structure is imposed
from a real material or from structural optimization. A similar approach was taken in my Master's thesis
(Evans 2001, see below). If the effects of different distortions on the electric field gradient (EFG) were
linear, then calculating the EFG as a function of the most important distortions in a particular material
would be all that is required. However, in examining combinations of distortions, it was found that their
effects do not combine linearly, particularly at finite temperatures where thermal population of the
predominantly-Fe(3d) valence orbitals reduces the magnitude of V*.

The main distortions examined in paper 1 are flattening of the octahedron, measured by the
flattening angle y; uniform scaling of the Fe-O bond length, d; and counter-rotation of the top and bottom
faces of the octahedron, measured by the angle 8. These three distortions together allow up to three distinct
sites in an octahedral sheet (Evans 2001, Mercier et al. 2005). In examining the individual modes of
distortion, the percent change in V* over physically realistic ranges of the distortion in micas are compared
to determine which distortion, if any, is the most important in determining the quadrupole splitting. This
was found to be flattening, followed by chemical substitution in the neighbouring sites.

In addition to structural or geometric distortions, the effects of chemical disorder in neighbouring
octahedral sites was also investigated. Paper | discusses exclusively the EFG invariant V* which is
proportional to the quadrupole splitting. Paper 2, "Hyperfine electric field gradient tensors at Fe** sites in
octahedral layers: Towards understanding oriented single-crystal Mossbauer spectroscopy measurements of
micas" (Evans et al. 2005b), expands the discussion for seven-octahedra clusters to other EFG tensor

properties - the principal value Vzz;, the asymmetry parameter 7, and the Euler angles of the principal axes.

These quantities are trivial in FeOg'" and Fe(OH)s" clusters - 1 =0 and V*= -V, for distortions with



trigonal point-group symmetry, and the principal axes correspond to the crystallographic axes of the
hypothetical octahedral sheet. In the larger seven-octahedra clusters with general formula
Fe(OH)ﬁ(MgFZOHz),,(AleOH2)6_,,(2"')+, however, flattened clusters may be triclinic or monoclinic as well
as trigonal, depending on how the neighbour sites are populated, so that all the EFG tensor components
change with distortion. These other EFG parameters may be measured with oriented single-crystal
Maossbauer spectroscopy.

In paper 2, the effects of flattening on the EFG tensor are investigated for the thirteen unique
configurations obtained by populating the first nearest neighbour sites with combinations of AP** and Mg**,
common cations of their respective valences in trioctahedral micas. Assuming complete chemical disorder
in the hypothetical octahedral sheet, and that the fraction of Fe** sites is much smaller than the fractions of
Mg2+ and AI** sites, it is a simple matter to calculate the populations of each of the unique configurations in
the sheet. This allows the calculation of average EFG parameters given the overall ratio of Mg to Al
content in the sheet, as well distributions of the EFG parameters due to chemical disorder. Paper 2 is thus a
transition work between paper 1, which focuses on hyperfine parameters of single clusters as a function of
specific distortions, and paper 3, which deals with means and distributions of hyperfine parameters for
disordered ensembles of clusters.

Paper 3, "Simulated quadrupole splitting, isomer shift and hyperfine field distributions of
octahedrally coordinated Fe* in Mossbauer spectroscopy from electronic structure calculations” (Evans et
al. 2005c), abandons almost completely the attempt to find hyperfine parameters as simple functions of
only a few distortion parameters. As a result, a far deeper understanding of the hyperfine parameters is
achieved. Isomer shifts and hyperfine fields (as spin polarization of electrons at the nucleus) are calculated
as well as quadrupole splitting and other EFG parameters. Ensembles of 1000 perturbed octahedra are
generated by adding Gaussian-distributed random distortions to a starting Fe(OH)" cluster of a given
geometry. An electronic structure calculation is performed on each cluster to obtain the hyperfine
parameters, and then distributions are calculated from the set of calculated parameters.

The effects on the hyperfine parameter distributions of different flattening angles, Fe-O bond
lengths, and OH bond orientations for the starting Fe(OH)64’ cluster are investigated, along with the

changes in the distribution shapes, means and widths with increasing static disorder. The results of the



simulations are compared with models of hyperfine parameter distributions in disordered materials. Paper 3
also investigates the correlation between hyperfine parameters, and between the hyperfine parameters and
different structural parameters. Finally, sample Mgssbauer spectra, both doublets and generalized magnetic
octets, are calculated and compared with analogous experimental spectra.

These three papers comprise the most complete theoretical exploration of the link between local
structure and hyperfine parameters to date. Previous hyperfine parameter calculations using electronic
structure methods (e.g. Blaha et al. 1992, Ellis et al. 1992, Terra and Ellis 1997, Terra and Ellis 1998,
Guenzberger et al. 1998, Petrilli et al. 1998, Blaha et al. 2000, Neese 2002, Lougear et al. 2000,
Lottermoser et al. 2002) have focused on hyperfine parameters in specific molecules or mineral sites, rather
than the hyperfine parameters as functions of geometric distortions, without taking into account the effects
of structural disorder. Simulations of hyperfine parameter distributions and the effects of static (Pustéwka
et al. 1973, Stockmann 1981, Domes et al. 1986, Dengler et al. 1991) and/or chemical disorder (Billard et
al. 1984, Dainyak and Drits 1987, Dainyak et al. 1992, Dainyak et al. 2004) have not thus far taken
advantage of full electronic structure calculations, relying instead on point charge models and/or crystal
field theory. There have been investigations of the correlation between hyperfine parameters and average
distortion (Zhe and De Grave 1995, Zhe and De Grave 1998) but these likewise have not until now taken
advantage of full electronic structure calculations. Models of the EFG tensor distributions have been
derived from models of disordered materials (Varret and Henry 1980, Czjzek et al. 1981, Le Caer and
Brand 1998), but these are only generally applicable to Fe** materials, as they deal only with the EFG due
to point charges around the iron site, ignoring the EFG due to the anisotropy of the valence orbitals which
is the dominant effect in Fe®*.

Similar material to paper I, together with crystal field theory and point charge calculations of
EFGs and a first attempt at simulating quadrupole splitting distributions analytically, was presented in
Evans (2001). The bulk of the electronic structure calculations in Evans (2001) were performed using a

different electronic structure code, less suited to hyperfine parameter calculations.
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Figure 1. How different hyperfine interactions affect the >'Fe nuclear ground (I = 1/2) and excited (I = 3/2)
states, resulting in the hyperfine parameters of the Mdssbauer spectrum: (A) centre shift, (B) quadrupole

splitting, and (C) hyperfine field. From Rancourt (1998).
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Hyperfine electric field gradients and local distortion environments of
octahedrally coordinated Fe?*

R. James Evans', Denis G. Rancourt', and Michael Grodzicki®
' Department of Physics, University of Ottawa, Ottawa, Ontario, Canada K1N 6N5
“Institute of Mineralogy, University of Salzburg, A-5020 Salzburg

Abstract

We report ab initio electronic structure calculations that directly relate given local chemical and distortion
environments to corresponding hyperfine electric field gradients (EFGs) in *’Fe Mossbauer spectroscopy,
thereby giving needed interpretive power to the technique in characterizing "¥Fe’* environments in
minerals. Changes of the EFG with various distortions were investigated on model clusters, including the
bare octahedra FeO6'“ and Fe(OH)64', and various seven-octahedra sections of an octahedral sheet, through
self-consistent charge X ab initio calculations. Distortions examined for all clusters were flattening,
counter-rotation and bond scaling, as well as changes in neighbor bond lengths and the identity and
ordering of neighbor cations for the seven-octahedra clusters. The evolution of the EFG with distortion was
derived at T=0 K and T=300 K as a function of the distortion parameters. We find that the percent
change in the EFG over the range of distortion parameters found in 1M trioctahedral micas is greatest with
flattening for the clusters compared, suggesting that flattening is the most important structural distortion in
determining the EFG. The EFGs for the seven-octahedra cluster as a function of flattening were compared
for thirteen configurations of Mg?* and AI** cations in the first nearest neighbor octahedra. The percent
change in the EFG for flattening and cation substitution was found to be of similar magnitude. In
comparing EFG vs. flattening curves with measured quadrupole splitting distributions (QSDs), the
magnitudes of the theoretical curves agree well with experiment. The sharp high quadrupole splitting edge
is explained by the presence of a maximum in the EFG vs. flattening curve. These model calculations are a
necessary first step in establishing a firmer link between local structural distortions in minerals and

measured QSDs.
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Introduction

The *’Fe Mossbauer spectra of minerals contain a great deal of information about chemical and physical
structure in the form of distributions of hyperfine parameters. However, a major barrier to the wider use of
Méssbauer spectroscopy in the Earth sciences is uncertainty in how to interpret these distributions
(Rancourt 1998). The quadrupole splitting (QS) is a key local hyperfine pafameter that has such a
distribution of values for a give sample. It is a splitting of nuclear energy levels due to the interaction of the
3TFe nuclear quadrupole moment with the electric field gradient (EFG) at the nucleus. The EFG is a
property of the iron's electronic structure, which is highly sensitive to the local distortion environments of
the iron atom. Chemical and structural disorder leads to distributions of local environments for the *'Fe
atom, which is why the Mdssbauer spectrum of a given sample must be described not by a single
quadrupole splitting, but by a distribution. In order to interpret quadrupole splitting distributions (QSDs),
electronic structure calculations are needed to determine how specific local distortion environments affect
the EFG (Rancourt 1998; Rancourt et al. 1994), and this has not previously been attempted by ab initio
methods.

The "®Fe?* coordination polyhedra occur in many different types of crystal structure (c.f., Mottanna et
al. 2002, Bailey 1984, Bailey 1988, Veblen 1981, Prewitt 1980, Ribbe 1980, Burns 1993, Anthony et al.
1995). Often the main distortions found in the octahedra are determined by how they are connected within
the overall structure. An important class of local distortions are those that are uniform (i.e., each Fe-O bond
is affected in the same way) and trigonally symmetric (i.e., one of the octahedron's C; axes is preserved).
Three of these are considered here - flattening, counter-rotation, and bond scaling. The motivation for
studying these particular distortions is that they are important in layer silicates, where they are required to
fit octahedra of different sizes into a sheet of uniform thickness (Evans 2001). The change in the EFG is
investigated as these distortions are applied systematically. Previous studies have used electronic structure
methods to calculate hyperfine parameters in octahedrally coordinated Fe** (e.g., Terra and Ellis 1997,
Terra and Ellis 1998, Ellis et al. 1992, Lougear et al. 2000, Lottermoser et al. 2002), but this is the first to
use systematically distorted model clusters to investigate how specific distortions affect the EFG. Our goal
is to use these artificial model clusters to establish a specific link between geometric distortions of an

octahedral Fe?* site and the EFG, which will then allow future studies to better explain and interpret QSDs.
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One of the main questions in this investigation is whether there is one distortion more than any others
that determines the magnitude of the EFG. Changes in EFG over the range of parameters seen in real
materials are compared with each other for several different model clusters. Small octahedral clusters
FeOg'® and Fe(OH)e* represent bare octahedra. The effects of near neighbor sites are also important, and
differ from crystal structure to crystal structure, however many interesting features can be discerned
through the abstraction of bare octahedra. As an example of near neighbor effects, seven-octahedra clusters
representing sections of a brucite-like octahedral sheet are examined, both with the trigonal structural
distortions and cation substitutions in sites adjacent to the central Fe** octahedron.

Although it may seem academic to investigate single octahedra, we find that the EFGs in these simpler
systems are sufficiently similar to those in larger, more realistic systems that studying these small clusters,
and comparing them with calculations on larger clusters, can reveal important features. Moreover, results
on single octahedra can (to a good first approximation) be widely applied to many systems, to octahedra in

sheets, in chains or in other structures, provided the limitations of the small clusters are kept in mind.

Theory

Definition of distortions and sheet geometry

Bond scaling is simply a uniform change in all six Fe-O bond lengths, from d to d + Ad. The other two
distortions, flattening and counter-rotation, leave the bond lengths constant and only change the bond
angles and octahedral edge lengths.

Let the z-axis correspond to one of the Cj-axes of symmetry of the undistorted octahedron, a line
running through the midpoint of two opposite faces (called the top and bottom faces) and the geometric
center of the octahedron. Flattening is the distortion where the thickness of the octahedron along the z-axis
is reduced while the top and bottom faces expand (figure 1a and 1b). In an octahedral sheet, this
corresponds to a reduction in the thickness of the sheet accompanied by a lateral expansion. The flattening
angle y, first defined by Donnay et al. (1964) and Hazen and Wones (1972), is defined as the angle

between one of the bonds and the normal to the top and bottom faces (i.e., the z-axis), and for an
undistorted octahedron Wige, = tan™! \/E = 54.74°. The thickness of a flattened octahedron with bond length

d and flattening angle y is 2dcosV. In a flattened octahedron, the edges forming the top and bottom faces
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(the unshared edges in a sheet) and the edges connecting the top to the bottom face (shared edges in a
sheet) are no longer equal, but there is only one unshared edge length and one shared edge length.

Counter-rotation involves rotating the upper and lower faces in opposite directions, each in their
respective planes (figure 1c). Each face is rotated by an amount 3, the counter-rotation angle. This
definition of the counter-rotation angle differs by a factor of two from the angle defined elsewhere (Weiss
et al. 1985, 1992), as it is more convenient mathematically, eliminating a factor of 1/2 in many equations.
Introducing counter-rotation produces two unequal shared edge lengths, but the unshared edge lengths are
unchanged.

The result of two different shared edge lengths is that, with flattening and counter-rotation, three
unique sites can be fit into an octahedral sheet of constant thickness, each with a unique bond length 4;,
flattening angle W; and counter-rotation &;. The three bond lengths d,, d, ds, and one flattening angle are
sufficient to determine all other parameters in the sheet; the relations are derived in Evans (2001).

Following Weiss et al. (1985) and Mercier (2003), we shall refer to octahedral sheets where d|, d, and
ds are all distinct as geometric hetero-octahedral, sheets where only two of d|, d, and 4, are unique as
geometric meso-octahedral, and sheets where d, = d, = d; as geometric homo-octahedral. In geometric
hetero-octahedral sheets, the ; are also all distinct and none of the §; are zero. In geometric meso-
octahedral sheets, if we take d) = d, # d; then Yy, =y, # ¥, §; = -8, and 8; = 0°, In geometric homo-

octahedral sheets, all y; are equal and all §; are zero.

Calculation methods and model clusters
Electronic structure calculations were performed in the local density approximation with the spin-polarized
self-consistent charge Xo (SCC X)) method. The method is described in detail in Grodzicki (1980) and
Grodzicki et al. (1987), and has proven to give reliable hyperfine parameters and magnetic properties for a
wide variety of large and small transition metal complexes (Lougear et al. 2000; Lottermoser et al. 2002;
Grodzicki et al. 2001; Grodzicki and Amthauer 2000).

In SCC X, the molecular potential is factored into a radial function and a series of spherical
harmonics, allowing analytical integration of the angular parts of all Hamiltonian matrix elements. The

respective integrals are separated into one-, two- and three-center integrals. The one-center and multi-center
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integrals are treated with different levels of accuracy. One-center integrals require high accuracy, and are
derived numerically from all-electron, relativistic atomic calculations with a semi-local (gradient corrected)
exchange correlation functional (Becke 1988) and a local correlation functional (Vosko et al. 1980). The
two- and three-center integrals are evaluated with small basis sets (2s, 2p for O and F; 3s and 3p for Mg
and Al; 3d, 4s and 4p for Fe) and the Slater Xa potential with oo = 0.7 for the valence electrons; core
electrons are treated with simple pseudopotentials that are also derived from relativistic atomic calculations
and are kept frozen during the iteration process.

The one-center integrals are calculated beforehand and entered as atom-specific parameters in
subsequent calculations. Thus only the small, fast calculations need to be done anew each time, so that the
calculation of large clusters (or very many small clusters) is very efficient, while still being ab initio in that
there are no adjustable parameters.

The electric field gradient elements with the Mossbauer atom at the origin are

2
v, OVm| "

ox,0x

7 lr=0

where V(r) is the electrostatic potential. The eigenvalues of V;; are denoted Vyy, Vyy and Vzz in order of
increasing absolute magnitude. The direction of the eigenvector associated with V; is called the principal

direction of the EFG. The asymmetry parameter 1) is given by

Finally, we define

2
V' =Vl 1+ L. 3)
3

The quadrupole splitting is then A = (1/2)e>QV* (where Q is the nuclear quadrupole moment of the first
excited state of the *’Fe nucleus). EFGs are reported in atomic units (au), which are converted to the usual
units of mm/s used in Mdssbauer spectroscopy by the conversion 1 au = 10.11Q mm/s; using the value of Q
= 0.16 barn given in Dufek et al. (1995) means multiplying the atomic units by 1.62 gives the value in
mm/s. The sign of Vzz in equation 3 is ignored, since this sign does not affect the experimentally measured

quadrupole splitting or quadrupole splitting distributions in most (i.e., random powder absorber) Mossbauer
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spectroscopy measurements. The sign of Vz can be determined by oriented single crystal or oriented
mosaic Mdssbauer experiments, that we discuss in a forthcoming paper.
In the SCC-Xa code, the EFG is calculated from integrating the charge density multiplied by the

tensor operator

- 3x,x, - r’d,
V,-j(r)z[‘ Z(’)I et ] )
r r

where Y(r) is the Sternheimer shielding function, arising from the polarization of the core Fe electrons by

charges outside the core. It is derived from atomic self-consistent first order perturbation calculations
(Lauer et al. 1979). The calculation of hyperfine parameters within the framework of a valence electron-
only molecular orbital method has been described in detail previously (Grodzicki et al. 1987, Grodzicki and
Amthauer 2000). In particular, the EFG is decomposed into valence, covalence and ligand contributions,
corresponding to the Fe(3d) anisotropy, cation-ligand integrals and ligand-ligand integrals of atomic
orbitals. In high spin Fe**, the valence contribution dominates the EFG by about an order of magnitude. For
example, the room-temperature Vzz calculated for the cluster Fe(OH)," * 6(MgF,0H,) with a flattening
angle of 58° is -1.422 au (-2.304 mm/s); the valence component of Vz in this case is -1.548 au (-2.508
mm/s), the ligand component is +0.097 au (+0.157 mm/s), and the covalence component is +0.029 au
(+0.047 mmy/s).

Room temperature EFGs were approximated by first performing zero-temperature calculations to
determine the relative orbital energies E;; these energies were used to calculate thermal average populations
n; for each orbital thermodynamically:

n = cxp(—E,./kT) (5)

i Zexp(—- Ej/kT).

i

In practice this was only done for the spin-down t,, Fe(3d) orbitals (see discussion below), the lowest
energy of which is the highest fully occupied molecular orbital. Those orbitals below these three remain
fully occupied at finite temperatures, and the last two unoccupied spin-down orbitals, the e *-like orbitals,
are high enough above the t,, in energy that their occupation at T = 300 K is negligible (with occupation

numbers less than 1077). The SCC Xo calculation is then repeated with the spin-down t,, orbitals given
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their thermal average populations. The orbital energies of the second calculation are generally shifted only
a few meV from those of the zero-temperature calculations.

Thermal population of molecular orbitals is only one effect temperature has on electronic structure;
changes in atomic positions themselves may be equally important. These include, thermal vibration of
atoms about an equilibrium position and changes in the equilibrium positions themselves (e.g., through
thermal expansion). The time scale of Mossbauer spectroscopy, dictated by the nuclear transition of the
5'Fe (Rancourt 1998), is normally much longer than that of thermal vibration. M6ssbauer spectroscopy
therefore usually only sees the atoms' equilibrium positions. As for changes in the crystal structure with
temperature, the current study is not intended to simulate the actual room temperature structure or EFG of
any particular material; rather, given a particular structure at 7 = O K or 300 K, we are asking what the
resulting hyperfine parameters would be.

Distortions were applied to three types of model clusters - FeO4'" ; Fe(OH)¢", where the OH bonds are
normal to the top and bottom faces of the octahedron; and Fe(OH)g" « n[MgF,0H,] * (6 - n)[AIF,OH,"] for
n from 0 to 6 (see figure 2). This latter cluster represents a seven octahedron section of a brucite-like
octahedral sheet. The center octahedron is occupied by an Fe** cation, and the six nearest neighbor
octahedra are occupied by either Mg2+ or AI**, chosen as simple (i.e. d-orbital free) representative cations
of their respeqtivc valences common in layer silicates. The six OH bonds on the central octahedron are
normal to the sheet. A mixture of F and OH, ligands terminates the edge of the cluster. It has been found
(Lougear et al. 2000) that using incompletely terminated oxygen atoms at the cluster edge can lead to
convergence problems due to unsaturated O(2p) lone pairs in the same energy range as the Fe(3d) orbitals.
Replacing OH™ with F~ at the corners and waters at the bridging positions eliminates the problem by
bringing the edge ligand 2p energies down to their expected levels. It additionally helps to reduce the
overall cluster charge. This is desirable both for the technical reason that calculations for clusters with
small charges tend to converge more easily, and in that it is closer to reality in that molecules and most

crystal unit cells are electrically neutral.
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Results from crystal field theory

From crystal field (Burns 1993) and simple molecular orbital models (Burdett 1980), the five highest
occupied molecular orbitals in the FeOg-centred clusters are primarily Fe(3d) in character. Ferrous iron is
generally high-spin in minerals, with the five Fe(3d)-like spin-up molecular orbitals fully occupied whereas
the remaining sixth d-electron occupies the lowest d-like spin-down molecular orbital. Since spin-up and
spin-down electrons experience different exchange potentials, this occupation scheme results in a
considerable splitting between spin-up and spin-down orbitals in the range between 2 and 3 eV ("exchange
splitting"). Consequently, the occupied spin-up orbitals are in the same energy range as the ligand p-
orbitals and both are strongly mixed. On the other hand, the (partially occupied) spin-down 3d-like orbitals
are well above all the occupied molecular orbitals and are almost pure Fe(3d)-orbitals. The character of the
occupied spin-down 3d-orbital then determines the sign of V7 and the principal direction of the EFG.

In an octahedral crystal field, the five d-orbitals are split into triply-degenerate t,, (approximately non-
bonding) and doubly-degenerate e,* (anti-bonding) orbitals. For the trigonally distorted octahedron, the t,,
orbitals are split into a single a,, and doubly degenerate e, orbitals. In FeOg, the a;; orbital, which is
primarily of 3d 2 character, is the lowest in energy when y > 54.74° and I8! > 0°; in this state Vy is
negative. When y < 54.74°, the two e, orbitals are lowest in energy and there is a degenerate ground state;
in this state, Vzz is positive and smaller in magnitude. (In fact, VzZ(Yigea + AW) = ~Y2V2Wigea — dY) as dy
approaches zero.) In both cases, 1} = 0, since Vyy = Vyy = ~/2Vz;, and the EFG principal direction is along
the z-axis. The asymmetry parameter 1) is non-zero and the principal direction begins to tilt away from the
z-axis when FeOQg is distorted away from trigonal symmetry. When y = Y;4.,, the EFG is identically zero.
This latter effect is specifically an artifact of the ideal octahedral symmetry of the undressed FeOg cluster,
and does not occur for larger clusters (see below).

From crystal field calculations using point charges, Vz for an octahedron with bond length d,

flattening angle y and counter-rotation d at T = 0 is

B, [1- 2
Va - _Awl +i[_M} 6)
d? 2

The coefficients A,, and By, contain the Sternheimer factors, and By, is a positive constant. The first term in

equation 6 is the valence term, analogous to the SCC-Xa valence contribution described above, and the
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second term is the lattice term, analogous to the SCC-Xa ligand contribution. (The covalence contribution
is ignored in this simple approximation.) In the point charge approximation, the valence term is constant
with respect to all distortions, and the sign and magnitude of A,, depends only on the electronic ground
state of the cluster. The lattice term is an electrostatic sum due to the point charge near-neighbors of the
Fe?* cation, and is small compared to the valence term. In this approximation the EFG is independent of
counter-rotation.

Taking Taylor expansions of equation 6 about ¥ = y, and d = dp,

3B, .
Vzz (do. ¥)=Vaz (do ) + == (sin 23, Jay + O{aw?) 0
2 0
and
B, (1-3cos’ 2
vzzw,wo)=vzz<do,wo)—3i(l—i°sﬂJﬂ+0Ad , (®)
d3 2 d, d?

where Ad = d — dy and Ay =y — ;. For small deviations Ad and Ay, V is linear with a positive slope
versus Ay (for all yg) and a negative slope versus Ad (for Wy > 54.74°). Then from equation 2, we expect
zero temperature graphs of V* vs. y to be negatively sloped at all bond lengths, and V* vs. d to be
positively sloped for W > 54.74°, over small ranges of d and . As shown below, these conclusions are

supported by the calculated EFGs at T = 0 K.

Results and Discussion

Flattening alone

Figure 3 shows V* vs. y calculated for three different clusters - FeOq'", Fe(OH)s" and Fe(OH)s" *
6(MgF,0H,) (henceforth abbreviated as 7-oct.), all with Fe-O bond length d = 2.11 A and § = 0°. In the 7-
oct. cluster, the Mg-O and Mg-F bond lengths were also 2.11 A; when flattening angle is reported for any
seven-octahedra cluster, it is the flattening angle of the central Fe®* that is given. Figure 3a shows V*at T =
0 K. With the exception of jump discontinuities in two of the curves, V* is linear with respect to y with
negative slope as predicted in equation 6 for each cluster, thus the change in the EFG's valence term with

flattening is small compared to the change in the lattice term. The curve for FeOg'% (squares) is
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discontinuous at Wigey = 54.74°, being zero at Y;q.., When the octahedron is undistorted, and around 2 au
above Yigeat- Below Yigea (not shown), V* for FeOg'" takes values around 1 au. The corresponding values of
V22 (also not shown) are positive below ;4o and negative above. At Wigea, the three spin-down t,, orbitals
are degenerate, and the cluster's lone spin-down d-electron is shared between them. When v does not equal
Wigea» the degeneracy of the ty, orbitals is partially lifted, and we are left with a doubly degenerate e, orbital
and an a,, orbital, the 2* orbital. Above Wideat » the a;, orbital is lowest in energy, and thus occupied by the
spin-down d-electron. Below W41, the €, orbitals are lowest in energy, so the ground state is again
degenerate and the spin-down d-electron is shared between them. This is how the electron ground state and
the EFG change with flattening for a bare, undistorted octahedron with no additional groups attached, with
Vigea being the critical angle flattening angle for the change in Vz, V* and the order of the spin-down d-

orbitals.

Larger clusters, such as Fe(OH)G‘" and 7-oct., that are more than a single, bare octahedron do not show
such discontinuities at Yg.,. In the curve for Fe(OH)" (circles), there is no discontinuity in V*, which is
around 2 au for all y shown, and V; is strictly negative. The presence of the OH bonds, which break the
cluster's ideal octahedral symmetry at 4o, has shifted the critical flattening angle to some y below W4,
The OH bonds lie parallel to the z-axis, and so stabilize the z (a)g) d-orbital with respect to the e, orbitals,
which lie more in the xy-plane.

In the curve for the 7-oct. cluster (triangles), for y < 56°, V*is about 1 au and V; is positive. Past 56°,
V* jumps to around 2 au and Vzz becomes negative. Here the six near-neighbor octahedra, which have the
cluster as a whole lying more in the xy-plane, have stabilized the d-orbitals in the opposite way as happened
in Fe(OH)¢", and the critical flattening angle has been pushed above Y4, to about 56°.

In figure 3b we see how V* changes with flattening at room temperature (7 = 300 K). When moving
from zero to finite temperature, discontinuities such as those in figure 3a are replaced by continuous curves.
As y increases, Vzz (not shown) changes continuously from positive to negative values, reaching a
maximum in absolute value and then approaching the zero temperature curve at high flattening angles.
Since all three clusters are trigonally symmetric, 1} = 0 and so V* is just the modulus of V. So at room

temperature, V* decreases from about 1 au at low Y to zero in a cusp-like minimum (a result of ignoring
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the sign) then increases steeply to a max‘imum value (at ~58° for Fe(OH)é"', ~61° for FeQG“* and 7-oct.),
after which it decreases and approaches the zero temperature curve (near 2 au) at high y. All three V*
curves in figure 3b show this behavior, though only the 7-oct. curve has a critical flattening angle high
enough that we see the low Y decreasing section and the cusp minimum.

In order to determine whether one particular distortion affects the EFG more than others, it is
necessary to estimate the range of values the distortion parameter typically assumes. Mercier (2003) has
compiled a database of 170 structural X-ray diffraction refinements of 1M trioctahedral micas. From this
data we have taken minimum and maximum values for the flattening angle W, the counter-rotation angle &
and the bond length d, given in table 1. A range of 57° to 61° covers the flattening angles found in micas.
The samples with lowest flattening angles are several Mn-bearing biotites (Knurr and Bailey 1986, Kato et
al. 1979) and a norrishite (Tyrna and Guggenheim, 1991), and those with highest flattening angles are-
samples with germanium in their tetrahedral sheets (Toraya et al. 1978, Toraya and Maramo 1981), and an
iron-rich biotite (Tepikin et al. 1969), although this latter sample appears highly flattened (59.6°) compared
with most biotites (which generally fall between 58° and 59.5°). The change in V"; over the range y = 57°
to 61° for each of the three clusters is given in table 2. The percent change in V* over the domain is

calculated as

V*(max) — V" (min)
x100% . (9a)

Vi(y =58
If an intermediate extremum (maximum or minimum) occurs between the two endpoints, the location of the
extremum is given followed by the approximate value of V* at that point, and the percent change is
calculated as

V' (max) -V~ (115)| +|V (IE) - V" (min)

x100% . (9b)
Vi(y =58

The results from table 2 are that the change in V* with flattening is an order of magnitude less in the
domain of 57° to 61° for the Fe(OH)s" cluster (5.6%) than for the FeOg4 and 7-oct. clusters (50% and 68%
respectively). This is because the shift of the T = 0 K discontinuity to y < 54.74° also shifts the region of

the sharp increase in V* out of the range of observed flattening angles.
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The cluster energy calculated in the SCC-Xa code is the total atomization energy, the energy required
to separate the cluster into its component ions at infinity. Graphs of calculated energies versus flattening
angle for the three clusters are shown in figure 4, relative to the undistorted cluster (¢ = 54.74°). Two of
the energy curves show a minimum: FeO(,m at Yigeq = 54.74° and Fe(OH)64' at about 57°, This suggests
that the flattening angles seen in layer silicates are at least partly due to bonding effects, and not solely
determined by fitting requirements between octahedral and tetrahedral sheets. Peterson et al. (1979)
previously studied total energies versus flattening for clusters of three Mg-centered octahedra and two Al-
centered octahedra using CNDO/2 molecular orbital calculations, and found minimum energies at 59.7°
(based on Mg-O bond length and shared edge length) and 57.1° (based on Al-O bond length and octahedral
thickness) for the two clusters. The energy curve for the 7-oct cluster has a discontinuity at about 56.5°, the
origin of which is not clear, but which may be a cluster artifact, meaning that we expect it to disappear for

larger, more complete clusters.

Bond length scaling

Figures 5a, 5b and 5c show V* vs. d curves for FeOG'O', Fe(OH)J’ and 7-oct respectively at T = 0 K, at two
different flattening angles (W = 58° and y = 60°). In the 7-oct cluster, bond lengths in all octahedra are
scaled. In each case V* increases with d as predicted in equation 8, with the y = 58° curve lying above the
y = 60° curve. Again this implies that changes in the valence term of the EFG with bond length are small
compared to changes in the lattice term. Figure 6 shows V* vs. d curves at T = 300 K. How V* varies with
d at room temperature depends strongly on both the flattening angle and the cluster.

Two different ranges for bond length found in micas are given in table 1. The average metal-oxygen
bond length of all cation sites in the octahedral sheet is labeled dge,. By taking the minimum and maximum
average bond lengths in the population studied by Mercier (2003), we have a range of 2.01 A to 2.13 A.
However, we are only interested in the range of possible /Fe**-O bond lengths. Unless there is strict
ordering of cations among crystallographically distinct sites, which is not usually the case, average bond
lengths from structural X-ray diffraction refinements are not useful for determining ranges for specific
metal-oxygen bond lengths. Additionally, in many materials, including 1M micas, there frequently are

more cations present than there are distinct octahedral sites.
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Mercier (2003) also performed a detailed analysis on !'M-O bond lengths for several cations, using
data reported for various micas and olivines. An average 61Ee?*-O bond length of 2.126(11) A was found,
slightly higher than the base value of 2.11 A used for most of this work, taken from Weiss et al. (1985).
The range of values assumed by dg.2+ was about 2.10 At 216 A. Despite the upper limit being higher
than that observed for dge, this was taken as the range of possible values for d within the central FeOg
octahedra of all of our clusters.

The variation of the EFG as d varied from 2.10 A to 2.16 A at constant flattening angle is given in
table 3. The percent change in EFG was calculated as in equation 9, except V*(y = 60°) was used in the
denominator for clusters where y = 60°. There is considerable variation with the percent change as the
constant flattening angle is changed, the most extreme being a drop from 20% at y = 58° to only 0.49% at
y = 60° for the 7-oct. cluster. Comparing these changes with those in table 2, we see that the percent
change with bond scaling is considerably smaller than that with flattening for each cluster: 4.0% vs. 50%
for FeO4'", 1.8% vs. 5.6% for Fe(OH)¢", and 20% vs. 68% for 7-oct. This result is not surprising since the
EFG is determined by the anisotropy of the Fe 3d-shell, which generally exhibits only minor variations if
all bond lengths are changed by an equal amount. Such a behavior has earlier been obtained for a series of
iron-bearing clinozoisites (Grodzicki et al. 2001).

Figure 7 shows V* vs. y curves for FeOg'", Fe(OH)¢" and 7-oct clusters of different bond lengths at T
= 300 K. The flattening/EFG curves at higher and lower bond lengths are qualitatively the same as at d =
2.11 A. An increase in bond length causes the maximum to shift to higher y. At low v, d; < d, implies V*,
> V*,; at high y, d, < d; implies V*, < V*,,

In figure 7c, flattening/EFG curves for 7-oct. clusters with df, = dy, = 2.06 Aand 2.11 A (ie., all
seven octahedra have the equal bond lengths) are plotted along with one where dg. = 2.11 A and dyg = 2.06
A (i.e.,d=2.11 A for the central octahedron and d = 2.06 A for the six neighboring octahedra). This latter
cluster corresponds to a section of a georﬁetric meso-octahedral sheet where one third of the sites are
occupied by Fe®* and two thirds by the smaller Mg2+ cation. In this cluster, the six neighbor octahedra have
non-zero counter-rotation angles. At T = 0 K (not shown, see supplementary figure S1), V* is nearly equal
in the geometric meso-octahedral cluster and the d = 2.11 A 7-oct. cluster after the discontinuity (as should

be expected, since both clusters have an identical central octahedron), but the discontinuity is shifted to a



22

higher flattening angle. As a result, the maximum in the 7 = 300 K curve is also shifted to higher v, and V*
at low y is considerably lower in magnitude for the geometric meso-octahedral cluster than for the two

geometric homo-octahedral 7-oct. clusters.

Counter-rotation and near-neighbor bond length

Graphs of V* as a function of counter-rotation angle are given in figure 8 for FeOg'* and Fe(OH)¢" at T=0
K and 300 K. In an octahedral sheet, counter-rotation of the central octahedron is not possible without
distorting the six neighbor octahedra as well, so in order to study the effects of counter-rotation alone, we
only consider the two clusters of bare octahedra.

In each case V* increases non-linearly with 8 > 0°, having a minimum at 8 = 0°. For a bare octahedron,
a cluster with counter-rotation & > 0 is a mirror image of one with counter-rotation -8 and so by symmetry
V* will be equal. In table 1, we find that I8! ranges from near 0° to 3.5° in 1M micas; the calculated percent
change in V* from equation 9 is 11% for FeO4'" and 1.4% for Fe(OH)¢" (see table 4).

Figure 9 shows V* vs. y for FeOg'" and Fe(OH)¢* for several constant counter-rotations at T = 300 K.
The main effect of increasing counter-rotation is to translate the curve to higher V* values by a small
amount.

In the octahedral sheet, counter-rotation occurs when neighboring octahedra have different bond
lengths. In figure 2, let the central Fe** octahedron have bond length d|, sites M2, M4 and M6 have bond
length d, and sites M1, M3 and M5 have bond length ds. In a geometric meso-octahedral sheet, two of d,,
d, and d; will be equal. If we keep d, fixed at 2.11 A as we have been doing, there are two ways to
accomplish this. In cluster NCR, d, is held constant and d, = d; # d, is varied, and the Fe?* octahedron has
zero counter-rotation. In cluster CR, d, and d, are held constant and equal, d; # d, alone is varied, and the
counter-rotation of the Fe** octahedron, 8,, varies with ds. This counter-rotation is positive when d3 > d,
and negative when d; < d;.

Figure 10 shows V* as a function of the neighbor bond length d; for both clusters. The EFG increases
with d; at 0 K and 300 K more steeply for NCR than for CR. When d; < d;, V¥(NCR) < V*¥(CR), and when
dy > d,, VANCR) > V¥(CR). In NCR, the Fe** octahedron in the middle remains unchanged as we change

ds, so changes in the EFG are purely due to effects of the neighbor octahedra. However in cluster CR, the
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EFG is due to the combined effects of counter-rotation of the Fe** octahedron as well as the neighbor
octahedra. From equation 6, the EFG due to the counter-rotation has no lattice point-charge component,
and is purely due to covalent bonding and the spatial extension of the cluster's electron clouds. The near-
neighbor octahedra contribution, however, is predominantly a point charge one proportional to 1/p°, where
p is the cation-cation distance; there is very little electron density along the Fe?*-Mg?"* lines.

From the maximum and minimum values of dg. in table 1, we suppose that the near-neighbor
octahedral bond lengths range from about 2.01 A to about 2.13 A. The variation of V* over this domain is
given in table 5; the percent change in V* was calculated using equation 9, where V*(y = 60°) was used in
the denominator when \r = 60°. The greatest percent change was for the NCR cluster at both y = 58° (23%

for NCR vs. 5.6% for CR) and y = 60° (6.6% for NCR vs. 2.2% for CR).

Comparing distortions

Given the range of values of the various distortion parameters in table 1, we can now estimate the degree to
which each distortion influences the EFG. Table 6 summarizes the percent change in the EFG over the
domain of the distortion parameter observed in 1M tri-octahedral micas from tables 2-5. For each of the
three clusters, the EFG change produced by flattening is significantly larger than the changes due to any
other distortion. We conclude that, of the purely geometric local distortions (i.e. those that do not include a
local change in chemistry), flattening is the most important in determining the EFG, and hence the

quadrupole splitting.

Chemical effects of neighbor cations in an octahedral sheet
The purely chemical effects of cations adjacent to the Fe?* octahedron will vary depending on how the
octahedron is connected within the crystal structure. To illustrate how chemical effects can influence the
EFG and its response to trigonal distortions, we will continue to use the seven-octahedra section of a
trioctahedral sheet as an example.

Various combinations of Mg?* and AI** cations were substituted into the six Mi octahedra of figure 2.
As noted above, Mg2+ and AI** were chosen as common cations of their respective valences found in micas

and other layer silicates. The metal-anion bond lengths in the near-neighbor octahedra were kept at 2.11 A,
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rather than allow the octahedra to take the cation-specific bond lengths, for two reasons: first, in order to
investigate the effects on the EFG of chemical substitution alone, without any other associated local
distortions, and second, because in cases where the substituted cluster is not trigonal-ly symmetric (e.g.
AAAMMM or AMMMMM), it is not immediately apparent how these cation-specific bond lengths could
be accommodated without performing some kind of structural optimization. Figure 7c shows an example of
a trigonally symmetric cluster where the six near-neighbor octahedra, in this case all occupied with Mg*,
have different bond lengths and local distortions than the central Fe?* octahedron (dg, = 2.11 A and dy, =
2.06 A). The curve is not very different qualitatively from the clusters where all metal-anion bond lengths
are the same. We do not expect that allowing the near-neighbor octahedra to assume cation-specific bond
lengths will substantially affect the way the EFG responds to other distortions.

There are 13 possible symmetry-unique ways to populate the six neighbor octahedra with Mg or Al
cations - one each with all Mg, all Al, MgsAl, and Mg, Als; and three each with Mg,Als, MgsAl; and
Mg,Al,. The different configurations are labeled as X, X,X3X,XsXs, where X; = 'M' if site Mi (see figure 2)
contains an Mg?* cation and 'A'" if it contains AI**. Thus the one MgsAl, configuration is AMMMMM, the
three Mg,Al, configurations are { AAMMMM, AMAMMM, AMMAMM }, and so forth.

Only three configurations maintain trigonal symmetry - AAAAAA, AMAMAM and MMMMMM.
These configurations correspond to sections of geometric hetero-octahedral (AMAMAM) and geometric
meso-octahedral sheets. All other configurations have monoclinic point group symmetry except for
AAMAMM, which is triclinic. These non-trigonal clusters have EFGs with non-zero 1 values, and as a
result, V* is no longer simply the modulus of Vz; for these clusters. The evolution of elements of the EFG
tensor other than V*, such as 1, the EFG eigenvectors, and the sign of Vzz, will be discussed in a future
paper.

Flattening curves for the different configurations are shown in figure 11 at 0 K and 300 K. The three
trigonally-symmetric clusters (MMMMMM, AAAAAA, and AMAMAM) have V* vs. y curves that
behave as discussed above (cluster MMMMMM is the 7-oct. cluster). At T = 0 K there is a discontinuity,
occurring at about 56° for all three curves, where the €, and a,, d-orbitals cross in energy and the cluster's

ground state changes. After the discontinuity, V* is about 2 au and decreases linearly with y. At T=300 K,

V* rises sharply after y = 56° to a maximum and approaches the T = 0 K curve at high y. The non-trigonal
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clusters tend to have non-linear flattening curves at 0 K; their behavior tends to approach that of the
trigonal clusters at high y. At room temperature, most of the non-trigonal clusters have curves which seem
to be gentler versions of the trigonal clusters, with the cusp-like minimum of the latter due to ignoring the
sign of Vz replaced with a true minimum. Clusters MAAMAA and AMMAMM are exceptions, having
very flat curves.

When the cluster is no longer trigonally symmetric, the degeneracy in the e levels is lifted. Moreover,
there is more mixing between the atomic Fe(3d) orbitals in the corresponding molecular orbitals, so that,
for example, the orbital labeled a,, is no longer purely the Fe?* 3d 2% orbital. As a result, the EFG's principal
direction is no longer strictly along the z-axis and the EFG asymmetry parameter 1) is no longer identically
zero. In clusters MAAAAA, AMAMMM and AAAMMM, one of the former e; orbitals is lower in energy
than the aj, at low flattening angles. At slightly higher flattening, the a,, drops below this other d-orbital,
resulting in the discontinuities in those clusters' 7= 0 K curves, near 55.0° for MAAAAA, 55.5° for
AMAMMM, and 56.5° for AAAMMM. The discontinuity of clustcf AAAMMM also shows up in the 300
K curve, because not only do the spin-down d-orbitals change energetic order at this flattening angle, but
the admixture between Fe(3d) orbitals in the molecular orbitals is also changing very rapidly with flattening
in this region. This is probably a result of the very lopsided distribution of charge in this cluster (all the 3+
cations are on one side, all the 2+ cations on the other).

Taking all thirteen configurations together, figure 11 shows that V* (and hence the Mdssbauer
quadrupole splitting) evolves in an essentially similar way with flattening regardless of what cations
occupy the first nearest neighbor octahedra. In an octahedral sheet containing chemical disorder, the effect
of adding additional shells of neighboring octahedra would tend to smooth out the differences due to the
Fe?* octahedron's immediate neighbors.

It was established from table 6 that, of the purely structural distortions, flattening produces the greatest
percent change in V*. The percent changes in V* over the range of flattening angles found in 1M
trioctahedral micas for the different configurations, as calculated with equation 9, are given in table 7. The
percent change varies greatly from cluster to cluster, from 2.7% for the relatively flat MAAMAA curve to
nearly 110% for the AAAMMM curve, the latter a result of relatively low V* with large changes over the

range of flattening angles. Size of the percent change seems to be partly correlated with symmetry - three of
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the four largest values belong to the trigonally symmetric configurations - but not completely - the
MAAAAA and AMMMMM clusters are of the same symmetry but have significantly different percent

changes. Figure 12 shows the maximum percent change with chemistry as a function of flattening angle,

calculated as
max ")} min " @}

5>V
(o}

where C is the set of all thirteen possible configurations of near-neighbor cations. There is a clear and

x100% , (10)

significant decrease in the effects of the near-neighbor cations as the flattening angle increases, reflecting
that the flattening curves tend to all become very similar at high flattening angles. The effects of flattening
and chemistry (i.e., identity of cations without regard to changes in bond length) cannot be easily separated,;
both seem to be equally significant in determining the EFG when geometric and chemical variation occur

together.

Comparison with Experiment

Figure 13 compares the magnitudes of various measured quadrupole splittings with the previously shown
(figure 3) flattening curves for the FeOq'”, Fe(OH)64' and 7-oct. clusters, in this case with V* expressed in
mmy/s. Thickness-corrected quadrupole splitting distributions (QSDs) for a natural annite and a natural
phlogopite (Rancourt et al. 1994) are plotted against the left-hand axis, while flattening angles for the three
theoretical curves (present work) and sheet average flattening angles versus average quadrupole splitting
for twenty natural biotite samples (Shabani 1998) are plotted against the right-hand axis.

The theoretically calculated quadrupole splittings agree well in magnitude with the experimental data.
The 7-oct. curve shows the best agreement with the experimental values, as is expected since it is the
cluster which best approximates the octahedral sheet of the three. The 7-oct. curve assumes the same
quadrupole splitting values as the two experimental QSDs over a realistic range of flattening angles (56° to
61°, c.f. table 1) and reaches a maximum quadrupole splitting (~2.9 mm/s) in good agreement with the
upper edge of the distributions (~2.8 mm/s for the annite and ~2.9 mm/s for the phlogopite). Above we
concluded that at constant chemical composition, the value of the EFG is most affected by flattening, and

knowing this, the sharp edge in the QSDs at high quadrupole splittings can be explained by the maximum
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in the flattening curve. This is true irrespective of local chemical effects (i.e. cation substitutions) because
such effects are small at high flattening angles (figure 12), where the EFG vs. flattening maxima occur.

The points representing the average quadrupole splittings of the natural biotite samples show a fair -
agreement with the theoretical curves. Both the experimental points and theoretical curves of FeOq'* and 7-
oct. in this region show a positive correlation between QS and flattening angle. A line fit by least squares to
the plot of quadrupole splitting versus flattening angle for the natural biotite samples has a slope 0.16(2)
mm/s per degree. Fitting the regions from 58° to 60° for the three theoretical curves, the 7-oct. line has a
slope of 0.34(5) mm/s per degree, the FeOg'® line has a slope of 0.21(5) mm/s per degree and the Fe(OH)¢"
line has a slope of —0.037(9) mm/s per degree. The value for Fe(OH); is a reflection of the "flatness" of its
EFG vs. flattening curve, a result of the ground state change from ¢, to a,, being shifted to y < 54.74° by
the perpendicular OH bonds, as discussed above. The slopes of the 7-oct. and FeO4'" curves are of the
same order of magnitude as that of the best fit line through the experimental points. This is the first time
that measured average QS vs. Y data are explained based on ab initio electronic structure calculations, and

that a fundamental explanation is given for the high QS edge in the QSDs of “'Fe**-bearing minerals.
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Table 1. Ranges take by distortion parameters in 1M trioctahedral micas’
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Minimum Maximum Average Standard deviation
v (%) 57.15 60.97 58.88 - 044
181 (°) 0.005 3.442 0.284 0535
dipeet (A) 2.0109 2.1294 2.0750 0.0212
dps (A) 2.100 2.155 2.126(11) -

*values for flattening angle (y), counter-rotation angle (8) and total octahedral sheet-average bond length
(dshee) taken 170 samples from the database described in (Mercier 2003); Fe2+-speciﬁc bond length (dg.2+)
minimum, maximum and average taken over biotites and olivines in Mercier 2003 (see table 6.6 and figure

6.74).

Table 2. EFG changes due to flattening at 300K (alld = 2.11 A, 8=0°

Table 4. EFG changes due to counter-rotation at 300K (all y = 58°, d=2.11 A)

Cluster V¥atdpa=0° (au)  V*at 8, = 3.5° % Change
(au) |
FeOg'* 1.13 126 11
Fe(OH)s" 1.955 1.982 . 1.4

Cluster V* at Yo = V* at Y,y = 61° y of IE' V+atIE' % Change
57° (au) (au) (au)
"FeOg'” 0.85 1.42 - - 50
FeOH)* 192 18 58 195 5.6
7-oct. 0.89 1.86 - - 68
+1E = intermediate extremum
Table 3. EFG changes due to bond length scaling at 300K (all 6 = 0°)
Cluster V¥atdp, =  V*atdn, =216 dofIE'  V*atIE' % Change
2.10 A (au) , A (au) (A) (au)
FeOq'*, y = 58° 1.143 1.097 - Z 2.0
FeO,'", v = 60° 1.396 ° 1.382 - ~ 1.0
Fe(OH)", v = 58° 1.954 1.948 2.11 1.955 0.41
Fe(OH)s", ¥ = 60° 1815 1923 - - 18
7-oct, y = 58° 146 118 - - 20
7-oct., Y = 60° 1.832 1.823 - - 0.49
11IE = intermediate extremum




Table 5. EFG changes due to changes in M-O bond length in neighbour octahedra (all d; = 2.11 A)

Cluster V*¥atdymin=2.01A  V*atdym=2.13A ' % Change
(auw) : (au) ;
_NCR, y = 58° 114 148 - 3
NCR, v = 60° 1.72 1.84 6.6
| CR, y=58° 1.36 1.44 5.6
CR, y = 60° 1.79 1.83 2.2
Table 6. Comparison of EFG changes with distortion'
. . % Change in V*
Distortion FeO," | Fe(OH){" 7-oct.
Flattening 50 ’ 5.6 68
Bond scaling 4.0,1.0 041,1.8 20,049
~ Counter-rotation o
(at y = 58°) 11 1.4 -
Neighbour bond
scaling (NCR) - - 23,6.6
Neighbour bond
scaling (CR) B - 56,22
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t for distortions other than flattening - when two values are given, the first is for Yy = 58° and the second is
for y = 60°; when one value is given, it is for y = 58°.

Table 7. Comparison of EFG changes with flattening in seven-octahedral clusters.

. % change in V* over
Configurations = 57° to 61° A4
All Mg MMMMMM 68
Mg;Al, AMMMMM 33
AMAMMM 60
Mg,Al, AAMMMM 48
AMMAMM 4.7
AMAMAM 103
Mg;Al; AAAMMM 110
AAMAMM 19
MAMAAA 46
Mg, Al, MMAAAA 45
MAAMAA 2.7
Mg Al; MAAAAA 58
All Al AAAARAA 90
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(a) Undistorted octahedron

(c) Counter-rotation

Figure 1 - Schematics illustrating flattening and counter-rotation.
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» X

Figure 2. Schematic of the seven-octahedra cluster, showing positions of OH groups (circles), water groups (W),

fluorine anions (F), and cations (Fe2+ and Mi). Neighbor cations (Mi, i = 1 to 6) were either Mgz“ or AI*,
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EFG (au)

EFG (au)

EFG (au)

1.6

1.4
12
1.0
0.8
0.6
0.4
0.2

0.0

(A)

2.04

1.9

1.8

1.6

1.5

1.4

2.0

1.54

1.0

0.5

0.0+

¥

54

T T T

56 58 60 62

Flattening angle (°)

64

36

Figure 7. EFG V' versus flattening angle for different bond lengths at T =300 K for different clusters. (a) FeOq'®,

squares, d = 2.06 A; circles, d = 2.11 A; triangles, d = 2.16 A; (b) Fe(OH)", squares, d = 2.06 A; circles, d = 2.11

A; triangles, d = 2.16 A; (c) 7-oct., squares, dg. = dyg = 2.06 A; circles, dr = dyg = 2.11 A; triangles, dp. = 2.11 A

and dyg = 2.06 A.
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curves for FcO6'°‘ (solid squares), Fe(OH)ﬁ‘" (solid circles) and 7-oct. clusters (solid triangles) taken from figure
3, and average quadrupole splittings versus average flattening angles for several biotite samples from Shabani

(1999) (open squares), plotted against the right-hand axis.
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Hyperfine electric field gradient tensors at Fe** sites in octahedral
layers: Towards understanding oriented single-crystal Mossbauer
spectroscopy measurements of micas
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Institute of Mineralogy, University of Salzburg, A-5020 Salzburg

Abstract

In this first systematic, theoretical study of the complete electric field gradient (EFG) tensor of STFe
Mossbauer spectroscopy as a function of chemistry and local structural distortion using electronic structure
calculations, local EFG tensors were calculated at the central Fe** sites in clusters of seven octahedra,
where the neighbor octahedra were populated with a mixture of Mg?* and AI** cations. The independent
parameters of the EFG tensor - particularly the principal value Vz;, the asymmetry parameter 1), and the
direction of the principal axis with regards to the octahedral sheet - were examined in detail as functions of
octahedral flattening for each of the thirteen possible configurations of cations. We demonstrate that the
argument that the EFG tensor at a particular site is largely determined by the point group symmetry of the
corresponding crystallographic site is not correct. We find that in clusters with monoclinic or triclinic local
point group symmetry, the value of Vz; changes discontinuously from positive to negative as flattening
increases. The principal axis changes from being in the plane of the octahedral sheet to being normal to it at
this discontinuity, and the value of 1 reaches a maximum and begins to decline. This discontinuous
behavior is caused by the continuous change of the EFG eigenvalues as the Fe(3d) character of the highest
occupied spin-down orbital evolves with flattening. Taking EFG tensor results from all clusters, and using
probabilities for the occurrence of each possible cation configuration in a chemically disordered octahedral

sheet of a given bulk composition, we simulate averages and distributions of 1, principal axis angles and

quadrupole splittings. While the value of 1 is broadly distributed from zero to one at all flattening angles
and bulk compositions, there are two distinct populations of principal axes, normal to and in-plane with the
octahedral sheet, as has been observed experimentally. We find these in-plane and normal populations of
principal axes correspond exactly to populations with positive and negative values of Vz respectively.

Histograms representing quadrupole splitting distributions (QSDs) show features found in experimental
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QSDs, such as a constant high edge, a variable low edge and a QSD width that changes dramatically with
flattening. These results represent the first predictions relating average structural parameters, that would be
obtained by X-ray diffraction, to characteristics of the Fe?* QSD, as obtained by >’Fe Mdssbauer

spectroscopy, in a chemically disordered material.
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Introduction
Structural and chemical information can only be extracted from Mossbauer spectra to the extent that the
measured hyperfine parameters can be linked to corresponding crystal chemical features by relations such
as those obtained through ab initio electronic structure calculations. The indirect nature of any such
hyperfine method, where crystal chemical features affect the measured nuclear resonances only-through the
local electronic structure, is probably the greatest barrier to a more widespread use of >'Fe Massbauer
spectroscopy in materials science and mineralogy (Rancourt, 1998). The present paper is part of a
continuing effort (Evans 2001, Evans et al. 2005) to bridge the gap between the measurement of hyperfine
parameters and the determination of the corresponding crystal chemical features of a mineral.

We feel it is essential to acknowledge and treat a particular sample's intrinsic disorder, rather than to
only calculate the electronic structure corresponding to the average unit cell, as is generally done (e.g.,
Tossell et al. 1974, Terra and Ellis 1997, Terra and Ellis 1998, Lougear et al. 2000). Only in this way can
the distributions of hyperfine parameters measured using Mossbauer spectroscopy be properly interpreted
and exploited (Rancourt 1994, Rancourt et al. 1994). This is the first study that explicitly considers how
different local distortion environments produce different kinds of EFG tensors.

In a previous paper (Evans et al. 2005) we presented the results of hyperfine electric field gradient
calculations at the Fe?* nucleus in FeOq'“-centered clusters, focusing primarily on that component of the
electric field gradient (EFG) tensor which is proportional to the quadrupole splitting observed in random
powder absorber Mossbauer spectroscopy. The current work focuses on the other independent components
of the EFG tensor, which can be determined through oriented single-crystal Mossbauer spectroscopy - the
asymmetry parameter 1, and the directions of the EFG eigenvectors.

Mdssbauer spectroscopy is generally carried out on random orientation powder samples. Layer
silicates are popular choices for oriented single-crystal Mossbauer spectroscopy (Annerston 1975, Chandra
and Lokanathan 1977, Ballet et al. 1979, Ballet and Coey 1982, Ballet et al. 1985, Townsend and
Longworth 1985, Ballet and Amthauer 1986, Aldridge et al. 1987, Aldridge et al. 1991, Hargraves et al.
1990, Tennant et al. 1992) as they often occur in large, thin lamellae parallel to their ab-plane. The ratio of
intensities of the high and low energy lines in the Mossbauer spectra is fit as a function of the orientation of

the y-ray beam to the sample, and from this function the elements of the EFG tensor are calculated subject
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to certain mathematical constraints on the tensor (Zory 1965, Zimmermann 1975, Ballet and Amthauer
1986). The fit is not unique (Ballet and Amthauer 1986, Aldridge et al. 1987) and as such requires some
assumptions to be made regarding one or more of the EFG tensor properties, e.g., that the tensor has axial
symmetry (1 ~ 0) or that the principal axis lies in a particular direction. The result also depends on what
model is assumed for the underlying distribution of local EFG tensors for the given sample.

There are two commonly used models of EFG tensor distributions. In one model, one can take the Fe**
sites in the material's crystallographic unit cell, as determined by X-ray diffraction measurements, to define
classes of FeZ'sites in the material, and then assume that all sites of a particular class have identical EFG
tensors. This is the model implicitly assumed in much of the literature on Mdssbauer spectroscopy,
equivalent to assuming that all sites of a particular class are identical throughout the crystal, or in other
words that the crystal consists of perfect repetitions of the average crystallographic unit cell. This is not an
accurate representation of a real mineral, and is not supported by Mossbauer spectroscopy measurements
(Hargraves et al. 1990, Rancourt et al. 1994).

An alternative model is to assume a continuous distribution of EFG tensors within the sample, with
families of EFGs that may (or may not) correspond to different classes of Fe?* sites. The unit cell
determined by X-ray diffraction represents an average over the measured sample. In a real crystal, factors
such as chemical disorder ensure that a given crystallographic site will have a distribution of local
environments throughout the material which are distorted from the average. The local distortion
environment of the Fe>* cation alters the EFG tensor at the nucleus, and so a distribution of environments
gives rise to the quadrupole splitting distribution (QSD) measured by M&ssbauer spectroscopy, as well as
to distributions of the asymmetry parameter and EFG principal axis directions. That entire distributions of
EFG tensor parameters arising from local distortion environments of the probe nucleus must exist has
previously been pointed out by Hargraves et al. (1990), and Ballet and Amthauer (1986) stressed that fitting
spectra with Lorenztian doublets associated with sites in the average unit cell can at most yield information
only on macroscopic EFG tensors (that is, as averaged over the whole octahedral sheet).

Previous experimental studies of oriented single-crystal Mossbauer spectroscopy have reported
different values of the average EFG asymmetry parameter (1) and average principal axis directions. Some

studies find principal axis directions normal or nearly normal to the octahedral sheet (e.g. Chandra and
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Lokanathan 1977, Ballet and Coey 1982, Ballet et al. 1985, Townsend and Longworth 1985) while others
find principal axes normal to the plane at some sites and in-plane at other sites (e.g. Aldridge et al. 1987,
Hargraves et al. 1990, Aldridge et al. 1991, Tennant et al. 1992). Reported values of the asymmetry
parameter have varied considerably, from near zero (Ballet et al. 1985) to near one (Aldridge et al. 1987).

Aldridge et al. (1991) stressed that the point group symmetry of the crystallographic site has a
powerful influence on the EFG tensor, demanding that at a site in the unit cell with monoclinic point group
symmetry, one EFG eigenvector must lie along the crystallographic b axis, and the other two must lie in the
ac-plane. The authors also emphasized that it is not possible to say a priori which of the three eigenvectors
will be the principal (Vz) axis, and that there is no reason to expect the normal to the plane (the
crystallographic c* axis) to coincide with any of the EFG eigenvectors. The existence of a distribution of
local distortion environments in a real mineral, however, means that the ideal symmetry implied by the
average unite cell does not actually exist. At best we can define a local point group symmetry, based on a
spherical region centered at the >’Fe site, encompassing a certain number of neighboring atoms. As a result,
we show here that the approach of Aldridge et al. (1991) is incorrect.

In the current work, we expand on the results in Evans et al. (2005) to show how distortions of the Fe?*
environment in an octahedral sheet change the EFG tensor. Specifically, we investigate how flattening,
shown in the above paper to be the most important structural distortion in determining the EFG, combined
with chemical disorder in near-neighbor octahedra, affects the EFG asymmetry parameter and principal
axis. These results are then used to calculate model distributions of EFG tensor parameters, assuming an
octahedral sheet with no chemical order. These results on simple model clusters have a direct relevance for
oriented single-crystal Mossbauer spectroscopy measurements, by illustrating features that a realistic fitting

model for the EFG tensor parameter distribution requires.

Theory

Electric field gradient definitions

The EFG tensor with the Mossbauer atom at the origin has elements

2
Ve %V (r) , )

Ox;0x ; Y
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where V(1) is the electrostatic potential. It is a real symmetric tensor, therefore its eigenvectors are
mutually orthogonal. The eigenvalues are traditionally labeled Vxy, Vyy and Vz such that

Viel <[Vir| < V22| 2
The corresponding unit eigenvectors will be labeled exx, eyy and ezz. When referring to unordered
eigenvalues, we shall label them V,, V; and V; and the eigenvectors ey, €; and e;. The asymmetry parameter

7 is defined as

p=—R 0 3)

and takes values between 0 and +1. The eigenvector ezz is referred to as the principal direction or axis of
the EFG, and V; as the principal eigenvalue. The three EFG unit eigenvectors can be uniquely specified

with respect to the crystallographic {a, b, ¢*} basis (where a and b lie in the plane of the octahedral sheet
and c* is normal to the plane) by the Euler angles ¢, 0 and {; where ¢ is the angle between ezz and c*, 8 is
between the projection of ezz in the ab-plane and b, and { is between the projection of ¢* in the exxeyy-

plane and exx (see figure 1).

Since the EFG tensor is traceless, and has mutually orthogonal eigenvectors, five parameters are
sufficient to determine it in a given coordinate system, viz. Vz, 1, ¢, 6 and C.

If we define V* as

2
V' =yl 1+"?, @)

then the Mdssbauer quadrupole splitting is
A=jeQV’ (5)
where ¢ is the charge of the electron, Q is the nuclear quadrupole moment of the first excited state of the

5'Fe nucleus. The EFG is calculated in atomic units (au). With Q = 0.16 barn (Dufek et al. 1995), 1 au =

10.11Q mm/s = 1.62 mm/s in the usual units of 5TFe Mossbauer spectroscopy.
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Calculation methods
All electronic structure calculations were performed in the local density approximation with the spin-
polarized self-consistent charge Xa (SCC Xo) method (Grodzicki 1980, Grodzicki et al. 1987). In this
treatment, the molecular potential is factored into a radial function and a series of spherical harmonics
(allowing analytical integration of the angular parts of all Hamiltonian matrix elements), and separated into
one-, two- and three-center integrals. One-center integrals require high accuracy, and are derived
numerically from all-electron, relativistic atomic calculations with semi-local (gradient corrected) exchange
correlation functionals. The two- and three-center integrals are evaluated with small basis sets (2s and 2p
for O and F; 3s and 3p for Mg and Al; 3d, 4s and 4p for Fe) and the Slater Xa potential with . = 0.7 for the
valence electrons (Grodzicki 1980, Baerends and Ros 1973); core electrons are treated with simple
pseudopotentials that are also derived from relativistic atomic calculations and are kept frozen during the
iteration process.

The EFG is calculated by integrating the electron charge density multiplied by the tensor operator

- 3x.x, -8,
V.-,-(r)=(1 f")I e ] ©

r r

where §; = 1 when i = j and 0 otherwise, and Y(r) is the Sternheimer shielding function which arises from
the polarization of the core Fe electrons by charges outside the core. It is derived from atomic self-
consistent first order perturbation calculations (Lauer et al. 1979). The EFG can be broken up into valence,
covalence and ligand contributions. For high-spin Fe**, the total EFG is dominated by the valence

contribution, which is roughly proportional to the Fe(3d) and Fe(4p) shell anisotropies,

Any=n,_ ,+n,—n.—3(n,+ny,) (72)

An,=4(n +n)—n, (7b)
where n; is the occupation of the 3d; or 4p; atomic orbital, respectively. The Fe(3d) anisotropy dominates
the valence EFG. The covalence EFG contribution results from anisotropy of the bonding electrons
between the iron atom and its surrounding ligands, and the ligand EFG from the ion cores and the valence

electrons of the ligands. The covalence and ligand EFGs together are about 5% of the total in the cases

considered.
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Non-zero temperature EFGs were approximated by first performing zero-temperature calculations to
determine the relative orbital energies E;, and then these energies were used to calculate thermal average

populations n; for each orbital thermodynamically:

el B /A7) ©

i Zexp(— Ej/kT),

j

where T is temperature and k is the Boltzmann constant. In practice this was only done for the spin-down t;,
Fe(3d) orbitals, the lowest energy of which is the highest fully occupied molecular orbital. Those orbitals
below these three remain fully occupied at finite temperatures, and the last two unoccupied spin-down
orbitals the e, anti-bonding orbitals are high enough above the t;; in energy that their occupation at 300 K is
negligible (with calculated occupation numbers less than 107). The SCC Xa calculation is then repeated
with the spin-down ty orbitals given their thermal average populations. The orbital energies of the second
calculation are generally shifted only a few meV from those of the zero-temperature calculations.
Temperature effects other than the thermal population of molecular orbitals were neglected in the 300
K calculations. The time scale of Mdssbauer spectroscopy, dictated by the nuclear transition of the STFe
nucleus (Rancourt 1998), is normally much longer than that of thermal vibration, thus Mossbauer
spectroscopy generally sees only the atoms' equilibrium positions. Therefore effects of thermal vibration
were not included in the calculation. We have also neglected any changes in bond lengths or flattening
angles with temperature. The current study is not intended to simulate the actual mica structure or EFG at
low or high temperatures, rather, we are asking what the resulting EFG tensor would be given a particular

structure at 0 K or 300 K.

Model clusters
Calculations were carried out using seven-octahedra clusters of the form Fe(OH)s" « n{MgF,0H,] * (6 -
n)[AIF,0H,'] (see figure 2). The center octahedron is occupied by an Fe** cation. Its six nearest neighbor

g cations, chosen as simple (i.e. d-orbital free)

octahedra may be occupied by either Mg** or A
representative cations of their respective valences common in layer silicates.

There are thirteen unique ways to populate the six neighbor octahedra with two types of cations.

Referring to figure 2, these configurations are labeled X, X,X;3X,XsX¢, where X; = 'M' if cation i is Mg2+
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and 'A’ if it is AI**. Three of these configurations have trigonal symmetry (MMMMMM, AAAAAA and
AMAMAM). Of the ten non-trigonal configurations, nine are monoclinic and one is triclinic (AAMAMM).
Clusters were oriented in the calculations such that the z-axis is normal to the plane of the cluster (the c*
axis) and the x-axis corresponds to either a 2-fold rotational axis or the normal to a mirror plane (the b
axis). The triclinic cluster was oriented so that in figure 2, the x-axis ran through site 3, the central site and
site 6; sites 1, 2 and 4 contained A" and sites 3, 5 and 6 contained Mg2+.

All metal-ligand bond lengths were set at 2.110 A, the average Fe-O bond length in micas found by
Weiss et al. (1992), and geometrical distortions due to differences in cation sizes were not taken into
account. This was done to separate chemical and geometrical influences on the EFG.

The six OH bonds on the central octahedron are normal to the sheet. The O-H bond length was taken
as 0.958 A. A mixture of F and OH, ligands terminate the edge of the cluster. It has been found (Lougear
et al. 2000) that using incompletely terminated oxygen atoms at the cluster edge can lead to convergence
problems due to unsaturated O(2p) lone pairs in the same energy range as the Fe(3d) orbitals. Replacing
OH with F at the corners and waters at the bridging positions eliminates the problem by bringing the edge
ligand 2p energies down to their expected levels, as well as helping to reduce the overall cluster charge.
The latter is desirable both for the technical reason that calculations for clusters with small charges tend to
converge more easily, and in that it is closer to reality in that molecules and most crystal unit cells are
electrically neutral.

Electric field gradients were calculated as a function of the flattening angle of the central Fe**
octahedron. Flattening is an important crystallographic feature in micas and was first defined by Donnay et
al. (1964). It is an octahedral distortion where the perpendicular distance between the octahedron's top and
bottom faces (i.e. the thickness of the octahedron) is reduced, while the Fe-O bond length remains constant.
The top and bottom faces expand while remaining equilateral. The flattening angle v is defined as the angle
between one of the bonds and the normal to the top and bottom faces (i.e. the z-axis), and for an undistorted
octahedron Wigea = tan”'(2"%)= 54.74°. Flattening is largely determined by the composition of the octahedral
sheet (Mercier et al. 2005).

Since the metal-oxygen (M-O) bond length in each octahedron is the same, and the cluster is of

uniform thickness, the flattening angle is the same in all seven octahedra. The EFG invariant V* as a
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function of flattening for these clusters was previously discussed in Evans et al. (2005), where it was shown
that flattening is a dominant distortion in determining V*.

In real micas, Fe?*-Mg?* and Fe**-AI’* are only two of many possible near-neighbour combinations
involving Fe*; others of interest include Fe**-Fe’* and Fe?*-Fe**. However, we believe that the present

clusters illustrate many of the important effects of local crystal chemical environments on the EFG tensor.

Results and Discussion

EFG tensor properties of individual clusters, and their origins in electronic structure

In this section, we discuss the calculated EFG tensors for the thirteen clusters and their variation with
flattening, and how changes in the Fe(3d) orbitals produce the EFG tensor's observed behavior. These
results will be used to discuss average (macroscopic) EFG tensors, and the distribution of local EFG tensors
for a given sample, in the following section. Understanding the behavior of the EFG tensor at the level of
the individual Fe** sites enhances the understanding of the averages and distributions of the tensor in an
octahedral sheet, the properties that are measurable by Mdssbauer spectroscopy.

The variation of Vz; with flattening angle at 0 K and 300 K is shown in figure 3, with the three trigonal
clusters on the far right. For these three high-symmetry clusters, V2 is the EFG tensor's only independent
parameter. The trigonal space group imposes that Vyyx = Vyy = -(1/2)Vz, so that n = 0, and ezz is always
along the z-axis (i.e., ezz = ¢¥). The two other eigenvectors correspond to a and b.

The Vz curves for the three trigonal clusters at O K are essentially the same, showing a positive
Vzz around +1 au below 56°, and a negative Vz; around —2 au increasing slowly after 56°. The discontinuity
is due to a change in ground state.

From crystal field theory (Bleany and Stevens, 1953), the Fe(3d) orbitals of an undistorted

octahedral cluster in the {a, b, ¢*} coordinate system are

[2)=1). f)= B -5 Rl )= B Bl
BT TR P I

Note that the ty, and e, orbitals are written differently in this system of coordinates than if the xyz-axes lay

9

along the axes of the octahedron, in which case one has the more familiar bcy>, lxz> and lyz> for the t,, and
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x’—y> and 1z*> for the e, orbitals. The difference is purely due to the coordinate system used. Flattening or

counter-rotating the octahedron creates a splitting between the t2g° and tzg"z orbitals, and between the eg'

and e,” orbitals. Orbitals t,,' and t,;” remain degenerate. The coefficients V273 and V173 iﬁ equation 9
are replaced by cos(®) and sin(®), respectively, where ® is a function of the flattening and counter-rotation
angles.

In the seven-octahedra clusters, the highest occupied and four lowest unoccupied molecular
orbitals are predominantly of Fe(3d) character (95% or more for the ty, orbitals, about 90% for the e,
orbitals), so to a close approximation they may be considered d-orbitals. For high-spin Fe?* only one of the
spin-down d-orbitals is occupied, and it is the character of this occupied orbital that determines the valence
EFG. At low v, the energy of the z° (tzgo) orbital is higher than the energy of the tzg"z orbitals, so the spin-
down electron is shared between the two tzg"z orbitals and the ground state is degenerate. At high y, Fis
lower in energy than tzg"2 and so the spin-down electron occupies the 2 orbital. The principal value Vz is
positive in the tzg"z-occupied ground state and negative in the z’-occupied ground state.

In a bare Feoﬁm octahedron the change in ground state occurs exactly at Yige, = 54.74° (Evans et
al. 2005). In Fe(OH)s", the addition of OH bonds perpendicular to the plane, biasing somewhat the electron
density at the iron nucleus along the z-axis, pushes the transition back to flattening angles lower than Wiy,
Adding the six neighbor octahedra in the seven-octahedra cluster shifts the bias on the electron density into
the xy-plane, and then the transition occurs at flattening angles higher than gy

The remaining ten plots in figure 3 show Vz; as a function of flattening for the non-trigonal
clusters. At 0 K, all Vz curves show a sign change discontinuity, with Vz; > 0 at low y and V; < O at high
y. Cluster AAMMMM shows two sign change discontinuities, switching from Vz < 0 below 55.5° to Vz
> 0, then back to Vzz < 0 above 59.0°. Cluster AMAMMM shows a discontinuity without a change of sign
at about 55° (arrow; the discontinuity is more clearly seen in the EFG eigenvalues, figure 4) in addition to a
sign change around 58.5°. The magnitude of Vz in all of these clusters regardless of sign is about 2 au (or

3.24 mm/s).
The principal EFG eigenvalue Vz is a difficult parameter to discuss on its own, because it is not

really one parameter but three, two of which are independent. V; is the EFG eigenvalue of maximum
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magnitude, and when another eigenvalue exceeds it in magnitude as the tensor evolves with distortion, then
that eigenvalue becomes the new V. A discontinuity in Vz; (and parameters tied to it, like the angle ¢) can
result from continuously varying EFG eigenvalues V,, V; and V;.

It can easily be seen that when none of the eigenvalues are zero, Vyx and Vyy will have the
opposite sign to Vz, a result of the eigenvalues summing to zero. Unless V;, V; and V; are themselves
discontinuous (as can happen when energy levels cross, see below), the identity of Vzz changes when two
of the eigenvalues are equal and opposite and the third passes through zero, e.g. V, =-V; and V, = 0. (Note
that at this point, | = 1, and while V* and 1Vz;| are defined, the sign of Vz is not.) When Vz; changes
identity at V, = -V;, say from V, to V3, it must change sign.

Figure 4 shows the EFG eigenvalues at 0 K for the non-trigonal clusters. Clusters AAAMMM and
AMAMMM both have discontinuities in their eigenvalue curves due to a crossing of t,, orbital energies,
which also correspond to discontinuities in their Vz curves. All other Vz; sign discontinuities occur when
one of a cluster's EFG eigenvalues crosses through zero.

It can be seen in figure 4 that three distinct patterns of EFG eigenvalue behavior occur as
flattening increases. The non-trigonal clusters may be sorted into three classes based on this behavior:

class I: AMMAMM, AMMMMM, MAMAAA, MMAAAA, AAMAMM

class II: MAAMAA, MAAAAA, AMAMMM, AAMMMM

class III: AAAMMM
(The discontinuity in eigenvalues of cluster AMAMMM at y = 55.5° is ignored in this classification; see
the discussion below and the Appendix.) Classes I and II differ mainly at low flattening angles; both have a
strictly positive eigenvalue (V,), an eigenvalue that crosses zero (V,), and a strictly negative eigenvalue
(V3). Atlow vy, V, is relatively flat in class I and concave down in class II. The other eigenvalues are nearly
equal and again relatively flat in class I, before V, rises towards zero. In class I, V, and V, are widely
separated at low y, with V; near or just above zero (the latter in cluster AAMMMM, responsible for its first
discontinuity in Vzz); they meet and repel each other after which V; rises back towards zero. In class I, the

eigenvector e, associated with V; approaches a as \ increases, e; approaches ¢*, and e, is identically equal

to b for all y. In class II, the e is identically b, e, approaches a and V; approaches c*.
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Class III contains only cluster AAAMMM. Apart from the region immediately after the
discontinuity, Vxx and Vyy are nearly equal. The EFG of AAAMMM resembles the trigonal clusters more
than any of the other monoclinic clusters.

The classification of clusters by their EFG behavior does not appear to follow either chemistry
(i.e., Al/Mg content) or local point group symmetry. The monoclinic clusters, however, do show an
interesting "chemical inversion" property. Replacing AP* with Mgz" and vice-versa in each of the group 11
clusters produces a monoclinic group I cluster. Cluster AAAMMM is transformed into itself under this
operation, and is in a class by itself. Cluster AAMAMM likewise is transformed into itself, but it is
triclinic, so apparently the "chemical inversion rule” does not apply.

The distinction between the three classes arises from differences in the ordering and evolution of

the t,, d-orbitals. When a trigonal cluster is reduced to monoclinic symmetry, additional mixing occurs

between the t,,° (°) and t,,' orbitals of equation 9:
|t;‘> = cos(,zj 1y, ) + sin(zjt;g)
= cos(zl z > +sin(y)cos(@ ‘xz ) +sin(y)sin(@) yz)
|tfg> sm(x*zg) + cos(xltzg )
= —-sin(;(j z2> + cos(l)cos(a)‘ x? - y2> +cos(y)sin(w) yz)

(10)

where y varies with flattening. The third ty, orbital, tzgz, remains unchanged from that in equation 9. In class
I clusters, tng is the lowest in energy, while in class II tng is lowest. In both classes, the coefficient of 7°
increases in magnitude as flattening increases, that is, the lowest energy d-orbital approaches a pure z°
orbital as the cluster becomes more flattened. The discontinuity in V; comes not from a change in the
ground state, but a continuous evolution of the lowest energy spin-down d-orbital. A crystal-field-based
derivation of how these orbitals give rise to the observed EFG tensors is given in the Appendix.

In cluster AMAMMM, orbital tzgz is lowest in energy below 55.5°, afterwards it is tzg" as for the
other class II clusters. Cluster AAMAMM, despite its triclinic point group symmetry, has essential]y the
same ty orbitals as in equation 10, with only small amounts of xy and xz mixed into tng and tng, and of 2,

x*-y? and yzin lzgz. Thus its Vzz, 1 and EFG eigenvalue curves are the same as the monoclinic class I

clusters.
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Cluster AAAMMM (class III) is again a strange exception. The lowest energy orbital at all
flattening angles is t;;*. At low flattening, % = 90° so that tp," is nearly pure t5,' and t," is nearly pure z°.
As flattening increases, the two orbitals approach one another in energy, and at around y = 55.7° there is a
weakly avoided crossing (c.f. Albright et al., 1985) and ¥, drops rapidly but continuously to zero. After the
avoided crossing, tng is nearly pure z° and tng is nearly pure tzg'. This is why AAAMMM shows behavior
so similar to the trigonal clusters, because except for near the avoided crossing, its orbitals are the same as
those of the trigonal clusters (equation 9). It is not clear why this behavior occurs in this cluster, but it may
be a polarization effect due to the very lopsided distribution of 2+ and 3+ cations.

At 300 K, the discontinuity in the Vz curve for the three trigonal clusters disappears for non-zero
temperature, as the occupations of the t,,; orbitals become continuous rather than step functions when
orbital energies cross. Those discontinuities in the non-trigonal clusters remain which are due to reordering
of the EFG eigenvalues as the t,, orbitals evolve. (V* is continuous for all clusters at 300 K (Evans et al.
2005)). Curves for the class I non-trigonal clusters are about the same qualitatively as at zero temperature,
despite a change in curvature at low . Class II clusters change significantly at low ; three of the four
show a low y sign change from negative to positive at 300 K (AAMMMM, AMAMMM and MAAAAA)
compared to only one at 0 K (AAMMMM). This is a result of thermally reduced z” occupation due to the
three ty, orbitals being close in energy at low ¥ (see Appendix). Cluster AAAMMM (class IIT) continues to
resemble the trigonal clusters, except for those points near the weakly avoided crossing where there is
greater mixing between the d-orbitals.

In general, the EFG tensor at 300 K differs from the EFG at O K only at low flattening angles. This
is because in all clusters, the gap between the lowest energy t,, d-orbital from the other two increases with
flattening angle and therefore the occupation of the lowest energy d-orbital approaches one.

Like Vz, 1 is a parameter derived from the EFG eigenvalues. Figure 5 shows 7 for the non-
trigonal clusters at 0 K and 300 K. The curves rise to one where Vz changes sign (figure 3) and eigenvalue
V;, crosses zero (figure 4), and then decrease as the cluster is flattened further. Class II clusters have high n
(> 0.4) at low v, indicating an additional maximum, due to the wide spread between V; and V; in that

region. Class I clusters correspondingly have a low 1 ( < 0.2) at low y. Cluster AAAMMM has a
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discontinuous 1} curve. There is not a lot of change in the 1 curves on changing temperature from 0 K to
300 K. At 300 K, class I asymmetries are higher at low flattening angles than at O K. Class II and class ITI
asymmetry curves also have additional activity at low flattening angles, including extra peaks (c.f.
MAAAAA).

Figure 6 shows the variation of ¢ (the angle between ezz, the EFG principal axis, and c*, the
normal to the octahedral sheet) with flattening for the ten non-trigonal clusters. The sheet structure makes
¢* quite distinct from a and b, and so ¢ is the most physically interesting of the three Euler angles which
define the EFG eigenvectors. In the EFG tensor of the monoclinic clusters, V,, is the only off-diagonal
component that is non-zero. Therefore one of the eigenvectors will always be b, and the other two will lie
in the ac-plane at 90° to one another. This leaves the following possibilities for ¢, 8 and :

¢ free, 0 =0°,§ =0

0 free, 6 = 0°, £ = 90°;

¢ free, 6 = 180°, £ = 90°;

¢ free, 6 = 180°, { = 180°;

or ¢ =90°, 6 =90°, { free.

The first four possibilities have ezz in the ac-plane and the last has ezz = b. Of course, in thé triclinic case,
all three angles are free.

All clusters in figure 6 have ezz close to the ab-plane (the octahedral sheet) at low W and close to
c* at high v, the transition occurring at the Vz sign change (compare figure 3). Class II has ¢ identically
90° at low V, corresponding to ezz = b, while for class I, ¢ rises from about 45° at 4., to about 80-85°
before the transition. Class III has ¢ about 30-35° before the transition. At 300 K, Class I ¢ curves change
very little from their O K behavior. Class II ¢ curves, except for cluster MAAMAA, have an added segment
at low y where ¢ is about 70-80° and steeply decreasing, corresponding to the negative segment in their
300 K Vzz curves. Class III has an extra peak of high ¢ near its weakly avoided crossing, where orbital
energies are close and there is the greatest difference from 0 K occupation.

The prominent coupling of the EFG principal direction and the sign of Vz; (figures 3 and 6) is a

result that has immediate experimental implications. These calculations indicate that for samples with a low
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average flattening, the measured average quadrupole splitting should be positive and the average principal
direction should be within the ab-plane (large average ¢), and for samples with a high average flattening,
the measured average quadrupole splitting should be negative and the average principal direction should be
normal to the ab-plane (small average ¢). Samples with a bimodal distribution of EFG directions, as
observed by Hargraves et al. (1990), should have their high-¢ populations corresponding to positive values
of Vz and their low-¢ populations corresponding to negative values of V2. Significant populations of sites
where the local EFG tensors follow a contrary trend (i.e. negative Vzz and in-plane principal directions, or
positive Vzz and normal principal directions) should not occur. In addition, these results (figures 3 and 6)
show that different samples, with either large or small flattening angles (on the scale of y values in the
figures and observed in layer silicates), would have dramatically different oriented single crystal
Madssbauer spectroscopy behaviours, as could be tested experimentally.

Figure 7 shows the EFG directional angles 6 and { as functions of flattening for the triclinic
cluster AAMAMM. Both angles show a discontinuity where Vz; changes sign, as does ¢, which is not
unexpected since we have relabeled the EFG axes at this point, and therefore essentially changed the
definition of the angles. Except for the discontinuity, 8 is approximately constant, so that with regards to
figure 2, the ab-plane component of ezz points roughly towards site 2 before the sign change, and towards
site 5 afterwards. The angle { changes rapidly at low flattening angles, and in different ways at zero and
room tmperatures, then like 6 becomes approximately constant. This suggests that when 6 and { are not
fixed by point group symmetry, the orientation of the EFG principal direction within the ab-plane is
constant, except when V; changes sign.

We have examined the EFG tensors of all possible seven-octahedra clusters, given a central Fe®*
site and neighbour sites occupied by either Mg®* or AI**, and their variation with flattening, a key local
structual distortion in octahedral sheets. Though the behaviour of the EFG tensor parameters with changing
flattening shows similarities among all clusters, we find that there are also differences, some based on local
point group symmetry (i.e., the differences between mono- or triclinic clusters and the trigonally symmetric
clusters) but others are based on no obvious combinations of local symmetry and chemistry (i.e., the
differences between the groups of clusters we have labeled class I, II and III). In larger clusters, additional

chemical disorder will lower the point group symmetry of the Fe?* site, and as a result somewhat perturb
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the EFGs away from those we have calculated. Nonetheless, it should be clear that since, in a given sample
that is not perfectly chemically ordered, many or all of these seven-octahedra configurations will occur
within the octahedral sheet, it is not the point group symmetry of the Fe®* site in the refined structure, that
is, the average Fe?* site, that determines the local EFG, but rather the local point group symmetry, that is,
the local structural distortions and chemical disorder, that is important. It is the population of these local

distortion environments that gives rise to the QSD that is measured by 3"Fe Mossbauer spectroscopy.

Distributions of EFG tensor properties in an octahedral sheet, and implications for experimental
measurements
It is useful to explain the behavior of EFG properties for individual model clusters, but perhaps more useful
is the ability to predict how these properties will be distributed in the bulk material. As an example, we
assume an octahedral sheet where the octahedral sites are occupied by Mg®*, AI** and a very small fraction
of Fe?*, small enough that every iron cation is surrounded entirely by a mixture of Mg** and AI**. Thus the
first nearest neighbor coordination sphere of every possible Mossbauer center looks like one of our thirteen
sample clusters.

Assuming no chemical order, the probability of an Fe®* cation in the sheet being in an environment
like cluster C is given by

1 720, e
P(C;p,q) =———p"q"", (11)

K, nl\(6-n)!
where n is the number of Mg®* cations adjacent to Fe®* in cluster C (between 0 and 6), K, is the number of
clusters with n Mg?* cations adjacent to Fe** (equal to 3 forn=2,3,4and 1 forn=0, 1, 5, and 6), p is the

l3+

fraction of Mg®* sites in the sheet, and g = 1 — p is the fraction of AP’* sites. The average value of a

particular EFG property W in a sheet of composition (p, ¢) is then

<W>shcct =ZW(C)P(C; D, q) . (12)
[

Figure 8 shows average values of V', 1) and ¢ at 300 K as a function of Mg®* content at constant
flattening, as calculated with equation 10. The flattening angles shown, 58-60°, are in the range of
flattening angles observed in layer silicates (e.g. Hazen and Wones 1972, Weiss et al. 1985, Mercier 2003,

Piilonen et al. 2003). Figure 8a shows that when all M-O bond lengths are the same, <V*> and therefore the
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average Mdssbauer quadrupole splitting increases with both increasing flattening and increasing Mg*
content (decreasing AP** content) in this region of flattening angles. Aty = 58° and 59°, the maximum
<V*> occurs slightly before the 100% Mg?* end point, at about 80% and 90% Mg?* respectively.

Parts b and c of figure 8 show average asymmetry parameter <1>, and average principal axis
angle <0>, respectively, and convey similar information. Both 1| and ¢ are, in a sense, a measure of
disorder in the environment around the iron nucleus, taking values of zero at the 100% Mg** and 100% AI**
endpoints and rising to maxima at mixed compositions. Neither parameter rises to its theoretical maxima of
1 for i and 90° for ¢ at any flattening or composition. This is partly because the trigonal clusters make no
contribution to either parameter average, so that those environments that do contribute do not add up to
100% of the total; and partly because at no flattening angle do either of the parameters reach their
theoretical maxima for all clusters simultaneously. Both graphs also show a significant difference between
the y = 58° curve and the two higher flattening curves. This is because most of the non-trigonal clusters
(AAAMMM and MAAMAA being the exceptions) have their Vzz sign change discontinuity, and the
accompanying discontinuity in ¢ and maximum in 1, at \ between 58° and 59°. Thus, in figure 8b, <n>
increases from Wy = 58° to y = 59°, then decreases from y = 59° to y = 60°; and in figure 8c, <¢> is high
for v = 58° and low for y = 59° and y = 60°.

Figure 8 helps to illustrate how fitting oriented single-crystal Mdssbauer data with a single EFG
tensor rather than a distribution can be misleading. The best that a fit using a single EFG tensor can do is to
give the average values of the tensor parameters. At significantly mixed compositions (e.g., Mg/(Mg+Al) ~
50%), <¢> takes an intermediate value (that is, the principal axes is neither in the ab-plane nor normal to it)
and <1> is in the range 0.5-0.6. This is clearly inconsistent with an axial model of the EFG (i.e.,n =0 and
¢ = 0°), which is often assumed for fitting purposes. Also, if the average flattening angle of the Fe?* site is
high (i.e., greater than 59°), then figures 5 and 6 indicate these values of <¢> and <1> are not consistent
with the local geometry. Moreover, if the sample contains populations of EFGs with both positive and
negative values of Vz;, then attempting to assign a sign to the average quadrupole splitting is questionable.

Figure 9 shows details of the distribution of 1) and ¢ at constant flattening and bulk composition

through bubble graphs. Points (1), ¢) are plotted for the thirteen clusters, and the area of the bubble is
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proportional to the probability P(C; p, q) of equation 11. Points that are closer together than 0.02 in i} and
2° in ¢ are combined for clarity (e.g., the three trigonal clusters at (0, 0°)), with the center of the combined
bubble located at the average position. All compositions and flattening angles have significant probability
density in both high and low 1) regions, and in both normal (¢ = 0°) and in-plane (¢ = 90°) principal axis
directions. As the flattening angle increases, most probability density shifts from in-plane to normal
principal axis directions. The asymmetry parameter values remain broadly distributed between low and
high values as both flattening and composition change.

The most important result shown by these bubble plots is that at all flattening angles for non-end-
point compositions, there exist populations of sites with near-normal and near-planar EFG principal axes,
and with low and high asymmetry parameters, in the same octahedral sheet. This is consistent with the
findings of Hargraves et al. (1990), who found that the room temperature spectra of phlogopite was
consistent with two populations of sites, one with EFG directions in the ab-plane and the other with EFG
directions normal to the plane.

Figure 10 shows a series of probability histograms for V* at 300 K, where V* is the EFG
component proportional to the quadrupole splitting measured in Mssbauer spectroscopy, defined in
equation 4. The probabilities associated with each seven-octahedra cluster, as calculated with equation 11
for a constant bulk composition, are binned according to V* at a particular flattening angle. At every
composition and flattening angle studied, the extreme high V* value (the high edge of the distribution) is
from cluster MAAMAA, and the extreme low value (the low edge of the distribution) is from cluster
AAAMMM; these values are shown as vertical dotted lines in the figure. As flattening increases, the peak
of the distribution moves towards higher values of V*, and the width or standard deviation of the
distributioh decreases dramatically. The low edge increases significantly from 1.04 to 1.51 au (1.68 to 2.45
mm/s) as flattening increases from 58° to 60°, while the high edge remains relatively constant, increasing
only from 1.89 to 1.91 au (3.06 to 3.09 mm/s). This can also be seen by comparing the Vz curves for the
two clusters in figure 3; cluster MAAMAA is high and relatively constant in the region 58-60°, while the
magnitude of Vz; for cluster AAAMMM is low and steeply increasing.

This kind of behavior, a constant high edge and a variable width and low edge, is seen in many

experimental QSDs of layer silicates (e.g., Rancourt et al. 1994, Shabani 1999, Piilonen et al. 2004). In



Evans et al. (2005), it was shown that the maximum in 300 K V* vs. y curves coincided closely with the
high edge of experimental QSDs for micas, and that V* changes most rapidly with flattening when
compared with other octahedral distortions. Together these results suggest that the maximum in the V* vs,
W curves is largely responsible for the constant high edge observed in experimental QSDs. Figure 10 adds
to this result, showing that when the local geometry (flattening, bond length, etc.) is held constant, chemical
disorder in the first nearest-neighbor octahedra also produces a maximum EFG resulting in a constant high
edge. The chemical high edge (about 1.9 au or 3.1 mm/s) is similar in magnitude to the value of the
maximum due to flattening (about 2.9 mmy/s, Evans et al. 2005), which is in good agreement with
experiment. These results represent the first predictions relating average structural parameters to
characteristics of the Fe?* QSD in a solid solution material. This high edge value of about 3 mm/s seems to
be the maximum quadrupole splitting value due to different local chemical and distortion environments of
Fe?* in an octahedral sheet, at least in trioctahedral sheets and in the absence of anionic substitutions such
as F or CI' for OH". We do not expect that allowing neighboring sites to take their own cation-specific bond
lengths and corresponding local distortions in a more realistic seven octahedra calculation, or including
additional shells of neighbor octahedra or groups in adjacent tetrahedral sheets, would change this
conclusion or the value of the high edge significantly.

Figure 10 shows changes in the QSD histograms with both flattening angle and bulk composition,
as if the composition and geometry of the octahedral sheet were mutually independent. This is not the case
in real minerals. Additionally, in these seven octahedra clusters we have artificially constrained the M-O
bond length at all sites to be 2.110 A.In reality, Mg”* is a larger cation than AI** (Shannon 1976, Weiss et
al. 1992, Mercier 2003), so that the average M-O bond length will decrease from sample to sample as the
fraction of AI’*, Al/(Mg+Al), increases. Many studies have investigated the interrelation of flattening
angle, chemical composition, M-O bond length and QSD properties in micas (for example, Hazen and
Wones 1972, Rancourt et al. 1994, Redhammer 1998, Shabani 1999, Redhammer et al. 2000, Redhammer
and Roth 2002, Mercier 2003). Experimentally it is found that as a larger cation is substituted into the
octahedral sheet, average and peak quadrupole splittings decrease, average flattening angle decreases, and
average M-O bond length increases; as a smaller cation is substituted, average and peak quadrupole

splittings increase, average flattening angle increases and average M-O bond length decreases. This occurs
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both when substituting divalent cations for other divalent cations, as in the annite-phlogopite solid solution
(e.g., Hazen and Wones 1972, Rancourt et al. 1994, Redhammer 1998, Redhammer and Roth 2002), and
when substituting AI** for divalent cations, as in the annite-siderophyllite solid solution (e.g., Redhammer
1998, Redhammer et al. 2000, Redhammer and Roth 2002). Therefore, we expect the "correct” sequence of
QSD histograms in a mica solid solution series where Mg®* is progressively replaced by AI** to be graphs
10g, 10e and 10c. In this sequence, the distribution narrows and the peak value increases as the fraction of
APP* increases and the octahedral flattening angle decreases. This is typical of QSDs in solid solution series
of layer silicates.

In summary, we have succeeded in producing two significant features of mica hyperfine EFG
tensors: the two distinct populations of EFG principal axis directions, normal to and in plane with the
octahedral sheet, as observed by Hargraves et al. (1990), and a sequence of QSD histograms that alter their
shape with the chemical composition of the octahedral sheet in a good approximation to observed QSDs in
solid solution series, as first observed by Rancourt et al. (1994). On the other hand, in relation to a real
mica octahedral sheet, our model calculations still contain several limitations, including the lack of realistic
M-O bond lengths in the Mg- and Al-substituted octahedra, the lack of adjoining tetrahedra, a
stoichiometry which does not actually represent any real mica species, the limited cluster size, and our
assumption of perfectly random chemical disorder in calculating the EFG parameter averages and
histograms. Despite these assumptions, this work is an important step towards understanding the origins of
hyperfine EFG tensor distributions in the variation of local chemical and distortion environments, and in
connecting the features of measured hyperfine EFG distributions to crystal chemical properties of the
sample. We have examined how a key octahedral distortion in layer silicates, flattening, in combination
with the cation population of near-neighbor sites, affects the elements of the EFG tensor (Vzz and its sign,
V*, principal direction and the asymmetry parameter) and how this can lead to distributions of these
parameters in the bulk mineral. This is important both in the basic understanding of mineral EFG tensors

and in the interpretation of oriented single-crystal Mdssbauer data and extracted QSDs.
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Figure 1. Directional angles of the EFG eigenvectors (grey lines) with respect to the crystallographic axes
(black lines). N is the projection of ezz in the ab-plane, and N' is the projection of ¢* in the plane of exy

and eyy.
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F F

Figure 2. Schematic of the model cluster, showing positions of OH groups (circles), water groups (W),
fluorine anions (F), and cations (Fez* and integers 1 to 6). Neighbor cations C; were either Mg2+ or AI*.

Clusters are labelled X ;X,X3X4XsX¢, where X; = 'M' if cation i is Mg2+ and 'A' if it is AP*.
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Figure 3. EFG principal eigenvalue Vz; as a function of flattening angle y at 0 K (open squares) and 300 K
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Figure 4. EFG eigenvalues V, (triangles), V, (circles) and V; (squares) as a function of flattening angle y at

0 K for all configurations.
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Figure 5. Asymmetry parameter 1 as a function of flattening angle y for the non-trigonal configurations at
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Figure 8. Contour plots of EFG properties with Mg®* content at constant flattening at 300 K, averaged over

a chemically disordered octahedral sheet (averaging is indicated by angle brackets). (a) EFG component

proportional to the quadrupole splitting, V* = [VZl(141*/3)'?, (b) asymmetry parameter T, (c) angle of EFG

principal axis with the normal to the octahedral sheet, ¢.
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Appendix

An analytic approximation of the d-orbitals of a cluster, and the EFG tensor arising from its electronic
structure, can be derived using crystal field theory and a point charge model of the octahedron (Bleany and
Stevens 1953, Ingalls 1964, Evans 2001). This sort of model is a limited but useful qualitative tool for
understanding the origins and behavior of EFGs. In this appendix we use the techniques of crystal field
theory together with arguments based on orbital symmetry to derive the mathematical basis for the
discussion of the EFG tensors of group I, II and III clusters above, showing how differences in the order
and evolution of the spin-down d-orbitals gives rise to differences in the evolution of the EFG.

Operators for the valence EFG can be constructed from angular momentum operators using the

partial matrix-elements approach of Bleany and Stevens (1953):

\£ =i(3L’i —Lz)(r"> Jfori=x,y,z, (Ala)
21

Vy=2(LL,+L,L, Xr=®), fori=j. (Alb)
7

where L? and L; are orbital angular momentum operators, and <r>> is averaged over the radial 3d wave-

function. The valence EFG tensor is then given by

Vy = nd,)d,[Vy|d,) (A2)

where n(d,) is the occupation of the vth spin-down 3d-orbital. (The spin-up d-orbitals are completely filled,
so there is no contribution to the EFG.) We ignore the small 4p-contribution. Equation A2 is straight
forward to evaluate analytically since the d-orbital eigenvectors are linear combinations of the £ =2

orbital angular momentum eigenvectors.

For the monoclinic clusters, suppose that the lowest energy spin-down d-orbital has the form

|do)=alz?)+ Alx* - 3*) +932), (A3)

where o, B and vy are real and o + B* + ¥ = 1. Without loss of generality, we can also assume that P and y
are both positive, and o may be positive or negative. Furthermore, we suppose that at T =0 K, n(d,) = 1
and all other n = 0. This situation represents the general case for all nine monoclinic clusters. From

equations Al and A2, the non-zero components of the EFG tensor are:
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Rewriting these in terms of the occupations of orbitals 7%, x* - y* and yz, and ignoring the factor of %(r") :

V, o n(z2)—n(x® ~ y?) + 2n(yz) £ [12n(z7) - n(x* -y
V, < n(z%) - n(x* = y*) - n(y) ¥ [i2n(z*)- n(x* - yH)}*
(AS)
V, = =2n(z*)+2n(x* - y*) - n(y2)
Vyz =~ 3[n()c2 - yz).n(yz)]v2 ¥ [:“m(zz).n(yz)]v2 .

where n(z%) + n(x* =) + n(yz) = 1. The top sign is taken when o.> 0 and the bottom when @ < 0. The EFG

eigenvalues and eigenvectors will be

VO =V , eo =X (A6a)

vi=—tv, +4 v, v, F+av?

yz?

(A6b)

et o (g(vyy -V, )+ g‘/(vyy ~V, J+av? )y +V 2.

where x, y, and z are unit vectors along the x, y and z axes; and in the last expression, the eigenvectors are
not normalized.

Next, we make the assumption, based on equation 9 for an undistorted octahedron, that

n(x? = y) =2 (1-n(zY)),
> (A7)

n(yz)=§(1—n(zz)).

Substituting equation A7 into A5, and the result into equation A6, the EFG eigenvalues and eigenvectors,
and therefore any parameter of the EFG tensor, can be calculated as a function of n(z%). Figure Al shows
that the spin-down z* occupation for the monoclinic clusters at 7= 0 K, and all clusters at 7= 300 K, is an
increases with flattening. Since n(’)is a monotonically increasing function of flattening, curves of the EFG

as a function of n(z*) should behave similarly to curves of the EFG as a function of .
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Figures A2, A3, A4 and A5 show the EFG eigenvalues, Vzz, 1 and ¢ as functions of n(zz) for the
cases of ¢ positive and negative. Comparisons with figures 3 - 6 clearly show that o > 0 behaves as the
group II clusters, and o < 0 as the group I clusters. Examination of the SCC-Xa. orbital wave-functions for
the group I and II clusters shows that, in fact, the coefficient of the spin-down 3d z* component is of
opposite sign to the x* — y* and yz coefficients in group I clusters, and of the same sign in group II clusters.
Comparing the hypothetical orbital d, of equation A3 with the monoclinic orbitals given in equation 10, we
conclude that the group I clusters have the orbital tng as the lowest in energy, while group II clusters have

t," as the lowest.
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Figure A1l. Occupation of the spin-down 2 3d-orbital is an increasing function of flattening. Representative

clusters of monoclinic group I (AMMMMM), triclinic group I (AAMAMM), group Il (AAMMMM), group

IIT (AAAMMM) and trigonal clusters (AAAAAA) are shown at (a) T=0 K and (b) 7= 300 K.
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Simulated quadrupole splitting, isomer shift and hyperfine field
distributions of octahedral Fe** in Mossbauer spectroscopy from
electronic structure calculations

R. James Evans', Denis G. Rancourt' , and Michael Grodzicki®
! Department of Physics, University of Ottawa, Ottawa, Ontario, Canada K1N 6N5
*Institute of Mineralogy, University of Salzburg, A-5020 Salzburg

Abstract

We have simulated hyperfine parameter distributions in "Fe?*-bearing minerals with structural and/or
chemical disorder, by calculating the isomer shift, quadrupole splitting/electric field gradient tensor, and
the hyperfine magnetic field with electronic structure calculations for ensembles of Fe(OH)s" octahedra
generated by applying random distortions to the average structure. Quadrupole splitting (QS) distributions
at 0 and 300 K agree well with experimental results, possessing a low QS tail and a sharp edge at high QS
values. This high edge is due to a universal upper bound on the QS. The width-to-mean ratio of the nuclear
electron spin polarization, the dominant contribution to the hyperfine magnetic field, is large compared to
that of the other parameter distributions. The variation of the spin polarization due to local structural
variation alone is found to be sufficient to account for the widths and intensities of lines in magnetic
hyperfine spectra. The widths of most distributions increase monotonically with the static disorder
parameter, and are universal functions of one another, providing a useful constraint in fitting Mdssbauer
spectra. The correlations between hyperfine parameters are non-linear and considerably more complicated
than those supposed in current spectral fitting models. The correlation between quadrupole splitting and
isomer shift increases with the amount of disorder in the material. Isomer shift and spin polarization have a
strong non-linear correlation. The complexity of the correlations between hyperfine parameters, together
with the fact that optimal fits of Mossbauer spectra are not unique, strongly implies that fits to spectra
without supporting electronic structure calculations and crystal chemical models of the measured materials
are meaningless. We also show that published mathematical models of electric field gradient tensor
distributions in amorphous materials, derived assuming an isotropic solid, do not describe the distributions

in "'Fe?* sites in disordered materials, except under special symmetry conditions.
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Introduction

Mbssbauer spectra of materials with chemical or structural disorder are best described not by single sets of
hyperfine parameters — quadrupole splitting (QS), isomer shift (IS) and hyperfine field (HF) — but by
distributions of hyperfine parameters (Rancourt 1994a and 1994b, Rancourt et al. 1994). Chemical and
structural disorder give rise to distributions of local distortion environments. All Mssbauer hyperfine
parameters are affected by the local structural environment of the absorber atom (in our case, iron). Thus
the only way to extract truly useful structural information from Mossbauer spectra is through hyperfine
parameter distributions. It is not adequate to fit the spectra with sums of Lorentzian lines corresponding to
average crystallographic iron sites, because the true distribution of hyperfine parameters may be quite
different from what one might be led to believe from the average structure.

There is therefore a considerable need for theoretical calculations to link experimentally extracted
hyperfine parameter distributions with distributions of local distortion environments. We have taken
preliminary steps in this direction for octahedrally-oxygen-coordinated Fe?*, first by performing electronic
structure calculations determining how specific common distortions to octahedral symmetry affect the
quadrupole splitting (Evans et al 2005a), and then through calculations of other electric field gradient
(EFG) tensor parameters measurable through oriented single crystal Mdssbauer spectrometry and of limited
QS distributions due to chemical disorder in first-nearest-neighbour sites (Evans et al 2005b). We now
attempt the broader step of simulating full hyperfine parameter distributions through a statistical
simulation. These are the first full electronic structure calculations simulating hyperfine parameter

distributions by a distribution of local distortion environments.

Definitions

The EFG tensor V is defined with components

ey

where V(r) is the electrostatic potential and the Fe atom is located at the origin. The eigenvalues are

labelled Vyy, Vyy and Vz such that

Vi < Vi | < Vel _ 2
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and the asymmetry parameter 1 is defined as

p=Yo Tl (3)
If we define V* as

2
Vv =yl 1+ 1, )
3

then the Mossbauer quadrupole splitting is A =4eQV", where e is the charge of the electron and Q is the

nuclear quadrupole moment of the first excited state of the *’Fe nucleus. We shall regard the factor %eQ

as a merely a conversion factor between EFG units and QS units, and treat the QS and V* as
interchangeable.

The centre shift is the sum of the isomer shift (IS) and the second order Doppler shift. The latter
contribution is due to the atomic vibrations and is generally calculable from simple models; it is usually
proportional to kpT at high temperatures (where kj is the Boltzmann constant and T is temperature). The IS

is a function of electron densities at the *’Fe nucleus:
18 « AR([p2(0)+ p (0)]- 0 (0)) )
where pf (O) and pj (O) are the spin-up and spin-down electron densities at the absorber (Fe)

nucleus, p° (0) is the total electron density at the source nucleus, and AR is the difference in the >'Fe

nuclear radius between the excited and ground states. The difference AR is negative, so an increase in
electron density at the Fe nucleus leads to a decrease in IS.

The hyperfine field is more complex than the QS or IS in that it has several sources (Rancourt
1998, Greenwood and Gibb 1971):

HF = Hey + Hgp + Hy + Hp + Hgegg, 6)
where each component is actually a vector contributing to the total hyperfine magnetic field. H,,, is the
applied external field; Hgema, is the demagnetizing field in magnetic materials; Hpis due to the dipole
interaction of the nucleus with the spin moment of the atom, and is proportional to the QS; H is due to the
orbital magnetic moment of the Fe atom, and is also coupled to the QS since both are proportional to the

radial expectation value <r 35 of the valence orbitals. Finally, Hsp is the Fermi contact term (Fermi 1930),
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which depends on the electron spin polarization (SP) of electrons at the nucleus,
8z b" “ ]
Hgp ="§'geﬂn T(O)—p¢(0) N @)

where g, is the electron g-factor, [ is the Bohr magneton and py (0) and P (0) are the spin up and spin
down electron densities at the nucleus, as in equation 5. Since both the IS and SP are linear functions of
P1 (0) and P (0), we expect some correlation between the two parameters. Hp is generally the largest

magnitude term of the HF in magnetic materials (Guenzberger et al. 1998, Rancourt 1998), although in Fe?*
it may be cancelled out by the other contributions (Greenwood and Gibb 1971, Watson and Freeman 1961,
Trautwein and Zimmermann 1976). We shall examine this term exclusively. In the figures, SP is given in
terms of the resulting Hgp field, in kilogauss (kG).

When discussing the moments of distributions of parameters, we shall denote the mean of X as
<X >, where angular brackets denote an ensemble average, and the width or standard deviation as

s(X) = <(X - <X>)>>'?, reserving the symbol o for the static disorder parameter used in our simulations.

Theoretical Review

We are concerned with two distinct theoretical aspects of hyperfine parameter distributions — firstly,
deriving mathematically or simulating computationally the distributions, mostly the QS distribution, from a
statistical and physical model; and secondly, the representation and use of distributions in fitting
experimental spectra. We shall briefly review both aspects, as we shall use the following models and

equations in discussing the results of the current simulations.

Hyperfine parameter distributions in fitting spectra
Fitting of a Mossbauer spectrum involves solving the integral equation
Y()= J-L(V | n,T) Ph) n @®)

where v is Doppler velocity, Y(v) is the artefact-corrected experimental Mossbauer spectrum, L(v | h, I') is

the elemental spectrum (Lorentzian multiplet) with Lorentzian line-width I', and h is the full set of
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hyperfine parameters. In general the elemental spectrum will be an octet (Blaes et al. 1985) but in common
limiting cases may be a doublet or a sextet composed of Lorentzian lines. The full set of hyperfine
parameters in the most general case consists of four components of the EFG tensor (e.g. the principal
eigenvalue Vzz, the asymmetry parameter 1}, and two Euler angles describing the direction of the HF field
in the EFG principal axes frame), the centre shift, and three components of the magnetic HF vector.

The function P(h) is the joint distribution of all hyperfine parameters in the sample. In practice,
L(v I h, ') is often independent of many of these parameters. If the HF is zero, the spectrum is a doublet
and the distribution of all but one component of the EFG (the QS) is irrelevant, and so a joint centre shift-
QS distribution is sufficient. When the quadrupole shift (a function of several EFG tensor parameters,
distinct from the quadrupole splitting) is small in comparison to the HF, the spectrum is a sextet and a joint
distribution of only the quadrupole shift, centre shift, and HF are required. Often one or more of the
remaining parameters is either assumed constant or coupled to other parameters, further reducing the
degrees of freedom of the fitting problem. A functional form with adjustable parameters is then assumed
for P(h) (e.g. a sum of Gaussians or step-functions, or some more specific function from a statistical
model) and the integral deconvoluted numerically.

There have been several comprehensive reviews of different Mossbauer fitting methods using
distributions (Campbell and Aubertin 1989, Nagy and Rélich 1991, Le Caer and Brand 1992,
Vandenberghe et al. 1994) and another is not necessary for our purposes, except insofar as the majority of
theoretical work concerning hyperfine parameter distributions has been in this area. More recent methods
include those of Rancourt and Ping (1991) and Lagarec and Rancourt (1997 & 1998), discussed below.

If the measured Mdssbauer spectrum is noisy, which it always is, then the inversion of the integral
in equation 8 is an ill-posed problem. This means it is not always possible to find a mathematically unique
solution for P(h), and small changes in Y(v) may lead to large changes in P(h) (Odintsov and Pushkarev
1990, Le Caer and Brand 1992, Ping and Rancourt 1994). Nagy and Rélich (1991) provide a good
discussion of equation 8 and the inversion problem, and ways around it, while Le Caer and Brand (1998)
discussed the mathematical conditions under which two joint distributions of hyperfine parameters give rise
to the same spectra.

The general Mossbauer spectrum requires a multidimensional probability distribution in all the

relevant hyperfine parameters. In the case of a quadrupole doublet, this is a two-dimensional distribution
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P(QS, 1S); in the case of a powder-averaged sextet with weak quadrupole interactions, this is a three-
dimensional distribution P(g, IS, HF), where € is the quadrupole shift. The hyperfine parameters are all
dependent on local structure, and so are not truly independent, so that P(h) is not simply the product of
individual parameter distributions. Linear dependence between parameters is often assumed during fitting.
For doublets,

IS = by + ap QS )
and for sextets,

IS = b, +a, HF, £ = b, + a, HF. (10)
This effectively turns the joint distribution P(h) into a one-dimensional distribution. An example is the
Voigt-based fitting (VBF) approach (Rancourt and Ping 1991), where the distribution of the independent
variable is fit as a sum of Gaussian functions.

An even more simplistic assumption is to assume that only one of the relevant parameters has a
non-negligible distribution. Ignoring the distribution of one or more hyperfine parameters has been shown
to introduce spurious features into the distribution of the independent parameter (Turek 1990, Ping and
Rancourt 1994). The linearly-dependent approximations (equations 9 and 10) do better than neglecting
distributions altogether, but are still not realistic. All hyperfine parameters are complex functions of local
environment and electronic structure, and the relations between them may not even be expressible by a
functional relationship.

A more realistic approach is that employed in extended Voigt-based fitting (xVBF) (Lagarec and

Rancourt 1998, 1999), where each hyperfine parameter distribution is fitted independently with linear

correlations between each. For example, a doublet is fit as a sum of functions (8 = IS),

2 2
- - T - 1
P(V',6)=ZZ % ex 1 vievi| |8z —2p| Y Y 59, b
=S oS-t | 20- )| wes WS we )l we

i i i

where { Pj;, wiQS, w-'s, Vi, 8, p} are all adjustable parameters (L,L;P; = 1), and p is the correlation parameter,
i) i) J 7y

~1 < p < +1, between the IS and QS distributions.

Statistical derivations and simulations of quadrupole splitting distributions

Statistical treatments of the EFG tensor in the context of nuclear magnetic resonance line-shapes
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(Cohen and Reif 1957) pre-date the discovery of the Mossbauer effect (M&ssbauer 1958). Point charge or
hard-sphere model simulations of QS and EFG tensor distributions in the context of Mossbauer
spectroscopy have been common for a long time for amorphous materials (Lines 1979, Lines 1981, Varret
and Henry 1980, Greneche et al. 1987, Bureau et al. 2000) as well as for crystalline materials with high
concentrations of defects (Pustéwka 1973, Stockmann 1981) or chemical disorder (Billard et al. 1984).

The most mathematically complete theoretical model of EFG distributions is termed the Gaussian
Isotropic Model, summarized in Le Caer and Brand (1998), which developed from the so-called "shell
model” of Czjzek et al. (1981). Because it is traceless, the EFG tensor can be represented by five linearly
independent components,

vV

xz?

s

lj1 =%VIZ’ U2= ﬁ yz* (12)
U=V, and Uy ==V, -V,),
where Vi, V., Vo, Vi, Vi, and V,, are the components of the EFG tensor V in coordinates (x, y, z}. The

joint distribution P(Vz, 1) is related to the joint distribution P(U|, ..., Us) as
PV, 1) =2Vl -7* /o) Id¢ Id& _"d{(sin o)PU,, ... Uy) (13)

where ¢, 8, and { are the Euler angles of the EFG's principal axes. Equation 13 is completely general for
any EFG; it merely changes the representation of the EFG from {Uj, ..., Us} to {Vz, m, ¢, 6, £}, producing
the Jacobian in front of the integral, and then integrates over the Euler angles for a distribution in Vzz and i
alone. Czjzek et al. (1981) assumed an isotropic amorphous solid such that, by the central limit theorem,
P(Uy, ..., Us) may be approximated by a five-dimensional Gaussian function. This agrees with the result of
Cohen and Reif (1957), who found that each U; was normally distributed in the limit of high defect

concentrations in imperfect cubic crystals. The integral in equation 13 then evaluates to

-
P(sz’77) ors

where w is the Gaussian width of each U; distribution. Note that the distribution is zero for both V,; = 0 and

% n(l=m2/0)expl- V2 (1+72/3) ] (ow?)], (14)

1 = 0. The marginal distribution of 1) (which we shall refer to as the Czjzek 1 distribution), i.e. the

distribution of 1} alone formed by integrating equation 14 over V, is

P( )=M, (15)
7 (1+7]2/3)5/2



95

a completely parameter-free distribution with mean <n> = 0.6089 and standard deviation s(n) = 0.2427.

The marginal distribution of the QS, V*, is

*\ 4 *\2
P(V')=—l~\/z—(v ) exp(———(v ) ] (16)
3Vz W 2w?

which we shall refer to as the Czjzek QS distribution. The marginal distribution of V is symmetric with
respect to sign (i.e. P(Vzz = +v,;) = P(Vzz = — v,))) and goes to zero for Vzz =0.

Although Czjzek et al. derived the joint distribution in equation 14 assuming an isotropic
amorphous solid, they and other authors have found it valid for a wide range of Fe**-bearing solids. Cohen
and Reif (1957) showed that the individual P(U,) distributions were Gaussian in the limit of large
concentrations of defects in imperfect cubic solids. Pustéwka et al. (1973) performed point-charge EFG
simulations for iron in various cubic and hexagonal lattices, showing that the distribution of V2 changed
from narrow peaks centred on zero, or at a negative value for the hexagonal lattice, to the sign-symmetric
Vzz distribution predicted by equation 14 as defect concentration increased. Stéckmann (1981) derived the
same results as Czjzek et al. (1981) independently, for cubic lattices with large concentrations of defects.
Billard et al. (1984) simulated EFG distributions of binary alloys, and found that EFG contributions from
both purely structural and purely chemical disorder followed equation 14 well. Brand et al. (1990) showed
that the Czjzek QS distribution applied to quasicrystalline as well as amorphous systems.

In Le Caer et al. (1984b) and subsequent papers (Le Caer et al. 1985, Le Caer and Dubois 1987,
Le Caer and Brand 1992, Le Caer and Brand 1998), the authors demonstrated that the Czjzek model is a

consequence of two assumptions: (1) the solid is isotropic on average, that is, the EFG tensor V is
statistically invariant under any transformation V — V' = MYVM (where M is an orthogonal matrix), and

(2) the distribution of each linearly independent U, is normal. This is referred to as the Gaussian Isotropic

Model. The first hypothesis requires that
U)=0,(UU,)=0wheni#j and{U?)=1({v')). a7
(v)=0.(vy,) (u?)=4

Le Caer et al. (1985) also remark that a Gaussian centre shift distribution, distributed independently of V;
and m, is a natural consequence of the Gaussian Isotropic Model, although they do not prove this or argue it
in any detail. Le Caer and Brand (1998) contains the most complete summary of the Gaussian Isotropic

Model and related models.
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Various extensions of the Gaussian Isotropic Model have been explored (Czjzek et al. 1981,
Czjzek 1982, Le Caer et al. 1984, Le Caer et al. 1985, Maurer 1986, Le Caer and Brand 1998) suspending
either of its two assumptions, but a general theory of EFG distributions, particularly in the wider case
where the amount of disorder is small, as in mineral samples, is still lacking. A drawback to the Gaussian
Isotropic Model and its extensions is that they all implicitly assume that the iron is in the high spin Fe**
state, that is, that the electronic structure is nearly spherically symmetric. That is, even when the hypothesis
of rotational invariance of the solid is lifted, the cation itself is still assumed to be rotationally invariant. For
high spin Fe?*, this is not the case, and Fe** has a large valence electron contribution to the total EFG. As a
result, as we shall demonstrate, Fe?* QS distributions look nothing like those of the Gaussian Isotropic
Model, even in very disordered systems, except under certain special symmetry conditions.

Domes et al. (1986) calculated EFG distributions from an ensemble of randomly distorted
[Fe(HZO)dM2+ octahedra using ligand field theory. Octahedral distortions were analysed in terms of the
octahedron's normal modes of vibration, and restricted to certain symmetries. The crystal field Hamiltonian
is a function of a limited number of variables describing the normal modes of distortion; Domes et al.
generated an ensemble of crystal field Hamiltonians assuming that each of the allowed distortion variables
had a Gaussian distribution. An EFG was then calculated from each crystal field Hamiltonian using ligand
field theory. The calculated QS distribution is not shown by Domes et al. (1986), but rather a scatter plot of
V2 and M based on polar coordinates introduced in Czjzek (1983) is given. A QS distribution from these
results appears in Nagy and Rélich (1991), which has the characteristic shape of measured Fe** QS
distributions. Dengler et al. (1991) applied the Domes et al. (1986) method to Fe?* in an amorphous alloy,
also calculating HF and IS distributions. Again, no actual distributions were shown, although a (Vz, 1)
contour plot in Czjzek coordinates is shown along with simulated Mdssbauer spectra.

Like the method of Domes et al. (1986) and Dengler et al. (1991), the method presented in this
paper uses ensembles of randomly distorted octahedra to calculate hyperfine parameter distributions.
However, there are significant differences:

= in the Domes et al./Dengler et al. (D/D) method, distortions to the octahedral cluster are restricted
to have particular point-group symmetries (C, in Domes et al. (1986), trigonal in Dengler et al.

(1991)). In the current method, there are no symmetry restrictions on possible distortions.

= in the D/D method, the crystal field Hamiltonian is a function of a limited number of variables
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describing the allowed normal distortion modes; these variables are assumed to be Gaussian-
distributed. Thus a particular member of the ensemble is specified by 2 random variables in
Domes et al. (1986) and 5 random variables in Dengler et al. (1991). In the current method,
random perturbations are added to the atomic coordinates of the Fe(OH)s" cluster: thus a
particular member of the ensemble is specified by a total of 30 random variables (3 for each
oxygen atom, 2 for each hydrogen atom).
= in the D/D method, the EFG is calculated from crystal field Hamiltonians, generated from random
values of the allowed distortion variables, using ligand field theory. In the current method, the
EFG is calculated from the randomly perturbed clusters with a full electronic structure calculation.
= in the D/D method, specific couplings are assumed between the QS, IS and HF via the crystal field
Hamiltonian. In the current method, QS, IS and SP are calculated independently from the
electronic configurations.
Although the D/D method is the only method in the literature of simulating hyperfine parameter
distributions specific to Fe?* systems, it has not had as great an impact as hard sphere model/point charge
calculations (Pustéwka et al. 1973, Lines 1979 and 1981) or analytical derivations based on statistics
(Cohen and Reif 1957, Stockmann 1981, Czjzek et al. 1982). Nor has the method suggested until now the
plausible next step of replacing the approximate ligand field calculations with rapid electronic structure

calculations.

Method of Calculation

We simulated hyperfine parameter generations by a random statistical process. We began with a chosen
Fe(OH)¢* octahedron, which we will refer to as the starting cluster. A large ensemble of octahedra was
then generated by adding small random distortions to the starting cluster such that the average geometry
corresponds to the starting cluster (see below). Electronic structure calculations were performed on each
perturbed cluster and the hyperfine parameters calculated. Probability distributions were then calculated for
each hyperfine parameter by sorting the data into bins and then normalizing the total curve with respect to
area.

All electronic structure calculations were performed in the local density approximation with the

spin-polarized self-consistent charge Xa, (SCC X)) method (Grodzicki 1980, Grodzicki et al. 1987). In this
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treatment, the molecular potential is factored into a radial function and a series of spherical harmonics
(allowing analytical integration of the angular parts of all Hamiltonian matrix elements), and separated into
one-, two- and three-centre integrals. One-centre integrals require high accuracy, and are derived
numerically from all-electron, relativistic atomic calculations with semi-local (gradient corrected) exchange
correlation functionals. The two- and three-centre integrals are evaluated with small basis sets (2s and 2p
for O and F; 3s and 3p for Mg and Al; 3d, 4s and 4p for Fe) and the Slater Xa potential with o = 0.7 for the
valence electrons (Grodzicki 1980, Baerends and Ros 1973); core electrons are treated with simple
pseudopotentials that are also derived from relativistic atomic calculations and are kept frozen during the
iteration process.

The one-centre integrals are calculated beforehand and entered as atom-specific parameters in
subsequent calculations. Thus only the small, fast calculations need to be done anew each time, so that
calculations on a large number of small Fe(OH); clusters is very efficient, while still being ab initio in that
there are no adjustable parameters.

The EFG is calculated by integrating the electron charge density multiplied by the tensor operator

- 3x,x, ~r’d,
Vu(r)z[l };(V)J[ 'xu‘x.l zr UJ, (18)

r r

where §; = 1 when i = j and O otherwise, and Y(r) is the Sternheimer shielding function which arises from
the polarization of the core Fe electrons by charges outside the core. It is derived from atomic self-
consistent first order perturbation calculations (Lauer et al. 1979). The EFG can be broken up into valence,
covalence and ligand contributions. For high-spin Fe**, the total EFG is dominated by the valence

contribution, which is roughly proportional to the Fe(3d) and Fe(4p) shell anisotropies,

. A |
Anyy =Ra,00 0y T iy T Macy ~ 2 Waen T Maan (20)
-1 _
Angy, =5 (Ngp + Rapiyy) ~ Rapi

where n o Mgy ANA Ry, 0s Ry 0, My, are the occupations of the individual 3d and 4p orbitals,

3a(h
respectively. The Fe(3d) anisotropy dominates the valence EFG. The covalence EFG contribution results
from anisotropy of the bonding electrons between the iron atom and its surrounding ligands, and the ligand
EFG from the ion cores and the valence electrons of the ligands. The covalence and ligand EFGs together

are about 5% of the total in the cases considered.
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Non-zero temperature EFGs were approximated by first performing zero-temperature calculations
to determine the relative orbital energies E;, and then these energies were used to calculate thermal average

populations n; for each orbital thermodynamically:

exp(— E, /kT)

Zexp(—Ej/kT),

7

(20)

where T is temperature and k is the Boltzmann constant. In practice this was only done for the spin-down tz,
Fe(3d) orbitals, the lowest energy of which is the highest fully occupied molecular orbital. Those orbitals
below these three remain fully occupied at finite temperatures, and the last two unoccupied spin-down
orbitals the e, anti-bonding orbitals are high enough above the t,, in energy that their occupation at 300 K is
negligible (with calculated occupation numbers less than 10°”7). The SCC Xo: calculation is then repeated
with the spin-down t,, orbitals given their thermal average populations. The orbital energies of the second
calculation are generally shifted only a few meV from those of the zero-temperature calculations.

Temperature effects other than the thermal population of molecular orbitals were neglected in the
300 K calculations. The time scale of Mossbauer spectroscopy, dictated by the nuclear transition of the >'Fe
nucleus (Rancourt 1998), is normally much longer than that of thermal vibration, thus M&ssbauer
spectroscopy generally sees only the atoms' equilibrium positions. Therefore effects of thermal vibration
were not included in the calculation. We have also neglected any changes in bond lengths or flattening
angles with temperature.

Randomly perturbed clusters were generated from the starting cluster by adding a small
perturbation to each of the Cartesian coordinates of the cluster's six oxygen atoms, drawn from a Gaussian
distribution with a mean of zero and a specified standard deviation 6. The mean position of each oxygen
atom is thus equal to that of the corresponding atom in the starting cluster. That is, in each randomly
generated cluster, each oxygen atom was shifted from its equilibrium position (x, y, ) to a positioh (x + Ax,
y + Ay, z + Az), where the (Ax, Ay, Az) are normally distributed with <Ax> = <Ay> = <Az> = 0 and s(Ax) =
s(Ay) = s(Az) = 6. The Fe** cation was kept stationary at the origin.

The positions of hydrogen atoms were perturbed in a different way. The O-H bond length was
kept at 0.958 A. The initial O-H bond direction was taken as an axis n, and then the O-H bond was tilted by

an angle ¢ away from n, where ¢ was drawn from a Gaussian distribution with a mean of zero and a
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standard deviation 6y. The bond was then rotated about n by an amount 8 drawn from a uniform
distribution between 0 and 2x. The angular standard deviation 6y was calculated from ¢ by assuming oy
was the angle of a triangle with isosceles sides equal to the O-H bond length and a base equal to ©; in this
way we tried to maintain an amount of angular disorder in the OH bond angle commensurate with the
amount of positional disorder in the oxygen atoms.

Constraints on the kind of static disorder in real materials are imposed by the global structure and
the presence of chemical order, if any. We are ignoring these kinds of constraints as a first approximation,
supposing that they have only a negligible effect in the limit of small perturbations to the starting cluster.
This may not necessarily be true, and conversely, at large values of 6 we may no longer be in the realm of
small perturbations. It has been also been shown (Lougear et al. 2000) that accurate calculations of
hyperfine parameters in real materials require more than just the first nearest neighbours atoms of *'Fe. We
have found (Evans et al. 2005a), however, that EFG response to distortion is qualitatively similar in single
octahedra and larger, more realistic clusters, and it is mostly the qualitative link between local distortion
environments and hyperfine parameter distributions that we want to simulate here. This will allows us to
extract general trends and features of the relationship between local structural disorder and the hyperfine

parameter distributions.

The static disorder parameter ¢
Let rii“" be the position vector of the ith oxygen atom (i = 1...6) in the starting cluster, which we
may suppose represents the atom's ideal position, i.e. in some refined unit cell. Let r; be the corresponding

position vector in a randomly perturbed octahedron. While
<l‘,- _ riinil> — 0 , (21)

(where 0 is the zero vector), we also find that

mel\ _ [8
(i —xi)) ‘[; o =160, 2)

that is, each atom has been displaced from its ideal position by an average distance of 1.6G in some

direction. The mean square displacement (MSD) is
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<(ri g )’> =30° 23)

which follows from the definition of .

The coordinate perturbation parameter G, then, is a measure of static disorder in the solid, and
provides a parameter that we should be able to take from experimental measurements. In an X-ray
diffraction structure refinement, in addition to obtaining mean atomic positions, one also obtains atomic
MSD parameters, generally expressed as U, B or B parameters (Downs 2000). These parameters are usually
treated as being due entirely to thermal vibration of the atoms, but they also contain a contribution from
static disorder proportional to 6. By comparing MSD parameters for a given sample over a range of
temperatures, it should be possible to extrapolate the static disorder contribution. We did this for published

x-ray diffraction refinements of micas done at multiple temperatures, plotting the U parameter versus
temperature and then taking the intercept at 7= 0 K as the static component of U, which is equal to 36>
from equation 23. For micas with the 2M1 stacking polytype, this procedure gives ¢ = 0.030 to 0.070 A
(using Comodi and Zanazzi (2000), Catti et al. (1989), Guggenheim et al. (1987)), and for those with the
1M polytype, ¢ = 0.010 to 0.040 A (using Comodi et al (1999) and Takeda and Morosin (1975)).

A related method of estimating o is given by Kunz and Armbruster (1990), who modelled atomic
MSDs due to chemical disorder as follows. Suppose cation sites M in a structure may be occupied by either
A or B cations, where p is the fraction of sites occupied by A cations. Then the MSD along the M-O bond,
with length d, is,

(Bu-0) =P 1810} +d-d o }+ (1- M (Bs0)+(a-do) . 24)

Here Ay.o is the MSD (in A?) along the bond, and angular brackets indicate an average over the polyhedral
site; dy_o and dp o are the typical A-O and B-O bond lengths, respectively, and A,.o and Ag.o are the MSDs
in the two end-member compositions. The average M-O bond length in the material can be calculated as

d=pd, ,+(1-p)d,_,. (25)

Combining equations 24 and 25, we find that Ay reaches a maximum of

2 2
A =(M] +(AA—O +AB—0 )+[AA—O "As—o] (26)
2 2 2Ad

where Ad = d,.o — dp.o- The first term of equation 26 dominates the others by at least an order of
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magnitude; using figures from Kunz and Armbruster (1990) for Si and Al in feldspar, (Amax)'? = 0.068 A
while Ad/2 = 0.065 A. So to a good first approximation, 6 in a chemically disordered mineral is no greater

than

Ad

2

where Ad is the difference in M-O bond lengths between the largest and smallest cations in the structure.

o 27

Calculated values of ¢ using different estimates of M-O bond lengths of octahedral cations common in
micas are given in table 1; they range from 0.052 to 0.085 A. Both methods of obtaining a physical of

estimate of & are of the order 0.010 to 0.100 A.

Results and Discussion

We will denote individual simulations by the geometry of their starting clusters with the notation {C, v, d},
where V is the octahedral flattening angle, d is the Fe-O bond length, and C indicates the orientation of the
O-H bonds. C = L denotes OH bonds perpendicular to the upper and lower faces of the FeOg octahedron, as
in an octahedral sheet, and C = |l denotes OH bonds pointing outwards along the Fe-O bonds (see figure 1).
Define the octahedron [C, , d] as the unique Fe(OH)¢* octahedron with OH positions denoted by C, as
above, flattening angle W and all six Fe-O bond lengths equal to d; i.e., [C, y, d] is the starting octahedron
of the simulation {C, y, d}. This notation is also summarized in table 4. The octahedron [C, v, d] will have
trigonal symmetry (point group D3,), and is only distorted from pure O, symmetry by flattening (y >
54.74°). An arbitrary member of the ensemble {C, y, d} will be much more distorted.

Each simulation generated ensembles of N = 1000 octahedra for static disorder parameters ¢ =
0.025, 0.050, 0.075, 0.100, 0.125, 0.150 and 0.175 A. Errors involved in estimating statistical parameters
(means, standard deviations, histogram bins) are on the order of N° 1239, Multiple trials were performed
for the {1, 58°,2.11 A} simulation with no significant difference between the resulting hyperfine

parameter distributions for each trial, nor did a larger simulation of N = 6000 show any significant

difference from the results of the smaller simulations.
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{1, 58°, d} simulations - distributions at different bond lengths

The Fe(OH)s* cluster denoted [L, 58°, 2.11 A], i.e. with perpendicular OH groups, flattening
angle y = 58° and equal Fe-O bond lengths d = 2.11 A, is similar to the Fe?* sites in annite (Hazen and
Burnham 1973) and is typical of the values found in trioctahedral micas (Mercier 2003). The resulting
distributions of hyperfine parameters for the simulations {1, 58°, 2.11 A} are shown in figures 2 to 6.

Figure 2 shows the QS distributions at O K for simulations with ¢ = 0.025, 0.100 and 0.175 A.In
this and subsequent figures, we show different normalizations for the distributions, to highlight different
characteristics. Part A shows the distributions normalized with respect to height. The width of the
distributions increase as ¢ increases. This is not surprising, as we expect to get a wider variety bof hyperfine
parameter values with a wider range of distortions. The peak value of the distribution decreases as ¢
increases. As the distribution expands, the low edge moves to the right and the high edge moves to the left;
the expansion of the low edge is much greater than that of the high edge. Part B shows the distributions
plotted against (QS - (QS))/ s(QS) , the deviation from the mean normalized with respect to width. This
allows the shape of distributions with different means and standard deviations to be directly compared. The
distributions have nearly the same shape regardless of the amount of static disorder, a function similar to a
Gaussian but skewed slightly to the left. The skew increases only slightly with 6. The shape is exactly that
which is characteristic of experimentally extracted Fe** distributions (e.g. Rancourt et al. 1994), which was
also found in the simulation of Domes et al. (1986) presented in Nagy and Rélich (1991).

This skewed shape is intensified in the QS distribution at 300 K, shown in figure 3. In part A, the
high edge is relatively constant at around 3.15 mmv/s, regardless of ¢, while the low edge tail extends to
increasingly lower QS as ¢ increases. The peak value also shifts to lower QS values as ¢ increases. As QS
is generally lower at finite temperatures than at 0 K, due to thermal population of valence orbitals, the QS
distribution at 300 K is shifted towards lower values compared to the distribution at 0 K. In part B of figure
3, the relative shapes of the distributions at various ¢ are again very similar, but the increase in skew with
increasing disorder is more pronounced at 300 K than at 0 K. The 300 K distributions in general have a

more pronounced skew than at 0 K.
The IS distribution, shown in figure 4, is the same at 0 K and 300 K, as the IS is independent of -

temperature (Brady et al. 1965, Bancroft 1973). From part A of figure 4, the peak value of the distribution
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changes only slightly with increasing disorder. In part B the skew of the IS distribution increases
significantly as o increases. A Gaussian curve is shown for comparison. At = 0.025 A, the IS distribution
is very close to Gaussian, deviations from which are small enough to attribute to statistical fluctuations. As
o increases, the IS distribution becomes increasingly skewed to the left, similar to the QS distribution.
Figure 5 compares IS and QS distribution shapes at low and high disorder. While the two parameters have
significantly different distributions at ¢ = 0.025 A (solid lines), at 0.175 A (dashed lines) the shapes are
nearly identical (dashed lines). This is a result of increasing correlation between QS and IS as disorder
increases, as discussed below.

Like the IS, the SP is a linear combination of the spin-up and spin-down electron densities, and is
independent of temperature. Figure 6 shows the SP distributions with different normalizations. The
dominant sign of the SP is positive, i.e. the majority of net spins are pointing up. The SP peak value is
nearly constant with disorder, and from part B of figure 6, all distributions are very close to Gaussian.
There is no systematic skew in the SP distributions.

Figure 7 shows distributions of the EFG asymmetry parameter 1, for simulations with ¢ = 0.025,
0.050, 0.100 and 0.175 A. Also shown is the Czjzek 7-distribution (equation 15). All curves in this figure
are normalized with respect to area. Although the QS distributions differ at 0 and 300 K, the 7 distribution
is the same at both temperatures. The flattened starting cluster possesses trigonal symmetry and therefore
has m = 0. For a randomly distorted octahedron, this will not generally be the case, as the probability of
creating an axially symmetric octahedron from an axially symmetric octahedron through random
distortions is exceedingly low. At low o, the 1 distribution is strongly peaked at low values of 1. As the
degree of disorder increases, the distribution becomes broader and the peak becomes less distinct as the
distribution appears to approach the Czjzek n-distribution. The distribution also becomes noisier, an
artefact of the binning related to the width of the distribution. There is little apparent change in the
distribution above 6 = 0.100 A.

Thus far we have discussed the shape and other features of hyperfine parameter distributions
qualitatively. Figures 8-12 quantify the changes in mean and standard deviation or width of the hyperfine
parameters in the simulations {1, 58°, d} for d =2.08 A 211Aand2.14 A, a range of bond lengths

chosen to reflect the diverse Fe**-O bond lengths in minerals. In these and subsequent plots, the hyperfine
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parameter calculated for the unperturbed starting cluster is plotted as the value of the mean at 6 =0 A,
while the standard deviation is taken as zero at 6 = 0 A.

Part A of figure 8 shows the mean QS as a function of ¢ at 0 and 300 K. At both temperatures,
<QS> decreases significantly as disorder increases. This is consistent with the observation that as ¢
increases, the high edge of the distribution remains stationary while the width increases. Higher QS is often
incorrectly associated with greater distortion from octahedral symmetry in both Fe** and Fe** sites, but this

is in general not true for Fe®* sites, as has been previously shown both theoretically (e.g. Evans et al. 2005a,

Evans et al. 2005b) and experimentally (e.g. Rancourt et al. 1994, Rancourt et al. 1996, Zhe and De Grave

1998).

At 0 K, the <QS> curves at different bond lengths are nearly parallel to one another; there is a
constant change in <QS> with bond length for all values of &, and this change is small compared to the
total change in <QS> over the range of ¢ with constant bond length. The change of <QS> with bond length
at 300 K is considerably smaller than at 0 K. This is because at 300 K, QS at y = 58° as a function of d
reaches a maximum reaches a maximum around 2.11 A, and changes vary little over the range 2.08-2.14 A

(Evans et al. 2005a).

Part B of figure 8 shows that the standard deviation s(QS) of the QS distribution at 0 and 300 K
increases with ©. The standard deviation is slightly smaller at 300 K than at 0 K (hence distributions are
narrower at 300 K) and does not appear to be greatly affected by Fe-O bond length.

Parts A and B of figure 9 show the mean and standard deviation of the IS distributions,
respectively, as functions of 6. The mean has a maximum in the region 0.050-0.075 ;\, which shifts to
slightly higher ¢ as bond length increases. The standard deviation increases with disorder. Unlike the QS,
changing the bond length significantly affects the IS distribution parameters; <IS> increases with an
increase in bond length, while s(IS) decreases.

Figure 10 shows the mean and standard deviation of SP as functions of 6. The decrease of <SP>
with increasing disorder is small compared to the relative change in other hyperfine parameters, and small
in comparison with the increase with increasing bond length. The standard deviation s(SP) increases
linearly with &, as opposed to s(IS) and s(QS) which seem to have higher than linear dependences on G.

Figure 11 shows the evolution of the mean and standard deviation of the EFG asymmetry
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parameter, 1), at 300 K. The behaviour does not change significantly with bond length. Both <n> and s(n)
show an initial linear increase with 6 and then saturate around 6 = 0.125 A near the values of the Czjzek
distribution, shown on the graph for comparison. (For the Czjzek 1 distribution, <n> = 0.609 and s(n) =
0.242 (Le Caer and Brand 1998).) A similar result is found by Le Caer and Brand (1998) (see their figure
13) for the theoretical model of an EFG tensor with a constant non-zero component and a Gaussian
isotropic component, as the latter fraction increases. The Gaussian isotropic EFG tensor is associated with a
random amorphous material.

In figure 12, the mean <n> peaks just short of the Czjzek value, and then decreases, while s(1)
shows a slight increase above the Czjzek value. This behaviour indicates that the 1 distribution converges
towards a Czjzek-like distribution at high disorder, but not necessarily the exact Czjzek n-distribution.

The distribution of 1 is the same at 0 and 300 K, although for any one particular cluster of the
ensemble used to construct the distribution, it is not necessarily true that 1(0 K) = (300 K). Define

A = (0 K) - n(300 K). (28)
Figure 12 shows <An> and s(Am) (for the d = 2.11 A starting cluster only) as functions of &, quantifying
the degree to which 1 may change from 0 to 300 K. We see that <A11> and s(Atn) are equal at low o, but

while s(ATn) continues to increase monotonically with 6, <Atn> drops to zero at high ©.

{1, 54.74°, 2.11 A} simulations - distributions at different flattening angles

The distribution means and widths of the EFG-related parameters, QS and 1, do not change
significantly when we alter the cluster's bond length within the normal Fe-O range. In this section we will
compare Y = 58° (flattened) and 54.74° (unflattened) starting clusters.

Figure 13 shows the QS distributions at 0 and 300 K for {1, 54.74°, 2.11 A}, at different values of
the static disorder parameter, normalized with respect to height. The distributions are similar to those in
figures 2 and 3. Figure 14 shows the mean and standard deviation of the QS as functions of  in the
{1, vy, 2.11 A} simulations for Y =54.74° and 58°. At O K the unflattened cluster behaves qualitatively
much like the flattened cluster, but at 300 K the behaviour is quite different. For the unflattened starting

cluster, <QS> changes little compared to the flattened starting cluster, with a shallow minimum around ¢ =
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0.050 A; the width s(QS) initially increases with 6 more quickly than for y = 58°, but reaches a maximum
around ¢ = 0.125 A. Both mean and standard deviation are nearly equal at 6 = 0.100 A and 0.175 A, so the
distributions for these values of ¢ in figure 15 are nearly the same.

Figure 15 shows IS distributions for {1, 54.74°, 2.11 A}, which are nearly identical to the y = 58°
case (figure 3B). Figure 16 shows <IS> and s(IS) as functions of disorder for the two flattening angles.
Previously, we saw that bond length has a large effect on IS and only a small effect on the QS distribution
(figures 8 and 9); from figures 14 and 16, we see the converse, that flattening has a large effect on QS and
only a small effect on IS.

Figure 17 shows SP distributions for {1, 54.74°, 2.11 A}, which are similar to those for {L, 58°,
2.11 A}. Figure 18 shows the change in mean and standard deviation of SP with static disorder at y = 58°

and 54.74°. The trends at each flattening angle are again very similar, as for IS, showing that SP also

depends less on flattening than on bond length. A curious feature of <SP> (part A) is the crook in the
curves at 6 = 0.100 A. The <SP> curves in figure 10 also show this feature at larger scales. The presence of
the crook all curves indicates that it is most likely not exclusively a statistical fluctuation, but we do not
know its origin.

The m distributions of {1, 54.74°, 2.11 A} are shown in figure 19. As disorder increases from ¢ =
0.025 A 0 0.100 A, the distribution changes from a peak at = 0.2 to a broad distribution similar to the
Czjzek n-distribution. This is similar behaviour to the {L, 58°, 2.11 A} simulation (figure 7). However, the
reverse trend occurs from 6 = 0.100 A to 0.175 A, and the peak reappears. Figure 20 shows the mean and
standard deviation of 1 for both {L, y, 2.11 ;\} simulations. The {1, 54.74°, 2.11 ;\} simulation shows
similar saturation of <1> and s(n) as the{L, 58°, 2.11 A} simulation; <n> and s(n) reach their saturation
values at lower o than in {1, 58°, 2.11 A}, and <n> decreases again at higher ©.

If the {1, 58°,2.11 A} points (circles) in figure 20 are scaled on the c-axis by a factor of 0.55
(diamonds), then they coincide with the {L, 54.74°, 2.11 A} curves. That is, if each point (G, <n>) in part
A and (o, (1)) in part B from the {1, 58°,2.11 A} simulations are replotted at (0.556, <n>) and (0.550,
s(n)), respectively, then the new points appear to fall on the same curves as those for the {1, 54.74°, 2.11

A) simulations. This phenomenon illustrates the how flattening can change the effect of disorder on the
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EFG asymmetry. The 1 distribution evolves the same way for both starting clusters, but in the flattened
cluster, a larger amount of disorder is required for the same effect due to the strong anisotropy of the

flattened cluster.

{n, 58°, 2.11 A} simulations and the similarity of distributions

In the starting cluster {II, y, d}, the OH bonds point outwards from the centre of the cluster along
the Fe-O bonds, and both oxygen and hydrogen atoms form congruent octahedra centred on the Fe atom.
When y = 54.74°, the starting cluster has perfect octahedral symmetry. This has a dramatic effect on the
QS distribution at 300 K. Flattened clusters (y > 54.74°) have many similarities with the { L, y, d} clusters.

In figure 21 we show IS distributions (first column), QS distributions at 0 K (second column) and
300 K (third column), and SP distributions (fourth column) normalized with respect to height, for the
simulations {1, 58°, 2.11 A}, {L, 54.74°,2.11 A}, {ll, 54.74°,2.11 A} and {II, 58°, d }. The QS
distributions at 300 K are not shown for {ll, 54.74°,2.11 A} at 6 = 0.025 A and 0.100 A, as they will be

treated separately below.

From figure 21, one can see that despite the different starting cluster geometries, the distributions
for a given parameter are similar in shape, if not position, at a particular value of 6, and become more
similar as & increases. The QS at 300 K is an exception for 6 = 0.025 A and 0.100 A, where the {L, 58°, d)
distribution is significantly narrower than the others. In general the hyperfine parameter distributions of the
{ll, v, d } simulations do not behave very differently from those of the previously examined {1, v, d}
simulations. While the hyperfine parameter distributions of each geometry are quite distinct at ¢ = 0.025 A
(top row), they converge at high disorder (¢ = 0.175 A, bottom row). This occurs as the average differences
between individual clusters in one ensemble becomes comparable to the difference between the starting
clusters of each ensemble. The hyperfine parameter distributions exhibit a nearly universal behaviour in the
presence of disorder, irrespective of the crystallographic site symmetry.

Figure 22 shows 1 distributions and their properties for {||, 58°, 2.11 A}. The 7 distributions of (]|,
54.74°,2.11 ;\} will be discussed below. Part A shows the 1) distributions at various values of the static
disorder parameter. The ensemble’s behaviour is quite similar to that of { L, 54.74°, 2.11 A} (figure 23).

Starting at ¢ = 0.025 A with a broad peak at low 1 (< 0.4), the distribution approaches the Czjzek 1-



109

distribution (dashed curve) as G increases, then reverses this trend as ¢ continues to increase. This is
reflected also in the mean (part B) which increases to the Czjzek value and then decreases. The standard
deviation (part C) increases steeply to the Czjzek value, then increases only slowly. These curves are
compared with those for {1, 54.74°, 2.11 A}, with which they are quite similar. The two curves cannot be

made to coincide with a simple horizontal scaling as in figure 20.

{1, 54.74°, 2.11 ;\} simulations and the Gaussian Isotropic Model

While the flattened {}|, 58°, 2.11 A} and {1, vy, 2.11 A} simulations are very similar, the EFG
_ properties of the unflattened {]l, 54.74°, 2.11 A} simulation at 300 K are unlike the other clusters examined.
The starting cluster has ideal O,.‘symmetry, which has a significant effect on the QS distribution.

The evolution of the QS distribution at 300 K with increasing & is shown in figure 23 for {ll,
54.74°, 2.11 A}. The low disorder QS distributions are completely unlike those of previous simulations,
and unlike most Fe?* QS distributions. At low values of G, the high temperature QS distribution is skewed
strongly towards low QS values, with a low edge at 0 mm/s, a peak value < 1 mm/s, and a high QS tail.
These are QS values that would normally be assigned to Fe®* sites. The Fe?* cation is still in its high spin
configuration; if this effect was due to a transition to a low spin configuration, there would also be a change
in the IS, but as we shall demonstrate below the IS distribution is still that characteristic of high spin Fe?*
(see the first column of figure 21).

As o increases, the low-QS peak shifts to higher values, while a small secondary peak appears

around 3 mmy/s (6 =0.075 A in figure 23). The low-QS peak broadens into a plateau, and eventually
shrinks into a broad shoulder on the side of the high-QS peak, which continues to increase in height. At the
highest value of o, the distribution resembles the high disorder distributions of previous starting clusters
with a single high-QS peak and a broad low-QS tail. The 6 = 0.175 A QS distribution is shown in
comparison to those of the other ensembles in the third column, bottom row panel of figure 21. The
distributions clearly have the same shape, although a small low-QS hump is still visible in the {lI, 54.74°,
2.11 A} distribution.

At O K, the QS distribution still has the characteristic shape and position of Fe?* (see second

column of figure 21), with a sharp high edge around 3.2 mm/s, and a low-QS tail. The difference in the
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distributions at low and high temperatures is explainable in terms of the electronic structure of the cluster
and the Gaussian Isotropic Model of amorphous EFGs, as follows.

The starting cluster {!l, 54.74°, 2.11 ;\} has undistorted octahedral symmetry, therefore the EFG of
the starting cluster is exactly zero. The highest occupied and four lowest unoccupied spin-down molecular
orbitals in an octahedral Fe(OH)¢* cluster are almost entirely of Fe(3d) character. The three t,, orbitals
(conventionally labelled xy, xz and yz) are degenerate and share the single spin-down 3d electron between

them. The electronic structure is spherically symmetric and the total EFG tensor is
V = H(oo V] 9) + (529 2) + 402V 2) =0 @)

where V is the EFG tensor operator and 0 is the identically zero 3 x 3 tensor. When a distortion is applied
to the starting cluster, the degeneracy between the three t,, orbitals is lifted and, at 0 K, the spin-down 3d

electron occupies the lowest orbital (assuming the most general case, where all three orbitals are now non-

degenerate). Letting the three t,, orbitals be |l) R |2) , and |3) with energies E, < E; < E;, respectively, then
at 0 K the EFG tensor is now V = <1|\7| 1) . The QS in this case is generally of the order of 3 mmV/s; the sign

of Vz depends on the character of the |l) orbital. Even a small distortion will change the QS from 0 to 3

mm/s, because the distorted cluster no longer has octahedral symmetry. Thus at 0 K, even though the
starting cluster has QS = 0 mm/s, a small distribution of distorted octahedra will give rise to a distribution
whose bulk lies in the neighbourhood of 3 mm/s. The probability that a random series of distortions will
leave the cluster with O}, symmetry is exactly zero, thus the value of the QS distribution at 0 mm/s will be
zero, regardless of the QS of the starting cluster.

At a finite temperature T, the t, orbitals acquire average effective thermal occupations:

n=12Z,

n, = exp[-Ay/kgT])/Z, and 30)

ny = CXp[—Az/kBTJ/Z,
where n; is the effective occupation of the orbital |}, A, = E; — E,, Ay = E; - E;, and
Z =1+ expl-A/ksT] + exp[-A/kgT]. We assume that the ty,-€, splitting of the Fe(3d) orbitals is

significantly larger than kT, so the thermal population of the e, orbitals is zero. Since A, and A, are

functions of the distortion, so are the n;. If the applied distortion from O, symmetry is small, then A; and A,
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are small with respect to kT, and so for each orbital |z) ,n;~1/3 and

<i I‘A’l i) - (i Wl i)(undisloned) : Gn
The Fe(3d) orbitals will be approximately spherical, as in the Fe’* electronic structure, and so the EFG
tensor

V = n,(1V[1) + n,(2]V]2) + n,(3|V]3) (32)
will be close to 0, and the QS will be small. Therefore, we see that a distribution of small distortions from
octahedral symmetry gives rise at finite temperatures to a QS distribution whose bulk lies in the region of

low QS normally associated with Fe** clusters.

When the average size of the distortions increases - that is, as the static disorder parameter
increases - the splittings A, and A, increase, n, approaches one and n; and n; approach zero. Thus the EFG
tensor V in equation 32 approaches the (non-population-averaged) 0 K case, and the distribution shifts its
bulk towards the neighbourhood of 3 mm/s.

If the distortion applied to the {li, 54.74°, 2.11 A} starting cluster is small, then at finite T the
means of each of the five linearly independent components of the EFG, U, will be approximately zero, and
the electronic structure of the Fe atom will approximately spherical. Furthermore, if the distribution of
distortions is Gaussian, then the distributions of the U; will be nearly Gaussian as well. The two hypotheses
of the Gaussian Isotropic Model (GIM) are then approximately satisfied, and so the Czjzek QS distribution
should be a good approximation for the ensemble when & is small. In figure 23, we show least-square fits
of the Czjzek QS distribution (equation 16) to the QS distribution at ¢ = 0.025 A (width parameter w =
0.310(6) mmvs, x* = 0.04) and 0.050 A (w = 0.577(8) mmy/s, x* = 0.011). The reasonable success in fitting
the low-c QS distributions demonstrates that the GIM is a good approximation to the actual EFG
distribution in this specialized case.

The changes of mean and standard deviation of the QS at 0 and 300 K for both {lI, 58°, 2.11 ;\}
and {ll, 54.74°, 2.11 A} simulations are shown in figure 24. At 0 K, (solid symbols) both simulations show
trends similar to those in the {L, ¥, 2.11 A} simulations (figure 14). At 300 K, the {Il, 58°, 2.11 A}
simulation shows trends very similar to the {.L, 54.74°, 2.11 A} simulation, with a relatively flat variation
of <QS> with disorder, and s(QS) increasing rapidly to a maximum before decreasing. A similar trend is

seen in the s(QS) of the {ll, 54.74°, 2.11 A} simulation at 300 K, despite the very different evolution of the
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{Il, 54.74°, 2.11 A} QS distribution. The mean QS of the {ll, 54.74°, 2.11 A} simulation at 300 K increases
with o, reflecting the evolution of the distribution shown in figure 21.

Figure 25 shows the 1 distributions of the {ll, 54.74°, 2.11 A} ensemble, at 0 and 300 K. Unlike in
other simulations, the distribution differs significantly at the two temperatures. For small ¢, the 0 K
distribution (squares) has a single sharp peak around 1 = 0.1, while at 300 K the distribution is a broad, flat
curve (circles) that is very close to the Czjzek n-distribution (dashed line). This latter result is in agreement
with our observation that the EFG approximately follows the GIM at low ©. As the disorder increases, the 0
K peak broadens and the 300 K distributions forms a peak at low 7, so that by ¢ = 0.150-0.175 A, the
distributions are almost the same at both temperatures. The high ¢ distributions are quite similar to those
seen in the other simulations (figures 5, 23, and 26).

Figure 26 shows the mean and standard deviation of the 1 distributions at 0 and 300 K. The curves
for {1, 58°, 2.11 A} at 300 K were previously shown in figure 22, and are qualitatively similar to those of
the {1, y, 2.11 A} simulations. The 0 K and 300 K behaviour is the same for this ensemble. As observed
from the distributions, the curves at 0 and 300 K for {ll, 54.74°, 2.11 ;\} are quite different, although the
values of <1> at the two temperatures are clearly approaching one another as ¢ increases. Both <n> and
s(n) curves are discontinuous at 6 =0 A; the limit as o goes to zero is non-zero, while 1 = 0 for the O-
symmetric starting cluster.

The IS and SP distributions for the {ll, 54.74°, 2.11 A} simulations are shown in comparison with
those of the other simulations in figure 21. The IS and SP distributions are unaffected by the spherical
symmetry of the Fe(3d) orbitals at 300 K in the {Il, 54.74°, 2.11 A}. The spin-up and spin-down electron
densities at the nucleus are due only to the Fe s-orbitals, which are spherically symmetric to begin with, and
only weakly affected by the total Fe(3d) orbital occupation and not by its symmetry. Figure 27 shows the
mean and standard deviation of the IS for the {ll, y, 2.11 A} simulations, and figure 28 shows the
corresponding mean and standard deviation of SP. There is very little difference between results for both

flattening angles, and the <IS>, <SP>, s(IS) and s(SP) vary with ¢ in ways that are very similar to the

corresponding results in the {1, y, 2.11 ;-\} simulations.
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Simulated spectra and comparison with experiment
Having generated an ensemble of sets of hyperfine parameters, it is straight-forward to calculate a

simulated quadrupole doublet from the (QS, IS) pairs. The simulated doublet is given by

Y, ) I L + 1 (33)
”Z -6 +1v V+12 (-5, -1v;F +12

where Y(v) is the total spectrum, v is Doppler velocity, Y, is the background value, Y.« is a peak scaling

value, N is the total number of points in the ensemble (N = 1000), V," and §; are the ith QS and IS,

respectively, and I is the elemental Lorentzian line-width, equal to 0.097 mm/s.
Simulating the spectrum of a magnetic material is somewhat more complicated. The total

spectrum can be still be calculated as the sum of elemental multiplets,
N
Y(v)=Y0_szakZB(v|Vﬂ.i’”i’0i7¢i’Hi’r) (34)
i=l

where, for a powder-averaged sample, Vz; and 7); are the EFG principal value and asymmetry parameter,

respectively, 6; and ¢; are Euler angles describing the HF orientation with respect to the EFG principal axes,
d; is the IS and H; is the HF. The elemental Lorentzian multiplet B(v | Ve i 7:,6,,0,,H ,.,l") can be

calculated analytically (see Appendix, and Blaes et al. 1985), although there is no convenient short form.
The structure of the Fe?* site in the mica annite is approximately that of cluster [L, 58°,2.11 AJ; at
the M1 site, the mean cluster bond length d = 2.1205 A and y = 58.63°, and at the M2 site, d = 2.1005 A
and ¥ = 58.30°, with a small counter-rotation of 0.43° (Mercier 2003, Hazen and Burnam 1973). To
calculate hyperfine parameters with quantitative accuracy, however, requires at least the second nearest
neighbour octahedra (Lougear et al. 2000), that is, a seven-octahedra section of the octahedral sheet. The
computation time on such a large cluster is too long for a simulation of 1000 randomly perturbed seven-
octahedra clusters to be practical. However, we observe that the QS vs. flattening curve at 300 K for the
cluster [ll, 58°, 2.11 ;\] is much closer to that of a sample seven-octahedra cluster (described in Evans et al.
2005a) than that of [.L, 58°, 2.11 A] (figure 29) for y > 54.74°. Pointing the O-H bonds along the Fe-O
bonds helps to redistribute the valence electron density along the xy-plane, ameliorating the lack of the

second nearest neighbour sites. Therefore, while the {1, 58°, 2.11 A} simulations may not reproduce the
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spectrum of annite at room temperature, one of the {ll, 58°, 2.11 A} simulations may.

Figure 30 compares calculated spectra from {1, 58°, 2.11 A} (parts A and B) and {ll, 58°, 2.11 A}
(parts C and D) simulations with experimental powder Mossbauer spectra of synthetic (Rancourt et al.
1994b and 1994c). We compared the doublets (parts A and C of figure 30) calculated from each simulation
with the annite spectrum taken at room temperature. For {.t, 58°, 2.11 A} (part A of figure 30), 6 =0.150
A gave the best match in terms of line-width, although there is a clear mismatch in mean QS. The {ll, 58°,

2.11 A} simulations gave better results (part C of figure 30), with satisfactory agreement for ¢ from 0.075

A 10 0.125 A (compare the plot of s(QS) vs. 6, figure 24); 6 = 0.125 A is shown in figure 30.

Annite becomes magnetic at low temperature. In parts B and D of figure 30, the magnetic spectra
computed from the chosen simulations at 0 K is compared with an experimental powder spectrum of
synthetic annite taken at 7 K (Rancourt et al. 1994c). Additional lines in the experimental spectrum beyond
+6 mm/s, due to small amounts of Fe** in the sample, are ignored and not shown in the figure. The
experimental and simulated spectra are quite different, although there is an overall similarity in individual
line widths and positions, and in the total width of the spectra. These similarities imply that local structural
disorder is an important effect in the broadening of magnetic M6ssbauer spectra, and may be enough alone
to explain the widths of spectral lines without resorting to elaborate coupling between moments, such as the

effects usually attributed to speromagnetism.

Simulated spectra and correlations between hyperfine parameters

For each simulation, the distributions of each hyperfine parameter have been discussed separately.
Next we discuss the joint distributions of the hyperfine parameters, two parameters at a time, as well as
correlations between the parameters, and the resulting calculated multiplet spectra. We observe significant
correlations between QS and IS, and between IS and SP, whose nature changes with disorder.

Figure 31 shows scatter graphs of QS versus IS and SP versus IS, as well as simulated doublets
and magnetic multiplets, for the {1, 58°, 2.11 A} simulations. The first column shows scatter plots of QS
versus IS at 300 K for the ensemble (1000 clusters), illustrating the joint distribution of the two parameters,
for 6 = 0.025 A (part A), 0.100 A (part E) and 0.175 A (part I). From the shape of the scatter, the
correlation between QS and IS increases with disorder. The scatter changes from a near-circular

distribution that dies off gradually in all directions at ¢ = 0.025 A (part A), to a comet-shaped distribution
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with abrupt edges in the upper-right corner of the graph at 6 = 0.175 A (part I.

The joint QS-IS distributions in the first column of figure 31 produce the simulated doublets in the
second column (parts B, F and J), calculated with equation 33. The increasing positive correlation between
QS and IS with disorder manifests as an increasing asymmetry between the low and high velocity peaks of
the doublet. The high velocity peak decreases relative to the low velocity peak as © increases. The doublet
with elemental Lorentzian line-width I" = 0.097 mm/s for cluster [L, 58°, 2.11 A] is also shown for
comparison (dashed line). At ¢ = 0.025 A, the {1, 58°,2.11 A} simulation doublet is very close to the
elemental doublet, but as ¢ increases, the widths of the doublet lines increase and the asymmetry increases.

The origin of the correlation between QS and IS can be understood in terms of the electronic
structure of the Fe(3d) and Fe(4p) valence orbitals. The IS is a linear function of the total electron density
at the >’Fe nucleus (see equation 5), such that an increase in density corresponds to a decrease in IS. Only
those orbitals of primarily Fe s character have non-zero probability at the nucleus; if we consider the 1s-3s
orbitals as Fe core orbitals, relaiively unchanged by local environment, then the IS is strcitly a function of
ny,, the total valence Fe(4s) occupation. The Fe(4s) occupation, however, is dependent on the occupation of
the other valence orbitals, as an increase in Fe(3d) or Fe(4p) orbital occupation leads to a decrease in Fe(4s)
occupation through screening effects (Brady 1965, Axtmann et al. 1968). Thus IS has a weak dependence
on the total Fe(3d) (nmz,) 00y F Mgy F Mgy F Ry ) and Fe(4p) (n4p(x) + 14005 F M) )
valence orbital occupations. In the Townes-Dailey approximation (Townes and Dailey 1948, Bancroft
1973), the QS is a function of the Fe(3d) and Fe(4p) orbital anisotropies, as given in equation 19, which are
themselves linear combinations of the individual Fe(3d) and Fe(4p) orbital occupations. Thus QS and IS

are coupled through linear dependence on the valence orbital occupations n o Myg(yy and

3d(z*) "
Mypieys Mapeyy» a0 1y, . De Vries et al. (1975) proposed similar empirical formulas for QS and IS in
isolated atoms.

The third column of figure 31 shows scatter plots of SP versus IS for the ensemble (1000 clusters),
for 6 =0.025 A (part C), 0.100 A (part G) and 0.175 A (part K). There is a very strong positive correlation
between IS and SP, which becomes more non-linear as disorder increases. The fourth column of figure 31

shows magnetic multiplets for each simulation at 0 K, calculated with equation 34 and the results of Blaes

et al. (1985) for a powder sample (see Appendix). Also shown in each graph is the sextet with elemental
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Lorentzian line-width I = 0.097 mm/s for cluster [1, 58°, 2.11 A) at O K for comparison (dashed line). The
evolution of the spectrum as © increases is considerably more complex than the simple broadening of the
elemental lines. Even at 6 = 0.025 A, the {.L, 58°, 2.11 A} simulation spectrum is significantly different
than the elemental [L, 58°,2.11 A] sextet. The main lines are noticeably broader, and the lines near 1.5
mm/s and 2.0 mm/s have each split into two. The lines continue to broaden, shift position and in some
cases split as G increases, and it is difficult at 6 = 0.175 A (part L) to identify which features correspond to

the lines in the elemental spectrum.

Figure 32 shows the same set of graphs (QS vs. IS, doublet spectra, SP vs. IS, magnetic spectra)
for the {1, 54.74°,2.11 A} simulations. The QS-IS scatter plots (first column) show the same change in
shape, from circular to comet-shaped, as the {1, 58°, 2.11 A} scatter plots do in figure 31, although the {1,
54.74°,2.11 A} simulations have a thicker tail running parallel to the QS axis at high IS (parts E and I),
with correspondingly fewer points in the low QS/low IS corner of the graph. In the doublet spectra, this
difference manifests as a less pronounced increase in peak height asymmetry as disorder increases. At ¢ =
0.100 A there is a slight asymmetry opposite to that in figure 31, with the low velocity (left) peak slightly
shorter than the high velocity (right) peak. The line shapes themselves are more asymmetric than in the {L,
58°,2.11 A} simulations. The SP vs. IS scatter plots (third column) of the {1, 54.74°, 2.11 A} simulations
are very similar to those of the {.L, 58°,2.11 A} simulations, and the magnetic spectra (fourth column)
show the same kind of evolution with increasing disorder as in the {1, 58°,2.11 A} simulations.

Figure 33 shows QS vs. IS, SP vs. IS and simulated spectra for the {ll, 58°, 2.11 A} simulations.
They are similar to both previous clusters. The correlation between QS and IS increases with disorder, as in
the {1, 54.74°, 2.11 A}. The doublet line height asymmetry at high 6 is more pronounced than in the {.L,
54.74°,2.11 A} simulations, and the asymmetry is of the tall low-velocity peak type found in the other
simulations.

Finally, figure 34 shows QS vs. IS, SP vs. IS and simulated spectra for the {l, 54.74°, 2.11 A}
simulations. While the SP vs. IS scatter plots (third column) are the same as the previous three cases, the
spectra and QS vs. IS plots are considerably different. The evolution of the QS vs. IS scatter plots (first
column) reflects the changes in the QS distribution shown in figure 21. At high & (part I), the plot is

essentially similar to that of the {ll, 58°, 2.11 A} simulation.
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Since the QS of the starting cluster is zero, the elemental non-magnetic spectrum of cluster [Ii,
54.74°,2.11 A] is a single Lorentzian line, while the elemental magnetic spectrum is a Lorentzian sextet
with line intensity ratios of 3:2:1:1:2:3. The spectra of the {ll, 54.74°, 2.11 A) simulations, however, are
quite different, even at low disorder.

The non-magnetic spectra (second column) are highly broadened doublets that change shape as ¢

increases. At ¢ = 0.100 A, the spectrum appears to be a combination of two doublets, corresponding to high
and low QS populations. These populations are visible in the QS distributions of figure 21.

The magnetic spectrum (fourth column) is a broadened sextet at 6 = 0.025 A (part D), with line
positions and intensities similar to the elemental [ll, 54.74°, 2.11 A] sextet. The magnetic spectrum
broadens with ¢ in a similar way to the other simulations (figures 31-33). At ¢ =0.100 and 0.175 A (parts
H and L), the most intense peak in the magnetic spectrum is at the same position (~ 1 mm/s) as the singlet

peak of the non-magnetic [il, 54.74°, 2.11 Al spectrum (parts B, F and J).

Universal features of the hyperfine parameter distributions

We have already observed that the hyperfine parameter distributions share certain characteristics
regardless of the particular geometry of the ensemble's average (i.e. starting) cluster. Many distributions
have a common shape regardless of width or peak position: the SP distribution is Gaussian, and the QS
distribution, aside from the special case of an O, symmetric starting cluster, has the right-skewed shape
with a constant high QS edge and a variable low QS tail. The IS distribution is Gaussian for small amounts
of disorder, and evolves towards the QS distribution shape (figure 5) as disorder and the QS-IS correlation
increase. Moreover, we have seen that as disorder increases, the distributions of a given hyperfine
parameter (QS, IS, SP) have the same width and position regardless of starting cluster geometry. In this
section we shall examine other universal features of the hyperfine parameter distributions, relationships
between distribution widths and means, and between the widths of different parameter distributions. These
relationships can be used as constraints, to aide in the simultaneous fitting with QS, IS and HF
distributions.

In figure 35, we plot the width-to-mean ratios s(QS)/<QS>, s(IS)/<IS> and s(SP)/<SP> for all

simulations. Part A shows {, 58°, d} simulations for d = 2.08 A, 2.11 A and 2.14 A; part B shows {.L, ,

2.11 A} simulations for y = 54.74° and 58°; and part C shoWs {I, y, 2.11 A} simulations for Yy =54.74°
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and 58°. As with other distribution parameters, s(IS)/<IS> and s(SP)/<SP> are sensitive to bond length and
relatively insensitive to flattening angle, while s(QS)/<QS> at 0 and 200 K is very sensitive to flattening
angle and less sensitive to bond length. With the exception of s(QS)/<QS> at 300 K for the { L, 54.74°,
2.11 A} and {Il, y, 2.11 A} simulations, the width-to-mean ration increases with o for all parameters and
starting clusters, due to the increasing width of the distributions.

The width-to-mean ratio of the SP is much greater than those of the other hyperfine parameters.
This contradicts the common assumption that the HF is insensitive to the structure of the local
environment; actually, we see that the opposite is true, that the variation in the HF due solely to local
disorder is large compared to the HF's absolute value.

The s(QS)/<QS> at 0 K and the s(IS)/<IS>, on the other hand, are of similar magnitudes, with the
5(Q8S)/<QS> being greater by about a factor of two. (The SP width-to-mean ratio, by contrast, is a factor of
4 to 7 greater than that of the QS at 0 K.) Although the IS distribution is significantly narrower than the QS
distribution (see the QS scatter graphs in figures 31-34), the IS distribution's width is not negligible.
Madssbauer spectra are often fit with the assumption that the relative width of the IS distribution is
negligible compared to that of the QS, but in general this is not a valid assumption.

The width to mean ratio of QS at 300 K is nearly the same as that at 0 K in the {1, 58°, d}
simulations. This is not true for the {L, 54.74°, 2.11 A} and {I, 58°, 2.11 A} simulations, however, where
5(QS)/<QS> at 300 K reaches a maximum in the region 0.100-0.125 A and then starts to decrease; the
magnitude of the ratio, moreover, is about twice that of the QS at 0 K. Unsurprisingly, at this point,
5(QS)/<QS> at 300 K for the {Hl, 54.74°, 2.11 A} simulations behaves contrary to all the others, decreasing
with increasing disorder from a magnitude similar to that of s(SP)/<SP>. Given the Fe**-like symmetry of
the electronic structure in this cluster at low g, this beha;/iour may be what one might expect of Fe**
clusters.

In figure 36, we show plots of s(QS) versus s(IS) for 0 K and 300 K (parts A and B), and s(SP)
versus s(IS) (part C), for all simulations. In parts A, the s(QS) versus s(IS) curves at 0 K all fall within a
relatively narrow range. At low temperatures, the proper widths of the QS and IS distributions have a
nearly universal relationship that can be used to inform how a joint (QS, IS) is fit to an Fe®* spectra. Part C

shows a similar result for the temperature-independent s(SP) versus s(IS) curves. In this case, the {1, 58°,

2.14 A} and {1, 58°, 2.08 A} curves provide upper and lower limits, respectively, to the SP width as a
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function of s(IS), with all of the curves between having an Fe-O bond length of 2.11 A.Thisisa
consequence of the strong dependence of the IS and SP on Fe-O bond length, as observed above (figures 9
and 10).

The relationship between s(IS) and s(QS) at 300 K, shown in part B, is less consistent. The three

{1, 58°, d} simulations, for d = 2.08, 2.11 and 2.14 A, follow similar curves to the 0 K simulations, but the

remaining three ensembles are quite different. The {.L, 54.74°, 2.11 A} and {ll, 58°, 2.11 A}simulations
show similar behaviour, while the high-symmetry {Il, 58°, 2.11 A} simulation follows its own separate
curve. The relationship between QS and IS distribution widths at high temperatures is less universal than at

0 K, and is more dependent on site geometry.

Sign of the EFG principal value

The QS is proportional to the absolute value of the EFG principal eigenvalue, V2 (equation 4),
therefore the sign of the principal value has no effect on the zero-HF M&ssbauer spectra. The sign depends
on the character of the lowest energy Fe(3d) orbital, occupied by the lone spin-down electron. For a
trigonally-symmetric, flattened Fe(OH)s octahedron, this is the Z* orbital in our system of coordinates,
which produces a negative Vzz . Thus in a perfectly ordered crystalline octahedral sheet, Vz will be
negative at every Fe** site. For other distortions, the lowest energy Fe(3d) orbital may give a positive Vz,
therefore if the static disorder in the octahedral sheet is increased, a population with V,; > 0 appears. In the
limit of a perfectly amorphous, isotropic solid, the Fe** electronic structure will have spherical symmetry
on average, and thus one might expect equal proportions of positive and negative Vz,. This is the prediction
of the Gaussian Isotropic Model (Czjzek et al. 1981, Le Caer and Brand 1998). Thus when increasing the
static disorder in an octahedral sheet from zero, the proportion of positive V; increase from zero to 50% in
the amorphous limit. However, our simulations show a more complex situation.

Figure 37 shows the probability density distribution of Vzz at 0 K and 300 K in the {1, 58°, 2.11
A} simulations. Starting with low static disorder (bottom), the distribution at both temperatures consists of
a single peak at negative values, indicating that all clusters in the ensemble have Vzz < 0. A peak of positive

V2 values appears at ¢ = 0.075 A, and increases in relative area as G increases. At the largest values of 6
investigated (¢ = 0.150 A and 0.175 A, top), the positive and negative peaks are of roughly equal size.

Figure 38 shows QS distributions of {1, 58°,2.11 f\} simulations, at 0 and 300 K, decomposed into
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contributions from the Vz < 0 and Vzz > 0 populations. At low disorder, where the positive Vzz population
first appears, the positive partial QS distribution is located in the low QS tail of the total distribution. At
high disorder, however, the positive and negative partial QS distributions are similar in both shape and
position, although the negative partial QS distributions is entirely responsible for the high QS edge of the
total distribution.

Figures 39 and 41 show the V; distributions for the simulations { L, 54.74°, 2.11 .7\} and {ll, 58°,
2.11 A}, respectively. As for other hyperfine parameter distributions examined, the V distributions of
these two simulations are very similar. In both simulations, and at both 0 and 300 K, the negative peak
shrinks and the positive peak grows as ¢ increases, and at ¢ = 0.175 A, almost all clusters in the ensemble
have positive V2. Instead of equal proportions of positive and negative signs at high disorder, we find that
positive signs for Vzz dominate, even though the geometry of the average cluster implies a negative Vz .
This is a strong reminder that the average site in a chemically disordered material does not always predict
the average EFG tensor (Evans et al. 2005b), contrary to naive expectations.

The partial QS distributions for the negative and positive V; populations in simulations {1,
54.74°,2.11 A} and {ll, 58°,2.11 A} are shown in figures 40 and 42, respectively. Compared to the {1,
58°,2.11 A} simulation, the positive V contribution to the total QS distributions become large at smaller
values of 6. When the positive contribution is sufficiently large, it shares the same high QS edge as the
total distribution. The high QS edge is therefore determined by neither the positive or negative VZZ
contributions aloné, but by whichever is the largest.

Figure 43 shows the Vz distributions for the {ll, 54.74°, 2.11 A} simulations at 0 and 300 K. The 0
K simulations (left) show a single peak at Vz; > 0, which increases in width as disorder increases. The Vz <
0 population is negligible. The 300 K simulations (right) start with nearly equal positive and negative Vz
peaks positioned near zero at low disorder (bottom, ¢ = 0.025 A). The positive peak is slightly wider than
the negative peak. As also seen in the QS and the 7 distributions, the Vz; distribution in this case is very
close to the predictions of the Gaussian Isotropic Model. Several things happen as the static disorder @
increases: (1) the positive peak increases in area while the negative peak decreases, becoming negligible by
0 =0.175 A; (2) the positive and negative peaks move farther apart, as the magnitude of the peak positions

increases from the values typical of spherically symmetric electronic structures (less than 1 mmy/s) to those
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values typical of Fe?* (2-4 mm/s); and (3) the shape of the positive peak follows the same evolution as the
shape of the QS distribution (figure 27), from left-skewed to right-skewed. At 0 =0.175 A, the Vz
distributions at 0 and 300 K are of similar shape.

Figure 44 shows the partial QS distributions for the negative and positive Vz; populations of the
{Il, 54.74°,2.11 A} simulations at 300 K. Since the negative Vz population at 0 K is negligible, only the
300 K partial and total QS distributions are shown. The negative and positive partial distributions are
approximately equal at 6 = 0.025 A, and then the positive partial distribution becomes dominant as G
increases. From figure 21, we have seen that the 300 K {!I, 54.74°, 2.11 A} simulations, the QS distribution
is a combination of low Fe**-like and high Fe?*-like QS populations whose proportions change as disorder
increases. But figure 44 shows that these high/low QS populations do not strictly correspond to the positive
and negative Vz; populations. Although at low ©, the negative Vz partial QS distribution corresponds to
low QS, the positive V; partial QS distribution is equally divided between low and high QS populations.

The common theme of the evolution of the V; distributions for all four starting geometries is that
the positive sign of Vzz comes to dominate at high disorder, regardless of which sign, if either, dominates at
low disorder. This trend is quantified in figure 45, which shows the changing fraction of clusters having
positive Vz for each simulation as ¢ increases. The exception is the {1, 58°,2.11 A] starting cluster,
which holds more strongly to negative values of Vz; due to the double strength of the preferred symmetry
axis due to a high flattening angle and the O-H bond directions (see discussion of figure 24). The evolution
of the Vz distributions shows strongly what was less clear in the distributions of other EFG tensor
properties — that the EFG tensor distributions do not tend towards the amorphous and isotropic case at high
static disorder, as one might suppose, in Fe?* octahedra. The Gaussian Isotropic Model does not describe a
highly disordered ensemble of Fe** oc;ahedra well at all, nor is such an ensemble well described by simple

normal distributions based around the EFG tensor properties of its average octahedral site.

Correlations of the principal value sign and other EFG properties

The sign of Vz; shows a strong correlation with the direction of the eigenvector associated with
Vzz, called the principal axis of the EFG. Defining ¢ as the angle between the z-axis and principal axis of
the EFG, 0° < ¢ <90°, in general we find that small ¢ (< 20°) correspond to negative V, while large ¢

(60-90°) correspond to positive Vz. This agrees with previous calculations on larger, multi-octahedral
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clusters (Evans et al. 2005b), and with oriented single Mossbauer spectroscopy measurements of micas
(Hargraves et al. 1990).

Figure 46 shows scatter plots (1000 points) of the angle ¢ versus the EFG asymmetry 1, where 1
is plotted between -1 and 0 if Vzz <0, and between 0 and +1 if Vzz > 0. The figure thus shows simultaneous
correlations between ¢, 1), and the sign of V. For the simulations {1, 58°,2.11 A}, {1,54.74°, 2.11 A}
and {ll, 58°, 2.11 A}, shown for ¢ = 0.100 ;\, there is a clear correlation between 1 and ¢ for each sign of
Vz When Vz < 0, an 1} ~ 0 corresponds approximately to ¢ ~ 0°, while larger 1} correspond to slightly
higher ¢. When Vz > 0, | ~ 1 corresponds approximately to ¢ ~ 90°, while smaller 1| correspond to slightly
smaller ¢. In both cases, ¢ and 1 are positively correlated. These correlations are only true on average, and
the plot of ¢ against 1} becomes much noisier as © increases, and on increasing the temperature. A small
population of points with Vzz < 0 and ¢ ~ 70-80° appears at high disorder for these simulations (e.g. T=0
K in part C), buteven at 6 = 0.175 A these clusters are less than 5% of the total ensemble.

At low disorder, there is also a correlation between 1 and the sign of V. When the V>0
population first appears, the average 1 over that population, <n>,, tends to be close to 1, while the average
1 over the Vzz < 0 population, <1 >_, is small (less than 0.4). As disorder increases and the Vz > 0
population grows, both groups have 1 distributed from O to 1, as in parts A-C of figure 46. Part A of figure
47 shows the evolution of <n>, and <n>_ with o for the {1, 58°,2.11 A}, {L, 54.74°,2.11 A} and {l|, 58°,
2.11 A} simulations, which show this kind of behaviour.

The correlations between the sign of Vzz, 11, and ¢ can be understood as follows. An1 =0
corresponds to axial symmetry, while 1} = 1 corresponds to planar electronic structures. Thus if the highest
occupied spin-down orbital is planar, we expect the EFG to have 1 = 1 and an in-plane principal axis (¢ ~
90°). Conversely, if the highest occupied spin-down orbital is aligned along the z-axis, like the Fe(3d) z*
orbital, then we expect 1 = 0 and the principal axis normal to the xy-plane (¢ ~ 0°). Those clusters whose
highest occupied spin-down orbital is primarily of Fe(3d) 2% character will have a negative Vzz, while those
with highest occupied spin-down orbitals composed primarily of the other Fe(3d) orbitals, which lie mostly
in the xy-plane, all have positive Vz.

The {Il, 54.74°,2.11 A} simulations do not show the kind of correlations between ¢, | and the
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sign of V; as the other simulations. Parts D and E of figure 46 shows the scatter plot of ¢ vs. 1| X sign(Vz)
at 6 =0.025 A and 0.175 A. There is no correlation between 1} and ¢ at either 0 or 300 K. The distribution
of ¢ with the sign of Vz is different for the two temperatures. At ¢ = 0.025 A, where the ensemble behaves
approximately like the Gaussian Isotropic Model at 300 K, ¢ is approximately equally distributed for both
signs of Vzz, as the model predicts. The distribution of ¢ itself is not uniform, as in a perfect Gaussian
Isotropic Model, but favours values greater than 20°. At 0 K and 6 = 0.025 A, there is a complicated
correlation between ¢ and the sign of Vz. At negative Vz, there are two small disconnected populations
with ¢ < 10° and ¢ ~ 60-80°. The majority of points have positive Vz, all of which have ¢ > 30°. Ato =
0.175 A, the 0 K scatter plot is very similar to the one at 0.025 A, and the 300 K scatter plot has become
similar to the 0 K plot.

Part B of figure 47 shows the evolution of <n>, and <n>_ with & for the {Il, 54.74°, 2.11 A}
simulations at 0 and 300 K. Surprisingly, since most other EFG properties for this simulation are very
different at the two temperatures, <n>._ is nearly the same at 0 and 300 K, approximately constant at about
0.65. The 0 K value of <1)>, increases very slowly from 0.2 to 0.3 as ¢ increases, and the 300 K value

decreases from 0.55 to 0.3. This is different again from the other simulations, shown in part A of figure 47.

Polar Representation of the EFG Tensor

Additional insight into the evolution of the EFG tensor distribution with static disorder may be
gained by a transformation of variables. If Vz is plotted against 1| for a given ensemble, as in part A of
figure 48, one obtains a graph with two disconnected sets of points, the positive and negative V
populatiops discussed in the previous section. In this case the points in each population are distributed over
all values of 1y from QO to 1.

rHowever, this plot misrepresents the actual topology of the (Vz, 1) space. For example, in an EFG
tensor where 11. = 1, the three EFG eigenvalues must be

Vi=+q,V,=0and V3=-¢ (35a)
for some g > 0, since V,, V, and V3 must sum to zero. Therefore the principal value is [Vl = g, although the
sign of Vz is undefined because V| and V; are of equal magnitude but opposite sign. Suppose one adds a

small perturbation to the EFG, 1 > 0, 1 << g, in such a way that the eigenvalues become
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Vi=gq+,V,=-2t,and V3=—g + 1. (35b)
Now V, alone is of the greatest magnitude, and so Vz; > 0 and 1} < 1. If instead one subtracts the same
perturbation, so that

Vi=g-, Vo=+42\, V3=—4q —1, (35¢)
then V; has the greatest magnitude, and Vzz < 0 and M| < 1. Graphically, a small perturbation from a point on
the n = 1 line in part A of figure 48, on either size of the Vzz = 0 line, moves into the Vz; > 0 half of the
figure in one direction, and into the Vz; < 0 half of the figure in the other direction. The two halves of the
(Vzz, M) graph must be connected not only through the V2 = 0 line, but also through the two m = 1 half-

lines.

Czjzek (1983) proposed a transformation of variables from (Vz, 1) into a polar coordinate system
(R, ©®), mapping the infinite strip {—co < Vzz < +00,0 <M < 1} onto the sector {0 < R < +o0, W6 <O <
+m/6}, where R = V* (the QS, see equation 17), and © is a function of N and the sign of the V. only. We
shall use an alternate system used by Le Caer and Brand (1998), which maps the (Vz, i) strip onto the half
plane {0 < R < +o0, 0 < ® < m}. This is a more natural choice in the sense that the left half of the graph still

corresponds to Vz < 0, and the right half to Vz > 0. The planar coordinates

2 2
X = Reos®=V,,| =1 | 'y = Rsin® = V3|V, ) : (36)
1+7°/3 1+7*/3

are plotted in part B of figure 48 using the same data as in part A. The two apparently disconnected
populations are now clearly a single continuous population. Table 2 gives a full list of relations between the
EFG tensor elements and the new coordinate system.

Figure 49 shows scatter graphs in these new coordinates for each simulation performed. The polar
coordinates make the nature of the EFG tensor's evolution with increasing disorder very clear. For all but
the 300 K {ll, 54.74°, 2.11 A} simulation (red points in part D), the ensembles of EFG tensors form near-
circular arcs around the origin. As static disorder increases, the width of the arcs increase, corresponding to
the increasing width of the QS distribution. At the same time, the arcs shift clockwise from the left to the
right half of the plane. Gradually the body of points moves from high to low ©, as measured from the

positive X axis. This is very clearly seen in parts A, B, and C of figure 42. At the high values of ¢ (top of

columns), the tail from low to high ® becomes increasingly sparse. The upper limit of QS, manifested in
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the QS distribution as a constant high edge, is visible in all of the graphs, as all ensembles seem bounded
within the half-circle of radius ~3.5 mm/s centred about the origin.

In the {Il, 54.74°, 2.11 A} simulation (part D), the 0 K ensemble lies predominantly in the right
half of the graph, and this does not change as ¢ increases; the arc only becomes wider and more scattered.
At 300 K, the 6 = 0.025 A is not a near-circular arc but a blob of points centred approximately on the ¥
axis. This agrees with the results of Le Caer and Brand (1998) for the Gaussian Isotropic Model (see their
figure 9). As o increases, the blob expands outwards from the origin towards the right half of the plane. At
high o, the 300 K ensemble comes to resembles the 0 K ensemble.

The simple changes in the EFG tensor ensembles in the coordinate system of equation 36
graphically summarizes the more complex changes in the QS, ) and Vz; distributions illustrated previously.
The change in the EFG tensor as static disorder increases can been seen as a rotation of the ensemble in the
(X, Y) plane, combined with a widening of the distribution in the radial direction, subject to a radial bound
(the constant QS high edge). A more detailed description of this evolution may form a basis for an
analytical model of the Fe** EFG tensor distribution in the presence of chemical disorder in minerals,

analogous to the Gaussian Isotropic Model for amorphous materials.

Quadrupole splitting and average cluster properties

We next want to connect the properties of the hyperfine parameter distributions to the structural
properties of the underlying ensemble of perturbed octahedra. We have compared hyperfine parameter
distributions generated from starting clusters of different Fe-O bond lengths and flattening angles,
observing the differences in distribution shape, mean and standard deviation which result. This illustrates
the dependence of the hyperfine parameter distributions on the geometrical properties of the average
Fe(OH)64' cluster in an ensemble of randomly perturbed clusters. In a similar way, if we take the unique
cluster [C, y, d] and apply successive distortions, e.g. by increasing the flattening angle, we can calculate
the hyperfine parameters as functions of distortion, as in figure 29 and as was done in Evans et al. (2005a).
These distortion curves give the hyperfine parameters of the average of the ensemble {C, ¥, d}. We are

interested to what degree the hyperfine parameters of individual members of the ensemble {C, y, d}, as

opposed to the average, follow the distortion curves obtained for the average cluster [C, V¥, d]. In other
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words, can the hyperfine parameters of a randomly distorted Fe(OH)s* cluster be predicted given the
suitably-defined average flattening angle and Fe-O bond length, or some other combination of parameters
describing the average distortion of the cluster? If such geometric structural factors can be found, then an
analytic form for the hyperfine parameter distributions could be calculated by assuming appropriate
distributions for the structural factors. The relationship between the hyperfine parameter distributions of the
ensemble {C, ¥, d} and the average structure of the ensemble, via distortion curves for the average [C, v,
d), could also allow certain features of the hyperfine parameter distributions to be explained and related to
the average structure. We will focus on the C= L clusters, as C = |l results will be similar when y > 54.74°,

Define the mean cluster bond length as

i=1%a,, 37)

where the d; are the individual Fe-O bond lengths in the cluster. The mean cluster flattening angle for an

arbitrarily distorted octahedron is defined relative to the average structure:
6
1 44z
y==> cos” LI (38)
6= d,

where z is the unit vector pointing along the z-axis, and d; is the vector pointing from the Fe cation to the ith
O anion. It is reasonable to use the z axis as the reference angle in this case if the clusters are considered
sitting in an octahedral sheet, where the direction of flattening is clearly defined by the normal to the sheet.

Part A of figure 43 shows the QS at 0 K plotted against the mean cluster flattening angle for the
{L,58° 2.11 A} and {L, 54.74°,2.11 A} simulations at ¢ = 0.025 A and 0.175 A. Also shown is the QS
vs. y curve for the [L, W, 2.11 A] clusters. There is a nearly linear relationship between flattening angle and
the QS for the [L, v, 2.11 /:\] clusters, but there is no such relationship for the {L, y, 2.11 A} ensembles.
When disorder is low, the simulation results cluster along the {1, y, 2.11 A line, but when disorder is high,
the majority of the simulation results are spread below the curve. Only a few points lie above the line. The
upper bound of the QS at 0 K appears to run parallel above the [L, y, 2.11 A] QS curve.

Part B of figure 43 shows QS at 300 K plotted against the mean cluster flattening angle. As at 0 K,
the low-G simulations are spread around the [ L, y, 2.11 A] curve. The high-¢ simulation points are

bounded above (with a handful of exceptions) by the 3.1 mm/s maximum in the [L, y, 2.11 Al flattening
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curve located near Y = 58° . This agrees with previous results comparing calculated QS vs. W curves for
various octahedral clusters with the high edge of experimental QS distributions (Evans et al. 2005a). Note
that in both part A and part B, there is a partial overlap between the points of the 6 = 0.175 A{L,58°2.11
A} and (L, 54.74°,2.11 A} simulations near 56°, but there are also regions of high y occupied only by {1,
58°,2.11 A}, and of low y occupied only by { L, 54.74°, 2.11 A}.

The results with scatter plots of QS vs. mean cluster bond length d (part C and D of figure 43 at 0
and 300 K, respectively) for the {1, 58°, 2.08 A} and {.L, 58°,2.14 A} simulations are qualitatively similar
to the plots versus flattening angle. The curve shown is the QS as a function of bond length d for the [1,
58°, d] clusters. At low ©, the points of the ensemble are spread around the curve, while at high o the
scatter plot and the curve are largely independent of one another.

At 300 K (part D), the QS versus d curve of the [1, 58°, d] clusters has a maximum equal to the
maximum of the QS versus y curve of the [ L, y, 2.11 A] clusters in part B, bounding both high-¢
simulations from above. The QS of the [L, v, d] cluster as a simultaneous function of bond length and
flattening angle reaches a maximum at Yy = 58° and d = 2.11 A. These are approximately the values of y

and d in the structure of the Fe?* mica annite (see the section above on comparison of simulated spectra

with experiment).

Geometric structural factor for quadrupole splitting
The mean cluster bond length and flattening angles as defined in equations 37 and 38 are clearly
not enough to determine the QS of any general Fe(OH)¢* octahedron alone. It would be advantageous to
have a parameter that is entirely a function of the cluster's geometry that allows one to predict the value of
the QS. Such a parameter would also allow calculation of a QS distribution from a supposed distribution of
that parameter (which itself could be calculated from a supposed distribution of local environments).
Define the geometric structural factor S as

Z Z 3cos? 0; ’ 39)

i=] d6 i=} j<i d d3

where d; are the six Fe-O bond lengths of equation 37, and 6; is the angle between Fe-O bonds i and j (i.e.,
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|d ;-d j| =d,d cos@;). For a flattened octahedron with bond length equal to d and flattening angle y, this

gives
2 _ 2 2 _
S=9(3cos 174 IJ or SV =3 3cos” 1’. (40)
d3 d3

We define the square root S'? with the absolute value because while the term 3cos® ¥ —1 may be negative,

the QS is positive by definition.

If each anion in the octahedron has a charge of egq, then
3 2

eg’s=y Ul =1(v,,) ay
i=l

(Czjzek et al. 1981), where the U; are the EFG tensor components defined in equation 12 and V,,, is the

lattice contribution to the QS (see below). For the general case of an octahedron where each anion has a

different charge, eq;, then equation 40 still holds if g and S are defined such that

2S _ C q12 0 qiqj (3 2 0 1) 39"
g 5= Z ;‘I’ le;‘;; cos i 1) (39)
i= i =t j<i @;4;

We will assume that all anions have the same charge and use the first equation 39.
The QS may be divided into contributions from the anisotropy of the Fe valence electrons (see
equation 19), V.., , and the lattice of neighbouring charges, V,, . From Ingalls (1964),
vo=(1-RWy, + (-7 Ve, (42)
where R and Y., are Sternheimer shielding factors (Lauer et al. 1979). From equations 41 and 42,
"=V +as"? 43)
where a = 2(1 - Y.)elgl, and V; = (1-R)V.,.

In figure 51 we plot QS versus S*? for the {1, y, 2.11 A} simulations and [, Y, d] curves in
figure 50. The factor §'” is calculated from equation 39, in mm/s. Part A of figure shows the QS at 0 K.
There is strong correlation between the two parameters, much stronger than with the mean cluster bond
length or flattening angle. There is complete overlap between the {.L, 58°,2.11 A} and {1, 54.74°,2.11 A}

simulations at & = 0.175 A (black circles and crosses, respectively). Linear fits of the two ¢ = 0.175 A
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simulations with equation 43 give a = -0.86(1), V; = 3.87(1) mnv/s for {1, 58°,2.11 A}, and a = -0.90(2),

s =3.93(1) mmy/s for {1, 54.74°,2.11 A}.

Using equation 40 for S as a function of y and d, the QS versus ¥ curve for the [L, y, 2.11 Al
clusters (solid yellow line) and the QS versus d for the [L, 58°, d] clusters (dashed yellow line) are also
shown in figure 51. Since equation 40 gives S = 0 for an unflattened octahedron regardless of d, the QS
versus d curve for the [ L, 58°, d] cluster would be the vertical line through $'2=0. The [1,y,2.11 A]
curve has a kink at y = 0, and the curve changes direction due to the absolute value taken in equation 40.
The 6 = 0.025 A {L, 58°,2.11 A} simulation is centred at the intersection of the [L, v, 2.11 A] and [,
58°, d] curves, as expected, but the points tend to follow the former more than the latter. The ¢ = 0.025 A
{1, 54.74°,2.11 A} simulation is bound within the kink formed by the [, y, 2.11 A] curve.

Part B of figure 51 shows the 300 K QS data corresponding to part A. All {L, y, 2.11 A}
simulations are bound both above and on the left by the QS versus  curve for the [L, y, 2.11 A] clusters.
The correlation between QS and S is less clear at 300 K, although the combined ¢ = 0.175 A scatter plots

do appear to follow a similar shape as the [ 1, vy, 2.11 Al curve.

Temperature factor for quadrupole splitting

In figures 50 and 51, the maximum QS value of 3.2 mm/s for the flattened octahedron [L, v, d] at
300 K is an overall QS maximum for all clusters randomly distorted from O, symmetry. This maximum is
responsible for the high edge of the QS distributions at 300 K (c.f. figures 3, 13, and 21). This agrees with
previous results on QS as a function of flattening in octahedral clusters (Evans et al. 2005a), where it was
found that a maximum in the QS curve is a general feature for Fe>*Oq-centred octahedral clusters of all
sizes (figure 29), and that the magnitude of this maximum for larger, more realistic clusters (around 2.9
mm/s) agrees well with the QS high edges in experimental QS distributions at room temperature.

The origin of the 300 K maximum lies in the thermal population of the Fe(3d) t,, orbitals (see

equations 30 and 32). At T> 0 equation 42 becomes (Ingalls 1964),
v (@) =F({T) (- RV +(1-7.) Ve, (44)

where
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(1-c,) +3s?
A A

F(r)= ; (45a)
1+2C,

Cy =4lexp(~A,/ksT)+exp(~ A, /k,T)], (45b)

Su =3lexp(~ 4, /k,T)-expl- A, /k,T)], (45¢)

and A, and A, (see equation 30) are the energy differences between the t,, levels. We shall refer to F(T) as
the thermal factor. Subtracting equations 42 and 44, and assuming that the terms (- R)Vv:,, and (1-y, )V,;,
themselves are temperature independent,

v (0)-v'(T)=[1- F(T)xVy (46)
using the notation of equation 43. Thus the difference between the QS at 0 and 300 K should be a linear
function of F with slope -V, and intercept V, . Figure 44 plots QS(0 K) — QS(300 K) versus F as
calculated for various {1, y, 2.11 A} simulations and the [, y, 2.11 A] series of flattened octahedra. As
predicted, there is a strong linear relation; linear fits to equation 46 are given in table 3. The [L, y, 2.11 A]
series curve is not quite linear, which could demonstrate a slight dependence of V; on flattening.

It is straight-forward to demonstrate that the maximum in the QS at 7> 0 K is a result of the
temperature factor, F(T). We start by making the simplifying assumption that A, and A, are both equal to A,

as is the case for a trigonally distorted octahedron. The temperature factor F is then

Fr)= 1-exp(-~A/k,T) . @7

1+ 2exp(~ A/k,T)
Ingalls (1964) approximates the lattice component of the QS, (1 -7 ) V... as proportional to A. Since

(-, ) V,, is proportional to S 1”2 (equation 43) and both A and S go to zero for an undistorted octahedron,

this seems like a reasonable first-order approximation. Equation 44 can then be written

v =—BA+V0‘ ( l_exp(_ A/kBT) ] (48)

14 2exp(— A/k,T)
for constants V, (see equation 43) and B, independent of both structure and temperature. The curve

described in equation 48 as a function of A (see figure 1 in Burbridge et al. 1967) is the same curve which

describes the QS as a function of flattening angle (figure 29; see also Evans et al. 2005a and 2005b).
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Differentiating equation 48 with respect to A and setting the result equal to zero, yields the maximum:

2

Vo - 1_|1_ 1o BksT ||| BleT Bk,T
Ve 3V, v ) 3( v

+ 3 (49)

As T approaches zero, V., [V, approaches to 1, and V.., [V, < 1 for T> 0. Ingalls (1964) estimates the

ratio V; /B =1 eV, whereas at 300 K, kg7 = 0.025 eV, giving V..., /V; = 0.86. This derivation shows that

the temperature factor F produces a maximum QS value at finite 7, which decreases as T increases. Further,

this maximum is of the right magnitude to be that which globally bounds the QS and produces the high

edge in the QS distributions at 300 K - since linear fits to figures 51 and 52 give V, in the range 3.7 to 4.1

mm/s, V. is in the range 3.2 to 3.4 mm/s. This is in satisfactory agreement with the observed QS
maximum of 3.2 mm/s.
Taking the limit as T goes to zero, the above derivation predicts that V, = V; at 0 K. The same

result is implied by equation 43 alone. The constant a must be negative, since the lattice and valence

components of the QS are always of opposite sign (Ingalls 1964), and V* and 5" are both greater than or

equal to zero by definition. Therefore for constant V;, the maximum possible value of V* must occur when

S =0 (i.e. when y = 54.74°) and be equal to V; > 0. The range of estimated V,; from linear fits in figures

51 and 52, 3.7 to 4.1 mm/s, is in good agreement with the observed upper bound to QS at 0 K around 3.9
mmys.

The above argument breaks down for the QS of the trigonally-symmetric [1, v, 2.11 Al cluster as
a function of flattening, however. In part A of figure 51, there are values of QS on the [ 1, y, 2.11 A] curve
(solid line), for clusters with y < 54.74°, greater than the QS at the § 2= point corresponding to the

cluster [1, 54.74°, 2.11 A]. The reason is that the S calculated (equation 40) does not take into account the

positions of the H atoms in the Fe(OH)(,‘" cluster. Equation 43, with a and V, independent of structure,

does not really apply, because there are structural contributions to the lattice QS that are not accounted for
by the § calculated. Equation 43 applies on average for a general Fe(OH)s" octahedron, not a specific
restricted subset of Fe(OH)64' octahedra, and its assumptions made about the QS and geometric structure of

the general octahedron allows the maxima at 0 and 300 K to be understood.
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The temperature factor F(T) can also be used to understand why some simulations had QS
distribution widths that increase monotonically with disorder at 300 K, and others do not. The width of the
QS distribution at 300 K behaves differently than that of the other hyperfine parameters. The widths s(QS)
always increase monotonically with disorder at 0 K, thus we might consider this the "normal" behaviour.
However, for other simulations, s(QS) at 300 K increases rapidly to a maximum and then decreases slowly
at high o (see figures 14 and 24). Of the simulations that show this behaviour, we must consider the {l,
54.74°,2.11 A} simulation as unique because of its starting cluster's O, symmetry. The other simulations
that show this behaviour are the {L, 54.74°,2.11 A} and {!l, 58°, 2.11 A} simulations, which share the
same point group symmetry as the {1, 58°, d} simulations, whose s(QS) at 300 K behave "normally” (see
figure 8). The difference is not therefore due to symmetry. However, if we examine QS versus y curves for
the [1, vy, 2.11 Al and I, vy, 2.11 Al clusters in figure 29, we see that the starting clusters of the two
"abnormal” simulations correspond to points on their respective flattening curves before the maximum,
where the QS is considerably reduced from its 0 K value (i.e. the temperature factor F(T) is significantly
less than 1). The [1, 58°, d] cluster, however, lies very close to the maximum of the [L, y, 2.11 A] curve,
where the curve behaves similarly to the QS versus Y curve at 0 K (see Evans et al. 2005a). This means
that, before one can be sure that the width of the QS distribution for a pf;.rticular average structure behaves
"normally”, allowing it to be coupled to the static disorder parameter ¢ and the widths of the other
hyperfine parameter distributions, one should have an idea of how much the QS of the average structure is

reduced from the QS at 0 K, an estimate of F(T). This requires electronic structure calculations be

performed to interpret the spectrum. If F(T) is small, then either the IS or HF width must be used to
estimate ¢ and the QS width cannot be coupled simply to the others, or the spectrum must be measured at a

lower temperature.

Dependence of IS and SP on structural parameters

Figure 53 shows scatter plots of the IS versus structural parameters for the{L, 58°,2.11 A}
simulations. Part A shows IS versus average bond length d. The ¢ = 0.175 A simulation shows a very sharp
upper boundary to IS, which increases with d. This upper bound does not correspond to the IS versus d

curve for the series of trigonal octahedra [L, 58°, d] (yellow line). The 6 = 0.025 A {1, 58°2.11 A}



133

simulation follows the [L, 58°, d] curve to some extent, and shares the same upper bound as the high
disorder simulation.

Part B shows that IS versus flattening angle for the {1, 58°, 2.11 A} simulations and the series of
clusters [L, ¥, 2.11 A] with varying y. There is no apparent correlation between y and IS for either low (G
=0.025 A) or high (0.175 A) static disorder. Part C shows IS versus the square root of the geometric
structural factor $'2, There is a slight negative correlation between IS and S'?, but the relation is not as
strong as between the QS and 5", or between IS and the bond length. The {1, 58°, 2.11 A} simulations
follow neither the [L, y, 2.11 A)or [, 58°, d] curves.

Let us define a bond-length-only structural factor,

Sy =Y —, (50)

which is the first term of the overall QS structural factor defined in equation 39. The IS for {1, 58°, 2.11
A} simulations is plotted versus Sg; in part D of figure 53, and there is a very strong correlation between
the two parameters. Points fall in a narrow band following a well-defined curve even at high disorder,
which distinct from the IS versus d curve of the [L, 58°, d] clusters (solid line). The dependence of IS on
Sp, and of QS on S', and the strong connection between the two structural factors, is possibly a structural
origin for the correlation between QS and IS.

Figure 54 shows SP for the {.L, 58°,2.11 A} simulations plotted against the same four structural
parameters (d, W, $'” and Sg,) as in figure 53 for the IS. As with the IS, there is little or no correlation
between the SP and either the mean cluster flattening angle y (part B) or the EFG structure factor S'? (part
C). There is a significant positive linear correlation between SP and the mean cluster bond length d (part
A). The {L, 58°,2.11 A} simulations follow the SP versus d curve of the [ L, 58°, d] clusters (solid line)
closely. There is also a strong negative non-linear correlation between SP and Sg, (part D). There is a sharp
lower bound to the scatter of the & = 0.175 A simulation, different from the [L, 58°, d] curve. The
correlation between SP and Sg;, is not as dramatic as between IS and Sg,. The SP versus Sp; scatter graph

for the 6 = 0.175 A simulation has a very similar shape, including the sharp lower bound, to the SP versus
IS scatter graphs at 6 = 0.175 A (see figures 32-34), which is a natural consequence of the strong

correlation between IS and Sg;.
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Fitting simulated spectra

Fitting Mdssbauer spectra is very difficult, even when the underlying distributions are known.
This is because of the uniqueness problem in inverting the integral in equation 8; relying only on a
goodness of fit may result in a set of hyperfine parameter distributions that fit the spectrum as well as
desired, but are quite different from the actual distributions in the sample. The non-linear nature of the
fitting problem makes the situation even worse, as it is often difficult to coax a fitting routine, however
advanced, away from a local minimum in goodness-of-fit which gives clearly unphysical results.

The shapes of the hyperfine parameter distributions shown here (summarized in figures 21 and 23)
are in general easily represented as the sums of small numbers of Gaussian components. The IS and QS
distributions generally require two or three Gaussian components, while the SP can be represented by just
one.

We attempted to fit several simulated spectra with the VBF (Rancourt and Ping 1991) and xVBF
(Lagarec and Rancourt 1998, 1999) methods as implemented in the software Recoil. The spectra were
modified from those calculated using equation 33 by adding simulated noise:

Yroise(v) = Y(v) + M¥(v)) (51)
where A(Y(v)) is a random number drawn from a Gaussian distribution with a mean of zero and a standard
deviation of [Y()]"2.

The most successful fits were obtained for the {1, 58°, 2.11 A} simulation with 6 = 0.100 A at
300 K. The resulting QS and IS distributions are shown in figure 55. In the VBF method, the QS
distribution is represented as a sum of Gaussian components, with the IS linearly dependent on the QS as in
equation 9. The best fit was obtained using three Gaussian components for the QS distribution (solid line,
part A). The fitted distribution approximates the low QS tail and the high QS edge well, but not the peak
itself. The IS distribution (solid line, part B) is too narrow compared with the actual distribution. This is a
common feature of IS distributions in the VBF method. Adding additional Gaussian components to the QS
distribution did not improve the fit.

The xVBF method represents both QS and IS distributions independently with sums of Gaussians,
with a correlation between the two parameter distributions (equation 11). There was a considerably degree

of trade-off between the QS and IS distributions in fitting. The distributions due to two fits, both with
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equally good fits (reduced x? < 1), are shown in figure 55, representing the IS distribution with one
Gaussian and the QS distribution with two. The first (dashed line) approximates both distributions well, but
the second (dotted line) has an IS distribution that is far too wide, and a QS distribution that is too narrow
except for a very wide foot. Adding more components to either distribution does not improve the fit, but
increases the chance of very unphysical distributions (e.g. a single extremely tall, narrow peak super-
imposed on a wider distribution).

One way to narrow down the number of possible fits would be to restrict distribution parameters
to follow one of the curves relating widths of QS and IS distributions in figure 36, or ratios of width to

mean as in figure 35. Such constraints could eliminate many unphysical distributions.

Conclusions

We have simulated hyperfine parameter distributions in materials with structural disorder by generating
ensembles of Fe(OH)* octahedra perturbed from the average structure by adding Gaussian-distributed
random distortions and performing electronic structure calculations on each perturbed cluster to calculate
the hyperfine parameters.

The quadrupole splitting distribution of octahedral Fe?* has a characteristic shape. It is skewed
prominently to the right, with a tail at low QS and a sharp high QS edge. The high edge is a relatively
constant feature, occurring around 3.0 mm/s in room temperature measurements. Our simulated QS
distributions have exactly this shape, also with a high edge that occurs around 3.2 mm/s regardless of the
initial cluster geometry. We have shown that this high edge is due to the existence of an upper bound to the
quadrupole splitting, which at 300 K corresponds to the maximum in the curve of the QS of a flattened
octahedron as a function of the flattening angle (Evans et al. 2005a), which is an effect caused by the
thermal population of the Fe(3d) orbitals. We find this is a universal feature of all Fe?* QS distributions that
are wide enough to extend to 3.2 mm/s.

We have found that for most hyperfine parameters — i.e. the IS, SP and the QS at 0 K — the
distribution width increases as a function of the static disorder parameter 6. We obtained curves of
distribution width as functions of ¢ by first choosing ¢ and performing the simulation to obtain the

distribution width; but these same relations can be used to estimate the amount of static disorder in a

mineral when the width of one or more of the hyperfine distributions is accurately known. This turns
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Maossbauer spectroscopy into a powerful tool for measuring the static disorder present in a mineral. X-ray
diffraction can also measure the disorder in a sample, but because of the characteristic time-scale of the
measurement, it cannot distinguish between static and thermal disorder. The characteristic time-scale of a
Massbauer spectroscopy measurement, however, is such that the measurement sees the thermally averaged
position of atoms in the sample, and so the disorder reflected in the width of hyperfine parameter
distributions is static disorder only.

Additionally, we have found that the widths of these distributions (IS, SP and QS at 0 K) are
relatively universal functions of one another so that, knowing the width of one distribution, the widths of
the others are constrained.

Correlations between the hyperfine parameters are very complex (figures 31-34 and 46). No
simple functional relationships exist between them. Even simple correlations like that between multi-
component Gaussians as in the xVBF method in equation 11 are not adequate descriptions. The
correlations predicted by equation 11 give QS versus IS scatter plots in the shape of ellipses. But in figures
31-34 we see that the QS versus IS scatter plot at high 6 has a comet-like shape, which is probably a
significant factor in the difficulty of fitting the simulated spectra with the xVBF method, while the SP
versus IS scatter plot is a non-linear shape with a sharply defined lower edge. No current fitting models of
hyperfine parameter correlations can adequately explain these graphs. It is possible to fit experimental
spectra with current fitting models and obtain a good fit, but goodness of fit is necessary but not sufficient
condition for accurate hyperfine parameter distributions.

We observe, however, that at low &, the correlation between QS and IS is small, and between IS
and SP is elliptical. The IS distribution at low ¢ is approximately Gaussian. In the limit of low disorder, the
xVBF method provides a good approximation. The QS-IS correlation increases with 6, however, and the IS
distribution begins to take on a shape similar to that of the QS. The SP distribution, we find, has a near-
Gaussian shape at all values of 6.

The SP has been shown to have a very wide distribution. The width to mean ratio for the SP
distribution is very large compared to that of the QS and IS. The SP distribution, due entirely to local
structural disorder, is sufficient to explain the line widths in the magnetic Mossbauer spectrum, without
resorting to inter-moment coupling. This is assuming that the HF is due entirely to the SP. Of course, as we

have emphasised, different distributions may give rise to the same Mdssbauer spectrum, but our results
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imply that the role of local structural disorder in magnetic Mdssbauer spectra must be reconsidered.

A disordered material, regardless of the point group symmetry of the average Fe?* site, will in
general have populations of EFG tensors with both positive and negative V,,, and as disorder increases, the
positive sign begins to dominate. The sign of the principal value V,, is correlated to both the asymmetry
parameter 1 and the angle between the principal axis and the z-axis, ¢. As with correlations between other
hyperfine parameters, these correlations are very complex, but in general we find that the negative V,,

populations have a low 1 and the principal axis nearly normal to the xy-plane, while positive V,

populations have a high i and a principal axis within the xy-plane. These EFG tensor parameters can be

measured using oriented singled crystal Mossbauer spectroscopy.

We have shown that the Gaussian Isotropic Model and its extensions (Czjzek et al. 1981, Le Caer
and Brand 1998), the most mathematically rigorous and most common statistical model of EFG tensor
distributions in disordered materials, does not apply to EFG tensor distributions in Fe?*-bearing disordered
minerals. Le Caer and Brand (1998) showed that if one assumes that the EFG in a material is the sum of a
Gaussian Isotropic component, and a constant anisotropic component, then as disorder increases the
Gaussian Isotropic component begins to dominate; the QS and 1 distributions become the Czjzek QS and 1)
distributions (equations 16 and 15) and the V, > 0 and V,, < 0 populations become equal. This is not what
happens in our Fe?* EFG distributions; the QS distribution maintains its characteristic shape, and as stated

above, the positive V,, population overwhelms the negative population. The 1 distribution likewise does

not evolve into the Czjzek 7-distribution, however, the mean and standard deviation of 1 at sufficiently
high © is close to that for the Czjzek n-distribution. The Czjzek n-distribution is a fair approximation to an
unknown 1) distribution, since the Mssbauer spectrum is fairly insensitive to 1. The problem with the
Gaussian Isotropic model is that it assumes an isotropic electronic structure for the Fe atom. The lattice
component of the EFG, which is dominant for high-spin Fe** and low-spin Fe?, may be well described by
the Gaussian Isotropic Model, but clearly a different model is needed for the valence component of the
EFG, which dominates in high-spin Fe?*.

An exception is when the Fe(OH)* cluster has O, symmetry, as in the simulation (I, 54.74°, 2.11
A} (see table 4 for notation). At high temperature, e.g. 300 K, the distribution of the EFG-derived

parameters at low © are described approximately by the Gaussian Isotropic Model. However, as ¢
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increases, the distributions becomes more characteristic of Fe?*.

In summary, we have found that when atomic positions in an ensemble of Fe(OH):* octahedra are
allowed to vary such that their displacements from the average follow a Gaussian distribution with mean-
square displacement 36?2, the resulting joint hyperfine parameter distribution of (IS, SP, Vz, m, ¢) is
considerably more complex than any current theoretical crystal chemical models can account for. We have
found important correlations exist between distribution widths and the static disorder parameter, and that
the role of local structural disorder in the hyperfine field distribution is more significant than is often
believed. Crystal chemical models of disorder and electronic structure calculations need to become more
prominent in the process of fitting of Mdssbauer spectra, in order to obtain valid fits.

Furthermore, we have investigated some possibilities for improved physical models of hyperfine
parameter distributions. The strong correlations between the QS and geometric structural factor S (equation
39), and between the IS and S;, (equation 50), suggest that these geometrical structural factors can be used
to construct models of these hyperfine parameter distributions from models of local structural disorder.

Secondly, the distinctive patterns that the joint (V,, ) distributions form when plotted in the polar

coordinates (R, ®) (figure 49 and table 2), and the systematic way that they change with disorder, imply an
underlying order to the EFG tensor.

There are many possible directions for future work. Tetrahedral and octahedral Fe** sites occur in
many disordered materials, including micas (Bailey 1984), iron oxides and spinels (Cornell and
Schwertmann 1997). Simulations of hyperfine parameter distributions using randomly distorted Fe**
octahedra and tetrahedra may help in distinguishing "Fe** and "IFe** sites, which is relevant to questions
of whether ™Fe’* sites occur in nanoparticle hydrous ferric oxide (Cornell and Schwertmann 1997). New
algorithms for fitting spectra could be developed which incorporate the observed relationships between the
widths of different hyperfine parameter distributions, as well as more realistic correlations between
hyperfine parameters. New theoretical models of hyperfine parameter distributions could also be derived
from the correlations between the hyperfine parameters and the geometric structural factors S and Sg;, and
the evolution of the (Vz, 1) polar plots with increasing disorder (figure 49). Finally, simulations of
hyperfine parameter distributions for specific materials where the random distortions applied to the starting
cluster are constrained using more realistic crystal chemical models (e.g. for iron oxide nanoparticles, or

octahedral sheets in micas that are bound between two tetrahedral sheets) may reveal additional
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information about properties of hyperfine parameter distributions and correlations between hyperfine

parameters specific to those minerals.
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Appendix: Analytic Line-shape for Magnetic Spectra

The analytic line-shape for arbitrary values of the HF and QS was derived by Blaes et al. (1985). These
results are summarized here for the case of a powder sample.
Let U, for i from 1 to 5 be the five linearly independent components of the EFG tensor given in

equation 12,

(A1)
U, =ﬁ > and Us =¢(vn —Vyy),
and define
W=U2 —%(U§+UE—U§—U§). (A2)
Let V* be the QS as defined in equation 4. The HF splitting due to field H is given by
2=~83,2MnH , (A3)

where py is the nuclear magneton and g1, is the nuclear g-factor of the I = 3/2 excited state of TFe. Letting
I' be the Heisenberg elemental Lorentzian line-width (equal to 0.097 mm/s), define the parameters v,, and

V_; as

. =v-§¢l£MJz, (A4)

) 8as2
where v is the Doppler velocity, 3 is the centre shift (including the IS and the second-order Doppler shift
due to thermal atomic vibrations), and g/, is the nuclear g-factor of the / = 1/2 ground state of 57Fe. (The
subscript on v, emphasizes the dependence on z.)

The general magnetic spectrum is given by

b)= R(v“,z)D1 (v+z,z)+ I (v+z,z)D2 (vn,z) R(v_z ,—z)D1 (v_Z ,—z)+1 (v_z ,—-z)D2 (v_z ,—z)
H) { 0,6, 2F +[D,(v,.. F }"{ [0,6. ~aF +1D, v, —2F } (%

where

R(v,z) = -4T|Av? + 22 2y + A(z)-112], (A6)
I(viz,z)=§33v3 +8 2% + 8[A(z)— I"Z]v + B(z)-—%—ol"zz , (AT

D,(v,z)=8v[2v3 —(522 +V*2 +31"2)v—8U122]+ Cl(z), (A8)
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D,(v,z)=8T4v* (622 +v2 + T2 - 4U,22], (A9)
Alz)=-322+28U,z-1Vv"2, (A10)
B(z)=-4z° -2U,z° +2W?z, and (A1)
Clz)=9z* +10(T% - 4W2)e2 + (V2 + T2) . (A12)

The most general full expansion of equation AS is a sum of eight Lorentzian lines. For z = 0 mm/s,
equation A5 reduces to a doublet with quadrupole splitting A =1eQV" (equation 33), and for an

identically zero EFG, it reduces to a sextet with line height ratios 3:2:1:1:2:3. In the limit of low V*, the

spectrum is a sextet with a quadrupole shift given by € = eQU,.
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Table 1. Estimation of the parameter 6 from published 'M-O bond lengths; largest and smallest values are

taken from among those cations common in the octahedral sheet of micas, with and without considering

vacancies (Vac.). See table 6.6 of Mercier (2003).

Largest (A) Smallest (f&) o (A)
Shannon (1976) 2.197 (Mn*") 1.902 (AI*") 0.085
2+
Weiss et al. (1992) 2.140 (Mn™") 1.919 (AP*) 0.064
2.210 (Vac.) 0.084
24+
ercier (2003) 2.126 (Fe™) 1.945 (AP 0.052
2.210 (Vac.) 0.076

Table 2. Relations between EFG tensor elements and the polar coordinate representation of Le Caer and

Brand (1998).
sz>0 sz<0
0<O<n2 2<O<n
Vi Rcosi® —Rcos%(zr——@))
Vyr —Rcos%(ﬂ—@) Rcosi®
Vix —Rcosi(z+0) —Rcosi(z+0)
n ﬁtan%@ ﬁtan%(zr—@)
ve= Vo W1+7/3 R R
| t=n?* Jxsign{V.
cos™! ( Ui ) g /(2E) e )
(1+72/3)
1-7°
Vz X =Rcos® X =Rcos®
1+7%/3
Y=Rsin® Y =Rsin®

s fr=zs]

1+7%/3




Table 3. Linear fits of QS(300 K) — QS(0 K) vs. temperature factor F in figure 44,
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Difference in

Simulation/Curve Slope (mm/s) Intercept (mm/s) Magnitude' (%)
(L, 24;73‘8225-1/{ A) - 4.0193) 3.968(2) 0.11 % 0.60
{4 (55“;7;‘;'725-2 A} -3.837(13) 3.832(10) 0.25 +0.59
{l(;ig(:’,ozz';l AA} -3.7293) 3.719(2) 127£0.12
{l(;5=8(‘;’. 127';113?} -3.767(12) 3.757(11) 0.26 + 0.14
[L v, 2.11 A] - 4.040(21) 4.013(18) 0.68 + 0.96

flattening series

'Difference = | Intercept + Slope |/ [(Intercept — Slope)/2]
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Table 4. List of common symbols and abbreviations

e
T
kg
8e
2]
0

{C . d}

[C v.d]

5(X)

PX,Y,..)
IS, &

Qs, V*

HF

SP, Ap

EFG

Vzz

Vix, Vyy, Vzz
Vi, Vo, Vs
Ve Vigs Vo Vigs Vi Ve
A\’

U, .., Us

electron charge

temperature

Boltzmann constant

electron g-factor

Bohr magneton

3Fe quadrupole moment, 0.16 barns (Dufek et al. 1995)

simulation of 1000 octahedra, perturbed from a starting cluster with
bond length d, flattening angle y, and OH bond angles described by C
(Lorlh

unique cluster with bond length d, flattening angle y, and OH bond
angles described by C (L or ll)

ensemble mean of X

ensemble standard deviation of X

number of points in simulation (1000)

probability density function or distribution of (X, Y, ...)

isomer shift

quadrupole splitting

hyperfine magnetic field

nuclear electron spin polarization

electric field gradient

principal value of the electric field gradient (mm/s)

electric field gradient eigenvalues, ordered (mm/s)

electric field gradient eigenvalues, unordered (mm/s)

electric field gradient components in {x, y, z} coordinates (mm/s)
electric field gradient tensor

linearly independent components of the electric field gradient



%.6,¢

€

p;(0), p;(0)

Hey , Hsp, Hy, Hp, Hoemag
v

Y(v)

Liv!lhT)

r

h

n3d(x1_y1)' "34(12)’ n3d(xy) ’ n3d(xz) ’ n3d(yz)

Rypar Papyy Map(a)

1)

n;

Alr AZ

Oy

MSD

d,', i= 16
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(equation 12)

electric field gradient asymmetry parameter

Euler angles of the electric field gradient principal axes; 0° < ¢ < 90°
is the angle between the EFG eigenvector associated with Vzz and the
z-axis

quadrupole shift

spin-up and spin-down electron density at the 5"Fe nucleus

components of the hyperfine field (equation 6)
Doppler velocity

Massbauer spectrum

elemental Mdssbauer spectrum

elemental Lorentzian line-width

general set of hyperfine parameters

populations of Fe(3d) orbitals
populations of Fe(4p) orbitals

spin-down orbital i, where i = 1 is the lowest energy spin-down ty,
orbital

population of spin-down orbital i

energy of spin-down orbital i

spin-down t, orbital splittings

spin-down ty, orbital splitting under trigonal symmetry

static disorder parameter (A)

O-H bond angle disorder parameter (degrees or radians)

atomic mean-square displacement (AY)

mean cluster bond-length ().’\)

bond length from Fe to ith O anion (;\)
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d,i=1.6 vector pointing from Fe to ith O anion

] flattening angle (degrees or radians)

0; angle between bonds d; and d; (degrees or radians)

qi charge of ith anion

q mean cluster anion charge

Am n(0 K) -n(300 K)

R radial variable in EFG polar coordinates (mm/s)

® angular variable in EFG polar coordinates (degrees or radians)
VLV valence and lattice EFGs

(1-R).0-7.) Sternheimer factors

A (1-R);, atT=0K

F(T) QS temperature factor (equation 45)

Ve maximum value of the QS

S QS geometric structural factor (equation 39)

SaL IS geometric structural factor (equation 50)

a linear coupling between V*and § 12 (equation 43)

B first-order coupling between lattice EFG and the t,, orbital splitting

(equation 48)
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[L, v, d] [l, v, dl

Figure 1. Types of Fe(OH)s" clusters. The unique cluster [C, W, d] is the starting cluster for the simulation

denoted {C, ¥, d}, where C = L or ll, y is the flattening angle and d is the Fe-O bond length.
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o

4 3 2 1.0 1 2 3
QS —-<QS>_
s(QS)

Figure 2. Simulated QS distributions for simulation {.L, 58°, 2.11 ;\} at 0 K, (A) normalized with respect
to height, and (B) relative to the mean and normalized with respect to height and width. Squares - ¢ = 0.025

A; circles - 6 = 0.100 A: diamonds - 6 = 0.175 A.
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o

20 22 24 26 28 30 3.2
QS (mm/s)

QS - <QS>
s(QS)

Figure 3. Simulated QS distributions for simulation {.L, 58°,2.11 A} at 300 K, (A) normalized with
respect to height, and (B) relative to the mean and normalized with respect to height and width. Squares - ¢

=0.025 A; circles - ¢ = 0.100 A: diamonds - 6 = 0.175 A.
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1.0

1.0 14 12 13

IS (mm/s)

P(IS)

Figure 4. Simulated IS distributions for simulation {1, 58°, 2.11 A}, (A) normalized with respect to height,
and (B) relative to the mean and normalized with respect to height and width. Squares - ¢ = 0.025 A;
circles - 6 = 0.100 A; diamonds - 6 = 0.175 A. A Gaussian curve (dashed line) is shown for comparison in

part B.
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P(1S), P(QS)

(IS —<IS>) / 5(IS) , (QS —<QS>)/ s(QS)

Figure 5. A direct comparison of the shapes of QS and IS distributions, relative to the mean and
normalized with respect to height and width, for {1, 58°, 2.11 Ay Squares - IS; circles - QS at 300 K; solid

lines - o = 0.025 A; dashed lines - 6 = 0.175 A.
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Figure 6. Simulated SP distributions for simulation {1, 58°, 2.11 ;\}, (A) normalized with respect to
height, and (B) relative to the mean and normalized with respect to height and width. Squares - ¢ = 0.025
A; circles - 6 = 0.100 A; diamonds - 6 = 0.175 A. A Gaussian curve (dashed line) is shown for comparison

in part B.
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n

Figure 7. Simulated 1 distributions normalized with respect to area for { L, 58°, 2.11 A}. Squares - 6 =
0.025 A; downward triangles - ¢ = 0.050 A; circles - 6= 0.100 A; diamonds - 6 = 0.175 A; dashed line -

Czjzek n-distribution.
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c (A)

Figure 8. Distribution parameters of QS at 0 K (solid symbols) and 300 K (open symbols) as a function of
static disorder for { L, 58°, d}. (A) Mean <QS> and (B) standard deviation s(QS). Squares - d = 2.08 A;

circles - d=2.11 A; triangles - d = 2.14 A



<IS> (mm/s)

s(IS) (mm/s)

1-20 T L] ) )
1.18- A/ N ]
o
O/O—_ \O\O A\A
1.16 1 O \O .
D/D-D\
1.14- \ -
o
1.124 \ 1
1.10- 0o
o2y o ]
(B)
]
0.10- i
o
0.08- ]
A
0.06- o/ ]
q /A
0.04- ﬁ/ -
0.02 ~ ]
0.00 o -
0.00 0.05 0.10 0.15 -
o (A)

0.20

155

Figure 9. Distribution parameters of IS as a function of static disorder for {1, 58°, d}. (A) Mean <IS>. (B)

Standard deviation s(IS). Squares - d = 2.08 A; circles - d = 2.11 A; triangles - d = 2.14 A.
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Figure 10. Distribution parameters of SP as a function of static disorder for {L, 58°, d}. (A) Mean <SP>.

(B) Standard deviation s(SP). Squares - d = 2.08 A; circles - d = 2.11 A; triangles - d = 2.14 A.
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Figure 11. Distribution parameters of 1 at 300 K as a function of static disorder for {.L, 58°, d}. (A) Mean
<n>. (B) Standard deviation s(1)). Squares - d = 2.08 A; circles - d = 2.11 A; triangles - d = 2.14 A; dashed

line - values for the Czjzek n-distribution (equation 15).
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<A M>, s(Am)

Figure 12. Mean (<A111>, squares) and standard deviation (s(AM), circles) of the difference between 1} at 0

K and 300 K, as a function of static disorder, for starting cluster {1, 58°, 2.11 A}. Dashed line - zero.
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1.0 (A)

0.0 v ) | ¥ T T
20 2.5 3.0 3.5 4.0

QS (mm/s)

25 30
QS (mm/s)

Figure 13. QS distributions at (A) 0 K and (B) 300 K for {1, 54.74°, 2.11 A}, normalized with respect to

height. Squares, ¢ = 0.025 A; circles, ¢ = 0.100 A; diamonds, ¢ = 0.175 A.
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160

Figure 14. Distribution parameters of QS at 0 K (solid symbols) and 300 K (open symbols) as a function of

static disorder for {1, vy, 2.11 A}. (A) Mean <QS> and (B) standard deviation s(QS). Squares, y = 54.74°;

circles, y=158°.
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0.8 1

0.6
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0.4 -

08 09 10 11 12 13
IS (mm/s)

Figure 15. IS distributions for {_L, 54.74°, 2.11 A}, normalized with respect to height. Squares, ¢ = 0.025

A; circles, 6 = 0.100 ;\; diamonds, o = 0.175 A.
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18— +—— "+
(A)
1.17- ]

Figure 16. Distribution parameters of IS as a function of static disorder for {L, y, 2.11 A}. (A) Mean

<IS>. (B) Standard deviation s(IS). Squares, Y = 54.74°; circles, y = 58°.
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Figure 17. SP distributions for {.L, 54.74°, 2.11 A}, normalized with respect to height. Squares, ¢ = 0.025

A; circles, 6 = 0.100 A; diamonds, 6 = 0.175 A.



60 .

s (A)

Figure 18. Distribution parameters of SP as a function of static disorder for {1, y, 2.11 A}. (A) Mean

<SP>. (B) Standard deviation s(SP). Squares, W = 54.74°; circles, y = 58°.
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Figure 19. Simulated 7 distributions normalized with respect to area for {1, 54.74°, 2.11 A}. Squares, ¢ =

0.025 A; circles, o = 0.100 A; diamonds, 6 =0.175 A; dashed line - Czjzek 1-distribution.
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Figure 20, Distribution parameters of 1 for {1, y, 2.11 A} simulations. (A) Mean <n>. (B) Standard
deviation s(n). Squares, Y = 54.74° points plotted vs. G; circles, y = 58° points plotted vs. 0.550;

diamonds, y = 58° points plotted vs. 0.550; dashed line - values for the Czjzek n-distribution.
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Figure 21. IS, QS (0 K), QS(300K) and SP distributions, normalized with respect to height, for {lI, 54.74°,

2.11 A} (downward triangles), {II, y = 58°, 2.11 A} (squares), {L, 54.74°, 2.11 A} (circles), and {L, 58°,

2.11 A} (upward triangles).
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Figure 22. (A) Simulated 1 distributions normalized with respect to area for {ll, 58°, 2.11 A}. Squares, 6 =
0.025 A; circles, ¢ = 0.050 A; diamonds, ¢ = 0.100 A; triangles, 6 = 0.175 A; dashed line - Czjzek -
distribution. (B) and (C), mean and standard deviation of 1| as a function of 6. Squares, {ll, 58°, 2.11 A};

circles, {L, 54.74°, 2.11 A}.
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c=0.100 A

c=0.075A

00 05 10 15 20 25 30 35
QS (mm/s)

Figure 23. QS distributions normalized with respect to area for cluster {ll, 54.74°, 2.11 A} at300K. All
distributions are shown to the same vertical scale. Fits with the Czjzek QS distribution are shown for ¢ =

0.025 A and 0.050 A (dashed line).



Figure 24. Distribution parameters of QS at 0 K (solid symbols) and 300 K (open symbols) as a function of
static disorder for {Il, ¢, 2.11 A). (A) Mean <QS> and (B) standard deviation s(QS). Squares, Y = 54.74°;

circles, Y = 58°. In (A) the discontinuity point QS = 0 at 6 = 0 A for {l, 54.74°, 2.11 A} at 0 K is not

shown.
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Figure 25. EFG asymmetry parameter distributions, normalized with respect to area, for cluster {ll, 54.74°,
2.11 A}, at 0 K (squares) and 300 K (circles). All distributions are show to the same vertical scale. The

Czjzek n-distribution is shown with the 6 = 0.025 A, 0.050 A and 0.075 A graphs (dashed line).
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0.10-
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0.00 1

Figure 26. Distribution parameters of 7 as a function of static disorder for {ll, y, 2.11 A}. (A) Mean <n>.
(B) Standard deviation s(1}). Squares - Y = 54.74°; circles - y = 58¢; solid lines - 0 K; dashed lines - 300 K;

dotted lines, values for the Czjzek n-distribution.
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Figure 27. Distribution parameters of IS as a function of static disorder for {ll, y, 2.11 A}. (A) Mean <IS>.

(B) Standard deviation s(IS). Squares, Yy = 54.74°; circles, y = 58°.
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Figure 28. Distribution parameters of SP as a function of static disorder for {l, y, 2.11 A}. (A) Mean

<SP>. (B) Standard deviation s(SP). Squares, Wy = 54.74°; circles, y = 58°.
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Figure 29. QS at 300 K as a function of flattening angle y for [1, y, 2.11 A (circles), [ll, y,2.11 A}
(triangles), and the seven-octahedra cluster Fe(OH)G(MgFZOHz)J’ (squares). The seven-octahedra cluster

has Fe-O and Mg-O bond lengths equal to 2.11 A, and OH groups normal to the plane (Evans et al. 2005a).
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Figure 30. Comparison of simulated and experimental spectra (data from Rancourt et al. 1994b and

1994c). (A) Solid line - doublet from simulation {1, 58°,2.11 A}, 6= 0.150 A at 300 K; dashed line -
synthetic annite measured at 300 K. (B) Solid line - magnetic multiplet from simulation {1, 58°, 2.11 A}, c
=0.150 A at 0 K; dashed line - synthetic annite measured at 7 K. (C) Solid line - doublet from simulation
{ll, 58°, 2.11 A}, 6=0.125 A at 300 K; dashed line - synthetic annite measured at 300 K. (D) Solid line -
magnetic multiplet from simulation {]}, 58°, 2.11 A}, 6=0.125 A at 0 K; dashed line - synthetic annite

measured at 7 K.



177

314 ool
1) "
312/ 180 :
1704
3.104
% . 1604
S (0]
E 3.084 & 150
= o
2 3061 » 140
1304
3.04-
04 1204
3024 — . — . y , . 1104—, , . . .
115 116 117 118 118 -3 2 0 1 2 3 4 135 136 117 118 1.19
IS (mm/s) v{mm/s) IS (mm/s)
T 350 v
321 a00] (@
3.0 )
250
28,
£ 2.6 2, 1504
~ o
B 241 9 1004
2.2 501
2.04 04
100 105 110 115 120 125 -3 -2 0 1 2 3 4 5 100 105 110 135 120 125 8 6 4 2 0 2 4 6 8
IS (mmv/s} v {mm/s) 1S (mmv/s) v (mm/s)
3.5 1——r -
0 4001 (K)
3.0
3004
25
’E.; .. 200
[0)
E 204 = 100
E o 100
) 7]
15 o/
1.0 -100
06 07 08 08 10 11 12 13 -3 -2 6 1 2 3 4 5 06 07 08 09 10 11 12 13 B8 6 4 2 0 2 4 6 8
IS (mm/s) v(mm/s) IS (mm/s) v (mm/s)

Figure 31. Correlations between hyperfine parameters and simulated spectra for {1, 58°,2.11 A} ato =

0.025 A (top row), 0.100 A (centre row), and 0.175 (bottom row). First column: scatter plot of QS vs. IS at

300 K (1000 points). Second column: simulated doublets for the simulation (solid line) and cluster [L, 58°,

2.11 ;\] with elemental Lorentzian line-width (dashed line) at 300 K. Third column: scatter plot of SP vs. IS

(1000 points). Fourth column: simulated magnetic multiplets for the simulation (solid line) and cluster [L,

58°, 2.11 A] elemental Lorentzian line-width (dashed line) at 0 K.



QS (mmv/s)

QS (mm/s)

QS (mm/s)

178

200 +— —
(©)
1804
a160~
=
o
9 140
120
1.64— . . . , e — . . v v ————————— T
115 116 117 118 119 120 3 -2 -1 0 1 2 3 4 5 115 196 117 118 119 120 8 6 4 2 0 2 4 6 8
1S (mnvs) v{mm/s) IS (mm/s) v{mm/s)
35 v ————————r ~ 300 . r -
(E) (G)
3.0 250
2.54 2004
2.0 gm-
o
1.5 @0 1004
1.0 1 50
05+—————F—————— 0 +———r——— 7 r———— T
100 105 1.10 115 120 125 100 105 110 115 120 125 -8B 6 -4 2 0 2 4 6 8
IS (mmv/s) IS (mm/s) v {mnvs)
357 —— ———
500
! K
ol ® K
4004
254 T 300 '
R - : n:l
'
201 1 g 200 : H :'.
{a [ [
1.5 o) 1004 ' ':
' \
0 3
1.0 .
-1004
0.5 +————r———r——r—r——r e —
07 08 09 10 1.t 12 13 3 -2 -1 0 1 2 3 4 5 07 08 09 10 11 12 13 8 6 4 2 0 2 4 6 8
IS (mm/s) v {mm/s) IS (mm/s) v (mm/s)

Figure 32. Correlations between hyperfine parameters and simulated spectra for {1, 54.74°,2.11 A} at o =
0.025 A (top row), 0.100 A (centre row), and 0.175 (bottom row). First column: scatter plot of QS vs. IS at
300 K (1000 points). Second column: simulated doublets for the simulation (solid line) and cluster [L,
54.74°,2.11 A] with elemental Lorentzian line-width (dashed line) at 300 K. Third column: scatter plot of
SP vs. IS (1000 points). Fourth column: simulated magnetic multiplets for the simulation (solid line) and

cluster [L, 54.74°, 2.11 A] elemental Lorentzian line-width (dashed line) at 0 K.
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Figure 33. Correlations between hyperfine parameters and simulated spectra for {I, 58°,2.11 A} ato =

0.025 A (top row), 0.100 A (centre row), and 0.175 (bottom row). First column: scatter plot of QS vs. IS at A

300 K (1000 points). Second column: simulated doublets for the simulation (solid line) and cluster [}, 58°,

2.11 A] with elemental Lorentzian line-width (dashed line) at 300 K. Third column: scatter plot of SP vs. IS

(1000 points). Fourth column: simulated magnetic multiplets for the simulation (solid line) and cluster [Il,

58°,2.11 A] elemental Lorentzian line-width (dashed line) at 0 K.
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Figure 34. Correlations between hyperfine parameters and simulated spectra for {ll, 54.74°, 2.11 Ayato=

0.025 A (top row), 0.100 A (centre row), and 0.175 (bottom row). First column: scatter plot of QS vs. IS at

300 K (1000 points). Second column: simulated doublets for the simulation (solid line) and cluster [l

54.74°,2.11 A] with elemental Lorentzian line-width (dashed line) at 300 K. Third column: scatter plot of

SP vs. IS (1000 points). Fourth column: simulated magnetic multiplets for the simulation (solid line) and

cluster [ll, 54.74°,2.11 A] elemental Lorentzian line-width (dashed line) at 0 K.



s(X) / <X>

s(X) / <X>

0.7 i
1 (A) v
0.6 i
' v
0.5 v/V 77

7/
] v 'v
0.4 7 i
. o
) /vf
031 Ve :
b v ’¢V
0.2 S ]
1 ‘ 1
0.0 i
000 005 010 015 020
o (A)

0.6 i
1 (B) o
0.5 /V §
0.4_ / -1
0.3 % §
0.2 { i

o—0~0—o
0 -
e B="% A
] - === ,’/Lax—”é
—me R
0.0{ ef—p==H== ]
0.00 0.05 0.10 0.15 0.20

181



182

T é\l o | v L ;
0.4 ]
(@) Y/
0.3 AN P ]
o
y ] X |
x N
Y o2- /V Oy
(92 v ¢O‘ IO ™
w oty
0.1 /D/ i
. o _ad
(‘ ‘A
0.0, of-a=H—24 1
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Figure 36. s(QS) vs. s(IS) at (A) 0 K and (B) 300 K, and (C) s(SP) vs. s(IS) for all ensembles calculated.
Squares, {.L, 58°, 2.08 A}; circles, {L, 58°,2.14 A}; upward triangles, {.L, 54.74°, 2.11 A}; downward

triangles, {L, 58°, 2.11 A}; diamonds, {Il, 54.74°, 2.11 A}; left triangles, {I, 58°, 2.11 A}.
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Figure 46. Scatter plot of ¢ vs. 1} x sign(Vz) from different simulations. (A) {1, 58°,2.11 A} at ¢ = 0.100
A, (B) {L,54.74°,2.11 Ajat 6 = 0.100 A, (C) {|I, 58°,2.11 A} at 6= 0.100 A, (D) {1, 54.74°,2.11 A} at

6=0025A, (BE) {1, 54.74°,2.11 A} at6 = 0.175 A.
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Figure 48. The advantage of displaying EFG tensor properties using polar coordinates. (A) Vz; vs. 1 from the ¢
=0.075 A {1, 54.74°, 2.11 A} simulation. In order to accurately represent the (Vzz, 1)-space, the two halves of
the graph must be connected both at Vzz = 0 and at 1) = 1. (B) The same data displayed using polar coordinates
defined by Le Caer and Brand (1998) (see equation 36). The left half of the graph contains Vz; < 0, and the right
Vz > 0; lines through the origin represent constant 1), while half-circles centred at the origin represent constant

V* (QS). The connectivity of the (Vz, n)-space is accurately depicted.
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Figure 49. Polar plots of EFG tensor properties using the co-ordinates of Le Caer and Brand (1998). (A)
{L,58°2.11 A}, (B) {L, 54.74°,2.11 A}, (C) {II, 58°,2.11 A}, (D) {!l, 54.74°, 2.11 A}. Black points are 0

K, red points are 300 K results. Axes are measured in mmy/s.
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Figure 50. QS as a function of mean cluster bond length 4 and mean cluster flattening angle y. (A), (B) red
solid circles - {1, 58°, 2.11 A}, o =0.025 A; black open circles - {1, 58°,2.11 A}, o=0.175 ;\; blue crosses -
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Figure 51. QS as a function of the square root of the total EFG structure factor § at (A) 0 K and (B) 300 K.
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line - [1, 58°, d] series. (B) IS vs. mean cluster flattening angle \; yellow solid line - [ 1, y, 2.11 AJ series.
(C) IS vs. the square root of the total EFG structure factor S; yellow solid line - [1, y, 2.11 A] series;
yellow dashed line - [L, 58°, d] series. (D) IS vs. Sp; (see equation 50); yellow solid line - [L, 58°, d}

series.



205

500 — . : — T —
400 1 400 |
300 - 300 -
2004 ] 200 5
a G}
< 1004 4 X< 100+ d
o o
@ o] { 92 o] ]
-1001 1 -1004 1
[+] o
-200 1 -200] 1
18 19 20 21 22 23 24 52 54 56 58 60 62 64
d(A) v (9
L — 500 - ; , ;
° o D
400} © | 400 0) ]
300 1 300 ]
200 1 200 1
(O] [0}
< 100 1 =< 1001 R ° 1
& &
0 . | 0l . |
@ g
-1004 ] -100 o ]
o Q
-200 1 -200] 1
00 05 10 15 20 25 30 0.05 0.10 0.15 0.20
S" (mm/s) 8, (A

Figure 54. SP vs. various octahedral structural parameters. Red solid circles - { L, 58°, 2.11 ;\}, o =0.025
A; black open circles - { L, 58°, 2.11 A}, 6=0.175 A. (A) SP vs. mean cluster bond length d; yellow solid
line - [L, 58°, d] series. (B) SP vs. mean cluster flattening angle ; yellow solid line - [ L, y, 2.11 A]
series. (C) SP vs. the square root of the total EFG structure factor S; yellow solid line - [L, y, 2.11 A]
series; yellow dashed line - [, 58°, d] series. (D) SP vs. Sg; (see equation 50); yellow solid line - [, 58°,

d] series.
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Figure 55. Results of fitting the doublet calculated from the {1, 58°, 2.11 A}, 6=0.100 A, simulation (7 =
300 K). Squares - distribution calculated from simulation; solid line - distribution from the best fit using

VBF method; dashed line, dotted line - distributions from the best fits using the xVBF method.
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Conclusions

This thesis presents the most comprehensive exploration of the link between local distortion environments
and ’Fe Mossbauer hyperfine parameters, as well as the first simulations of hyperfine parameter
distributions using electronic structure calculations.

It has been shown that the correlations between hyperfine parameters in disordered materials are
more complicated than are currently accounted for by fitting models. It seems that, while distortion series
where hyperfine parameters are calculated as functions of progressive distortion of the iron site, as
calculated in paper 1, are useful as a guide, they are unlikely to provide as much insight into experimental
Mbossbauer spectra as full simulations of hyperfine parameter distributions using ensembles of randomly
distorted sites, as in paper 3.

Possible directions for future work include applications of the methods of paper 3 to “'Fe** and
“IFe™* sites; developing new algorithms for fitting spectra which incorporate the observed relationships
between the widths of different hyperfine parameter distributions, as well as more realistic correlations
between the hyperfine parameters; developing new theoretical models of the EFG tensor distribution at
6lFe?* sites in disordered materials, analogous to the Gaussian Isotropic Model (Le Caer and Brand 1998)
for amorphous Fe** materials, based on the observed evolution of the (Vzz, 1) polar plots with disorder
(figure 50 of paper 3); and simulations of hyperfine parameter distributions with more realistic crystal
chemical models for specific materials. I hope to apply the last method in future work on environmental

iron oxide nanoparticles.
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