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ABSTRACT

Synthetic hematite aggregates that result from a process
that may have industrial and environmental relevance are
studied by lMBssbauer spectroscopy at room temperature and
liguid nitrogen temperature. The Mdssbauer results are
compared to measurements involving chemical analysis,
scanning electron microscopy, and X-ray diffraction on the
same samples. Factors such as the crystalline guality of
the hematite and the overall sample purity (wt%FeZOB) are
followed as functions of the known synthesis conditions.
Pure bulk hematite (high quality a-Fe203) serves as a
reference throughout. M&ssbauer spectroscopy is useful in
two ways in this problem: (i) it can detect and identify
iron-bearing impurities (i.e. non-hematite Fe-compounds),
and (ii) it gives much detailed microscopic information on
the intra-sample hematite.

We find that all of the sulphur seen by cbemical
analysis probably resides in an iron-bearing compound which,
most often, is ©probably a gquenstetite-like material:
Fez(so4)3.nﬂzo (n = 9-11). The synthesis conditions are
understood to determine both the hematite yield (or sample
purity: wt%Fe203) and the intra-hematite crystalline
quality, in that these two factors are correlated. our

interpretation of the room temperature Mossbauer spectra



resolves coexisting bulk-like and high-defect-density
regions whose relative amounts and sample-dependent
Mdssbauer characteristics can be gquantified accurately.

on going to 1liquid nitrogen temperature, a Morin
transition is seen to have occurred in all regions of the
most bulk-like samples, to have occurred in some regions of
intermediate samples, or not to have occurred at all in the
samples with the highest defect-density hematites. This
illustrates the intricate interplay between microstructural
details and cooperative magnetism in hematite

materials.
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ABBREVIATIONS AND SYMBOLS

AF Anti Ferromagnetic (state)

BG BACKGROUND

CS Center Shift

efg electric field gradient

FWHM Full Width at half maximum (of absorption line)
HFD Hyperfine Field Distribution

HFD’S Hyperfine Field Distributions

JCPDS Joint Committee on Powder Diffraction Standards
LT Low temperature (LT = 80K in this work)

LP Line position

PBH Pure Bulk Hematite

Qs Quadrupole splitting

R1 Ratio of line intensity for line-1/line-3

R2 Ratio of line intensity for line-2/line-3

RT Room temperature (RT = 296 K)

SQUID Superconducting Quantum Interference Device
T, Morin transition temperature

Tu Neel temperature

SEM Scanning Electron Microscopy

WF Weak Ferromagnetic

XRD X-Ray Diffraction

Ai/At Spectral area ratio for the ith HFD component

to the total spectral area
s cs without coupling to hyperfine field

total CS of an elemental spectrum
coupling parameter of & to distributed

1
hyperfine field (H or z)
~ electronic charge
e QS without coupling to hyperfine field
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> QS in coupling to hyperfine field

g4 coupling parameter of the QS to H or 2z
magnetic dipolar and pseudo-dipolar
anisotropy energy

magnetic single ion anisotropy energy
cry

G(x,a) Gaussian distribution function

g nuclear g-factor for ground state of Fe-57

g* nuclear g-factor for the first exited state of Fe-57

hi Lorentzian height for ith line

H Hyperfine magnetic field and spin Hamiltonian

I,I* ground state and first exited state Fe-57
nuclear spin gquantum number

'S Lorentzian line FWHM

L(a;x) Lorentzian function; a is the parameter and
x is the variable

8,9 polar angle between hyperfine field and
efg principal axis

P; weight factor for ith Gaussian component in
a hyperfine field distribution

q electric field gradient at nucleus in

principal axis direction

Q nuclear electric quadrupole moment

7 asymmetry parameter

T, Gaussian HFD width for the ith component

By magnetic moment for the specific sites

Hy Bohr magneton

M nuclear magneton

Vi{a;x) Voigt function; a is the parameter, x is the variabl
z Zeeman hyperfine splitting

2 center c¢f the Gaussian component of a

o

z-distribution
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1. INTRODUCTION

In this thesis, we have used Mdssbauer spectroscopy and
other technigques to find out the most we could about certain
synthetic hematite products that have relevance to industry.

Iron is one of the most common elemental constituents of
the Earth’s crust. Many industrial purification processes
of ores give rise to large quantities of iron-bearing
residues as unwanted by-products. Many such prodﬁcts are
environmentally suspect anrd must be impounded in 1large
piles, where leakage to the environment is of constant
concern.

Consider the manufacturing of metallic zinc. Most zinc
concentrates contain several percent of iron. This iron is
first dissolved and then precipitated into a filterable
form. The rejected iron compound is often a jarosite-type
compound MFe3(SO)2(0H)6, where M = Na, NH4, K, H3, Ag, etc.

Rather than stock these iron compounds into large piles,
one approach is to convert them into hematite (a-Fe203).
This results in lower volumes of the chemically very stable
iron oxide. 1In addition, pure hematite is a commercially
valuable iron ore.

Researchers at CANMET (Dutrizac 1989) have studied the
conversion of jarosite-~type compounds into hematite. The

resultant nominal hematite always contains 1-7% S0, impurity

1l



— an unacceptable impurity 1level in view of iron
production. Also the exact chemical nature of the sulphur
and its relation to the hematite are unknown. Various
experimental methods have been unable to elucidate how the
S0, is incorporated inte the "hematite" material. For
example, X-ray diffraction often only indicates the presence
of well crystallized hematite.

Mdssbauer spectroscopy has proved to be a very useful
tool in materials science. It gives an enormous amount of
information that serves in compound identification and
characterization. By computer analysis, it gives detailed
chemical (e.g. valence state of Fe), crystallographic (e.g.
local defects and distortions) and microstructural
(e.g. superparamagnetism) information. In fact, even
preliminary tests showed distinctive differences in the room
temperature Mossbauer spectra of several of the CANMET
products. In particular, line broadening was found to
increase with increasing known §0, content.

In cooperation with CANMET, we have performed an
in-depth Mossbauer study of the hematite products.
Mossbauer spectra were collected at room temperature and
liquid nitrogen temperature. For the first time, we apply a
new recently developed hyperfine field distribution method
to analyze synthetic hematite materials having gradual

variations in impurity amounts and crystalline quality.



Many physical properties were found to be correlated to
the overall sample purity (wt# Fe203), or inversely to the
total amount of impurity (100 - Wwt3 Fe203). By using
M&ssbauer spectroscopy in conjunction with X-ray
diffraction, chemical elemental analysis, and scanning
electron microscopy, we have characterized the impurities
and the hematite as fully as possible with these methods.

In trying to extract as much information as possible
from our spectra collected at different temperatures, we
nave had to determine which spectral analysis methods and
models are best suited to our problem. In this process, we
have developed how to use the M&ssbauer spectroscopy
technique effectively in this and similar problems.

In addition, all work on hematite materials contributes
to our general understanding of a unique magnetic phenomenon
that occurs in these materials: the Morin transition (Morin
1950). In pure bulk a-Fe 04, this transition is a relative
sharp cooperative spin flop transition occurring at T, ~ 250
K (depending on the origin of the particular sample). In
other synthetic and natural hematites, the Morin transition
is sensitive to particle size, lattice defects, and foreign
elements. Tt is known that small particle size, poor
crystal quality and most impurities all suppress the Morin
transition by first Jlowering T, and broadening - the

transition. Understanding how each of these affects the



Morin transition is of ongoing fundamental interest.

With our impurity containing hematites, we
systematically investigated how the Morin transition changes
with overall sample purity and hematite crystalline guality.
This is the first study on such a broad range of hematites
that have been synthesized under similar conditions. It is

of both fundamental and practical significance.



2. BACKGROUND
2.1 Structure of Hematite

Hematite has a rhombohedral structure with space group
D;Jor R3c). 1Its lattice parameters are a = 5.42 4 and a =
55°17/. The [111] axis is the 3-fold symmetry axis, and
(111) is the basal plane.

For convenience, it is often indexed in the hexagonal
system since the oxide comprises hexagonally close-packed
planes of oxygens stacked along the [111] axis
(Fig.2.1.1(a)) with Fe3+ cations occupying only two-third of
the octahedral sites (Fig.2.1.1(b)). On a given anion
layer, the arrangement of the cations is shown in
Fig.2.1.1(¢).

Fig.2.1.2 shows the rhombohedral unit cell and its
relation to the stacking of hexagonal layers. Oon the
different adjacent layers, the positions of the cations
shift regularly, see Fig.2.1.3.

Each FeOg octahedron contains three shared and three
unshared edges not in the basal plane, and one shared plus
one unshared face in the basal and/or top planes,
respectively. The octahedra are considerably distorted with
the oxygen-oxygen distances along the shared edges and

shared basal face being considerably shorter than those
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Fig.2.1.2 Hematite rhmobohedral unit cell (left)
and its relation to the stacking of hexagonal
planes of Fes*t (right).
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along the unshared edges and unshared basal face. The iron
atoms lie closer to the unshared faces of the octahedra than

to the shared faces.

2.2 The Magnetic Structure of Pure Bulk Hematite

and the Morin Transition

The Magnetic structure of hematite was determined by
neutron diffraction (Shull et al, 1951). Beiween the Neel
temperature (T ~ 948 K to 963 K) and the Morin temperature
(T, = 250 K), hematite is in a weak ferromagnetic (WF)
state, in which all moments lie approximately in the (111)
plane with a small canting out of the plane giving a small
net average magnetic moment per Fe atom. Below TH, hematite
is in an antiferromagnetic (AF) state and all spins are
aligned in the [111] direction and are truly antiparallel.
Fig 2.2.1 illustrates the WF state (left) and the AF state
(right) in pure bulk hematite.

The Morin transition is a temperature driven collective
spin flip occurring between the high temperature WF state
and the low temperature AF state. "Weak ferromagnetism"
means that certain predominantly antiferromagnetic crystals

such as a-Fe,0, exhibit spontaneous magnetization due to



Fig.2.2.1 The two magnetic state spin structures of hematite:

the WF state (left), and the AF state (right) .
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spin canting. The magnitude of the average net magnetic
moment per atom is extremely small. It usually varies
between the limits of 10°2 - 107> of the sublattice value.
According to Dzyaloshinsky (1958) and Moriya {1960), the
canting is an intrinsic property arising from an anisotropic
exchange interaction.

Theoretically the Morin transition can be described by a
spin Hamiltonian for «-Fe,0, (Van de Woude 1966):
H =J)':k{ij(SJ'Sk) + djk-[SJxSk] + SJ-KJkSk}

+ T {D s‘jz + 1S g -H} (2.2.1)
)

where the first term in the first sum is the superexchange
interaction, the second is the antisymmetrical spin
coupling, the third represents the magnetic dipolar and
pseudo-dipolar (Ea) anisotropy energy. In the second sunm,
the first and second terms are the single ion anisotropy
(Ecry) and Zeeman energies, respectively.

E, favors the (111) plane. Ecry has the opposite sign
and favors the [111] axis direction. Both are related to
the temperature, and compete to decide the spin orientation.
The antisymmetric term is responsible for the canting or
weak ferromagnetism.

At RT, E, dominates over Ecry, and spins lie in the

11



(111) direction with the small canting. The spins stay in
this WF state. When the temperature is lowered below T,
the Emw term becomes larger than the Ed term, then the spin
reorientation takes place. At this temperature spins flip
to the [111] direction and stay in the pure
antiferromagnetic state at lower temperatures. The state
change from WF state to AF state is the Morin transition.
In pure bulk hematite it is usually argued to be a first

order transition. However, this is still one of many open

questions.

2.3 Mésshauer Spectroscopy Background

An interaction between a nucleus and its surrounding
electrons (and hence its chemical and physical environment)
is called a hyperfine interaction. There are three kinds of
‘such interactions Which can be studied by Fe-57 Mossbauer
spectroscopy. They are the electric monopole (i.e.
Coulombic) interaction, the electric quadrupole interaction
and the magnetic dipole interaction.

In the spectra, these interactions manifest themselves
respectively as a1 isomer shift, a quadrupole splitting and

a hyperfine splitting. These, in turn, are parameterized by

12
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the center shift (CS=8) with respect to some standard
absorber and including both the isomer shift and the second
order Doppler shift, the elec:iric quadrupole splitting € and
the hyperfine magnetic 2Zeeman splitting (2). The relevant
energy splittings and shifts are shown in Fig.2.3.1.

A particular environment is often referred to as a site.
Microscopically, one specific site is characterized by a
particular set of hyperfine interaction parameters in
Mossbauer spectroscopy.

When a probe nucleus (57Fe in our case) is in a
particular effectively static electric or chemical
environment and under ideal experimental conditions, the
Mdssbauer spectrum is strictly Lorentzian (i.e. composed of
Lorentzian absorption 1lines). In real samples, however,
even for a single site material, there are inhomogeneities
of various types, which make the actual environments spread
in a certain range. The hyperfine fields may, in a first
approximation, lead to Gaussian distributions of Lorentzian
line positions. The line shape is then a convolution of a

Gaussian with a Lorentzian, called a Voigt 1line, and is

expressed as:

V(mo,c,w,hL;w) =-£ L{w,hL,x;w) G(o,wo;x) dx (2.3.1)

where

14



12h /4
L (2.3.2)

L(7.,h A
L (w-x)2+ 12/4

is an elemental Lorentzian with height hL, FWHM 7, and

centered on x and

G(0,wgiX) = T; exp (- (x~w,)*/20°) (2.3.3)
o

is a normalized Gaussian distribution function with standard
deviation ¢, x is the distribution variable, and w, is the
center value of the distribution.

The Voigt profile does not have an exact analytic closed
form expression. But an excellent analytic approximation
has been developed (Martin et al.,>981) that makes fitting

applications possible and practical.

2.4 Physical Origin of Hyperfine Field and its Distribution

According to Ping and Rancourt (1992) and Panissod et
al. (1982) and Johnson et al. (1963), the average hyperfine
field for a given site is the vector sum of a local term and
a transferred term. The hyperfine field magnitude for the

ith site can therefore be written as:

15



= 1]
|H;|= | A <u;>+ T B <uy> |

- (2.4.1)

The first term on the right hand side is proporticnal to the
magnetic moment of the iron on the site itself. It is the
local term. The second term is a vector sum over all
magnetic moments of the near neighbors and is the
transferred term (the transferred term may also include
smaller next-near-neighbor contributions).

With Eg.2.4.1 we can see that the magnitude of the
hyperfine field for a given site depends on both the on-site
moment, the moments of its neighbors, and the spatial
configurations of its near neighbors as well.

In a real "single-site" material, the environments for
all the sites may not be exactly the same, the hyperfine
field magnitudes will then of course be slightly different.
When the environments for all the irons spread in a certain
range, this will 1lead to continuous hyperfine field

distributions.
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2.5 Hyperfine Field Distribution Program

Rancourt and Ping have developed a powerful approach to
deal with arbitrary-shape hyperfine field distributions
(HFD) (Rancourt and Ping, 1991). The distribution is
written as :

P(z) (2.5.1)

n
™1
i
G
[
-
N
e
Q
B!
]
s

where N is the total number of Gaussian distribution
components being used, For the ith component of the HFD, Pi

is the weighting factor, o

" is the standard deviation, 2z

ol
is the center value and z = g*uéi is the hyperfine Zeeman
splitting of the excited state. The HFD’s are taken to be
sums of Gaussian components, and corresponding spectra are
"sums of Voigt lines.

In this HFD program, some parameters are used to
describe the three hyperfine interactions (section 2.3) in
terms of the HFD. For a specific site, we have specific
values of the parameters &, €, and 2z, whose physical
meanings have been represented clearly in Fig.2.3.1. In
addition, there are parameters for the height (or depth) oi

line-3 and for the height ratios of line-1/line-3 and of

line-2/line-3. There are also couplings of center shift
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and guadrupole splitting to the distributed hyperfine field

as!i

5= 8+ 8,7 (2.5.2)

e = ¢g_ + €,2 (2.5.3)

where, 81 is the coupling parameter between center shift (8)
to hyperfine field (z or H) and €4 is the coupling parameter
between quadrupole shift e to the distributed field. In
this case, both the center shift and the guadrupole
splitting will also have distributions as long as z (or H)
has.

Therefore, a particular group or family of sites has a
HFD and particular coupling parameters to 8 and €. Such a
group or family of crystallographic sites will be referred
to as a (generalized) tsite". In this way, a™
"j-gite/2-component fitting model" is a fitting model in
which we assume a single such "site" having two Gaussian

components (N=2 in Eq.2.5.1) in its HFD, etc.
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3. SAMPLE CHARACTERIZATION
3.1. Chemistry of the Synthetic Hematites

samples studied in this work are powders of synthetic
hematite aggregates. They were supplied by Dr. Dutrizac at
CANMET.

The general hematites of intereét are products resulting
from jarosite-type compounds to hematite conversion. The
method of synthesis, by which  jarosite compounds
MFe,(SO,) (OH) ; (where M = Na, NH, K, HOj, Ag, 1/2 pb2t,
etc.) are converted into hematite by hydrothermal reaction
at temperature T > 200 %, is described by Dutrizac (1989).
The reaction inveolves an initial decomposition of the
jarosite, followed by the precipitation of hematite from the
resulting acid ferric sulphate solution. The overall

reaction sequence is:

2504 + 12 H20

(3.1.1)

2 MFe,(S0,),(OH), + 6 H,S0, => 3 Fe,(50,); + M

4

3 Fe,(S0,), + 9 H,0 =-> 3 Fe,0, + 9 H,SO (3.1.2)

273 2774

The syntheses for our particular samples were performed
in two different ways.

(i) Hematite precipitation by direct oxidation of

19



ferrous sulphate solutions by the reaction:

4 FeSO4 + 30 -> 4 SO + 2 Fe,0 (3.1.3)

2 4 273
produced the samples Li, L3, L7, L9 and L10. These samples
will be referred to as the "L samples".

(ii) Hematite precipitation from ferric sulphate
solutions starting directly from Eq.(3.1.2) was used for
samples G12, Gl and M60. These samples, along with L9, will
be referred to the "Ottawa samples" because only this group
was studied in detail at University of Ottawa.

The synthesis details are given in Table 3.1.1. The
reactions were carried out in a batch mode. The contents
were heated to certain temperatures, held at temperature for
an appropriate time, and then cooled toc room temperature.
When cooled, the precipitates were filtered, washed and
dried at 110 °C overnight, and then the products were
analyzed.

In this work, only the Ottawa samples (G12, Gl1, M60 and
L9) were studied in detail (room temperature and 1liquid
nitrogen temperature Mdssbauer spectroscopy, powder XRD on
an automated diffractometer, SEM pictures of both polished
section and 1loose powder mounts, and Debye-Sherrer and
Guinier xXRD). Samples L1, L3, L7 and L10 were studied only

at CANMET by room temperature Mossbauer spectroscopy and
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Table 3.1.1. Synthesis conditions*

Sample solution seed temperature time  pressure
L1 FeSO, no 160 °C 2 h 100 psi 0,
L3 Feso, no 180 °C 2 h 100 psi O,
L7 FesO, no 220 °c 2 h 100 psi 0,
L9 Feso, no 240 °c 2 h 100 psi 0O,
L10 Feso, no 250 °C 2 h 100 psi O,

*
0.5 M Fe(S0,), .

[+
Gl 0.05 M H2$O no 225 C 4 h no
4
0.5 M Fe(so4)1 5 .
G1l2 0.05 M sto4 Fezo3 225 C 4 h no
0 5M Fe(S0,)
M6&0 4°1.5 o
0.0 M sto4 no 220 “C 2 h no

* M = molar fraction
t+ The stirring speed is 200 RPM for all the samples.
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Guinier XRD. We analyze and report the CANMET results on
the L samples to achieve a more global representation of the
trends in (and correlations between) several key measured
physical parameters.

The compositions of the hematites, reported as weight
percent of Fe (wt¥ Fe) and of SO, (wt% S50,), are given in
Table 3.1.2. The pr=sence of impurities seen by XRD is also
noted in Table 3.1.2. These analyses were performed at
CANMET. The samples typically contain 1-7 wt% of sulphate
impurity whose exact chemical nature is neot known.

On simple assumption of all Fe being in the form of
Fe,0,, we first calculate the weight percent of Fe,0, for
each sample. The total wt% of (80, + Fe203) is not 100% as
might be expected. There is something else in the samples.
Considering the nature of +the powder samples, it is
reasonable to suppose that the missing weight, wt%¥ &, is

from adsorbed water. Both wt% Fezo and wt% 8 of water are

3
also included in the Table 3.1.2. They will be corrected
for the presence of other impurities in a later section
(section 5.1.b).

Nominal pure bulk hematite (PBH) was investigated
simultaneously toc serve as a reference. Three commercial
hematites were studied for this purpose. They were found to

have «¢...entially identical properties. These control

samples were (i) At.Chem. (99.999 wt% Fe203), (ii) JMcC
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Table 3.1.2

Chemical composition of the samples*

* * % . s
Sample wt% Fe wt%so4 wt%Fezo wt%d X-ray (Guinier)
Gl2 67.26 2.36 96.16 1.48 Fe203 + (minor
Fe(S0,) (OH))
Gl 66.20 l1.64 94.65 3.71 Fezo3
LS 65.64 4.05 93.85 2.10 Fe203
M60 62.65 3.70 89.57 6.73 F9203
L10O 67.40 2.45 96.36 1.19 Fe203
L7 64.98 4.38 92.90 2.72 Fe203+ (faint trace
(~0.25%)Fe(50,) (OH))
L1 64.71 6.29 92.52 1.19 Fe203+ (trace
FeO.COH)
L3 62.09 6.98 88.77 4.25

Fe203+ (trace
FeQ.OH)

+ Only wt%Fe and wt%SO

quantities.

were measured: all other are derived

* wt%Fe203 is derived from the amount of iron in each

sample.

** wt%8 is calculated by using (100% - wt%Fe203 - wt%SO4).
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(nominally pure), and (iii) BDH (General Purpose Reagent).

3.2 Scanning Electron Microscopy (SEM) of Ottawa Samples

To check the sample morphology, SEM was performed on the
Ottawa samples at CANMET. The microgréphs are shown in
Fig.3.2.1 for 1loose powder mounts, and in Fig.3.2.2 for
polished section mounts.

As seen 1in Fig.3.2.1 samples G1l, L% and M60 are
aggregates consisting of many small particles stacked
together. on the surface of the aggregates are varying
degrees of roughness.

G12 consists of two distinct kinds of clumps: relatively
large aggregates and very fine powdered hematite. This
unique morphology is due to the presence of seed Fe203 in
the synthesis of this sample (see Table 3.1.1). The large
clumps are probably the new hematite produced on the surface
of hematite seeds.

It is noted in Fig.3.2.2 that samples show various
aggregate dimensions or mean sizes. The sizes range roughly
from 3um to 17um in G1, 1lum to Sum in L9 and 1lum to 30um in

M60. However, SEM results do not show any obvious

correlations between sample shape/size/morphology and
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Fig.3.2.1 (a) SEM pictures of Ottawa samples in locse
powder mounts at low magnification.
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LS M60

Fig.3.2.1] (b) SEM pictures of Ottawa samples in loose
powder mounts at high magnification.
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Fig.3.2.2 (b) SEM pictures of Ottawa samples for polished
section mounts at high magnification.
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overall sample impurity content.
Differences in brightness seen in Fig.3.2.2 suggest that
there are some differences of local density, compactness and

crystallinity in the different sampples.

3.3 X-Ray Diffraction (XRD) Results

Powder XRD experiments were carried out by Dr. H. Kodanma
at Agriculture Canada with an automated Scintag

diffractometer using Co Ka, radiation from a post-sample

1

monochromator. Only the Ottawa samples were studied here.
XRD results shown in Fig.3.3.1 indicate that,

structurally, all samples are crystalline hematite

(¢=Fe,0,), since the X-ray patterns coincided closely with a

2
standard a-Fe203 reference pattern. The compilation of
X-ray powder patterns for minerals by the Joint Committee on
Powder Diffraction Standards (JCPDS) was used to identify
crystalline phases.

In Fig.3.3.1, it is observed that the diffraction lines
are clearly getting weaker and broader in the sequence
PBH, G12, L9, Gl and M60, for identically mounted samples.

We choose three intense lines and three weak lines to

specify this point quantitatively. Table 3.3.1 gives these
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Fig.3.3.1 XRD patterns of the Ottawa samples.
(a) XRD pattern of PBH.

30




FN:HK3265 . NI ID:
33 TIME:

: JARG 12 (RANDOM
: PT: 1

SCINTAG/USA

31

DATE: 3/ 4/91 7:29 .20e STEP:2.029 WL:1.78892
e 0.5 3.49 ooe 138 5
"y al)
sine ] =
440.4 =1 G [~ -
az9.8 hy 12 L
8.0 =1 - se
I .
zams - -

1ea.0
120.8
an.8
** s £ 5 1)
DATEO807 405 rrienidiss o RANBO| 20 step.o.eze  Siiisi.7889%
“:" .60 s 1,84 1.3 -
sims = o8
wes Lg - o
ava - 78
8.5 - [~ &8
ns.0 = - ¢a
28 - 4
oA - [~ 38
20,8 - - 28
de. 0 - . = 19
e - ”
' . ' i s 55 ) L.
Fig.3.3.1 (b) XRD patterns of G12 and L9.




PRTHKIZE. N JRr JARG | CRANDOMD | o3 stEpie.cze Lol 76832
o .51 .4 1.84 T e *
wg.e 19
LN B Bt
se.e G'l - o
LIRS § “ ~ 1y
{7.-' . -~ es
2.8 I~ sa
ey [~ a8
ETR S, - 9
w.» - (— 29
“E - = 10
. . ; T T T i o
ENTE‘SSE?a | ?}l%| TII;‘IE! JARE‘ so (RANDDH) .209 STEP:0.020 SCINTAgégg
o .5 3u 1o 1.30 ¥
0.0 -
e - - oo
= M 60 = ae
me v ‘ =70
1740 - 0w
s - oy
Mo =
.. - = 38
wa - ]
me - X u = 10
.. L R —— P L

Fig.3.3.1 (c¢) XRD patterns of Gl and M60.

32



Table 3.3.1 XRD results for certain line widths and heights

Sample e 1 92 93 64 65 96
PBH .201  .212  .237  .280  .226 .226
G12 201 .212  .237  .339  .226 .226
Lo .201  .212  .237  .341  .262 .262
61 .255  .266  .280  .341  .399 .399
M60 .30 .323  .352  .517  .474 .424
Sample  Hi' H2 H3 H4 HS H6.
PBH 620 387 260 52 145 167
G12 604 350 267 51 144 144
GL9 577 357 263 42 119 149
G1 440 234 197 44 86 96

M60 283 158 146 27 52 74

* @ is the angular width of the line in degrees, errof is
0.007°.

+ H is the height expressed in counts per second.

Indices 1, 2, 3 represent the first, second and third most
intense lines, respectively,at 38.5°, 41.5° and 63.5° of 26.
Indices 4, 5, 6 represent the weakest line, the second
weakest and third. weakest lines, respectively, at 68°, 74°

and 76° of 26.
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line full widths at half maximum and line heights.

It is known that XRD patterns depend on the sample
crystallinity. A high degree of crystallinity in bulk
samples gives intense and sharp lines. Whereas broader and
weaker lines arise from either (i) crystal inhomogeneities
and imperfections such as substitutional disorder,
impurities, and vacancies, or (ii) from small crystal sizes
on a scale of several hundred Angstroms or less.

Both effects may occur simultaneously in our case. If
they are comparable in magnitude, separation of these
effects is difficult. Nevertheless, SEM reveals that the
aggregate dimensions in the samples do not vary in the XRD
sequence (PBH, Gl12, L9, Gl1, Mé60). Moreover, Sherrer’s
formula gives that the broadening of the diffraction lines
from the crystal size effect increases with increasing Bragg
angle 6 (Guinier 1963)., But in Table 3.3.1 the line width
does not change in this way, particularly for the three weak
lines. All of these suggest that crystal imperfections are
more important and dominant. Therefore, we will describe
our samples in terms of an effective crystal gquality.

XRD reveals that G12, except for having a distinct
impurity phase that corresponds te a small amount of
Fe(so4)(0H) (as seen in both the Mossbauer spectrum and the
XRD pattern itself), is the closest to PBH in terms of

crystal guality. Chemically, it also has the least impurity
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contents of sulphate and water. 19 is apparently better
crystallized than G1, but its impurity content is higher
than that of Gl. M60 is clearly the last: both in the
sequence of effective crystal gquality and in impurity
content.

Additionally at small angles of diffraction (28 = 24°)
there is a small bump observed in all samples that is not
due to a contribution from the sample holder. Given its
width, it should correspond to ‘a quasi-amorphous material.
By checking the position and intensity with JCPDS, it is
probably a particular iron sulphate compound :
Fe2(504)3.1lH20, called quenstetite. 1Its relative intensity

decreases from M60 to PBH.
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4. EXPERIMENTAL METHODS FOR MOSSBAUER SPECTROSCOPY
4.1 Equipment

Transmission M&ssbauer spectra were taken at room
temperature (RT) and liquid nitrogen temperature (LT) with a
10 mCi source of Co-57 in a rhodium matrix. The
spectrometer was operated in a constant acceleration mode.
Data was accumulated in 1024 channels. The Doppler velocity
scale was from -10 mm/s to 10 mm/s.

An Fe-57 enriched metallic iron foil was used for
calibration of the spectrometer before and after each
spectrum. Line positions (LP) are given with respect to the
center of the calibration spectrum (i.e. relative to a-Fe at
room temperature). The spectra were folded in order to
cbtain a flat background. Non-linear fitting was performed
with the Minuit software package developed at CERN (James
1978).

For LT experiments, a cold-finger cryostat was operated
with two temperature sensors serving for temperature
measurement. The temperature was measured by a diode and a
thermocouple, both attached to the sample block. The
temperature variations over the course of an experiment
(typically 24 hours) were less than :l1 K. The temperature

gradient cross the absorber was less than 1 K across a 3/4
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inch diameter.

4.2 Absorber Preparition

Two kinds of absorbers were used in the experiments.
They were prepared as follows.

(I) For the absorbers only run without the cryostat at
RT: 100 * 1 mg of sample was spread evenly and sandwiched
between two clear plastic sheets held in aluminum holders
with 3/4 inch diameter windows.

(II) Some absorbers were prepared for LT and RT
measurements in the cryostat. A pan of 3/4 inch diameter
was made of (usually ultra pure) metallic aluminum foil in
which a little grease was melted on a hot plate. Then 125 £
1 mg of sample was stirred evenly with the grease. Then
another aluminum foil was put on the top. A brass ring with
3/4 inch inside diameter was used to hold the pan. These
absorbers were mounted inside the cryostat for both RT and

LT experiments.

37



S. RESULTS AND DISCUSSION

5.1 Room Temperature Méssbauer Study

a. Spectral features of Ottawa samples and L samples

The first series of measurements consisted in collecting
Mdssbauer spectra at RT. The spectra for the Ottawa samples
were taken in our laboratory while the spectra of the L
samples were taken at CANMET. All the spectra are shown in
Fig.5.1.1.

Each of the RT spectra is basically a magnetic sextet
pattern, which is similar to that of PBH. The spectra are
not collapsed as in the case of superparamagnetism. Hence,
the effective particle size for all samples is greater than
200 Angstroms (Kundig et al., 1966).

Following the usual convention for sextets, we number
the 1lines from 1 to 6 starting at the lowest Doppler
velocity (see Fig.2.3.1). Oon comparing the spectra in
detail, it is observed that the absorption 1lines are
broadened and asymmetric. This is most noticeable in lines
1 and 6. The degree of broadening increases progressively
on going from PBH to M60 in the Ottawa samples or from L10O

to L1 in the L wamples in the general sequence of increasing

impurity content.
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To emphasize sample to sample differences, the line=-1 of
the spectra are plotted together in Fig.5.1.2. Fig.5.1.2a
shows the line-1 for the Ottawa samples and PBH, whereas
Fig.5.1.2b shows the line~1 for the L samples compared to
line-1 for PBH. T+ is seen clearly that the impurity
content of a sample is significantly correlated to its
Méssbauer spectrum.

comparing the line width and the line position with the
given chemical analysis (Table 3.1.2) for each sample, we
found that it is the total sample impurity (or degree of
hematite purity) rather than just wt¥ SO, or wt¥ & that
affects these spectra systematically.

By measuring the line-1 width and the line-1 position
for different samples, some gquantitative phenomenological
relationships are obtained. Figs 5.1.3a and b show how the
line-1 full width at half maximum (FWHM) and position (i.e.
the minimum of line-1) vary with the overall sample purity
(wt% F3203). The dotted lines are the best straight 1line

fits. They give the following equations:

FWHM = (0.29 mm/s) + (0.038 mm/s per wti)- wt%(so4+ 8)
{5.1.1)
LP = (-0.82 mm/s) + (0.024 mm/s per wti)- wt%(so4+ 8)

(5.1.2)
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These equations will be improved after further
investigation on the impurities in the next section. But
the conclusion that the spectra are affected by the total
content of impurities rather than just wt% SO, or wt% & is
not changed by the composition recalculations based on
supposed/suspected/observed additional impurities, although
the best quantitative relations are changed significantly

(section 5.1.b).

b. Searching for impurities and correcting the compositions

First we focus on the Ottawa samples. Based on XRD
analysis, there is a minor amount of Fe(So4)(OH) in G1i2.
Also, a very small amount of gquenstetite (Fez(504)3.1lH20)
is probably seen in the Ottawa samples by our XRD (section
3.3). Chemically, some other impurities are possible in the
samnples. For example, ferrous sulphate (FeSO4) and
crystalline and amorphous Fe4(so4)(OH)10. The spectra of
these possible or likely impurities were recorded for
identifying them in the samples. These RT spectra are shown
in Fig.5.1.4.

In the spectrum of G12, a doublet is indeed observe.. .n

addition to the main hyperfine six-line pattern. Comparison
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with the spectrum of Fe(SO4)(OH) in Fig.5.1.4 proves that
this doublet results from Fe(so4)(0H), and this agrees with
the XRD from CANMET.

In the spectra of Gl, L9 and M60, there is no such
doublet as that showing in G12. No amount of Fe(so4)(0H)
(detectable by Mdssbauer or any other method used) was
therefore seen in any of the other Ottawa samples. But in
the central area of the spectra, from -0.2 mm/s to 0.6 mm/s,
there are very weak signals. Since these are seen in all
the spectra, they are suspected to arise from an impurity of

quenstetite Fez(so4).11H20 whose presence is suggested by

our XRD results (section 2.3).

As shown in Fig.5.1.4 the spectrum of nominal
Fe2(504)3.nH20 is a singlet at about 0.46 mm/s. The spectra
of Fez(so4)3.9H20 and Fe2(504)3.7.25 H,0 are also singlets,
but the widths and positions are slightly different. It
seems that increasing the water content causes the lines to
be broader and to shift to lower Doppler velocities. This
suggests that the singlet of gquenstetite would be right in
the impurity signal range (-0.2 to 0.6 mm/s).

We also run the empty holder in the same set-up. It is
seen, unfortunately, that ﬁhere is a doublet showing up as
shown in Fig.5.1.4. Its lines are at about -0.16 mm/s and
0.4 mm/s, right in the impurity signal area. This ¢..olet

most probably arises from iron impurities in the beryllium
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window of our gas proportional counter. Its high energy
line is very close to the position of the gquenstetite
singlet. They both may cause the very weak absorption
observed here.

In this case, we can only say that impurity gquenstetite
may or may not be present. If the weak signals result from
both the empty holder and impurity gquenstetite, then from
the relative area ratios of an assumed guenstetite singlet
to the hematite sextet, the calculated iron amount in this
impurity (assuming equal f-factors) is about 0.2 wt%. This
is very close to the detection limit. If all signals are
due to the empty holder, then the guenstetite impurity is
not d;tected because of its small amount and/or lower
f-factor.

Fe(SO4) and amorphous and crystalline Fe4(so4)(OH)10 do
not show any traces at all, that is consistent with XRD
results and chemical analyses.

With a given content of wt% 50, from a chemical
analysis, the iron amount in a sulphate impurity can be
calculated from the impurity’s stoichiometry. In this way,
the iron amount in Fe(so4)(OH) was calculated for Gl12. A
corrected hematite content can thereby be obtained for this
sample.

Since there is evidence of quenstetite from both

Mdssbauer and XRD in samples G1l, L9 and M60, then the iron
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amounts in the supposed quenstetite impurity were calculated
from the given wt% SO4 in each sample, . This accounts for
the sulphur contents of these samples in the most reasonable
way we have found and it leads to slightly corrected Fe203
contents. And in Gl2 ({see above) Fe(so4)(0H) was our prime
candidate as the main sulphur containing material.

For the L samples, impurity contents and composition
corrections were obtained in three ways. (i) The impurity
‘Fe(so4)(OH) ﬁas seen in L7 by XRD. The corresponding amount
of iron in Fe(so4)(0H) was calculated from the given wt% So4
as in Gl12. (ii) For L1, L3 and L10, the sulphate impurity
was assumed to be gquenstetite and the relevant corrections
were done as for Gl, L9, and M60 above. (iii) For L1 and
L3, an additional impurity of FeO.0OH was detected by XRD.
This compound gives a six line pattern in its RT M&ssbauer
spectrum (Morup 1983). This impurity six 1line pattern
visibly distorted our spectra. Its amount is more
significant than that of the sulphate impurity. To get an
iron amount in -this impurity, the spectra were fitted with a
hematite sextet and an Fe0.0H pattern with its parameters
frozen at the known values. The resulting iron amounts in
FeQO.OH are approximately 8 z 2 and 4 * 2 wt% in L1 and L3
respectively.

In these ways, all the supposed (and/or measured)

impurities were taken intoe account to obtain a correct
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Table 5.1.1 Corrected chemical compositions

wt% Fe |wt% SO wt% Fe.O,|wt% Fe wt% Fe wt% Fe,O

4 273 273
sample| given given calculated in Fe203 corrected
(a) (B} (<)
Gl2 67.26 2.36 96.16 1.38%+,17 6€5.88+,17 94.19%.34
Gl 66.20 1.64 94.65 0.64%*.14 65,56%*.13 93.73%,29
Le 65.64 4.05 93.85 1.57+.40 64.07%.40 91.60%,57
M6e0 62.65 3.70 89.57 1.44+.28 61.21%.31 87.51%.44
2.441.04
L1 64.71 6.29 92.52 8.5042.00 53.82+3.04 76.95%1.56
2.71%+1.10
L3 62.09 6.98 88.77 4.30%2.00 55.11+3.01 78.79£1.61
L7 64.98 4.38 92.90 1.70£.54 63.28%.50 90.47%0.78
L1o 67.40 2.45 96.36 0.95%.29 66.45%.30 95.00%0.41

(a) Assumes that all the iron is in the hematite. It is obtained
directly from the measured (given) wtiFe.

(b) This part is the iron amount in one or more impurities. 1In
most cases, it is calculated from the stoichiometry of the
relevent impurity, given the known sulphur amount. 1In L1 and L3,
jron amounts are in two impurities: FeO.OH and quenstetite.

Qenstetite Fe, (SO -11 H,0 is used to calculate the iron amount

4)3
in the sulphate impurity for all the samples except G12 and L7
where Fe(SO4).0H is known to be the main impurity.

(c) This is the total amount of iron in the hematite after

correction.
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hematite amount for each sample. The corrected compositions
are given in Table 5.1.1 and compared to the raw values
based solely on wt% Fe from the chemical analyses.

In fact, both sulphate impurities Fe2(504)3.11H20 and
Fe(so4)(OH) may coexist in all the samples. The various
ways of accounting for this coexistence or for small amounts
of other similar sulphur impurities do not change the
resulting corrected Fe, 0, amounts by more than the errors
quoted in -Table 5.1.1.

our impurity corrections do not change our main
conclusions and only improve the observed correlations
between measured quantities such as line positions and line
widths, quadrupole splittings, HFD characteristics, etc.—
at both RT and low temperature (section 5.2}.

For example, Fig.5.1.5 is a new plot (that can be
compared to Fig.5.1.1) of the line-1 position and FWHM as

functions of the corrected purities. Two best-straight-line

fits give new equations that can be compared to Egs.5.1.1-2:

FWHM = (0.25 mm/s) + (0.027 mm/s per wt¥):- wt%(so4+ 3)
(5.1.3)

LP = (-0.82 mm/s) + (0.013 mm/s per wt%)- wt%(so4+ §)
(5.1.4)

These expressions and Fig.5.1.5 suggest that the _.purities

(whatever their precise nature) "cause" the observed
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broadening of the hematite sextet lines, however, such an
interpretation is not  correct. Although there are
impurities in all of these hematites and although the
spectra show correlations to the impurity contents, the
impurities can not cause the 1line broadening directly
because virtually all of the iron in the "hematite" takes
part in this line broadening.

We find that our RT spectra are broadened similarly to
the spectra broadened by surface effects reported by Jiang
et al. (1987). The surface is a kind of defect where iron
ions near the surface lose their nearest neighbors or next
near neighbors and are in octahedral environments
significantly different from those in the bulk. This
implies that our samples have a very high effective sufface
density (in cm2 of effective surface per gram of Fe203) or
an equivalent density of vacancies. Both the effective
defect density (or porosity or compactness) of the hematite
and the net weight fraction of impurities depend on the
precise synthesis route and conditions, and are therefore
related.

We next describe detailed lineshape analysis of the RT
spectra in an effort to learn as much as possible about our

"surface" ions (i.e. that are either near a surface or near

a defect).
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c. Fitting results for the Ottawa samples

In the RT spectra only PBH has a well defined hyperfine
pattern corresponding to single site hematite. The other
spectra are broadened to various degrees, indicating HFD'’s
arising from various different local environments of the Fe
probe. This is expected to be related to specific surface
density, sample.purity, and crystallinity. We apply a new
HFD method (Rancourt and Ping, 1991) to analyze the spectra
of the Ottawa samples.

The moderate broadening of the spectra for the Ottawa
samples suggests that the different local environments for
iron are not much different from the single iron site
environment in PBH. Basically all the iron consists of

3+ ions in hematite sites that are

magnetically ordered Fe
only somewhat distorted compared to PBH. Therefore we
choose a "one site" model with two Gaussian components
(section 2.5) to fit the spectra.

Two groups of the RT spectra need fitting. One is the
group in which absorbers were mounted outside the cryostat.
The other is a group run in the cryostat at RT for
comparison with the LT spectra.

Since we are most interested in the systematic sample to

sample changes, certain physical and reasonable constraints

have been tried to avoid the trade off problem of dependent
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fitting parameters. (i).The couplings between the CS and 2z,
and between £ and z are taken to be zero (i.e., 61= g, = 0
in Egs.2.5.2 and 2.5.3). (ii) .The intensity ratios R1
(line-1/line-3) and R2 (line-2/line-3)} are taken to have
certain fixed physical values as described below.

The first constraint forces the center shifts and
quadrupole splittings not to have coupling to the
distributed hyperfine field. As a result, there are no
associated distributions of either center shift or
quadrupole splitting.

The second constraint arises from the following
considerations. Two different amounts (100 mg and 125 ng)
of the samples were used for the two groups of absorbers.
It is known that only when an absorber is ideally thin are
thickness effects negligible. In this case the predicted
intensity ratios for random powders are R1 = 3 and R2 = 2.
But the absorbers are not ideally thin such that thickness
effects will lower the ratios R1 and R2. Therefore we
reached useful area ratio constraints by two steps. First
we fit the spectra with Rl and R2 in the imposed ranges of
2.6 to 3 and 1.6 to 2, respectively, and then froze Rl and
R2 at the values of their averages over all the spectra, and
fit the spectra again.

cur final fitting results are obtailea with the

one-site  two-component HFD model having the above
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constraints. Fig.5.1.6 shows the fitted spectra. The
corresponding HFD’s are shown in Fig.5.1.7, along with the
HFD obtained from subjecting our PBH to the same analysis
(with only one site and one component hovever). The
corresponding fitting parameters are listed in Table 5.1.2.
They show that even though there are some differences
between the two groups of samples for the two different
experimental conditions, some general trends are obtained.
These are described as follows.

(A). In our one-site fits, the two HFD components are
very different (Fig.5.1.7).

The first one is centered on a higher field value, has a
narrower distribution width, and presumably corresponds to
local environments most similar to those of the single site
in PBH. We call it the PBH-like HFD component. As seen in
Fig 5.1.7, the majority of the iron in the Ottawa samples is
in PBH-like local environments since the PBH-like component
makes up the largest fraction of the total HFD.

The second component has a lower average hyperfine field
and a larger distribution width. It is probably correlated
to the various defects and will be referred to as the defect
HFD component. It appears as broad low field bumps in the
distributions shown in Fig.5.1.7.

(B). The spectral area ratio of the PBH-like H.L

component (defect HFD component) decreases (increases) on
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Table 5.1.2 RT fit parameters for 1l-site/2-component HFD
fits of the Ottawa samples*

sample H,(T) H, H, 0, (mm/s) o o’ e(mm/s) CS(mm/s)

av 2 av

a)

PBH 51.84 51.84 .029%9 .029 ~.,126 .348
Gl2 51.72 50.08 b51.36 031 .113 .049 =-.132 .348
Gl 51.59 49.74 51.19 .035 ,113 .052 =-,131 .347
L9 51.55 49.46 51.00 .034 .108 .054 -.130 .348
M60 51.07 48.96 50.43 .035 .108 .056 -.129 .350
b)

PBH 51.40 51.40 .026 .026 =~.106 .368
Glz2 51.37 50.62 51,21 .027 .133 .050 -.110 .369
Gl 51.12 50.11 50.86 .028 .153 .060 ~-.108 .370
LS 51.34 49.72 50.89 .025 .,132 .054 =-.108 .373
M60 50.82 48.79 50.24 .032 .124 .069 -.108 .370

*In these fits, the coupling parameters 61 and e, Wwere
frozen to be zero. The height ratios R1(=hl/h3) and
R2(=h2/h3) are constrained in 2.6 ~ 3 and 1.6 ~ 2,

respectively. Also note that hyperfine fields H and HFD
widths ¢ should have the same units, however, for
convenience we give H in Tesla and ¢ in mm/s, where g*u H

(in mm/s) = (6.757 x 10”2 mm/s per Tesla)+‘H (in Tesla).
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Table 5.1.2 continued....

h3, h3,  BG ¥/2 Rl R2 Al/A." reduced x
108943 1290362 0.13 2.44 1.74 1.00  11.6
151662 40860 2047661 0.13 2.74 1.85 0.79  16.7
204707 56231 2729514 0.13 2.74 1.85 0.78  18.4
208730 72965 2881224 0.14 2.75 1.85 0.74  20.7
216811 95084 3728713 0.15 2.75 1.85 0.70  20.7
164722 1278672 0.14 2.20 1.70 1.00  34.3
39072 10739 433452 0.13 2.60 1.90 0.78  11.1
91671 31701 780600 0.12 2.60 1.91 0.74  31.7
41056 15611 373512 0.13 2.60 1.91 0.72  16.6
63448 25211 646471 0.14 2.60 1.91 0.70  17.4

a) Absorbers prepared in the first way and run outside the

cryostat.

b) Absorbers prepared for low temperatures: first run at
RT in the cryostat.

+
Hav

is the weighted average hyperfine field and T is the
weighted average HFD width.

** AL/A, is the fractional spectral area for the first HFD
component.,
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going from PBH to M60 in the sequence of their impurity
contents as listed in Table 5.1.2. The defect component is
related to the impurities: the more non-Fe,O, material in a
sample, the more defect sites in the Fe_ 0O, material.

273

(C). As seen in Table 5.1.3, the averaged hyperfine
fields for both PBH-like and defect components generally
decrease with increasing impurity content. But in L9, its
PBH-like field is higher than that of Gl in one experiment,
while in the other it is not.

(D). The center shifts and the quadrupole splittings do
not show obvious correlations to the impurity amount.

Other constraints were also tried in our fitting.
Comparison of fit quality is given in Table 5.1.3. Our
various fitting attempts demonstrate that the guadrupcle
splitting ¢ has at most a very weak coupling to the
hyperfine field. It is therefore certainly the hyperfine
field distribution, rather than the gquadrupole splitting

distribution, that broadens the spectra.

d. Fitting results for the L samples

The other four samples involved i.. this study are L1,

L3, L7, and L10. They were synthesized in the same way as
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Table 5.1.3 Comparison of different fits for RT Ottawa samples

2
int |=wm=s—r-- reduced _ X . oo
constraint Sample comment on
{a) (b) results
1. PBH | | 71.92
G12 | |  14.32 big x°
r1’ 61 | | 41.44 for using
r2' =2 Lo | | 20.66 ideal height
M60 | | 23.36 ratios
] | 171.55
2. PBH | 11.67 I non-zero values
Gl2 | 21.16 | of €, and &,
2.6 < R1 < 3] 61 | 18.13 | allow trade-offs
1.6 < R2 < 2| L9 | 20.65 | between fit
M60 | 20.60 | parameters
92.21
PBH | 16.38 | 71.82
3. Gl2 | 18.40 |  14.42 big x°
Rl = G | 21.76 | 42.66 (two groups
R2 = 2 L | 23.14 | 21.40 have different
g,=8,= 0 M60 | 21.94 | 23.89 absorber
101.54 174.19 thicknesses)
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Table 5.1.3 continued...

4. PBH | 11.64 | 45.32
Gl2 | 16.76 | 11.06 freezing &,

§,= 0 Gl | 18.09 | 32.87 does not affect
2.6 <Rl <3|l L9 | 20.63 | 16.22 the fit goodness
1.6 < R2 < 2| M60 | 20.62 | 18.14 g, is about .01

87.74 123.62
5. | |
PBH | 11.63 | 34.30 good fits
§,= €,=0 Gl2 | 16.77 | 11.12 but different Rl’s
2.6 < Rl < 3| G1 | 18.20 | 31.67 and R2’s cause
1.6 < R2 < 3| L | 20.67 | 16.56 non-unigqueness of
M60 | 20.58 | 17.44 the two component
87.85 111.09 relative amounts
6.
PBH | 11.08 |
§,= g,= 0 Gl2 | 16.07 | .
Rl = 2.74 Gl | 18.32 | final fits
R2 = 1.85 L9 | 20.861 |
M60 | 20.72 |
I 86.80 I

(a). Samples mearsured in cryostat.
(b) . Samples measured outside cryostat.
+ Rl = hi1/h3, R2 = h2/h3.

* In the final fits, R1 and R2 in PBH are free because it has
only one HFD component.
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L9, only the reaction temperature was different for each
sample (Table 3.1.1).

The line widths for some of these L samples are wmuch
greater than in the Ottawa samples. Since the L samples
contain a very broad range of the impurity content with the
same synthesis method, the impurity effects and the
correlations to the reaction conditions are easier to
ascertain.

We use the same HFD approach to fit the spectra of the L
samples with one "site" having two components in the HFD,
The same constraints are imposed on the height ratios (R1
and R2 same for all L samples) and coupling parameters (61 =
g, = 0) as 1in section 5.1l.c. Here, however, the ratios
obtained from fitting these spectra automatically réach the
values of Rl = 3 and R2 = 2. This suggests that the CANMET
absorbers were made with less material per unit area.

As mentioned in section 5.1.b, L1 and L3 were seen to
have minor amounts of Fe0.OH, This impurity six-line
pattern distorted the spectra of L1 and L3 significantly.
Therefore in fitting these two spectra, we assume the usual
hematite one site with two distribution components plus
another sextet component with parameters frozen at the known
values for FeO0.OH (Morup et al., 1983).

In the other I samples the impurities are n._gyirigible.

Good fittings are readily obtained with a one-site
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Table 5.1.4 RT fit parameters for the L samples

1.
sample Hl(T) H2 H;v al(mm/s) o, Tav e(mm/s) CS(mm/s)
L10 51.23 49.23 50.93 .030 .088 .0386 -.102 .263
L7 51.14 48.92 50.60 .0400 .111 .0585 -.104 .261
L3 49.77 46.89 48.53 .0606 .1l40 .0806 ~-.095 .260
L1 50.12 46.91 48.47 .0672 .161 .1056 ~.0986 262
Table 5.1.4 continued....

* * *% 2
h3, h3, h3 BG 7/2 hil/h3  h2/h3  Al/A. reduced ¥
44212 7855 1534085 0.16 3 2 0.85 2.44
36008 12686 1450534 0.16 3 2 0.74 1.84
37058 27927 2898 3884192 0.18 3 2 0.55 1.13
39056 41176 7408 2843836 0.17 3 2 0.45 2.38

tH is the weighted average field.

Oy is the weighted average HFD width. Note that hyperfine

fields H and HFD widths o should have the same units, however, for
convenience we give H in Tesla and ¢ in mm/s, where g*uHH (in mm/s)
= (6.757x10'2mm/s per Tesla)'H (in Tesla).

* h3, is the inner line height for the first. Gaussian component,
h32 is +the inner line height for the second component.

** h3 is the inner line height for the impurity FeO.OH sextet.
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two-component HFD for hematite only.

The resulting fit parameters are listed in Table 5.1.4.
The fitted spectra are given in Fig.S5.1.8. The hyperfine
field distributions corresponding to our cne-site
two-component model are shown in Fig.5.1.9 with that of PBH
as a reference,

The results from the fitting of the L samples are
consistent with what we get from the Ottawa samples. The
two components of the distributions seen in Fig.5.1.9, the
averaged _hyperfine fields, and the distribution widths
listed in Table 5.1.4, all change systematically with the
known impurity contents of the samples.

The results obtained from the Ottawa and L samples are
compared in Figs.5.1.10, 5.1.11, and 5.1.12.

Fig.5.1.10 shows the fraction of the PBH-like component
as a funcﬁion. of sample purity for all the samples. it
suggests that in our hematites iron ions in the PBH-like
component of the HFD are related to the overall sample
purity, irrespective of how the samples were synthesized,
and of what particular impurities they contain in variwvus
relative amounts.

Fig.5.1.11 shows the hyperfine fields for the PBH-like
and defect components as functions of sample purity, and
also the average hyperfine field as a funct.ouus of sample

purity. Fig.5.1.12 shows the HFD widths as functions of the
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sample purity. It is clear that relatively pure samples
have larger hyperfine fields and smaller HFD widths.

In summary, many physical properties show systematic
changes with overall sample purity (wt% Fe203). It can be
conc.uded that the less non-hematite waterial is in a
sample, the less defects are present in the hematite, the
higher the crystal gquality of the hematite, the larger the
hyperfine fields in the hematite, and the narrower the
HFD’s. All of these properties are correlated via the
overall sample purity which exhibits itself as a "good"
characterization parameter and have a common cause: the
synthesis conditions.

For example, in the L samples, the sample purity (i.e
wt¥ Fe,0,) is directly related to the reaction temperature
during syntheses. This is illustrated in Fig.5.1.13.

The spectral line broadening at RT is due to hyperfine
field distributions resulting from defects (i.e. surface and
vacancies) in the hematite material. The defect densities
in the hematites and the overall amounts of all the
impurities in the samples are both caused by the synthesis
conditions.

We conclude that several Kkey spectral features are
presumably caused by similar intra-hematite defects and are
thereby correlated to each other. Since ihe intra-hematite

defect density is related to resultant hematite content of a
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given sample via the synthesis conditions (i.e. hematite
yield and hematite gquality are expected to be strongly
correlated), the sample purity (wt% Fe203) reveals itself as
a good parameter for studying the systematics of the

spectral characteristics.
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5.2 Low Temperature Behavior (LT = 80K)
a. Morin transition in M&ssbauer spectra

The Morin transition can be readily recognized by
Mdssbauer spectroscopy because the hyperfine field
direction is collinear to the spin direction. The change of
the spin direction is reflected in the quadrupole splitting

shift ¢ (section 2.3 and Fig.2.3.1):
e2 Q 1 2
g = —4-9-—[1 - ——(3-ncos2¢)sin“e] (5.2.1)

where eq is the principal component of the electronic
electric field gradient (efg) at the nucleus, eQ is the
nuclear quadrupole moment of the first excited slate, 7 is
the asymmetry parameter of the efg, & and ¢ are the polar
and azimuthal angles respectively of the hyperfine field
direction relative to the principal axes of the efg tensor
(see Greenwood and Gibb, 1971). Equation 5.2.1 assumes that
the efg term is much smaller than the hyperfine splitting
term (Zeeman term) and is obtained by pertubation theory.

In pure bulk hematite, m is zero, and the [111] axis
direction is the efg principal axis (Van der Woude, 1966).
_ Therefore, when spins 4u from the WF state (6 = m/2, see

section 2.2) to the AF state (8 = 0), the gquadrupole
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splitting shift ¢ changes sign and doubles in magnitude.
Also, the hyperfine field drops by about 8 kOe because the
net dipole-dipole fields at all sites are different (Van der
Woude et al., 1966).

Fig.5.2.1 shows the spectra of PBH at both RT and LT,
and the energy level diagrams corresponding to the relevant
¥-ray transitions.

An important gquestion is now: "if no Morin transition
occurred in the sample down to LT, then what would the
spectrum of the WF state at LT in PBH 1look like?"
Simulation can answer this question.

A program called MAQUAD (Rancourt et al., 1985b) was
first used to £fit the LT spectrum of PBH to get the
parameters of the AF state at this temperature. This
program calculates line positions and intensities exactly,
without_assuming that equ is a small perturbation on the
Zeeman splitting g*uJL The resulting fit parameters were
used in the simulation except that 6 was taken to be mn/2
instead of 8 = 0, i.e. we force the spins to stay near the
(111) plane, and do not allow the flip that would occur at
Tn' Then, considering that differences between the states
at low temperature (i.e. the true low temperature AF state
and the simulated low temperature WF state) are not only in
6 but also in the m _ju:tude of the hyperfine field due to

the dipole-dipole interaction, we make the above mentioned 8
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KOe correction to the hyperfine field.

The simulation produces a new spectrum truly
representing the WF state at LT as it would arise at LT.
Lines 1 and 6 of both the simulated spectrum and the actual
RT and LT spectra of PBH are shown in Fig.5.2.2. Lines 1
and 6 of the simulated spectrum without the 8 KoOe
dipole-dipole field correction are alsoc shown.

In fact, however, the Morin-like transitions in small
particle and impure hematites are more complicated. The WF
and AF states, the Morin transition temperature Tu' the
transition width AT, and the microscopic details of the
reorientation itself are all affected by the sample
characteristics. We describe this for our samples in the

next section.

b. LT spectra for the Ottawa samples

M&ssbauer experiments were carried out at liquid nitrogen
temperature (LT) on the Ottawa samples from PBH to M6O.

The spectra at LT are shown in Fig.5.2.3. Systematic
changes occur that are most obvious in line-6. Its line
width, relative de,..u, and position all change from sample

to sample. Fig.5.2.4 shows 1line-1 and Line-6 for the
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spectra at LT and the simulated spectrum for the WF state at
T,

As seen in Figs.5.2.3 and 5.2.4, line-6 has the same
height as 1line-1 in PBH. We say that this spectrum is
"tsymmetric". The spectrum of 12 has almest the same
symmetry as PBH. But in the spectra of Gl1 and L9, line-6
becomes shallower and broader than line-1. For M60,
however, the spectrum is back to being symmetric again.

To give a better view of what is happening at LT,
Fig.5.2.5 gives line-1 and line-6 for the spectra at both RT
and ILT. On comparing the spectra at both RT and LT, the
Morin transition behavior can be recognized.

Fig.5.2.5 indicates that the progressive sample to
sample changes in the spectra result from differences in the
Morin transition.

Two states seem to exist in our samples at 1low
temperatures. One corresponds to a PBH-like state that has
undergone the Morin transition at IT. The other,
corresponds to the state in Me0 that has had no Morin
transition down to LT. These two states are present in
relative amounts that vary systematically in the sequence of
the sample purity.

These two states are explored further by fitting the

spectra.
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c¢. Fitting with PBH-like AF and PBH-like WF states

Two site HFD’s are used to model the two states that
coexist in the LT spectra. Each site is supposed to have
one Gaussian component in its HFD.

Two state coexistence has been assumed by other authors
(e.g. De Grave et al., 1983, 1990) to explain Al-substituted
bulk hematite spectra at LT. Usually, the two states are
assumed to be the bulk-like AF and the WF state. Similarly,
our first fitting model is to use the PBH AF and WF state
spectra as subspectra to fit our spectra. Fitting PBH with
one site only can produce the parameters of the AF state at
LT. The WF state parameters are obtained from the
simulation described in section 5.2.a.

with this first model, the two subspectra have fixed
line positions since frozen assumed values of hyperfine
fields (zo), center shifts (¢S = 60; 51= 0), and guadrupole
splittings (e = €qi €47 0), corresponding to the assumed PBH
AF and WF states, are used. The uvther parameters, including
the height ratios (Rl and R2), the distribution widths (az),
and the Lorentzian width 7y are left as free fitting
parameters.

The LT spectrum of Gl has the most obvious coexistence
of two states. Its lin.-o is very broad and has a

distinctive bi-model structure, see Fig.5.2.4. It is used
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o illustrate the inadequacy of our first model in Fig.5.2.6
(top). The fit parameters for this and other simple models
for sample Gl, are given in Table 5.2.1.

This model is clearly overly simple. It does not
correctly describe the true LT states of the samples.
Nevertheless, it was important to demonstrate this and
establish that our samples cannot simply be viewed as a
mixture of regions that have or have not undergone Morin
transitions at LT.

Since the 8 kOe correction used in deriving our LT-WF
simulation (section 5.2.a) arises from dipole-dipole effects
and since such Adipole-dipole effects are potentially
sensitive to particle shape and intra-domain magnetization
density, it makes sense to extend our first model to a
second model in which we allow the two hyperfine field

distribution centers (z and zomj to be free parameters.

OAF

The resulting fit to the LT spectrum of Gl is shown in
Fig.5.2.6 (bottom). Its fitting parameters are also listed
in Table 5.2.1. The failure of this second model (Fig.5.2.6
(bottom) shows that states having the quadrupole splittings

(e 0.185 mm/s and ¢ = =0,0925 mm/s) of ideal AF

WF-LT
and WF LT states cannot be used to model the true LT states

AF-LT

of our samples. We must acknowledge that the material is
different eivugh from PBH to have hyperfine electric field

gradient (efyg) parameters (equ and n) and/or relative spin
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Table 5.2.1 Fitting parameters for Gl at LT:
three overly simple models

2

red

trial state H(T) o(mm/s) e(mm/s) CS(mm/s) R1l* R2¥ h3* x

Fitl AF-PBH 54.10 0.041*% 0.184 0.482 2.0 1.74 59363 161
WF-PBH 53.36 0.079% -=0.093 0.482 3.0 1.79 31035

Fit2 AF-PBH 53.59% 0.032* 0.184 0.482 2.2 1.79 58477 60
WF-PBH 53.29* 0.044* ~-0.093 0.482 2.4 1.69 31637

Fit3 AF-PBH 54.10 0.037 0.184 0.482 2.1 1.74 54143 174
WF-M60 52.96 0.039 -0.085 0.483 2.5 1.61 25707

* These parameters are left free in the fitting, others
are all frozen. Note that hyperfine fields H and HFD widtﬁs

¢ should have the same units, however, for convenience we give
H in Tesla and ¢ in mm/s, where g*uH (in mm/s) = (6.757 x 1072

mm/s per Tesla)°'H (in Tesla).
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and efg directions (¢ and ¢ in Eq.5.2.1) that are
significantly different from those of PBH, at most of the
iron sites. Nonetheless, it is worthwhile pursuing a

two-state picture somewhat further.

d, Fitting with a PBH-like-phase AF state

and a defect-phase WF-like state

Rather than assume that both states are PBH-like states
(with allowed and suppressed Morin transitions), we can
assume that only the state with an allowed Morin transition
is PBH-like and that the other state is some "defect-phase
state" that has a WF-like rather than AF-like spin structure
at LT.

Fig.5.2.4 suggests that we use the LT spectrum of M60 to
represent the subspectrum of the defect-state in the other
samples at LT. The PBH-like state is represented by the PBH
spectrum. Line positions are frozen at these PBH and M60
values as in the first model described above (values of O
R1l, R2 and 7/2 are free). The resulting fit for Gl is shown
in Fig.5.2.7, and the corresponding fit parameters are again

given in Table 5.2.1.

Again, the fits are not acceptable. The M60 spectrum is
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not representative of the defect-states in other samples or
the true PBH parameters are not representative of the
PBH-1like states in the samples or both. We therefore next
allow the spectral parameters to be significarntly different
from those of PBH or M60 and to be different from sample to
sample.

our final fits impose only a few restrictions: the
height ratios are constrained as 2.6 < R1 < 3 and 1.6 < R2 <
2 and the center shifts are taken to have the values.of PBH
and M60 for the PBH-like states and the defect-state,
respectively. The fitted spectra are shown in Fig.5.2.8,
and the corresponding parameters are listed in Table 5.2.2.

From these fitting parameters, it is seen that the two
states do change from sample to sample but they also retain
their expected main characteristics: the PBH-like state has
a higher field and bigger quadrupole splitting (close to the
quadrupole splitting of PBH at LT) and the defect-state has
a lower field and smaller quadrupole splitting (close to
that of M60 at LT or PBH at RT). We take this last model as
the simplest two-state model that is in satisfactory

agreement with the data — the other models were not.
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. T
Table 5.2.2 LT M8ssbauer fit parameters from 2-site fitting

sample Hl(T) H al(mm/s) c el(mm/s) > Csl(mm/s) Cs

2 2 2 2
PBH 54.10 .037 .184 .482

G12 54,03 53.86 .027 .084 .183 .097 .482 .483
Gl 53,64 53.21 .033 .050 .157 -.019 .482 .483
L9 53,98 53.50 .018 .046 .111 -.073 .482 .483
M60 52.96 .039 -.085 .483

Table 5.2.2 continued....

h3, h3, BG /2 hi/h3 h2/h3  Al/A_ reduced 22

89268 678492 .14 2.60  1.96 1.00 29.5

40477 14548 434521 .14 2.60 i'gg 0.74 14.1
2.00

46958 28039 446962 .13  2.60  2°g0 0.63 23.8
2.00

9967 53309 404245 .15 2.60 4 g0  0.16 15.1

55719 403804 .15 2.60  1.91 0.00 15.8

* In the fitting, coupling parameters 3, and g, are frozen at
zero. The hei@hf ratios are constrainted as 2.,6<R1<3 and
1.6<R2<2. The CS1 is frozen at CS of PBH, and CS2 is frozen

at CS of M60 when fitting the spectra of G12, G1 and LS.
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e. Comparison of LT Mdssbauer to

other sample characteristics

The ratic of the PBH-like subspectral area to the total
spectral area at LT is calculated from the fit parameters
(Table 5.2.2) and is plotted as a function of corrected
sample purity in Fig.5.2.9. This graph shows that the
fraction at LT of hematite iron in PBH-like regions is
directly related to the overall éample purity. Chemically
impure samples have smaller fractions of their hematite that
is PBH-like at LT than relatively pure samples.

Relatively pure samples alsc have higher degrees of
effective crystal quality (section 3.3) and less defect
sites as seen in their RT spectra (section S5.1.c). This
strongly suggests that it is the higher quality hematite in
a given sample that behaves PBH-like un going from RT to LT
and, conversely, that the lower quality hematite in a given
sample gives rise to the LT WF=-like defect-state that does
not undergo a Morin transition on going from RT to LT.

As pointed out in section 5.1, the fact that chemical
purity (wt% Fe203) is a valid parameter for showing the
above correlations between RT Mdssbauer behavior, LT
Méssbauer behavior, and effective XRD crystal quality, may
simply be due to both the overall sample purity and the

intra-sample hematite quality having common causes: the
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synthesis conditions.

In other words, the impurities probably do not cause the
observed properties directly. This is supported by the fact
that  only the net sample purity (or amount of hematite
produced) seems to matter, rather than amounts of various
impurities that <can be identified (FeSO,, FeO.OH,

Fez(so4)3.nH 0 and HZO). Simple impurity indicators such as

2

wt¥ S0, and wt% & (section S$.1.a) do not correlate with the

4
observed properties of the ihtra-sample hematite. The
relative amounts of quite different residual impurities seem
to have no impact on the observed hematite properties.

These considerations strongly suggest that the sulphur
does noé incorporate the hematite structure in any of the
samples studied. Within detection 1limits, all of the
sulphur may go into such impurities as Fe(so4).0H and

Fe, (50,) ,.nH,0 (n « 9~11).

a)3

In comparing the LT and RT Méssbauer results, one must
be wary not to directly asscciate the 1low-field HFD
component seen at RT (section 5.l1.c¢c) with the WF-like
defect-state seen at LT.

At RT all of the hematite in a given sample is in an
essentially WF state. This is clear from Table 5.1.2 where
the e’s at RT are seen to have the PBH value for all Ottawa

samples. This is also true of the L samples (Table 5.1.4).

Such a sample independent PBH value of the quadrupole
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splittings (e in Eq.5.2.1) has several important
implications. (i) Since m = 0 in PBH, it must also be
near-zero at most or all of the sites in our hematites.
(ii) Since ©® = w/2 in PBH at RT, most or all of the spins in
our hematites must also be essentially in the (111) plane at
RT (within ~ 2° = 3%. (iii) The efg magnitude gq (and
principal axis direction) must be the same at most or all of
the sites in our samples as in PBH.

The only way that the above points (i-iii) can be
incorrect is in the very unlikely situation where the
different terms in Eg.5.2.1 would conspire to be different
than in PBH in such a way that € remains the same as in PBH
-~ for all the samples.

At RT, therefore, the 1low-field HFD component
corresponds to essentially WF state spins that have lower
thermal average local moments. (Recall the relationship
between hyperfine fields and average 1local moments in
section 2.4) Such lower moments will occur at the surface
of magnetic materials and do propagate to some depth within
the material. Relatively large mnicrocrystalline lattice
expansion from locally higher densities of defects can also
cause smaller average moments via smaller exchange
constants. Magnetic exchange constants can be very
sensitive to lattice spacing changes even for spacing

changes that do not significantly affect hyperfine efg
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parameters.

When the temperature is lowered, all such differences in
local degree of magnetic order will be greatly reduced, by
the same mechanism that allows different materials to have
different ordering temperatures and similar saturation
magnetizations. Low-field components are essentially not
seen at LT where single-Gaussian HFD’s (one for each state)
are sufficient to £fit the spectra (section 5.2.4d).

The dominant feature at LT is whether or not a Morin
transition has occurred. That is, whether the material (or
part of the sample) has remained in an essentially WF state
or has changed to an essentially AF state. We expect that
most (if not all) of the RT defect component is in the LT
WF-like state. 1In M60 all of the RT defect has to be in the
WF-like state since only the latter state is populated at LT
in this sample. In other samples it is possible that some
relatively small fraction of the RT low field component is
in the LT AF-like state.

Since most (when not all) of the RT defect component
material contributes to the LT WF-like state contribution, a
significant fraction of the RT PBH~like component material
does not undergo a Morin transition on going RT —> LT (x 80
K) and thereby contributes to the LT WF-like component
rather than to the LT AF-like component as would be expected
of PBH~like material. This shows that relatively minor
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defects (i.e. that only slightly affect the RT spectra) can
effectively inhibit the Morin transition down to LT = 80 K.

f. Spin orientation at low temperature (80 K)

Spin orientation is related to tiuadrupole splitting by

Eq.5.2.1 (see above):

2
g = 94‘19 [1 - ; (3-1 cos24)sin?e)

and is obtained via the hyperfine angles & and ¢. In PBH, 7
is zero such that the direction of the spin orientation is
given only by 6. From € it is easy to know the spin
orientation in PBH. In impure hematites, defects may”cause
non-zero m’s and then, it is problematic to know the spin
orientations from the values of e¢.

However, as argued above in section 5.2.e, RT
quadrupole splittings are almost the same for all of the
Ottawa samples. This is clearly seen in Fig.5.2.10 in which
quadrupole splittings for both RT and LT are plotted as
functions of sample purity. As explained in section 5.2.e,
this implies that 1 « 0 in all the Ottawa samples and that

at RT @ = /2 (PBH-like WF state) for essentially all the
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Fig 5.2.10 Quadrupole splittings for both RT and LT as
functions of corrected (Table 5.1.1) sample purity.

(top) For the two LT states and the RT state. (bottom) LT
average and RT quadrupole splittings.
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spins in each sample.

The fact that m = 0 means that an effective mean value
of 6 can be taken to represent the mean value of e¢. In
particular at LT intermediate values of & (between the PBH
AF and WF values) are measured. We call the ccrresponding
_e’'s effective 8’s to emphases that actually the spins in a
given non~-PBH sample cannot all point exactly in one
direction. This derived effective €& is only a quantity
corresponding to a certain value of g, via Eg.5.2.1 with 7 =
0. Nonetheless we can take it as an average spin direction.
It is in this sense that most of the spins in all of the
samples at RT align in the (111) direction.

Another important result given by Fig.5.2.10 is that at
LT, quadrupole splittings change systematically from sample
to sample. The difference between RT and LT states
decreases with decreasing sample purity. In PBH the
quadrupole splitting has a sharp change from -0.106 to 0.186
mm/s, changing sign and doubling its magnitude. This
exactly corresponds to the Morin transition spin flip. From
RT to LT, the iron spins flip from the basal plane (111) to
the [111] direction, all of the iron in PBH participate in
the Morin transition.

In our hematites Gl12, Gl, L9 and M60, the quadrupole
splittings at LT decrease significantly in the sequence of

the sample purity. This is clearly shown in Fig.5.2.10.
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The quadrupole splittings for both the PBH-like and defect
states are drawn in Fig.5.2.10(a) and the averaged QS’s over
the two states are shown in Fig.5.2.10(b). We observe that
the decrease of the quadrupole splitting is significant not
only in the defect WF-like state, but also in the PBH-like
AF state.

The different LT quadrupole splittings suggest that the
spin orientations are different from sample to sample at LT.
Then we can conclude that the spins reorient differently in
different samples on going from RT to LT. At low
temperature (T<< T (een)), only 'in PBH are +the spins
parallel to the [111] direction. Otherwise, defects seem to
stabilize moments that are more in the (111) plane.

Two phase coexistence was observed in many cases such as
in hematites with Al-substitution (De Grave et.al 1990), in
hematites with different crystaiiinities (Chadwick et
al.,1986), and in the hematites with various surface
fractions (Van der Kraan, 1973, Nikolov et al., 1988).
Moreover, the gradual spin rotation behavior at LT was
reported by a neutron diffraction study on the
(1-x)aFe203-xA1203 system (Kren et al., 1974). They found
that the magnitude of the spin flipping gradually decreases
with increasing x. When x > 0.09 the Morin transition did
not occur.

Our results are in good agreement with the studies
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above. All careful Mdssbauer studies see two-phase
coexistence at low temperatures in various non-PBH
hematites. Both the M&ssbauer studies and the neutron study
can interpret their data in terms of an effective average @
that is found to have various intermediate values between
the PBH values of 0 and m/2 that depend systematically on
both temperature and Xxnown sample characteristics. We
stress however that, in such non-PBH samples, the extracted

6’'s are effective average 8’s in the sense explained above

and that, in such samples, one should not expect all the
spins (in the sample in either phase ) to have a common
direction defined by 6. De Bakker P M A et al (1990) have
shown this elegantly by extracting distributions of & from

applied field M&ssbauer measurements.

101



6. CONCLUSION

our main conclusions can be stated as follows:

1. The sulphur measured by chemical analysis is probably

completely contained in detected impurities such as FeSO,.OH

4

3.nH20 with n « 9-11, It probably does not

incorporate into the hematite at all, although the

and Fez(so4)

impurities may be closely associated to the hematite phase.

2. All of the Mdssauer characteristics can be understood in
terms of intra-hematite "defects" (i.e. surfaces and/or
vacancies). The density of these defects is correlated to
both the crystal quality of the hematite seen by XRD and the
net hematite content (wt% Fe,0,) of the sample measured by
chemical analysis. These correlations arise because the
particular synthesis conditions cause both the hematite
guality and the net hematite yield. No obvious correlations
exist with the sample morphology seen by scanning electron

microscopy.
3. Given the above noted correlations, either the hematite

content or "sample purity" (wt$ Fezo3) or the total

impurity content (100% - wts Fezos) can be used to examine
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the interrelations of the various M&ssbauer characteristics.
At room temperature, the M&ssbauer parameters that vary
systematically with wt% Fe203 and that are therefore
correlated to each cother are:
—— the line widths and positions.
—— the average hyperfine fields.
—— the HFD widths.
—— the relative amounts of PBH-like material and
higher defect density hematite.
At LT (T = 80 K) the key M&ssbauer parameters that
correlate to wt% Fe203 are:
—— the relative amounts of hematite that has and
has not undergone a Morin spin flip transition.
— the average QS parameters £ that is related

(via Eg.5.2.1) to an average effective spin

rotation angle 6.

4. The higher defect hematite material seen in the RT
spectra is preferentially the same material that at T = 80K
has not undergone a Morin transition, however, past some
critical defect amount even that PBH-like material in such a
sample does not undergo a Morin transition. For example,

none of the hematite in sample M60 undergoes a Morin

trans...on.
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Finally, in ongoing work we have studied the effect of
annealing sample M60 at various high temperatures in air and
in vacuum. The annealed products have high guality hematite
that undergoes a Morin transition. This and the fact that
significant weight loss occurs at relatively low annealing
temperatures support our conclusion #1.

In collaboration with Prof. G. Lamarche, we alseo
measured the SQUID magnetometry of the oOttawa samples.
These measurements corroborated our conclusions concerning
coexistence of hematite materials that have and have not

undergone Morin transitions at T = 80 K.
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