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Abstract

The silver amalgamation process whereby silver sulphide ore is converted to silver
metal using copper chlorides and mercury proceeds through a redox process. The
process involves the transformation of Ag,S to AgCl with a corresponding reduction
of copper from Cu’" to Cu” and subsequent oxidation of Cu'to Cu** by atmospheric
oxygen. The AgCl is then reduced to Ag by mercury to form an amalgam. It has been

found that the process proceeds similarly when iron replaces copper and involves a

. 3 2+
reduction of Fe *to Fe .

The doping of SrFe 20,9 by europium and lanthanum to form compounds of the type
Sr,_M,Fe,,0,, (M=Eu,La) has been achieved by three different methods, the
calcination of oxides at 1250°C, calcination of a gel at 925°C, and hydrothenhal
processing of metal nitrates at 220°C. X-ray powder diffraction (XRD) indicates the
formation of similar materials by each method. X-ray absorption fine structure
(XAFS) has shown that the La*" ions substitute for Sr** ions. The particle sizes of the

Sr1.xMyFe120;9 phase have been found by Scherrer analysis of the X-ray powder
diffraction data to increase with the temperature involved in the synthesis method.
The results show that the materials formed by the calcination of oxides have a size

. ~800 nm, while those made by hydrothermal processing are ~ 300 nm.

57Fe Mossbauer spectra collected at various temperatures have shown that the dopant
has negligible effect on the magnetic properties of the system. The results show a
gradual coalescence of hyperfine fields as the temperature is decreased from 298K to
25K. Magnetic susceptibility measurements have shown that Eu- and La-doped
SrFe20,9 prepared by the co-precipitation of a gel has a greater magnetic coercivity

than those prepared by other methods.
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1.1 Aims.

The work reported in this thesis is concerned with an investigation of mixed valence
phases formed in:
(i) The silver amalgamation process.

(i1) The doping of strontium hexaferrite.

1.2 The Silver Amalgamation Proce;s. :

1.2.1 Introduction.

The social and economic influence of the amalgamation process for the extraction of
silver was very great !. In particular, in Europe during the 16th century, the
coincidence of unprecedented inflation with the arrival of the extracted silver,
provoked those with ﬁme to think inté formulating the first monetary theories of
economics 2, Writers as eminent as David Hu;pe 3 and John ngnard Keynes * have
also argued’ that the inﬂux of bullion from the amalgamation process encouraged the
rise of capitalism in early modern Europe. Finally, there is universal agreement
among economic historians that the subsequent flow of silver bullion from Eﬁope to
the Orient acted as a motor for world tr.ade, and shaped world trading patterns during
the ljth and 18th centuries °.

In spite of its historical importance, there has never been complete agreement abqut
the chemistry of the amalgamation process, and no studies of it have been made for
many years. This chapter describes previous investigations of that chemistry. It

begins with the ores from which the silver was extracted.

Chapter 1 - Introduction. 2



1.2.2 The silver ore.

The major deposits of silver in South America were found in the Zacetacas region of

Mexico and at Potosi in modern day Bolivia, shown in Figure 1-1.

\griy

Guansjuato® ,h ?, ‘%.&.
i

Figure 1-1 Map showing the regions of importance in the silver amalgamation

process.’

The ore was generally found as a mixture of sulphides that underwent aerial
oxidation by aerated water near the surface’. Silver would then be déposited as native
Ag or in the presence of chloride as cermgﬁite (AgCl). However the silver could be
transferred. downwardsras aqueous silyer ions or as complexes such as [AgCL]". But
below the water table, there is a reduced sulphide zone where the descending silver is
precipitated as sulphide minerals such as acgnthjte or argentite, both forms of Ag,S’.
This process is known as supergene enrichment. The overall result of such a process
was a deposit cpntaining two major regions, those above and below the water table.
Above the water table, there was a rich oxidised zone where the silver was found as
either native Ag or AgCl; below the table, in the reducing zone, the silver occurred as
sulphides such as Ag,S. An example of such a deposit was the famous Cerro Rico at

Potosi where the oxidised zone was some 200m in depth.
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1.2.3 Original Extraction.

During the early years of the Spanish occupation of South and Central America, the
" silver was obtained by direct smelting of the ore. This method was especially suitable
when the ores were rich and came from the oxidised zone. Hdwever, with time, the
quality of the ore decrcased to a point where smelting became much less effective,
and some new technique was required. Such a technique waé the silver amalgamation
process.
Although the Romans knew of the ability of mercury to dissolve silver and gold, it
was not applied to the extraction of silver from its ores. Most histoﬁaﬁs date its first
application to the extraction of silver in South America to the mid-1550s, and give
the credit to Bartholomeo de Medina %, a merchant from Seville. Rickard, however,
disputes de Medina’s priority’.

“The extraction process would follow 8 stages: 68,10

(i) The silver ore was ground in a grinding mill called an ‘arrastra’ (shown in
Figure 1-2), which was powered by mules or hbrses. |

(i) The silver ore, once ground, was then con\ferted into a mud by addifion of
water, and piled up into heaps of a.bout 1500 kg of ore on a stone floor called
a ‘patio’.

(iii) Salt was added and well trodden in for a day by horses, mules or native
labour to ensure complete mixing.

(iv) On the second day ‘magistral’ was added. This was weathered copper pyrites
which contains copper(Il) sulphate. Again, the addition was followed by
thorough mixing.

(v) Finally mercury was added and the mixture trodden daily until amalgamation

was complete. The process could take up to three months to complete.
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(vi) After amalgamation was judged to be complete, fresh mercury was added to
make the amalgam more mobile. The mass of material was then washed with
running water, usually a stream, to remove the lighter non-amalgamated
solids. After washing the heavy amalgam phase would remain.

(vii) The remaining amalgam was transferred to sacks and squeezed to remove any
excess liquid mercury. This excess was collected for reuse.

(viii) The solid amalgam was then heated under iron bells. The mercury was
thereby removed by distillation and again collected for reuse. The silver that
was left behind could be melted and cast into ingots of about 98% purity.

A contemporary plate showing the Potosi mine where the above processes were

undertaken is shown in Figure 1-3.

Figure 1-2 Detail of an arrastra , the stones forming the front have been

removed to show the rock pavement.
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Figure 1-3 Plate showing the Potosi mine, with mine in the background and the

amalgamation yards in the foreground.'

Reviewers of this eight-stage process all agree that stages (v)-(viii) involve the
reduction by mercury of silver chloride, or the complex AgCly (ag) that it forms in
concentrated chloride solution, with the formation of silver amal gam and calomel,
Hg,Cl,. There is, however, disagreement about the chemical reactions in which the
silver ore is converted into the chloride species in stages (ii)-(iv). Bakewel]*® quotes
Bargallo'! as his authority, and claims that the principal reaction is as follows:

AgsS + CuCl; - 2AgCl + CuS (1.1)
This involves a simple transfer of counter ions. However, the existence of CuSasa
terminal product seems unlikely as it is oxidised in moist air'2.
Another reviewer, Rickard’, provides three possible reactions of which the one

outlined above by Bargallo'' is considered. The other two are:
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Ag:S +2CuCl » 2AgCl + CuS + Cu (1.2)

AgsS +2CuCl > 2AgCl + Cu,S (1.3)
Habashi'? proposed the following:
2Cu® + AgS > 2Cu* +2Ag* +S (1.4)

As equations (1.1)-(1.4) show, reviewers tend to write reactions without proper
specification of physical, or even chemical, states. For example, in Habashi’s
equation (1.4), it is not clear what species are supposed to contain the jons Cu* and
Ag’. The aqueous ions, or the insoluble chlorides CuCl and AgCl, could be meant.
None of these reviewers considered the work of Percy which is important because it
takes the role of atmospheric oxygen into account. In part 1 of his work on the
metallurgy of silver and gold, Percy devoted much space to the amalgamation
process,'? and announced that a full account of the chemistry would appear in part 2
of the work'*, Part 2 was never published, but the likely shape of his explanation is
fairly clear from the study that he made of the reaction of copper salts with Ag,S in‘
chloride solution'’, The initial reaction that he proposed is:
Ag,S + 2CuCl, > 2AgCl +2CuCl + S (1.5)

This resembles Habashi’s reaction (1.4)". However, Percy'® then proposed a second
reaction in which atmospheric oxygen is involved and the copper monochloride is
oxidised to an insoluble basic chloride of copper (II). The result is an overall reaction
of the type:

6Ag,S + 30, + 6H,0 + 8CuCl, -> 12AgCl + 6S + 2{CuCL.3Cu(OH),} (1.6)
There may be further oxidation of the sulphur to tﬁiosulphate or sulphate.
As can be seen above there has been no agreement in the reaction schemes that have
been put forward. Moreover, none of the reviewers has made any attempt to connect

their proposals with recent advances in hydrometallurgy. In particular, the oxidative
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chloride leaching of sulphide ores of metals such as copper, nickel, lead and zinc has

recently become an active field of research and development'S’,

1.3 Strontium Hexaferrité.

1.3.1 Crystallographic Structure. |

Stx-ontium hexaferrite, StFe120,9, is isomorphous with magnetopiumbite of
composition PbFe;201s. The SrFe;,0,9 unit cell is hexagonal, with a=b=5.883A and
¢=23.038A. The space group for the magnetoplumbite structure is P63/mmc, No 194,
Z=2. The o, P angles are 90° and y=120°. The structure '®consists of the following:
(i) A twelve oxygen co-ordinated Sr** ion, six O in the plane with 3 above
and‘3 below, forming a polyhedron of 14 sides.
(i) 3 Fe-O octahedra , known as the 12k, 4fj, 4f; sites, following the
nomenclature used in the International Tables of X-Ray Crystallography.
The symbols denote a set of crystallographic operations with the number
indicating the number of sites per unit cell.
(iii) A single Fe-O tetrahedron, 2a using the nomenclature outlined above.
(i¥) A trigonal bipyramidal Fe-O polyhedron at 208K, known as 2b
. throughout this discussién.
(v) Five crystallographically independent oxygen sites forming a framework
around the Sr and Fe ions.

The crystal structure is shown in Figure 1-4.
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Figure 1-4 Diagram showing the SrFe;;09 crystal structure'®.
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1.3.2 Low Temperature Massbauer Spectroscopic and Crystallographic

studies of Hexaferrites.

The majority of low temperature Mssbauer spectroscopic studies have tended to be
structural and concern primarily the dynamics of the 2b Fe site. The majority of
‘studies have tended to use single crystals and an applied magnetic field in order to
distinguish this site.

In single crystal X-ray studies of the magnetoplumbite type structure, which
SrFe;201 is based upon, Obradors et al'® and Kimura et al'® both suggested that at
room temperature there was a possibility that the 2b site was not trigonally co-
ordinated. The authors suggested that the Fe may be thought to be located at this site
oscillating between two adjacent tetrahedrally Fe-O co-ordinated crystal sites.

The observation led to further work by Fontcuberta et al’*?! studying the low
temperature 57Fe M3ssbauer spectra of SrFe;;0;0. They confirmed the single crystal
X-ray data postulated and that the os?cillation distance was 0.2A with a frequency of
10'-10"2 5! at a temperature of 300K*°. At lower temperatures the distance was
reduced to 0.06A, indicating that at low temperature this site becomes trigonally co-
ordinated®' in the centre of the trigonal bipyramid.

The method of movement between the two adjacent tetrahedrally co-ordinated sites
suggested by the authors was an ion-tunnelling mechanism, a schematic diagram is

shown in Figure 1-5.
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Figure 1-5 Schematic representation of oscillation between two Fe tetrahedral

sites.

1.3.3 Magnetic structure.

In the magnetoplumbite structure the direction of magnetic alignment has been
reported by van Diepen 2 as being along the c-axis. The resultant magnetic moment
is the sum of the 2a, 2b, and 12k Fe ions being aligned parallel to the direction of
magnetism. This sum is reduced by the anti-parallel behaviour of the 4f; and 4f;
sites. With the magnetic moment of Fe** being 5 g, using the convention that the
magnetic moment of a single unpaired electron is equal to 1pg, the overall result of
this alignment is a theoretical value?? of 20pg per molecule for the saturation

magnetisation at OK. The magnetic structure is shown in Figure 1-6.
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Figure 1-6 Magnetic Structure of SrFe;;0,>.
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1.3.4 Magnetic Properties.

Before discussion of how magnetic properties are modiﬁed, it is important fo diécuss
how magnetic properties are defined, a more in-depth discussion is found in Well
known textbooks suéh as Kittel”>,

In magnetic solids there are regions where the direction of magnetic éligmﬁent is one
way whereas in other regions the magnetic alignment is different. Such regions are
known as magnetic domains. Within each domain the magnetic alignment is parallel,
but the arrangement of magnetic domains is random with respect to each other.'If the
arrangement of these domains results in a small magnetic moment thén the magnet is
known as a hard magnet. If there is no overall magnetic mdment then the magnef is
known as a soft magnet.

When a magnetic system is placed in a magnetic field, its magnetisation increases.
This is conventionally known as a hysteresis loop, an example of which is shown in
Figure 1-10. If the magnetic system is paramagnetic then the induced magnetisation |
increases with applied magnetic field, until it reaches a limit, hlown as thé sa’turation‘
magnetisatioh. After this point has been feached, any increase in applied magnetic
field does not increase the induced magnetic field. However, if a solid has a magnetic
moment with no applied field, i.e. it is a hard magnet, then this effect does not occur,
as the individﬁal moments already have a degree of alignment; In such systems there
are two mechanisms by which the magnetisation increases. The ﬁr§t is the growth of
magnetic domains at the expense of oﬂlers, this tends to occur in Weak fields, shown

~ in Figure 1-7. In strong fields however rotation of the magnetic moments in domains

occurs, this is shown in Figure 1-8.
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Figure 1-7 Diagram showing growth of magnetic domains at expense of others.

iy N

Figure 1-8 Diagram showing rotation of magnetic domains.

The mechanism of alignment is not fully understood but it involves the walls of these
domains, wﬁich have a finite thickness, knoWn as Bloch Walls?. Across a wall the
magnetic spins rotate into alignment with the spins in the next domain. The growth
of domaix;s is thought to occur by a helical twisting of the moment, such an effect is
shown in Figure 1-9.

Domain size is determined by two competing mechanisms. Interelectronic repulsion
or exchange mechanisms which favour parallel alignment are short range effects and
decrease rapidly with increasing distance. A competihg force is the magnetic dipolar
effect which fayours antiparaﬂel alignment, this force is 1000 times weaker than the
interelectronic repulsion, but the force decreases as 1/r° where r is the distance from
the atom in question. As the distance ﬁom an atom is increased the more favourable

alignment is antiparallel.
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Figure 1-9 Diagram showing rotation of magnetic fields at Bloch Walls>,

As particle size increases there comes a point whereby the interelectronic repulsion
loses out to the magnetic dipolar effect, at this point the particle becomes
multidomain and once this occurs, various magnetic properties change. The size at
which a particle changes from being single to multidomain in SrFe 20,9 is ~600nm.
If a hard magnetic solid, such as SrFe;,0,,, has no applied magnetic field, but there
is a measurable magnetic field, then such a magnetic field is known as the remanant
magnetisation or remanence. If the same magnetic solid is influenced by a magnetic
field to such an extent that the induced magnetic field in the solid is zero, then this
magnetic field is known as the coercive force or coercivity, both of the above forces
are shown in Figure 1-10, in a hysteresis loop. The magnetic force required to
demagnetise the solid, i.e. reduce the magnetic field to zero, is directly proportional
to the volume of magnetic solid being demagnetised. In hard magnetic materials both
the remanence and coercivity values are high, whereas in soff magnetic materials

both of these values are low.
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Figure 1-10 Hysteresis loop showing Remanence and Coercivity.

If the solid being demagnetised is single domain then the whole domain needs to be

rotated, shown in Figure 1-11(a). In a multidomain solid there may be some domains

in which the field does not need to be rotated, shown in Figure 1-11(b), in these

particles the energy will be lower than those of single domain particles. Such a

reduction is observed by a reduction in coercive force, therefore in hard magnetic

materials it is important to reduce the number of multidomain particles to a

minimum.
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Figure 1-11 Diagram showing magnetic direction in (a) single and (b)
multidomain particles being rotated by an applied magnetic field of equal

intensity.

1.3.5 Modification of Magnetic Properties.

There are two methods of modifying the physical prbpertiés of magnetoplumbites:
(i) Dopant addition - the exchange of one or more elements for another.

(i) Modification of synthetic procédure.

1.3.6 Dopant Modification.

Previous literature reports®*%

on the doping of magnetoplumbites doped with a rare-
earth metal have concentrated on the doping of magnetoplumbites other than

SrFe;,019 such as BaFe;;06%, PbFe 20492, and CaFe;;,019%%. There have been three
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main types of doping reported for the doping of hexaferrites with rare-earth
elements: |

(1) M1.xLn,Fe 2019 - where the alkaline earth metal has been partially

replaced.
(ii) MFe;2.xLns0O,9 - where the trivalent Fe has been replaced.
(i) (Ln20;3)[MO.6(Fe203)]100-x » Wwhere MO is the alkaline-earth oxide - this
is where the system as a whole has had an addition.

The majority of papers on the doping of magnetoplumbites by rare-earth elements
have tended to use lanthanum as the dopant. However, it has been shown that
LaFe,sz exists and is only stable over a narrow temperature rangen.
When La is used fo dope?* using method (i) above, the saturation magnetisation is
reduced from 20pgto 19up. This reduction can be explained in the following manner:
La* when doped for Sr** creates a charge imbalance, in order to compensate for this,
a Fe** ion undergoes reduction to Fe?*. It has been suggested that one of the trivalent
Fe ions on the 2a site undergo reduction to the bivalent state*’. This original
hypothesis has since been confirmed by other workers?2, Since the reduced Fe?* has a
lower magnetic moment 415, as opposed to that of Fe** 5 Mg, and since this site is
aligned parallel to the direction of magne{isation, a reduction in p is predicted and
observed. It has been reported by Higuchi et al 2® that when BaFe20,9 was doped
A with La, using method (i) an increase in coercive force was noticed, with a maximum
value being reached at Bag gsLag 15Fe12019.
Method (ii) for the doping of magnetoplumbites has tended to be concerned with the
addition of highly ferromagnetic rare-earth elements such as Sm, Dy, Gd and Ho.
Higuchi et al 28reported that Bag 3sGdy 15Fe12019 showed a high coercive force > 6100

Oersteds (Oe) after heat treatment.
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Doping using method (iii) has been primarily used to dope with La,Os. Yamamoto et
al *® reported that this method of doping stabilises the formation of the |
magnetbplumbite structure. This method of doping has been shown to be eﬁ'cétive
for the four main magnetoplumbites, Pb, Ca, Ba,‘ and Sr.

| Although there has dbéen little published Work §n rue-eﬂ doped hexafertites there
has been a wide range of work pubﬁshed on hexaferrites &oped With otherk éieinents.
There are many different combinations of elements which can be used®, IfFe** in
the system is replaced with other trivalent elements then the elements Al, Cr, In, Ga,
and As are examples of the dopants. If Fe** in the system is doped then provided the
trivalent positive charge is matched, it can be buﬂt up of various combinationé such
as the following general types M(II)M(TV), M(ﬁ)/M(V), and M(II)/M(VI) of which
Ti/Co, Sn/Co, Nb/Zn, and Ti/Zn/Mn are examples.

If the bivalent alkaline-earth is partially substituted then common elements used are
Ba,Sr,Ca, and La. Since La is trivalent, a Fe** is reduced to Fe* to conserve charge
but this also causes a reduction in the magnetic moment. If La is doped along with
Na in equal amounts then charge balance is conserved over the whole system, thus
avoiding any reduction processes.

It has been reported in the literature® that if the barium hexaferrite system is doped
with a M(II)/M(IV) combination in exchange for Fe, then a reduction in various
magnetic properties is observed. The coercivity, remanence and saturation .
magnetisation are all reduced as the amount of dopant is increased. An exainple of
these effects is shown in Figure 1-12, which shows the change in coercivity for

various dopants at various levels.
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Figure 1-12 A graph showing variation in coercivity against dopant

concentration for various M(II)/M(IV) systems.*

As can be seen from the above figure the decrease in coercivity shqws an overall
decrease for the NUTi, Zn/Ti, and Co/Sn combinations. It is also found that a similar
dependence is found for the saturation inagnetisation.

Another feature of doping with this combination of elements is 6bserved in the
Mdssbauer spectra reéofded from th¢ Mn/Ti and Mg/T i doped systems. It has been
found that the site occupatibn of the dopants éan be identified and that the Mn or Mg
atoms 6ccupy the 4f; site whereag the Ti atoms dope randomly onto the 4fand 12k
sifes. This eﬁ‘éct of dopingr has the effect of reducing the unit cell magnetic moment
in the unit cells which have the dopant. |

Data concerning the doping of M(II)/M(V) or M(II)/(MVT) for trivalent Fe have been
reported*’. A similar effect to the method of doping discussed above was found i.e. a

reduction in coercivity, remanence, and saturation magnetisation. The reduction in
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coercivity is relatively slow for doping levels less than 1.0/0.5 (MII)/M(V)). The
same behaviour is observed for the saturation magnetisation. A graph showing the

effects of dopant on the coercivity of the system is shown in Figure 1-13.
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Figﬁre 1-13 Grabh showing variation ink coercivfty "against& dopant
concentrations for varioﬁs M(II)/M(V]) systehs.3°

’i‘hé majofity of reports on the effect of doping on the magnetic properties has tended
to use dopants of the first type discussed here, i.e. M(II)/(MIV), and this work has led
to a number of patents being granted on systems found to have magnetic properties
desirable for industrial applications. The majority of such patents has tended to be

granted to systems which use Ti as a dopant.

1.3.7 Synthetic route modification.

The second method of modifying the magnetic properties of SrFe 20y is through the

modification of the synthetic route.
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Other than the standard calcination of metal bxides, other techniques have beén used,

I3

examples are salt co-precipitation 3!~

s organometallic hydrolysis 23, glass
crystallisation?4 and hydrothermal processihg”’“. Thcré are many drawbacks and
advantages for each rﬁethod uséd, the main advantage in the calcination of metal
oxides is the relative cheapness of the reactants. However, the major drawback of

. this method is the formation of multidomain particles, this is due to the high

temperatures (1200-1300°C) which accelerate grain growth.

Saha et al’” have reported the effect of calcination temperature on the magnetic

properties. The authors found that as the temperature of calcination was iﬁcreased the

magnetic properties ch?.nged. If the material was synthesised at femperatures below
1000°C an incomplete reaction occurred, with poor magnetic properties and impurity
phases present. The authors found that as the temperature is increased above 1000°C
grain growth incfeases. Above 1250°C large crystals begin to form, while ét.
temperatures above 1360°C grain growth being rapid with each particle essentially
becoming a single crystal. The effect of increasing formation temperature on the

magnetic properties is shown in Figure 1-14.
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Figure 1-14 Diagram showing effect of heat treatment on coercivity.’’

H, = 700 Oe

It can be seen that while the saturation magnetic moment remains constant,
coercivity decreases with increasing temperature. Thls observation was explained in
terms of the formation of multidomain particles. As the temperature, and thus
crystallite size increased, the number of multidomain particles increased thus
reducing the coercivity. Asa result the final product had to be milled to reduce the
particle size to that approaching single domain 7600 nm. The above advantages and
disadvantages contrast with the chemical co-precipitation route. This route uses the
relatively cheap chloride or nitrate salts of the element, which are converted to a gel
using NaOH , filtered and then calcined. Due to the intimate mixing of the gel, a

lower calcination temperature is used, 925°C, this reduces the grain growth and as a
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result increases the number of particles which are single domain, thus no further
milling is required.

One technique which has recehtly been used to Syrrthe‘sise SrFe 2049 with small |
particle size has been hydrothermal processing®>~®, This mvolves the precrpltatlon of
a gel using NaOH from the nitrates. This gel based solution is then heated in an
autoclave at 220°C for 2hrs under autogenous pressure, ~ 25 bar, and the mixture
filtered aﬁer cooling. Aﬁer filtration hexagonat platelike particles are formed which
are small enough to require no further milhng or heat treatment prior to production of
the finished rhagnet. &' | | |

The main advantage of the hydrothermal route is the ease of synthesis, approximately
4 hours, allovﬁng for the heating and cooling of themixture. This cohtrasts With the
calcination of the metal oxides Which require heat treatments at 1200-1300°C for
many days to achleve phase purlty The co-prec1p1tatlon route requires heatmg at
925°C for 2 hours to achreve phase purlty, but the formatron and filtration of the gel
can take up to 24 hours |

The other two methods organometalllc hydrolysxs and glass crystallisation, produce
magnets which have good magnetlc and physwal propemes However both methods
use exotic salts of the metals whrch are expensive and sometlmes dlfﬁcult to
purchase. | |

Since there has not been a direct comparison of the effect of synthetlc procedure on
the magnetic propertles one aim of this work has been to compare materlals formed

from different synthetic routes with different dopants.
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CHAPTER 2 - EXPERIMENTAL

TECHNIQUES.



2.1 XRD - X-Ray Diffraction.

The basic theory of X-ray diffraction has been understood since the early part of this
century, and is now used for structural characterisation. X-ray‘,diffr‘akction as ia
structural technique is explained in well known chemical and ‘physical textbooks'?, _
and is only biieﬂy described here. In order to understand X-ray diffraction, it is besf

to start with a basic model .. a one-dimensional grating,
2.1.1 The Diffraction of Light by an Optical Grating. .

If light is paSs¢d through a grating, glass with slits, two main processes can occur.
- (i) transmittance - the light pésses through unchanged.
(ii) diffraction - this occurs when slit spacing is only siightly larger than the
wavelength of the light.
In a glass where the second process occurs, each slit acts as a point source for a wave

shown in Figure 2-1.

v

v

Figure 2-1 The effect of a slit acting as a point source on a parallel wave.

When these waves interact there will be regions of constructive and destructive

interference, shown in Figure 2-2.
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v

First Slit Second Slit

Figure 2-2 The effect of two slits on a parallel wave, showing the interference

which occurs.

In a light sou}ce, containing more than a few beams, the interference results in
regions of strong intensity, and regions of little or no intensity. The direciions where
interference occufs are governed by the wavelength of thé light, A, and separation of
the slits. |

If twn beams constructively interfere with each other, then they must be in phase
with each other, i.e. a multiple of a full wavelength, n\. However, since both beams

will be moving out at an angle from the source, 0, the following relationship will be

valid
AB =n\ | 2.1)
But, | AB=asin 0 - (22)
asin6=ni (2.3)

The above equation defines where constructive interference will occur.
Since solids are 3-dimensional, in order to achieve the same effect, X-rays are used
as their wavelength is approximately the same as the “slits” used in the model put

forward above.
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2.1.2 The Bragg Equation®,

Bragg’s approach was to consider the crysfals as being built in layers, or planes, such
that each acts as a semi-transparent mirror. The planes allow some of the X-ray
beams to be reflected at the same angle as the angle of incidence.

~ The derivation can be shown pictorially:

6 6 A
/é|\\
d X \: 2
¥ B
y

Figure 2-3 Diagram used for the derivation of Bragg's law.

The incident beams 1 & 2 are reflected by A & B to form beams 1’ and 2°, the
condition under which these beams are in phase with each other is approached as
follows.

Beam 22°, shown m Figure 2-3, has to travel a further distance, xyz, than beam 11°.
For 1’and 2’ to be in phase with each other, xyz must equal n, i.e. a whole number of

wavelengths. The perpendicular spacing, d, and angle of incidence, 8, Bragg angle,

are both related tb xyby:

Xy=yz=dsin0 7 2.4)
=> Xyz=2dsin6 2.5)
Since XyzZ = nA (2.6)
=> nh=2dsin6 2.7
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When the above equation, (2.7), Bragg’s Law, is satisfied the reflected beams are in
phase and thus constructively interfere. If the angle is not correct then usually
interference of a destructlve nature will occur. It can be seen that many solutions are

possible i.e. n=1,2,3 however it is usual to put n=1 and work from there.
2.1.3 d-spacings and their use.

It is possible to work back from d-spacings to find where the planes that diffract the
X-rays intersect the unit cell, and from here work out a general structure.

Working with orthogonal unit cells and simplifying the procedure the equation is:

(2.9)
where hk,] are the Miller Indices , a,b,c are the unit cell parameters. The Miller

Indices are the reciprocal of the lattice intercepts as shown in Figure 2-4.

Figure 2-4 Diagram showing a plane intersecting the axes, and the Miller

indices.
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2.1.4 The Powder Method.

The basic principle of the powder method is shown in Figure 2-5. A monochromatic
beam of X-rays strike the powdered sample arranged randomly such that every
orientation is possible. As a result, for every diffraction plane there are some crystals

correctly oriented at the Bragg angle and hence some diffraction occurs.

detector
(film or movable counter)

source

Figure 2-5 A schematic representation of the powder method.

The diffracted beam can be detected by one of two means, a photographic plate
surrounding the sample, or a movable detector, such as a Geiger-Miiller tube
connected to a computer. The original photographic method, called the Debye-
Scherrer method, is little used in modern X-ray diffraction practices but provides an
explanation from which other methods have developed. For any set of lattice planes
the diffracted radiation forms a cone. The only requirement for diffraction to occur is
that the plane be at the angle 8, see Figure 2-6. In a randomly oriented sample
crystals are present at every angle and therefore the diffracted beams appear to be
diffracted from the sample in a cone. If the Bragg angle is 0 then the angle between
the diffracted and undiffracted beam is 26 and the angle of the cone 46. Each set of
planes gives its own cone of radiation. The cones are detected using a cylindrical

photographic film surrounding the sample, each one intersects the film as two short
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arcs symmetrical around the two holes, where the incident and undiffracted X-rays

pass.

A 4

Figure 2-6 Formation of a cone of diffracted radiation, with a schematic of the

pattern obtained by this method..

The d-spacing can be obtained from the film using equation 2.9:

S 40

2nR 360 (2,55
where S is the separation between pairs of conesponding arcs , and R is the film
radius from the sample. When R is known it is relatively easy to determine 20 and
subsequently d.

A modern diffractometer works in a similar way. The major difference being that
rather then use a photographic plate surrqunding the sample, z; movable detector
rotates around the sample. The detector can collect accurate positional and intensity
data, both quickly and easily. This enables the phase composition to be determined in

less than an hour, with the recorded pattern being matched against standard patterns.
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2.1.5 d-spacing and unit cell sizes.

In an orthogonal system the d-spacing for any set of planes is given by :

b* "¢ | 2.10) -

where~ d is the d-spacing , h, k, 1 are the Miller indices, and a, b, ¢ are the unit cell
dimensions. There are equivalent equations for the five other crystal systems. It is
possible to calculate unit cell sizes from accurate diffraction data. Calculation of unit
cell parameters is usually carried out using computer modelling techniques using a
variety of programs, an example of such a program is DICVOL91® which has been
used in this work.

Since the calculation of unit cell parameters is depéndent upon the d-spacing, highly
accurate data is required. As a result,‘ X-ray powder diffraction patterns for
determining unit cell size parameters are measured over a long period of time (ca.
18hr) with fine step sizes. A pattern for determining phases in a solid mixture usually
has a resolution of 0.02°, whereas a pattern for detérmining unit cell parameters has a
resolution of 0.01°. Coupled to the higher resolution is an increased counting time to
increase signal to noise ratio.

Although the collected data may be excellent even if the sample or instrument are
incorrebtly aligned, the data will be inaccurate. To combat this, an internal standard
giving peaks of known position and intensity is used, in this work Si. Once the data
has been collected the peaks assigned to Si are compared with the standard positions.

The overall result is highly accurate data which can give reliable unit cell parameters.
2.1.6 Peak Intensities

There are many factors which affect peak intensity, of which a few are described

below.
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i) Structure Factor.
This accounts for the intensity of the peak resulting from the position of the atom in
the unit cell and the atom type. If an atom has a high atomic number then it will
scatter X-rays better than an element with a low atomic number, e.g. Cs scatters
better than Li.

ii) Multiplicity Factor. |
For a cubic system, lattice planes (013), (031), (103), (130), etc. all have the same d-
spacing as can be shown using Equation (2.8), where a=b=c. In a powder XRD
pattern the variable co-ordinate is d-spacing, therefore reflections which give rise to
the same d-spacing will be superimposed. As a result a more intense peak will be
observed. |

iii) Preferred orientation.
This occurs if the powder is poorly ground or if the powder is not éompletely
oriented randomly. This effect can cause some intensities tb be increased while
others are decreased.

iv) Temperature factor.
Thermal vibrations of atoms cause a decrease in the observed peak intensity with an
increase in background scatter. This effect is usually only important for experiments

performed at high temperature.
2.1.7 Particle size measurement.

From X-ray powder diffraction data it is possible to measure the crystaﬂite size ﬁ-om
the effect of line broadening on the diffraction pattern. The relationship between the
mean dimension ofthe crystallites ’in a powder, D,rand the pure X-ray diffraction
broadening, B, was first determined by Séherrer‘, and is discussed in detail by Klug

and Alexander’.
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Scherrer related the mean dimension, D, to the pure diffraction broadening, B, by the
equation;

KA
BcosO

(2.11)

where K is a constant approximately equal to unity, 0 is the diffraction angle and A is
the wavelength used in the diffraction. The Scherrer equation allows relative
crystallite sizes to be calculated, such as in a series of related compounds, but should

not be used for absolute measurements.
2.1.8 Experimental Procedures.

The collection of X-ray powder diffraction data is routinely carried out on a

diffractometer, such an instrument is shown in Figure 2-7:

Detector

Collimation
Slits

|22l AR TR P ot s N

e
_l 6 Position of
Sample

s

Collimation Recorder

Slits

Figure 2-7 Schematic representation of a standard X-ray diffractometer.

The X-rays are generated in an X-ray tube, where electrons are bombarded against a
metal target, usually copper. This bombardment results in the evolution of X-rays,

the X-rays are then collimated into a pencil like beam. The beam then passes through
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the sample, which is rotating around a central axis, as the beam passes through the
sample it is diffracted. This diffracted beam is then passed through a further set of
collimatién siits, to remove X-ray scattering, prior to passing through a filter, in this
case Ni The filter is used to remove any radiation which is not used for the
collection of data, in this exainplé Cu-Kg. The X-rays are then counted in a Geiger-
Miiller fﬁbe ﬁloving arouﬁd the central axiS, at an angle of rotation twice that of the
samplé. A rrioré in-depth.review of this type of X-ray design can be found in the
lﬁeraMe'. |

2.2 XAFS - X-ray Absorpﬁon Fine Structure.

2.2.1 XAFS - General Theory

An XAFS experiment consists of measuring the X-ray absorption Spéctrum ofa
sample. In-depth descriptions of XAFS as a technique are provided in thbe‘ literature
and are only briefly described here . The practical experiment is simple,rand ,
inQolves oﬂly the. rﬁeasuieﬁlenf 6f ihe incident and transniitted X-réy intcnsitie;s.

From this an absorption coefficient, p , can be evaluated using -

L
=ln—
HEPE (2.12)

If low energy X-rays are passed throﬁgh a saxﬂplé, p will be close to zero. However,
as the energy of the X-rays is increased, a point will be reached where the absorption
coefficient, p , increases sharply. ThlS point is called the “absorption edge”, where
the X-rays are of sufficient energy to “eject” a photoelectron from the sample, shown
in Figure 2-8.

The electron ejected will be from the K or L sub shells and the energies of the X-rays

will usually be between 1-40keV, any further increase in X-ray energy is translated
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into kinetic energy of the ejected photoelectron. At the absorption edge the energy of
the X-ray , hu, will be the same as the binding energy of the ejected Ev. The situation

is described pictorially is Figure 2-9.

K-shell

/4
Ejected
\/ Photoelectron
Incoming \‘
= \

Target Atom
e S

Figure 2-8 Diagram showing ejection of core electron by X-ray

Absorption
Edge

|\

x-ray energy —»

Figure 2-9 Diagram showing the expected X-ray absorption versus X-ray

energy.
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However the simple step is not observed, the observed result is shown in Figure 2-

10,

Absorption
Edge

Oscillations

v

x-ray energy —»

Figure 2-10 X-ray absorption versus X-ray energy for nickel chloride.

The explanatibn for the observation of an oscillatory type function is that the electron
has Wave properties, put simply the ejccféd photoelectron moves out of the atom as a
spherical wéve, sinusoidal in néture. This wave in turn will be back scatteréd by
neighbouri‘ng'atoms.‘ Such back scé.ttering causes constructive/destructive
interference. This is particularly observed as the wavelength of the X-ray changes.
As a result the value of Ey, the final energy state of the ejected photoelectron, will not
simply have a linear dependence on hy but will vary according to the inference
patterns, this giving rise to oscillations in p.

The situation is shown pictorially in Figure 2-11, and is analogous to a ripple tank

experiment, the difference being that XAFS occurs on the atomic scale.
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Constructive

Destructive

Figure 2-11 Diagram showing constructive and destructive interference of out

going wave.

It is possible to derive information, such as bond length and co-ordination numbers,
from the oscillations. The explanation for this is due to the sine wave observed, this
wave being dependent upon the back scattered wave, with a periodicity dependent on
the distance from the source (central) atom. Since the atoms do not move from their
sites by a large degree, it is possible to deduce a structure from the sinusoidal wave

formed.
2.2.2 XAFS - Mathematical Treatment

Following on from a simplified introduction to the basic theory of XAFS a
mathematical treatment can now be approached.

When the photoelectron has been ejected, its wavelength will be determined by:

A==
k (2.13)

where k , the photoelectron wave-vector, is determined by:
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h
(2.14)

where m is the rest mass of the electron , E the photon energy , Eo the absorption
edge threshold energy.

These XAFS oscillations are embedded in the observed spectrum, and as a result
have to be normalised.

The normalisation process can be described as:

p(k) = po(k)
Ho(k) (2.15)

k)=
where pwo is the structureless absorption edge.
A simple picture of XAFS is based on the single scattering of an ejected

photoelectron by the atoms in a co-ordination shell surrounding the core-atom. This

model gives an expression for y(k):

x(k) = ZAj(k)sin[Zkrj+¢j(k)]‘ (2.16)

where 1; is the radial distance away from the central atom to the atom in the ji co-
ordination sphere. @;j is the tofal phase shift due to the interaction of the
photoelectron with the central atom, and scattering from atoms }in the ji shell.

The summation extends over j co-ordination shells and k is the photoelectron wave
vector.

- The amplitude function A, which represents the total séattering of the jum shell, is

given by:
v e | N e 21,2
AR =| Fik)exp(- 207k?) 2.17)
J .
where N; is the number of atoms, and o is the root mean square deviation of the
interatomic distance about 1j i.e. the Debye-Waller factor. The value of ¢ has two
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components osat and oviv which describe the static disorder and thermal vibrations.
The amplitude Fj(k) , which accounts for elastic electron back-scattering amplitude

f{r.k) and inelastic effects, is given by

chk)=f(n,k)exp(‘j”') 2.18)

where A is th; inelastic mean-free path.

It should be noted that f{n.k) is the XAFS back-scattering factor, which is é. function
based upon the scattering atoms. The quantities of this factor and $(k), the phase
shift, have been calculated by Teo and Lee’.

If (k) is Fourier transformed i.e.

1 V4
ﬁ.(r):(—;-n) [T 0ok (2.19)

the result is a function which exhibits a series of peaks at r=r;-a;, where a;, a
correction to the calculated distances, é.rises as ¢(k) is not included in the transform,
k" is used to weight the data, where certain regions are emphasised.

Since the transformation is over a finite region, ripples are introduced from the
termination points. The ripples can be minimised using mathematical functions.

It is usual to computer fit the data against a theoretical model, this theoretical model
usually being formed from standard parameters. The model is then adjusted until the
experimental data matches the model data i.e. the two sets of curves match. In
general the parameters which are modified are N, r, and & i.e. co-ordination number, -

bond length and Debye-Waller factors.
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2.2.3 XAFS - The Normalisation Process.

Before any analysis of the data can occur, the raw data must first be normalised, such
that the XAFS oscillations can be oBserved. The process usually proceeds in the
following manner.

(i) The raw data, i.e. counts from the scintillation counters, are usually |
calibratei This process usually ipvolves a few stages but, nevertheless, is important
as any error here will cause problems later on. The program gséd to carry out this
process is EXCALIB, on the Daresbury computer network. |

(ii) The background spectra are then subtracted, leaving the XAFS
oscillations, this process usually follows five stages:

(a) The E,, the absorption energy, is found and then used as a standard
against which the observed oscﬂ]ations can be considered. The E, can be changed
from ';he absolute value as this makes the following stages easier to process, and is
fundamental to the penultimate stage.

(b) The pre-edge absorption is then subtracted, sinpe this absorption is
approximately Iinear, the process simply involves extending the absorption through

the XAFS region, shown in Figure 2-12.
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Figure 2-12 Diagfam showing the pre-edge silbtraction curve.

(©) Thé next stage of the process is to’rémove thé smoothed atomic
absorption factor p,. This process involves the fitting of a polynomial such that it
goes through the centre of the oscillations. Usually ihe polynomial will be placed
such that it goes through the centré of the XAFS oscillations i.e. 30-50 KeV above

the édge jump, shown in Figure 2-13.

Chapter 2 — Experimental Techniques.

45



Absorpt ion and Post Edge Nodel Lurve

0.05 4
0.80 4 T
0.75 4 .
0.70 &
0.45 4
0.40 4
0.353 4
8.50 4-
D.45 4+
0.40 4-
0.35 4
6.30 +
6.5 ¢+
0.20 4+
613 4
e-10¢, +- + + + + + + + + -+

~400 300 200 -100 L] 100 200 306 400 500 «00 700 L

Relecive Enargy sbout EO

Absorpt ion

Figure 2-13 Diagram showing post-edge subtraction curve.

(d) The fourth stage is to extract the XAFS oscillations, by subtracting
the pre- and post-edge polynomials, and converting the x-axis from energy to .
k=(2n/)) where A is the electron wavelength above the edge jliﬁlp'Eo. The XAFS
oscillations are then multiplied by K3, which increases the amplitude of oscillations at

large k, shown in Figure 2-14.
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Figure 2-14 Diagram showing XAFS oscillations after subtraction of pre- and

post- edge curves.
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Figure 2-15 Fourier transformation of XAFS oscillations.
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(e) The final stage is to Fourier transform the XAFS data, to obtain a
radial distribution function. This will result in a plot showing peaks at certain radii
away from the core atom, shown in Figure 2-15.

The normalisation process is carried out using the program EXBACK on the
Daresbury network. After normalisation the next stage is to fit the data using the

EXCURV92'® program, again on the Daresbury network.
2.2.4 Synchrotron Radiation.

Synchrotrons are particle accelerators, first used in the 1940’s to study the structure
of matter. In essence a synchrotron is a facility in which charged particles, usually
electrons but positrons can be used, are accelerated to relativistic velocities
~99.995% of the speed of light, these particles are then stored in a storage ring,

where they are subsequently used.

Storage Ring

.. Beamline to miﬁ
Fiz Station !
2= &S w vaa W
._ i N“' Ty v
b & ot r\' _ Injector
% g

Figure 2-16 Illustration of the synchroton facility at Daresbury laboratory.

In the storage ring the particles are constantly being affected by a magnetic field,
such that the particles circulate in a circular orbit. A property of a particle travelling

in such a manner is the emission of electromagnetic radiation. The radiation, emitted

Chapter 2 — Experimental Techniques. 48



along a tangent, is “white” and covers all frequencies, dependent on the particle’s

energy.

~electron in
/ . .
¥ circular orbit

Direction of motion.
<__,_-

intense beam of collimated,
highly polarized radiation.

Figure 2-17 Illustrating emission of X-rays from the synchrotron.
One of the favourable properties of a synchrotron is that the radiation is emitted in a
pencil like, highly collimated beam. The X-rays produced are so intense that XAFS

measurements can be carried out in the order of minutes.
2.2.5 XAFS - Experimental set-up.

The standard XAFS measurement technique uses transmission geometry with a set-
up similar to that shown in Figure 2-18. The main components are the

monochromator, the ion chambers I, and I, and the sample holder.

Sample
Storage Monochromator l
Ring \ '
/o'l p—n
| 7 IL T
~>— l / |° ||
S, S,

Figure 2-18 Experimental set-up for transmission XAFS experiments.
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The monochromator is used to convert the white radiation produced by the
synchrotron into radiation of a fixed wavelength. During the experimeﬁt the
wavelength changes, as the monochromator angle changes. This chafxge is then used
to measure the oscillations in absorbed energy after the absorption edge.

The ion chambers I, and I, are used to measure the intensity of X-rays before and
after the sample, the values obtained from both chambers are converted to absorption
values using equation 2-12. Ion chambers measure the intensity of X-rays through
the ionisation of gases, which are rheasured as an electric current that flows across
two highly charged plates.

The sample is placed in the sample holder. There are many ways of plaping the E
sample in the beam, the most common is to make a pellet of the sample and place
this on the sample holder. The main advantage of using this technique is the lack of
pinholes in the sample. If, however, the amount of sample required precludes the
formation of a pellet then the sample can be diluted using BN, ‘or another light
.compound such as powdered polyethylene. |

S; and S; in Figure 2-18 refer to mechanical slit's on the beam liﬁe. ’I“hesc slits are
used to change the beam characteristics, such as width, they are useful in situatioﬁs
where the sample area is smalier than the standard profile of ihé beam, or when there

are pin holes in the sample which need to be avoided.

2.3 Maéssbauer Spectroscopy

2.3.1 Theory

Mossbauer spectroscopy is a technique which involves the resonant absorption and
emission of gamma rays by nuclei. This phenomenon was first observed by Rudolf

Méssbauer in *Ir in 1958, and led to the development of the technique which now
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bears his name. Many detailed accounts of the theory and instrumentation of
Mossbauer spectroscopy can be found in the literature 13,

In Mdssbauer spectroscopy the y-ray source consists of a sohdmatnx inwhicha
radioactive isotope is embedded which then decays into the Mf’)ssbauer isotope in an
excited state which subsequently relé.xes with the emission of a y-ray. For resonant
absorption the energy of the y-ray must not be influenced by nuclear recoil, to
achieve this the Mdssbauer nuclei are held in a rigid crystal lattice. If the energy of
the nuclear recoil associated withl the absorption and emission of y-rays is small in
comparison to the lowest quantiséd lattice vibration, recoil free transitions suitable
for a Mdssbauer experiment can occur. In the case of *'Fe the y-ray energy is small
(14.4keV), and thus recoil effects are small.

The energy of the transition bethen the excited and ground state of the M&ssbauer

nucleus is usually different in the source and absorber. Therefore, rarely does the
energy of the incident y-ray correspond to the energy transition of the absorber
Mbssbauer atom. The y-ray energy is subsequently modified by the Doppler effect,
achieved by vibration of the source at a velocity of millimetres per second. Thus, a -
Massbauer spectrum consists of a plot of y-ray counts against y-ray energy, Figure 2-
19. The y-ray energy is presented in terms of the velocity of the source. A typical
Mbssbauer spectrum obtained from a sample in which the Mssbauer atoms are in

the same cubic environment in both source and absorber is presented in Figure 2-19.

Chapter 2 — Experimental Techniques. 51



Madssbauer atom  radioactive
precursor

—> Y-rays

excited state —dmm——— ' —_— ‘
— e eeeea—

ground state

1

source absorber detector

Intensity

Velocity mm 5™

Figure 2-19 Schematic representation of a Mdssbauer specti'oscopic experiment.

Differing environments about the nucleus in the absorber atom give risé to hyperfine
interactions which are described as the Mdssbauer parameters known as isomer shift,
quadrupole splitting énd magnetic hyperfine splittinQ. These arise because of the
electric monopole interaction, electric quadrupole interaction and inagnetic |

monopole interaction respectively.
2.3.2 Isomer Shift

To understand the origin of the isomer shift it is useful to consider a nucleus stripped
of its electrons. In such a nucleus the energy of the transition between ground and

excited states may be represented as E, in the Figure 2-20(a).
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Figure 2-20 Nuclear energy level of (a) bare nucleus, and a nucleus where the

excited and gronnd states are (b) the same size and (c) differing sizes.

If the nucleus is surronnded by‘ elentrons a Coulombic attraction between the nuclear
and the electronic charges occurs which modifies the nuclear energy levels. If in both
the excited and ground states the size of the nucleus is the same, then the interaction
of these states with the electrons will be the same. Hence the energy levels will be

. changed by the same amount, as will the energy of the transition E, in Figure 2-
20(b). If, alternately, the size of the nucleus of the two sfates are different, as usually
arises, the energies of the ground and excited states will be modified to a different
extent, consequently the energy of the transition will be modified to a new value E/,
Figure 2-20(c).

The nuclear energy levels depend upon the electronic environment. Therefore if the
source and absorber nuclei are in different electronic environments then the nuclear
energy levels will be modified to differing degrees, Figure 2-21(a). So the energy of

the emitted y-ray is modified by the Doppler effect and the Mssbauer spectrum will
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exhibit a resonant absorption shifted from zero velocity, Figure 2-21(b). This is

known as the isomer or chemical isomer shift, 5.

B 5
g
E E" N
. N
Bl .
_— 0
source Velocity mm s®
€)) ®)

Figure 2-21 (a) Nuclear energy levels of source and absorber atoms in different

electronic environments, (b) the resultant spectrum.

The isomer shift can be related to the electronic propei'ties by the equafion

- R w2(0), - ¥
8 = constant R (F5(0)x -, (5)5) (2.20)

where AR/R is (Re -Rg)/Rg and R, and Ry are the radii of the excited and ground state
nuclei respectively. ¥ (0)a and ¥ (0)s are the s-eleqtron densities at the absorber
and source respectively. ¥; (0) 1s dependent primarily on the population of the s-
orbitals, but will élso be influenced by the occupation Iof other types of orbitals. This
is due to the outer electrons shielding the interaction of the s-electrons from the

nucleus. For any particular source the value of ¥y (0)s will be constant, and

. 2
therefore any change in the isomer shift will reflect changes in ‘¥, (0)4, Hence
information about the electronic environment of the absorber is obtained, which can

then be used as a probe of oxidation state.
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For *"Fe Mossbauer spectroscopy the value of AR/R is negative. Hence higher s-
electron densities at iron nuclei are reflected by a decrease in isomer shift. Another
influence on the isomer shift in iron compounds is the effect of shielding. As d
electrog removal effectively increases the s-electron density at the iron nuclei,
iron(II) species with a d® configuration have a more positive isomer shift than
iron(III) species with a d° configuration. In *’Fe nuclei the magnitude of AR/R is

sufficiently large for a range of isomer shifts to exist.
2.3.3 Quadrupole Splitting

If a nucleus has a spin I greater than 1/2 then it will have an asymmetric charge
distribution, which gives rise to a nuclear quadrupole moment. It is then possible for
the nuclear quadfupole moment to interact with an asymmetric electric; field
represented by an electric field gradient. This results in the partial or complete
splitting of the nuclear energy levels. As more than one nuclear transition may occur,
a multi-line Mdssbauer spectrum results. For nuclear transitions the selection rule is
Am =0, 1. *’Fe has excited and ground state spins of 3/2 and 1/2 respectively,
which for this isotope means that the presence of an electric field gradient gives rise

to a two line spectrum, shown in Figure 2-22. The distance between the peaks is the

quadrupole splitting, A.
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Figure 2-22 (a) Splitting of nuclear energy levels for 5'Fe nuclei in the presence

of an electric field gradient and (b) resultant spectrum.

Several diﬁ'erenf components contribute to the electric field gradient. One is from the
electronic environment about the nucleus, called the valence term. The valence term
can be envisaged as arising from the valence electrons of the Mbssbauer atom and
originates from asymmetry in the electronic structure which derives from tﬁe unfilled
or partially filled electron shells occupied by the valence electrons. The main
contribﬁtion to the valence term is the asymmetric p- and d- electron populations, as
the s-electron density is principally symmetric about\the nuclear volume. A lattice
contribution, arising from surrounding charged entities, also contributes to the

electric field gradient. This arises from asymmetry in the arrangement of atoms
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around the Mdssbauer nuclei.y Further contributions to the electric field gradient
include the effects of molecular orbitals and any polarisation of the core electrons of
the Mdssbauer atom.

Hence, quadrupole splitting reflects the symmetry of the bonding environment and
local structure in the vicinity of the M8ssbauer atom. Used in conjunction with
chemical isomer shift data, the quadrupole splitting can be used to elucidate the

oxidation states, electronic conﬁgurations and ligand arrays.
2.3.4 Magnetic Splitting

A nucleus of spin I > 0 has a magnetic moment which may interact with a magnetic
field via a magnetic dipole interaction. Suéh a magnetic _interactién induces splitting
of the nuclear energy levels. Degeneracy of the nuclear states is removed by
interaction of the nucleus with the magnetic field, and the levels subsequently split
into 2I + 1 substates. In *’Fe the ground state with I = 1/2 splits into two substates,
and the excited state with I = 3/2 splits into four substates. For these spin states the
selection ruleg Am=0, 1, give rise toa symmetric six line Mﬁssbauer spectrum. In
such a spectrum the isomer shift is given as the centre of gravity of the six peaks.
The magnetic splitting of the ground and ef(cited states fbr 57Fe and resultant
spectrum is illustrated in Figure 2-23.

The total magnetic field experienced by the nucleus is a vector sum of the magnetic
hyperfine field and any external applied field. The magnetic hyperfine field arises
from the spin of any unpaired electrons and is dependent upon oxidation and spin
state of that atom. Hence, interpretation of the magnetically split M&ssbauer
spectrum can give information about electronic structure and magnetic properties in a
system. It is also possible to modify the hyperfine field by application of an external

factor, which distinguishes the hyperfine field from the other M8ssbauer hyperfine
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interactions. Altering the applied field can change the appearance of the spectrum
and aid interpretation. The occurrence of magnetically split ’Fe Mssbauer spectra
is common among ferro- and antiferro- magnetic materials. Paramagnetic materials

cooled to below their Curie temperatures also exhibit a magnetically split M&ssbauer

spectrum.
I m

+3/2
+3/2 +1/2
=12
. -32
+1n / 12
T +2

g

K=

Velocity / mms *

Figure 2-23 - (a) Splitting of nuclear energy levels by a magnetic field (b) and

resultant spectrum.
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CHAPTER 3 - EXPERIMENTAL



3.1 The Silver Amalgamation Process.

The general synthe31s procedure was as follows:

Ground powders of AgzS (Alfa, 99.5%), CuCl.2H;0 (Aldrich, 99%), NaCl (Aldrich,

99%) were added to 35 ml of H,O and stirred. Where Hg (Aldrich 99.9%) was added

the addition was after 24 hours. After 96 hours the mixture was filtered and both

phases were evaporated to dryness. Experimental amounts are given in Table 4.1 and

~ conditions under which experiments were performed are described in Chapier 4.

3.2 Rare Earth doped Strontium Hexaferrite.

3.2.1 Calcination of oxides.

Mixtures of SrCO; (Alfa, 99.99%), Fe,0; (99.5%, Alfa), Eu,0; (99.99%, Aldrich),

La,0; (99.95%, Aldrich), mass amounts shown m Table 3.1, enough to make 0.05SM

of product, were ground and calcined at 1250°C, at a/heating rate of 5K min™!, until

the mixture was phase pure as determined by X-ray powder diffraction.

System SrCO;s (g) | Fe203 (g) | Ew20s (g) | La;0s (g)
StFei2019 0.74 4.79
Sro,gsEuo,osFenOlg 0.70 4.79 0.04
SrosoEug.10Fe12019 | - 0.66 4.79 0.09
SroosLagosFe1019 |  0.70 4.79 | 0.04
Sro.90Lao.10F€12019 0.66 4.79 0.08

Table 3 -1- Masses used in the calcination synthesis of doped SrFe;;,01.
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3.2.2 Co-precipitation of Gels. )

Mixtures of StCL.6H,;0 ( Aldrich , 99.5%), FeCl;.6H,0 ( Aldrich , 99%),
EuCl3.6H,0 ( Aldrich, 99.99%), LaCl;.7H,0 ( Aldrich , 99%), were dissolved in 50
ml of H,0O ,amounts outlined in Table 3.2, and added to a 50ml aqueous solution of
25g NaOH (BDH, 99%), and 6.25g Na,COj3 (Aldrich , 99%). After formation of the
gel , the mixture was stirred for 30 min, and the mixture allowed to stand for 30 .

" minutes prior to ﬁltratfon. Washing of the residue was carried out to remove CI' ions
which impede the formation of the product. The absence of CI ions in the residue
was determined by addition of the washings to a solution of AgNO3;. When no AgCl
was precipitated the residue was free of chloride ion contamination. The solid was

then dried and calcined at 925°C, at a heating rate of 5K min", for 2 hours.

System SrClz.6HzQ FeCl;.6H,O EuCl;.6H,O | LaCl;.7H,0
® ® ® ®
SrFe;20y9 1.87 20.28
Sro.9sEug 0sFe12019 1.77 20.28 0.13
Sro.90Eug.10F€12019 1.68 20.2>8‘ | 0.26
SrogsLagosFer2019 1.77 ~20.28 0.13
SrogoLag.10Fe12019 1.68 20.28 0.26

Table 3 -2- Masses used in the co-precipitation synthesis of doped SrFe;;01.
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3.2.3 Hydrothermal Synthesis.

Mixtures of Sr(NOs), (Aldrich, 98%), Fe(NO3)3.9H,0 ( Aldrich, 99.5%),

Eu(NO3).5H,0 ( Aldrich , 99.9%), La(NO;);.6H,O ( Aldrich , 99.5%) were added to

NaOH , such that the ratio of NO3" : OH” was 1:2, mass amounts are given in Table

3.3. The ratio of Sr (EwLa): Fe was 1:8, as previously discussed in the literature 1.

The mixture was then stirred for 30 minutes, and placed in a Teflon lined autoclave.

The sample was heated under autogenous pressure, a pressure of 25bar, at 220°C for

2 hours. After cooling the mixture was washed with water and dried.

FeNOy)s,

System STNOs); Eu(NO;). | La(NO5);.H;0 | NaOH

(8) 9H;0 (g) | SH20 (g) (8) (8

SrFe2019 1.59 24.24 15.6
Sro.95Eug.0sF€12019 1.51 ’ 24.24 0.16 15.63
Sro.90Eu0.10F€12019 1.43 24.24 0.32 15.66
Sro.9sLao.osFe12019 1.51 24.24 0.16 15.63
Srg90Lag.10Fe12019 1.43 24.24 0.32 15.66

Table 3 -3- Masses used in the hydrothermal synthesis of doped SrFe;,0;,.

Due to the low level of dopant used it proved impossible to get accurate levels of

dopant in the formed product.
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3.3 X-Ray Powder Diffraction.

X-ray diffraction patterns were recorded using a Siemens Kristalloflex D5000 using
CuK., (1 .5406A) radiation, with a Ni filter. Two types of scan were recorded, a short
1 hour scan for phase idgntiﬁcation, and a longer 14 hour scan for unit cell parameter
determination.

Unit cell parameter determination was carried out using in-situ Si corrected X-ray
powder diffraction patterns. The fitting of the sample was performed using

DICVOL91%and a standard least squares routine supplied by Siemens.

3.4 X-Ray Absorption Fine Structure.

XAFS measurements were performed on the Fe K-edge, and the La Liy-edge in
transmission geometry using Station 7.1 at the SRS at the Daresbury Laboratory with
the storage beam in multibunch mode. XAFS measurements were carried out on the
Sr K-edge on station 9.2, using fluorescence geometry, again at the SRS with the
storage beam in multibunch mode.

Analysis of the data was performed using the Daresbury suite of software i.e.

EXCALIB, EXBACK? and EXCURV92*,
3.5 Massbauer Spectroscopy.

Mbssbauer spectra were recorded at various temperatures using a constant
acceleration spectrometer with a *’Co(Rh) source and a He-closed cycle
cryogenerator’, The powdered sample was sandwiched between two aluminium foils

to ensure good thermal conductivity between the sample and sample holder.
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Temperature control was achieved within +1.5K. The spectra were fitted to -

Lorentzian lines using the MFIT computer program.
3.6 X-Ray Photoelectron Spectroscopy

Powdered saﬁmples were mounted on double-sided adhesive carbon tape. XPS data
were rccofded using 5 CLAM-2 aﬁalyser under an operating vacuum of 10 Torr
using Al Ka radiation (300W), wﬁh an anal&ser transmission energy of 100eV for
the wide scan spectra and 20eV for the narrow scan spectra. All the spectra were
recorded at take-off angles of 90°. All binding energy values were charge corrected

to the Cls signal set at 284.6 eV. The accuracy of determination of the binding

energies is 0.2eV.
3.7 Electron Microscopy

The TEM aqalysis was performed using a Phillips CM20 electron mic;oscope
operating at an accelerating voltage of 200kV. Images were formed under bright ﬁeld.
imaging condition§ aﬁd selected area dif&éétion patferns were also rec;orded. Tﬁese
measurements were carried out at the IRC in Materials for High Performance

Applications at The University of Birmingham.
3.8 Magnetic Susceptibility Measurements.

‘A vibrating sample magnetometer was used to analyse powder samples. Powder
samples were placed in a sample holder and then bonded uéing an adhesive wax to
prevent movement of the material upon the application of a magnetic field. The
system used a modified loudspeaker to vibrate the sample. The amplitude of this

voltage is directly proportional to the magnetisation of the sample. The arrangement
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of sample and coils was held in the pole gap of an electromagnet, driven by a high
current power supply. The system was interfaced to a compﬁter. |

The powder was aligned in a field of ~2T and field cooled. The sample was
measured and the data recorded. The samples were then rotated through 90° and
measured again. This allowed the comparison of the induced magnetic field in the

two directions. Calibration was achieved with a nickel standard.
3.9 References.
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CHAPTER 4 - RESULTS AND DISCUSSION

~ SILVER AMALGAMATION PROCESS.



4.1 Introduction.
An in-depth introduction to this work is given in Chapter 1.
4.2 A chemical model of the extraction process.

The pure substances used in a laboratory do not reproduce the indeterminate
mixtures of minerals obtained in mini'ng‘and used on the patio. In this respect, the
laboratory studies described here, like all previous ones, are only a chemical model
of the historical operation. In place of the original ore, Ag,S (Alfa, 99%) is used; this
assumes that the bulk of the ore was found as sulphid;:s. This is basically tmé,
because the amalgar‘nation~ process became necessary when the reduced sulphide
zone was reached after the more productive ores containing native silver and silver
chloride had become depleted.

The active ingredient in ‘magistral’ is soluble copper(Il) sulphate, and indeed, Percy
reports that in some 19th century versions of the process, pure CuSQO4.5H,0 was
used'. This is effective because it forms Cu?* in aqueous solution. To avoid adding a
further chemical species, sulphate, to the reaction mixture, in the model process used
here magistral is replaced by copper(II) chloride in the form of CuCkL.2H,0
(Aldrich, 99%). .

Liquid mercury (Aldrich), NaCl (Aldrich, 99%), and a standard amount of distilled
water (35 cm®) were also used.

The reaction mixtures were stirred with a magnetic stirrer for 96 hours at room
temperature, and the products were then analysed. Contemporary accounts are
naturally weak on quantitative detail, but the descriptions given by Percy' suggest
that the chemical elements in the initial reaction mixture were present in the

approximate molar ratio Ag : Cu: Hg: Clof2: 3 : 6 : 120. An extra 30% of mercury
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was then added during the final stages. It folloWs that ébcurate ‘moc‘le’llin‘g of the
process requires an aqueous medium containing high concentrations of chloride ions,

and most of the procedures to be described were carried out under such conditions.

4.3 Validation of Model.

The first step in the investigation was to check that the model system could achieve
the degree of silver extraction that was reached in the historical amalgamation
process. A complete extraction procedure was therefore undertaken, along with an
analysis of the final amalgam. The relative amounts of reactant are shown in Table

4.1 (Experiment 1); the initial 70% of the mercury was added after 24 hours.

After 96 hours the final 30% of mercury was added and gently agitated inthe
insoluble material to draw in and consolidate as much of the amalgam phase as
possible. The light non-amé.lgam materiai was then removed by decantation with
flowing water. The amalgam phase that was obtained in this way was both duller and
less mobile than mercury; indeed, it was almost plastic. It was dissolved in
concentrated HNOs. This converts the silver to Ag*eqg), aﬁd the rhercufy to Hg" ag)-
After the formation of NO, had ceased, a further addition of acid was carried out and
the mixture stirred for a further 24 hours to ensure complete reaction. The silver was
preéipitated with dilute hydrochloric acid, and then filtered, dried and weighed as
silver chloride. Figure 4-1 shows the‘X-ray powder diffraction pattern of the
precipitate, and confirms that it is indeed AgCL. The weight of the precipitate
showed that about 90% of the silver in the initial mass of silver sulphide had been
extracted as amalgam. This figure is close to that claimed in contemporary historical

accounts of the extraction process.'
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Figure 4-1 X-ray powder diffraction pattern recorded from preciptated

product from validation procedure.

The above procedure confirms that the model used in these experiments is indeed

valid and can be used to isolate the various stages in the formation of AgCl.
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Experiment | AgS (g) | CuCL.2H,0 (g) | NaCl(g) | FeCl;.6H,0 (g) | Hg (g)
1 1 3 10 10
2a 1 3 10 '
2b 1.042 0.184 5
2c 1 3 5
2d 1 0.138 2ZM HCl
2e 1 1.2
CuCl

3a 1 3 5 10
3b 1 3 3 | 10
3c 1g AgCl 5 10
4a 2 5 22
4b 2 5 22 10
5 1 0.70

Table 4-1 Table showing masses of reagents used in this study.

The investigation to be described separates the overall process into two main stages.

The first is the reaction of Ag,S with copper (I) chloride in concentrated sodium

chloride solutions. The second stage is the reaction between the products of this first

stage and mercury. This differentiation has been carried out for two reasons. Firstly,

it mimics the actual extraction process in that the first addition of mercury was

carried out after some time, usually a day, and sometimes more. Secondly, the

reviewers and workers cited in Section 1.2.3 have also broken down the overall

process in this way, so the same policy allows a direct comparison with their work

and conclusions.
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4.4 Stage 1—The reaction between Agzs and CuCl, in concentrated |

CI solution.

The amounts of Ag,S, CuClL.2H,0 and NaCl whose masses are shown in Table 4.1
(experiment 2a) were stirred in 35 ml of water for 96 hours. After filtration, the solid
residue was dried under an infrared lamp. After drying, it looked black.

The filtrate containing the soluble products was a bright green transparent solution.
On addition of further H,O the solution became cloudy and slowly turned to a light
blue. The formation of the cloqdy precipitate is consistent with the presence of silver |
chloride. The chloride dissolves significantly in concentrated chloride solutions by
forming complexes such as [AgCls]r;aq) . Thus stability constant data® and solubility
studies® suggest that the solubility of sih)er chloride at chloridé cdncentrations of 4

- mol litre™ is between 107 and 10 mol litre;'. Dilution of tﬁe chloride solution then
precipitates it. This sﬂver chioride was rerhoved by filtration , and the filtrate
.evaporated to dryness under an infrared lamp. The residue was pale brown in colour,
but on standing for a few hours, it became bright green. This observed chzinge in
colour is ‘characteristic of CuC12.2H20, whose colour when anhydrous is brown; but

which becomes bright green when the water of crystallisatidn is reabsorbed from the

atmosphere.
4.4.1 Products containing copper.

The X-ray powder diffraction patterns for both phases, insoluble phase (a), soluble
phase (b), shown in Figure 4-2, reveals the existence of the following compounds:
Insoluble Phase - AgCl*, and atacamite, Cu(OH);C1°

Soluble Phase -NaCl’, and CuCL.2H,0’
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Figure 4-2 X-ray powder diffraction patterns recorded from reaction between
Ag,S and CuCl, in concentrated CI solution: (a) insoluble phase, (b) soluble
phase.

The soluble phase therefore contains just unused starting material, salt and AgCl
dissolved as AgCl,>". Previous reviews by Rickard® and Bakewell*'
that the reaction in the first stage concludes with the formation of copper sulphides.
The observations above disagree with these reviews; they suggest that the major
copper containing product is Cux(OH)3Cl, and not CuS or Cu,S. To confirm this

observation the following analysis was carried out.

In dilute hydrochloric acid, both copper sulphides are insoluble,’ but atacamite

have concluded

dissolves like a typical transition metal hydroxide. The filtrate was therefore washed

with 2M HCl for 72 hours. After this time the material was filtered and the solid

removed. After drying the solid X-ray powder diffraction pattern was recorded. The
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result is shown in Figure 4-3. The recorded data shows that the Cuy(OH);Cl has

indeed been removed, leaving AgCl as the sole product.
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Figure 4-3 X-ray powder diffraction pattern recorded from solid product

washed in HCL

Part of the solid material was then added to NHj3 solution to determine if any copper
remained in the product. On addition the solution slowly turned blue-violet in colour,
indicative of the formation of tetrammine copper(Il) complexes. However, as no
copper compounds were detected by X-ray powder diffraction, the amount of copper
still remaining in the solid was assumed to be low. To confirm this observation the
following analyses were performed.

A new batch of material was prepared using identical conditions to the reaction
carried out above. After filtration of the solid, the insoluble material was
immediately washed with 2M HCI for 72 hours and filtered. Both sets of filtrate were

then combined and analysed by both classical techniques and UV/VIS spectroscopy
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to determine the amount of copper in the liquid phase. By subtracting th1s acid-
soluble copper from the total copper in the starting material, an estimate of the

copper in the acid-insoluble residue could be made. This value could then be directly |
compared with an ICP analysis carried out on that solid residue. |

After examination by UV/VIS spectroscopy using a calibrated standard scale, shown :i
in Figure 4-4, at a wavelength of 815nm, the total amount of acid-soluble copper was |
determined to be 90%:!:3%!

The determination of the acid-insoluble copper was also carried out using classical
techniques demibed by- Vogel“. The malysig consisted of the follqwing stages. A
portion of filtrate with a volume of 100 ml was removed and Na,CO; was added to
m&ease the pH. This precaution was necessary because the sensitivity of the analysis
decreases with decreasing pH. The addition was stopped when a copper hydroxide
type precipitate began to form. The solution was then made up to 250 mlina
volumetric flask. 50 ml portions of this solution were removed, and to each éf these
portions 3g of potassium iodate was added and well mixed. Thése portions , which
contéined liberated iodine, were then titrated against a standard solution of sodium
tﬁiosulphate. Using the amounts of titrated thiosulphate it 1s possible to deduce the

amount of copper present in the original filtrate.
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Figure 4-4 UV/VIS calibration scale and sample position.

From the above analysis a value of 87+3% of copper was present either as aqueous
Cu®" in the filtrate, or as insoluble Cuy(OH);Cl in the solid. This value agrees with
that obtained by analysis of the filtrate by UV/VIS , and suggests that after the
reaction, most of the copper is found as either Cu®*(q) or Cuy(OH);Clig). Other
copper species may be formed, notably in the acid-insoluble residue, but they are not
major products, and under the conditions prevailing in Experiment 2a, are not
detected in the X-ray powder diffraction patterns.

ICP analysis of the acid-insoluble residue, recovered from the above analytical
solutions, showed that it contained ~ 3 + 1% of the original total copper used in the
experiment. Due to the lack of a reliable initial estimate of the composition, the
subsequent results obtained have a larger than normal error margin. The results
obtained from this method do however, agree well with the results obtained from the
other methods used.
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There is a small discrepancy in the amounts of copper accounted for, this can be put -
down to the small loss of copper during the filtration and subsequent drying of the .
materials. Since the amount of material analysed was small, the small loss of Cu is

greatly exaggerated in the subsequent analysis.
4.4.2 Products containing sulphur.

It is now clear that during the reaction ﬁndef study, the silver sulphide is converted
into silver chloride. It was therefore important to identify a product containing the
sulphur that was originally part'of the silver sulphide. The dried insoluble material
leﬁ after the reaction was stirred with cérbon.disulphide which is known to dissolve
elemental sulphur. When the liquid CS, was decanted off and allowed to evaporate, a
pale-yellow residue of solid sulphur was deposited. This appears to be the major
sulphur product in the insoluble residue. No significant amounts of sulphur were
detected in the filtrate. Thus when the filtrate ﬁom the reaction was tested with
acidified bmi@ chloride solﬁtion, only a very slight turbidity was observed, and no
sulphur dioxidé was smelt. This suggests that any oxidation to oxyanions of sulphur
is very small. It appears, therefore, that the sulphide in Ag,S has been mainly
oxidised to the elemental state. The next step is the identification of the oxidising

agent that does this.
4.4.3 The oxidising agent.

The obvious candidate for the oxidising role is copper(II). To confirm this hypothesis
the following analysis was designed. A reaction was carried out with the masses
shown in Table 4.1 (Experiment 2b) using degassed water as the solvent. The
reaction was performed in a sealed flask under argon. This isolates the system from

the atmosphere, and especially from atmospheric oxygen.
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The reaction was allowed to proceed for 24 hours, after which the stirring was
stopped and the mixture allowed to settle for 4 hours. The solution which had been
blue-green at the start of the reaction was now colourless. The following chemical
tests were then carried out on the colourless supernatant liquid.

A portion of the liquid was é,dded to excess, aerated deionised water. The liquid
became cloudy and deposited a pale-green precipitate.

A second portion of solution was added to bromine water; ihe bromine was instantly
decolourized. | |

- A third portion was added to a dilute solution of potassium permanganate in water.
At the prevailing pH which is nearly neutral, the permanganate is not a strong
enough oxidising agent to oxidise chloride'?. Nevertheless, it was instantly
decolourized.

Finally the remaining solution was left ekposed to the atmosphere for 48 hours. After
this time the solution had become cloudy with a pale-green precipitate.

These observations suggest that the solution formed during the reaction contains a
reducing agent, and its colourless nature supports the presence of copper(I). This is
consistent with the formation of a pale green precipitate on standing in air, or on
addition of aerated water. The precipitate is the basic oxychloride of copper(Il), -
atacamite, that is formed when neutral solutions of copper(I) undergo aerial
oxidation in a chloride medium. Copper(I) chloride, CuClL is very sparingly soluble
in water, but it dissolves easily in strong solutions of chloride. For example, in 4M
chloride solution, the solubility of CuCl is about 0.74 mol litre, and the major
species present is the trichlorocuprate(I) complex, [CuCl3]2'(,q) , with significant but
smaller amounts of [CuCh] aq 3.4 The colourless reducing agent that is formed in

the solution is therefore best written as [CuCL) g -
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4.4.4 The reactions of the first stage.

The above results allow a reaction scheme for stage 1 to be put forward.
@) Copper (II) in the form of the aqueous ion, Cuz"(aq) , 6xidises AgS to
elemental sulphur and form AgCl, while being reduced to éoppér(I):
200 4q) + AZSe+ 8Clag D 2A2CLy + 2[CuChP g +S¢ (A1)
(i)  Atmospheric oiygeh' then oﬁdises ébpper (1) back to coppef (II), and
ﬁltiinzitely to the basic copper(Il) chloride, atac;mite, Cuz(OH)gCl:k
2CuCL (ag + %02 + 2H,00> Cuz(CID3C](s) +5CTag +H'ep (4.2)
445 The pH of the solution. - o |
In the preceding sectipn, stress was laid upon the fact that atacamite is the ultimate
copper product. The reason for this émphasis is that\in the initial mixture of |
reactants, all the species needed to form atacamite (Cu?‘“(m Cl'aq) and water) are
present, but formation does not occur because the solution is too acid. Its pH is, in
fact, about 3.5. Thus when the first traces of copper (I) are formed by the reaction
between copper (I) and Ag,S, and then oxidised back to copper (II) by atmospheric
oxygen, the product is likely to be Cu?*q), rather than atacamite.
When atmospheric oxygen performs a reaction of this kind, the effect is to raise the
pH. Thus in acid solutions, the oxygen electrode is written:
Oy + 4H'aq + 4e = 2H,0p E° =123V
This reveals the change in the pH as a decrease in the hydrogen ion concentration.
What it suggests is that when the reaction between Cu?*q) and Ag,S begins in an
oxygen atmosphere, there will be an initial increase in pH. This was therefore
investigated.
The reactiém was carried out in 50 ml of H,O using the amounts of reagents shown in

Table 4.1 (Experiment 2¢). Oxygen gas was continuously bubbled through the
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solution. This achieved thérough mixing, and alloWed tﬁe pH study to be completed
in hours rather than days.

During the reaction, a pH probe was immersed in the solution and the pH
continuously monitored. The results are shown in Table 4.2. They reveal that the pH
of the solution before the O, was bubbled through was 3.61. Initial contact with
oxygen produced the expected increase, and the pH rose to a maximum of 3.94.
However, it then dropped back to a value apprqaching that of the starting material.
The results are plotted graphically in Figure 4-5.

The observations can be explained as follows. At the beginning of the reaction, the
solution is too acid to allow precipitation of atacamite, so any [CuCls}*ug that is
formed is oxidised back to Cu**g): | - | |

2(CuCk g + 12029 + 2 e > 20070 +H1O+6Cl  (43)

This explains the initial increase in pH. But it is known that in chloride solutions
containing copper (II), atacamite begins to be precipitatgd ata pH of about 4 5.
When the initial increase causes this to be reached, the formzition of atacamite
“begins, and the feaction beéomes that given in equation 4.2. This is marked by a

decrease in pH.
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Figure 4-5 pH profile of reaction between Ag,S and CuCl,.2H,0 in strong

chloride solution.

Time Min) | pH | Time Min) | pH | Time (Min) | pH
0 3.61 16 3.82 32 3.67
2 3.63 18 3.81 34 3.68
4 3.67 20 .77 36 3.65
6 3.74 22 3.74 38 3.65
8 3.82 24 3.74 40 3.64
10 3.89 26 3.76 50 3.60
12 3.91 28 3.71 60 3.58
14 3.94 30 3.69 70 3.58

Table 4-2 Table showing results from pH experiment.

4.4.6 Stage 1 under acid conditions.

The interpretation of the pH changes given in Section 4.4.5 raises an interesting

possibility. If the concentrated chloride is provided by hydrochloric acid instead of
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salt, then the solution will be strongly acid. The precipitation of atacamite, reaction
4.2, will then be suppressed, and all of the Cu2+(aq) that is reduced to [CuClg]z'(.q) in
reaction 4.1 will then be oxidised straight back to Cu®*y;) by atmospheric oxygen via
reaction 4.3. It is then available for further oxidation of Ag,S. If this occurred, then
the oxidation of Ag>S in acid would occur via a cyclic process resembling the well-
known copper-catalysed oxidation reactions such as the Wacker process '®. In the
extreme case, the copper would act as a catalyst for the oxidation of Ag,S by oxygen

gas:
Ag:S + 12054 + 2H a9 + 2CTag > 2AgCly + S + HOpy  (4.4)

The essential feature of such a system fs ihét nearly complete oxidation of Ag,S can
be achieved with an amount of copper well below that required by the Cu : Ag molar
ratio of 1: 1 in equation 4.1. To’ test thls péssibility, an experiment was designed in
which the Cu: Ag rétio was 1 : 10. The masses are shown in Table 4-1 (experiment

- 2d). In this experiment the source of chloride used was 2M HCl solution, and the
mixture was stirred for 96 hours. It was then filtered; the solid phase was black and

the filtrate almost transparent. X-ray powder diffraction examination of the insoluble

material revealed the presence of just AgCl as a major phase, shown in Figure 4-6. ..
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Figure 4-6 X-ray powder diffraction pattern recorded from a mixture

containing Ag:Cu ratio of 5:1, Expt 2d.

X-ray powder diffraction patterns provided evidence for only a very small amount of
unreacted Ag;S, even though unreacted material was detected by this means in other

experiments, and the starting material gives the expected powder pattern. The results
therefore suggest that nearly complete oxidation of Ag,S has occurred at copper

levels well below that called for by equation 4.1, and that a cyclic process occurs.

Since the results outlined above suggest that copper (1) is formed and then oxidised
back to Cu?* (g, it should be possible to use copper(]) as a starting material for the
conversion of Ag,S to AgCl. To study this, a reaction was carried out in which CuCl
was used in place of CuClL.2H,O (Table 4.1, experiment 2¢) and 2M HCI provided

the strong chloride solution.
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After stirring for 96 hours the mixture was filtered and the solid phase dried under an
infrared lamp. After drying the material was examined by X-ray powder diffraction

which revealed only the presence of AgCl *.

This suggests that in an acidic chloride solution, the formation of AgCl from Ag,S

can be effected by the use of copper (I) salts. The reaction scheme proposed here
implies that the formation of AgCl from Ag,S occurs after copper (I) has been

oxidised to copper (II) by atmospheric oxygen.

4.5 Stage 2 — the reaction between the product of stage 1 and

mercury in strong chloride solutions.

To study this reaction, the amounts of reactants, shown in Table 4.1 experiment 3a,
were mixed together and stirred for 24 hours. After 24 hours mercury was added, and
the mixture stirred for a further 72 hours. Shortly after the addition of the mercury,

the solution became dark brown in colour. Small samples c;f the supernatant liquid
were found to decolourise potassium permanganate solution, indicating the presence
ofa redpcing agent. The brown colour is probably caused by the formation of mixed
valence complexes of copper (I) and copper (II). Mercury is known to reduce copper
1)) chloride solutions, ultimately to copper(l), and these mixed vaience complexes

are presumably intermediates in that process. They are known to be brown in

colour'™'3, and their reducing powers are a mark of the presence of copper (1);

After 72 hours the mixture was filtered and both phases dried under an infrared lamp.
X-ray powder diffraction patterns, Figure 4-7, recorded from both phases showed the

following constituents:
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Insoluble Phase - AgCl*, Ag;Hg; crystalline amalgam '° , Cuy(OH);CI

, and Hg,Cl, calomel 208
Soluble Phase - CuCL.2H,0 7, and NaCl ¢
% —= Ag,Hg,
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Figure 4-7 X-ray powder diffraction pattern recorded for the solid precipitate

from the mixture Ag,S/CuCl,/NaClVHg, Expt3a

The detection of the crystalline amalgam was gratifying. It should be noted that
although fresh mercury would normally be added during the final stages, no addition
was made here because the amalgam would then be made liquid, and as such useless
for X-ray powder diffraction.

The presence of atacamite in the product can be attributed to its formation during the
generation of AgCl in stage 1, and a subsequent absence of any reaction with the
mercury. The presence of calomel, Hg;Cl, , shows that substantial amounts of

mercury are oxidised in the chloride solution. Since the X-ray diffraction
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examination did not show the presence of AgCl it can be concluded that virtually all

. ofthe AgCl has been converted to amalgam.

In Section V4.4.2, elemental sulphur was detected as a product in stage 1. It is well
known that mercury reacts with elemental sulphur to form cinnabar, HgS 2!, so there
was an expectation that this substance would appear among the final products. In the
experiment just described, this was not the case, probably because the amounts of
sulphur, and therefore of HgS, are very small in comparisbn with those of other
mercury products such as calomel. However, when the experiment was repeated with |
a lower concentration of the chloride solution (Table 4.1, Experiment 3b), then after
filtration of the solid, X-ray powder diﬂiraction analysis did reveal the presence of
HgS, shown in Figure 4-8. It was also noticeable that the samples of amalgam
product, described in Section 4.3 during the original test of the chemical model, were
contaminated by a purple surface dust. This dust gave an X-ray powder diffraction
pattern identical with that of HgS. These are the first recorded cases of this product

being observed in investigations of the amalgamation process.
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Figure 4-8 X-ray powder diffraction pattern recorded for the solid product

obtained from reaction of Ag,S/CuCl,/Hg in CI solution, Expt 3b.

In order to confirm that Hg could reduce AgCl in strong chloride based solutions, a
reaction was devised whereby only AgCl, Hg and NaCl were present (Table 4.1
experiment 3c). After the reaction had been allowed to proceed for 72 hours, the

mixture was filtered and the solid materials examined by X-ray powder diffraction.

The pattern recorded, shown in Figure 4-9, from the solid showed only the following

peaks:

Insoluble Phase - Hg;Cl, calomel *° , AgHg amalgam ? , and AgCl* .
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Figure 4-9 X-ray powder diffraction pattern recorded from solid product

obtained from AgCVHg in strong CI solution, Expt 3c.

The data obtained from this experiment confirms that mercury can reduce silver
chloride to silver which reacts with excess mercury to form an amalgam. The

mercury that acts as the reducing agent is oxidised to calomel, Hg,Cl,.

As can be seen in the above results, the second stage of the process is relatively
straightforward: the direct reduction of the silver-containing products from stage 1 by

mercury. If the amalgamated product is written Ag,Hgs, the reaction is:
SHgq +2AgCls) > AgHgs) + HgaClyy (4.5)
4.6 The substitution of iron for copper.

It is well-known that the magistral ingredient employed in the amalgamation process
often contained iron salts as well as those of copper, and that if pure chemical
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compounds are used instead, both copper (II) and iron(IIl) salts can bring about a

successful extraction. Iron and copper, therefore, probably play similar chemical

roles. If so, a study of the process using an iron reactant might well provide

additional support for the réaction scheme that was proposed in Sections 4.4 and 4.5

for the copper-based process. In the hope f(hat this was so, the amalgamation pfocess :

was attempted using iron (IIT) chloride instead of copper (II) chloride. The masses of

reactants are given in Table 4.1 (Experiments 4a and 4b). In both experiments the

ratio of Fe to Ag was 1:1. |

After 96 hours the reaction mixture from experiment 4a, to which no Hg had been

added, was filtered and the solid material dried. The filtrate, which had been bright

yellow when the reaction began, was colourless; One portion was partially

evaporated under an infrared lamp. The other was used for the following tests:

(i) A small portion of the solution was added to dilute KMnO, solution the
purple solution became colourless, indicating that reduction had occurred.

(ii) A second portion was added to bromine water. The bromine was
decolourized, again indicating that reduction had occurred.

(iii) - A third portion was added to a solution of potassium ferricyanide: a dark blue
solution formed, indicating the existence of Fe** ().

(iv) A final portion was added to ammonium thiocyanate to test for F e** ag- The
test for this proved negative.

The above tests show that a reducing agent has been produced in the solution, and

that this reducing agent is Fe2+(.q) . Test (iv) also shows that the reduction of Fe3+(,,q)

by Ag,S is virtually complete.

After 4 hours the solution which had been evaporating under an infrared lamp was

examined using the same tests. During this lapse of time, the colour of the solution
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had changed from colourless to yellow/orangé, itself indicative of Fe** (5. Overall
the results were the same with only two differences. The first difference was that the
intensity of colour change in the first three tests was slightly diminished. Secondly
the thiocyanate test for Fe** proved positive, indicating the formation of Fe** during
the partial evaporation. After these tests the remaining solution was evapbrated to
dryness under an infrared lamp. |

The material left after evaporation of the filtrate was examined by X-ray powder
diffraction. This analysis showed the presence of FeCL.2H,0 23 which agreed with
the observations above. The chemical analysis above shows pamal atmogpheric
oxidation of iron (IT) had occurred during the ew)aporatidn of the reduced solution
under the infrared lamp. There was no Xfray powdef diffréction evidence for the ‘
formation of FeCl;.6H,0.

It should be noted here however that since Fe** i)recipitates out of solution at a pH of
3, and the pH was not directly measured in thls reactioﬁ it may be possible that some
of the F e** m the reaction to be present in the solid residue. Since X-ray powder
diffraction didn’t finds any evidence of this, any formation is small.

The solid material from the reactlon was also analysed by X-ray powder diffraction,
Figure 4-10. The analysis showed the powder contained both Ag,S and AgCL After
careful analysis of the pattern and comparison with a standard patiefn recorded from
a known mixture of Ag,S and AgCl, it was determined that the mixture was biphasic

with a concentration of 50% for each component.
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Figure 4-10 - X-ray powder diffraction pattern recorded from the solid residue

when Fe is substituted for Cu in a Ag:Fe ratio of 1:1, Expt 4a.

In the original reaction mixture, the Fe : Ag molar ratio was 1 : 1. It seems that under
these conditions, there is insufficient iron (III) to oxidise all of the Ag,S. This means
that all of the Fe’*q) can be reduced to Fe**(,,). The re-oxidation back to Fe**(ag by
atmospheric oxygen at room temperature is slow, much slower, for example, than the
corresponding oxidation of copper(I) to copper(II) in the more common copper-
based process. Only when the solution is warmed and concentrated as in the
evaporation experiments, does atmospheric oxidation become reasonably fast. In
further experiments where the molar ratio Fe : Ag is 2 : 1 or greater, there was
enough iron(III) to oxidise all of the silver sulphide, and the yield of AgCl was then

found to approach 100%, shown in Figure 4-11.
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Figure 4-11 X-ray powder diffraction pattern recorded from the solid residue

when Fe is substituted for Cu in a Ag:Fe ratio of 2:1.

The second experiment to be carried out using iron instead of copper was a
simulation of the full amalgamation process. The analytical procedure was identical
to that carried out for the copper system in Section 4.5. The yield from this analysis
was again found to be ~90%. This result agrees with the earlier hypothesis that the
second stage of the process only involves the reaction of mercury with the AgCl that
is formed in the first stage. The first stage appears to be:

2Fe* ag) + Ag2S(s) + 2Clag) > 2AgCl) + 2Fe* o) + S (4.6)
The analogy with the copper-based system is obvious. In both cases, the higher
oxidation state of the transition metal is reduced to the lower in concentrated chloride
solution. Moreover, support for the scheme of reaction 4.6 is provided by a recent
study of the iron (III) chloride/ silver sulphide reaction in hydrochloric acid which
came to essentially the same conclusions®. To be consistent with the conditions of
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the amalgamation process, no acid was added in the experiments here, but the

agreement is nevertheless encouraging.
4.7 Thermodynamics of the redox reactions.

As reviews of the chemistry of the amalgamation process reveal, it is stage 1, the
reactiqn by which silver sulphide is converted to silver chloride, that is the main
source of uncertainty. This work suggests that the reaction is an oxidation of Ag,S by
either Cu™ (s or Fe*'(sq) in chloride solution. The thermodynamics of these reactions
are quite informative. The following standard redox potentials were calculated from

the Gibbs energies of formation given by the U.S. National Bureau of Standards: 2°

2AgCly + S + 2¢ = Ag:S + 2Clag E=043V
Cu®' ey + 3Clag +e = [CuCLPP ey E=0.50V
Feup + e = Fe¥'ug | E=077V
Oxg + 4H'aq + 4e = 2H,0q =123V

The values show that the oxidation of silver sulphide to silver chloride and sulphur
by either Cu?* (o) or Fe** (g is indeed thermodynamically favourable under standard
conditions (unit activities of reactants and products). They also suggest that, after
reduction to copper (I) or iron (II), the regeneration of Cu** (g or Fe**q by
atmospheric oxidation is also thermodynamically favourable. Although the figure of
1.23 V for the oxygen electrode refers to unit activity of hydrogen ions, in the pH
range of 3-4 which prevails in the solution, the value will only be lowered to about
1.0 V. Thus oxidation of copper (I) or iron (II) by atmospheric oxygen is stili very
favourable in a thermodynamic sense. In the case of copper, this oxidation is fast; in
the case of iron, it is rather slow at room temperature.

Perhaps the most interesting feature of the redox potentials is the small difference
between the values for the silver and copper systems. It is 0.07 V, and this suggests
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only a small equilibrium constant for the reaction of copper (IT) with Ag,S in
chloride solution. However, these standard potentials refer to a situation of unit
activity in aqueous chloride ions. In the amalgaination process proper, .and in the
model used here, the concentrations, and therefore the activities of chloride are much
higher than this. This tends to depress the redox potential of the silver system, and
raise that of the copper one. Consequently the difference is increased, the reaction
becomes more favourable, and a greater degree of oxidation of Ag,S by copper (II)
becomes possible at equilibrium. The high chloride concentration may also have
valuable kinetic effects. It renders potentié.lly insoluble products, the monochlorides
of silver and copper, at least partially soluble in the form of chloride complexes, and
prevents them from inhibiting further surface reactions. In summary then, the effects
of the high chloride concentration may have beneficial results in both a kinetic and a
thermodynamic sense. However, if the [CuCL}* uq product is being continuously
removed by atmospheric oxidation, the thermodynamic effect wiil probably not be a

crucial one.
4.8 The reaction between Ag,S and CuCl, in dilute CI solution.

Eargallozs and Rickard® have previously reported that one of the products of this
reaction was the formation of a copper sulphide. The difference between the two
reviews lies in the oxidation state of the copper. Bargallo® states that the oxidation
state is +2, while Rickard® points out that both copper (I) and copper(II) sulphides
have been suggested as possible products. So far in this investigation, as in the real
amalgamation process, reactions have been performed in concentrated chloride
solution. Under these circumstances, no direct evidence has been found for the
existence of copper sulphide products; the main copper product is atacamite.
However, when the atacamite was removed from the insoluble phase with acid
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during the experiments bf Séction 4.4.1, the acid-insoluble phase still contained |
small quantities of copper, and a combination of classical and spectroscopic analysis |
showed that an upper limit could be assigned to them that might be as high as 10% of
the total copper. As copper sulphides were precipitated in the presence of dilute
hydrochlorie acid during classical qualitative analysis?, it is possible that this acid-
insoluble copper might take the form of copper sulphides. High chloride
concentratiohs tend to convert the copper to acid-soluble chloride-containing species
ﬁuch as [CuCL]* g and atacamite. If copper sulphides are pfesent in the acid
insoluble residue, their abundance and detectability might be increased by lowering
the background chloride concentration. In ﬂ1e hope that this was the cése, the

reaction between copper (1) and Ag,S was carried oui with a mixture of just Ag,S
and dissolved CuCL.2H;0 in the absence of any additional background chloride
(Table 4.1, experiment 5).

After the reaction had been allowed to proceed for 96 hours, the mixture was
separated and both phases dried under an infrared lamp. After drying, X-ray powder
diffraction characterisation was carried out. |

The data re;;orded from the solid material formed, shown in Figure 4-13, showed the
presence of AgCl with small peaks in the background. After comparison of these
peaks with those stored in the JCPDS library it was found that these matched many

different copper sulphide systems.
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Figure 4-12 X-ray diffraction pattern recorded for residue from reaction

between in Ag,S and CuCl, in low CI' concentration, Expt 5.

To determine whether these copper systems were acid-soluble, and in the hope of
reducing the number of possibilities, the solid material was washed in 2M HCI for 48
hours. After the material had been separated and dried, the X-ray powder diffraction
pattern was again recorded (Figure 4-13). The pattern again showed the presence of
another phase which had not diminished in intensity. The peaks are associated with

acid-insoluble products. Such acid insolubility is a property of Cu,S and CuS.
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Figure 4-13 X-ray diffraction pattern recorded for residue from the washing of

sample shown in Figure 4-12 with HCI, ExptS5.

In order to determine whether the existence of copper sulphides affected the reaction

in any manner, the following procedure was adopted. Cu,S and CuS were mixed with

CuCl,.2H,0 and stirred for 96 hours. After 96 hours the powders were filtered off,
evaporated to dryness under an infrared lamp, and the X-ray powder diffraction

pattern recorded, Figures 4-14 and 4-15.
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Figure 4-14 X-ray diffraction pattern recorded for residue from reaction

between CuS and CuCl,.
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Figure 4-15 X-ray diffraction pattern recorded for residue from reaction

between Cu,S and CuCl,.
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The pattern from the CuS?® system showed only the presence of the’ original copper
sulphide, with the possibility of a few peaks assigned to oxidation products.

The pattern from the Cu,S system showed the presence of Cu,(OH);Cl also in the
system. This indicates that oxidation of some copper (I) in Cu,S has taken place,
probébly by atmospheric O,. This observation gives credence to the view that in the
reaction copper (I) is oxidised to copper (II) which then undergoes one of two further
reactions. Either the reduction back to copper (I) or, if the pH is high enough, the
formation of Cu,(OH);CL The observation also reveals the instability of Cu,S under
the conditions of the historical extraction process, and makes it less likely that it is a
significant final product.

Because there was no evidence of copper sulphides in the patterns recorded from the
experiments carried out in a high chloride concentration, the following explanation is
proposed. In solutions where the concentration of chloride is high, the copper (I) that
is formed is co-ordinated by CI ions, and held in the solution. This solubility allows
the copper (I) to be oxidised back to copper (I) by atmospheric oxygen. In low
concentrations of chloride, the copper (I) may form a sulphide by reaction with Ag,S.
However, under the conditions that prevail in the model process used here, the
different form taken by stage 1 at low chloride concentration seems to have little
effect upon stage 2 because a satisfactory amalgam is obtained. This was confirmed
By adding mercury to the reaction mixture after 24 hours and examining the product
by chemical analyses, identical with those used for the validation of the model in

Section 4.3, and by X-ray powder diffraction.
4.9 Conclusion.

Using the results presented above, it is now possible to present a reaction scheme for

the chemistry of the amalgamation process. As stated earlier, the real historical
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process was carried out at very high concentrations of chloride ions which were

generated by the use of salt. The proposed reaction scheme under these conditions is

as follows. |

6] Aqueous copper (II) oxidises Ag,S to elemental sulphur, with the formation
of AgCL by undergoing reduction to copper (I) complexes, the principal
product being [CuCL ug:
2Cu™ g +Ag:Se) + 8Clag > 2AgCly) + 2[CuCl;]2'(aq), + S(;) 4.1)

(ii)  The copper (I) complexes are then oxidised to copper (II) by the effect of the
oxygen absorbed from the air. The nature of the copper (II) product depends
upon the pH. Initially, the aerial oxidation will regenerate soluble copper (II)
in the form of the aqueous ion, Cu** (), or its weak chloro-complexes that
exist at high chloride ion concentrations:
2[CuCL g + 1/20,(g) +2H g > 2Cu* (g + H,0+ 6Cl(ey  (4.3)
This soluble copper (II) is then freshly available for further oxidation of Ag,S
via equation 4.1. However, eventually, the pH increase brought about by
equation 4.3 will cause the regenerated copper (I) to be precipitated as
atacamite. This seems to occur when the pH reaches a value of about 4:
2CuClL% g + 1/204(g) + 2H,0 - Cu,(OH);Clg) + 5Clag + H' oy (4.2)
This removes the copper from any further participation in the reaction.

(ili) Once mercury has been added, the silver chloride that is formed in equation
4.1 can undergo reduction to silver amalgam, the other product being -
calomel:

(n+2)Hgg + 2AgClg > Ag:Hgus + Hg.Clay 4.7)

(iv) Mercury, however, also reacts with the sulphur generated in reaction 4.1 to

form cinnabar, HgS:
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Hgy + S > HgSgy 4.8)
This-reaction provides one of the reasons why an amount of mercury greater than
that needed just to reduce silver chloride to silver is consumed in the overall process.
Another potential reason is that observed in Sectiori 4.7: the reaction with dissolved
copper (II) chloride to give, in the first place, mixed valence complexes of copper(l)
and copper(Il). If the copper (I) produced in this way then underwent atmospheric
oxidation via equation 4.3, the soluble copper(Il) that is produced would become
available for the destruction of further mercury. Much mercury could thereby be
wasted. This could explain why historical accounts of the process note that the
addition of too much magistral to the reacting mass increases the consumption of
mercury'. It also provides a reason why the addition of mercury to the reacting mass
is delayed. The interval allows time for the salt, the copper (II) and the silver ore to
become thoroughly mixed, énd for a substantial amount of soluble copper to be
converted into insoluble atacamite. In this form, the copper (II) does not react with
mercury. Percy' noted that a green precipitate was often observed on the surface of
the reacting mud. This is presumably the atacamite product. |
When the high concentrations of chloride that existed during the real amalgamation
process are made a part of the model used in this work, no direct evidence is found
for the formation of copper sulphides. It is, however, possible that such sulphides
account for the small amounts of copper that occur in the acid-insoluble residue left
after the reaction is over. However, the major insoluble copper product is certainly
atacamite, and this rules out the reaction schemes proposed by Bargallo %6 and
Rickard 3. Stronger evidence of copper sulphide formation is found when the
chloride concentration is lowered, but is of very limited relevance for the real process

in which the different elements were used in aratio Ag: Cu:Hg:Clof2:3:6:
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120. Here, the high chloride concentration keeps the copper (I) and silver (I) chloride
species in at least a partially soluble form and prevents them hindering surface
reactions. It would also allow the copper (I) complex, and any soluble copper (II)
into which it is converted by aerial oxidation, to percolate through the entire mass of
treated ore. This would have a beneficial effect on the kinetics of the process, and
favour the reaction scheme proposed here at the expense of one in which insoluble
sulphides are formed.

The reactioﬁ scheme proposed above can now be used to understand the physical
operations in stages (iii)-(v) of the process as outlined in the introduction to this
thesis:

Stage (iii) — Salt was added to the wet mixture which was then thoroughly
trodden. This would ensure that a concentrated aqueous chloride solution was
thoroughly dispersed throughout the entire mass of treated ore.

Stage (iv) — The addition of ‘magistral’; this would react with the silver
sulphide to form thé copper (I) and AgCl species which, due to the concentrated
chloride medium, would exist either wholly or partially in the form of soluble
chloride complexes. The copper (I) could then be oxidised by atmospheric oxygen to’
form either soluble copper (II) or atacamite. Soluble iron (III) in the magistral would
also oxidise silver sulphide in a similar fashion but, in this case, the atmospheric
6xidation of the iron (II) product that is formed is slow.

Stage (v) — The addition of mercury reduces the silver chloride or its chloride
complexes. Further mercury then forms an amalgam with the silver that is formed.
Of the previous work carried out on this system the reaction scheme which agrees
most closely with this work is that of Percy 2. Percy only published the results of his

studies of the reaction between copper compounds and Ag,S in a chloride medium,
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but he noted the formation of elemental sulphur and copper (I) which he assumed to
exist as the monochloride. He also recognised that the copper (I) species was
oxidised by air to a basic chloride of copper. He promised a completed study of the

amalgamation process at a later date, but this work remained unpublished at his

death.
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CHAPTER 5 - RESULTS AND DISCUSSION

RARE EARTH DOPED HEXAFERRITES.



5.1 Hexaferrites prepared by the calcination of oxides.

5.1.1 X-ray powder diffraction.

The X-ray powder diffrac(ion patterns recorded from samples made by the
calcination of oxides are shown in Figure 5-1. The patterns show the presence of
SrFenO;g‘or a SrFe,0y¢-related phase. The peaks resulting from the silicon standard

used to calibrate the positions are indicated.
5.1.1.1 Laftice Parameters.

The unit cell parameters were calculated using a standard least squares ﬁttixig routine
supplied by Siemens and also by using the DICVOL91" program. Three different
measurexﬁehts were carried out on each sample. The calculated unit cell parameters

were independent of the program used and are presented in Table 5-1.
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Figure 5-1 X-ray powder diffraction patterns recorded from hexaferrites made

by calcination of oxides, arrows mark the Silicon peaks.
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Sample a () c(A) Vol (As)

SrFe 2019 5.888(0.017) | 23.040(0.086) | 691.8(6.6)
Sro.9sEug.osFe12019 |- 5.883(0.016) | 23.041(0.081) | 690.6(6.5)
Sro90Eug.10Fe12019 | 5.885(0.015) | 23.051(0.085) | 691.3(6.2)

| Sro,gsLao,osFeﬁOlq 5.882(0.071 5) | 23.042(0.084) | 690.4(6.0)
SrogeLag.10Fe12019 | 5.879(0.021) | 23.026(0.081) | 689.1(8.2)

Table § -1 - Unit cell sizes for hexaferrites formed by the calcination of oxides.

The data show no change in unit cell size within the errors of the measurement, when

SrFe 2019 is doped with rare earth elements by solid state reactions. The resulfs

' i . . . . . . . 2+,
reflect the relative sizes of the cations involved. The ionic radius of Sr ina 12 co-

ordinate Sr-O system 2 is 158 pm, while the ionic radius for La3+ in the same co-

ordination system 2i5150 pm. In order to conserve charge balance in the system a

+ ., . 2+ . . .
Fe  cation is reduced to Fe~ , which according to Sauer et al® occurs at the 2a site

where the Fe is tetrahedrally co-ordinated by oxygen. Shannon et al* has reported
that the ionic radius of F ¢ when tetrahedrally co-ordinated by oxygen is 49 pm,
whereas that of Fe’' in similar co-ordination is 63 pm. Therefore when Fe3+ is

2 . . -
reduced to Fe * there is an increase in radius of 14 pm. In these systems there are

competing changes in the unit cell size, which results in no overall change in lattice

parameters.
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5.1.2 X-ray Absorption Fine Structure (XAFS).

5.1.2.1 SrK-edge.

The Sr K-edge XAFS data for two samples are shown in Table 5-2. A typical
spectrum is shown in Figure 5-2. The results agree well with the single crystal data

published by Kimura et a15, which are given in Table 5-3.

Sample Shell | Element | CN | R(A) | 262 (3% | R-value
StFe;;019 | 1 O | 6 | 273 0.026 32.8
2 0] 6 | 290 | 0.028
3 Fe 3 | 339 | 0.023
4 Fe 12 | 362 | 0.025
SrogoEug 1oFe2O | 1 | O - 6 274 | 0.026 40.7
2 | O 6 | 291 0.026
3 Fe 3 | 337 | 0.022 )
4 Fe 12 | 362 | 0.025

Table 5 -2 Best fit parameters for Sr K-edge XAFS data recorded from

hexaferrites pfepared by the calcination of oxides.
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Shell | CN | Atom | Radius (A)
1 6 (0) 2.820
2 6 0] 2.946
3 3 Fe 3.399
4 12 Fe 3.650

Table 5 -3 Crystallographic environment of Sr in SrFe ;0,9 derived from single

crystal X-ray diffraction data’
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Figure 5-2 Sr K-edge XAFS recorded from SrFe;0o.
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5.12.2 FeK-edge

The Fe K-edge XAFS were measured in order to confirm that the rare-earth element
was not doping onto a Fe site. The data once recorded were found to be complicated
for the reason outlined below. |
Due to the nature of the SrFe;,0 structure, there are 5 crystallographic Fe sites,
Section 1.3.1, and so the Fe K-edge XAFS is complex. These sites each eject a
photoelectron which contributes to the observed XAFS oscillations.
In order to analyse the recorded data it was necessary to construct a model structure
using single crystal data, with the calculation for the average distances being
weighted over the five iron sites. The average distances shown in Table 5-4 were
chosen as the distances fell naturally into these sets. The average co-ordination
number was calculated using a similar method with the value being determined from
the number of atom types found at the distances set. All average values were
calculated across the five Fe types. The Table indicating the maximum and minimum
values of the interatomic distances for each range.
The Fe K-edge XAFS data recorded from SrFe ;019 and lanthanum doped
hexaferrites closely matched that used in the model outlined above, an example of
such a fit is shown in Figure 5-3.
The data was collected in order to confirm whether the dopant resided on the Sr or Fe
site. The recorded data suggests that the dopant has no measurable effect on the Fe ‘
K-edge XAFS, thus confirming that doping takes place on the Sr site.

The XAFS data recorded from the Fe K-edge are shown in Appendix 1.
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Shell | CN | Atom | Distance (A)
1 3.9 (0] 1.9+0.1
2 1.6 0) 2.1+0.1
3 3.0 Fe 2.95+0.1
4 1.3 Sr 3.45+0.2
5 5.4 (0) 3.45+0.2
6 6.5 Fe 3.45+0.2

Table 5 -4 Average Fe K-edge XAFS calculated for SrFe; ;0,9 to a distance of

5A.
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Figure 5-3 Fe K-edge XAFS data recorded from SrFe ;0,9 and fitted to the

average model.
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5.1.2.3 LaLy-Edge

Sample Shell | Element | CN | R(A) | 26%(A% | R-value
Srog0lag 10Fe12019 1 0] 6 2.72 0.007 35.1
2 0] 6 3.01 0.011 |
3 Fe 3 3.47 0.019

Table 5 -5 Best fit parameters to La Ly; edge XAFS recorded from hexaferrite

prepared by the calcination of oxides.

The La Ly edge data recorded from SrogLag 1Fe 20,9, shown in Table 5-5, matches
that recorded from the Sr K-edge, $hown in Table 5-2. Tms indicates that the La
cétion has substituted onto the Sr site. This is consistent with the suggestion of van
Diepen et al® based upon Mbssbauer spectral data recorded from LaFe;20,9. The data
reported here are the first structural evidence for such a process.

It was not bossible to collect Fe K-edge XAFS data from the europium-containing
samples since the energy of the Fe K-edge (7112 eV) is close to that of the Eu Lig

edge (6972 eV).
5.1.3 X-ray photoelectron spectroscopy.

Data obtained from the computer analysis of the calibrated X-ray photoelectron

spectra are shown in Table 5-6. A spectrum is shown in Figure 5-4.
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Sample Element | Electronic Level | Binding Energy +0.1 (eV)
SrFe;2010 Fe 2p 710.3
Sr 3d 1333
Sro9sEug 0sFe12019 Fe 2p 710.5
Sr 3d 133.2
Eu 4f 1134.8
Sro.90Eug 10Fe12019 Fe 2p 710.4
Sr 3d 133.2
Eu 4 1134.6
Srog9sLagosFe12019 Fe 2p 4 710.4
Sr 3d ’ 1333 ‘
La 4f 8344
Sro goLag.10F€12019 Fe 2p 710.2
Sr 3d 133.1
La 4f 835.3

Table 5 -6 Binding energies recorded by X-ray photoelectron spectroscopy.

When the data are compared with that recorded from standards (Table 5-7) and in the
literature™, it is found that the Sr and Fe are present as the Sr?* and Fe** cations. The
data collected from the rare earth elements broadly match those collected from Eu,0;
and La;0; (Table 5-7). As such they indicate that these elements are in the tripositive

state.
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Compound | Cation | Electronic Shell | Binding Energy (eV)
Fe,0; Fe’ 2p - 710.87,711.0°
Src03 T 3d 133.6
Eu,05 Eu” 4f 1132.2
La;0; La™* 4f 833.7

Table 5 -7 Binding energies of standards used for the interpretation of recorded

XPS data.

Due to the ldw level of dopant the recorded X-ray photoelectron spectra from the
:rare’e‘arth eléments show a broad peak of little intensity. As a result the assignment
of peak centre, and subsequently binding energy, is difficult and contains a relatively
1arge degree of erfor. Such an explanation can be used to explain the difference, ~ 1.5
eV, betv»veen\the rare earth oxide sfandards and the recorded data.

The presence of Eu®* and La** would be éxpected to produce aFe?* component.
However, due to the low level of dopant used here any contribution arising from Fe?*
is masked by the large Fe** component. A shoulder on the Fe** spectrum and a

satellite peak at 714 eV would normally indicate the presence of F e,
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Figure 5-4 X-ray photoelectron spectrum recorded from SrFe;;0.
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' 5.1.4 Scherrer crystallite size analysis.

Crystallite size analysis was carried out using the Scherrer equation on the recorded

X-ray powder diffraction data. The results are shown in Table 5-8.

Sample Peak Position | Size (nm) Peak Position Size (nm)
20 (26°)

SrFe12019 34.20 490 32.35 570
Sro.9sEug 0sFe 12019 34.26 800 3241 880
Sro.90Eug.10F€12019 34.26 700 3241 600
SrossLagesFenO | . 34.14 740 32.29 890
Sro.90Lag 10Fe12019 34.26 670 3241 650

Table 5 -8 Crystallite sizes obtained by the Scherrer method for hexaferrites

prepared by the calcination of oxides.

The average particle sizes, obtained from applying the Scherrer equatién to the X-ray
powder diffraction data, vary according to composition. The particle size for the
undoped system is smaller than that for the doped systems. As outlined in Chapter 3,
the method of synthesis used in the preparation of these samples involves calcination
of the oxides at 1250°C until phase purity was achieved. During the synthesis of the
undoped system, phase purity was achieved after 48 hours. Contrastingly the doped
samples required ~ 120 hours to achieve phase purity. It has been accepted for some
time that thermal treatment of a sample at elevated temperature causes the particle
size to increase’. Thus the SrFe ;0,9 sample heated for 48 hours has a smaller

particle size than doped samples heat treated for 120 hours
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The difference between the particle sizes given by the two angles, can be put down to
error in peak definition. Although it may have been ideal to use more peaks, it

proved difficult to get reliable data from peaks at higher angles.
5.1.5 Madssbauer Spectroscopy.

The 5~7F e Mdssbauer parameters from spectra recorded at 25K, 55K, 77K, 155K,
215K, and 298K are shown in Tables 5-9 to 5-13. The fitting process applied the
same constraints to the fitting of all spectra. The constraints were:

(i) Standard Lorentzian lines.

(ﬂ) Equal width of peaks in the sextet.

(iii) The area of the outer lines being three times the area of the inner lines.

The middle lines were allowed to fit freely.
5.1.5.1 5"Fe Mossbauer spectra recorded from SrFe; ;0.

The *"Fe Mdssbauer parameters obtained from computer fitting of the spectra are
shown in Table 5-9. The spectra are shown in Figure 5-5. The assignment of the
subspectra with specific Fe sites in the SrFe;,0,9 structure are based upon the |

interpretation of spectra of StFe1,0,¢ reported by Evans et al'd,
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Tewp (K) | Site | 60.03 (mms’) [ A+0.05(mms”) | Hx0.5(T)
298 2a 0.35 0.00 50.9
afy 0.27 0.18 49.6
4% 0.39 0.26 524
“2b 031 2.26 40.9
12k 7036 0.42 414
215 2a 0.23 0.06 483
af; 0.31 0.14 503
4%, 0.40 0.22 522
2b 7039 2.34 417
T2k 7039 0.40 439
155 2a, 4f; 0.43 0.34 53.0
af; 0.34 0.14 50.8
2b 7038 2.32 2.2
2k 0.44 0.40 472
77 | 22,46, 46 0.41 0.16 52.6
2b 0.40 2.24 422
12k 0.45 0.34 29.9
55 2a, 4, 4, 0.42 0.20 52.8
b 0.42 2.26 423
1k 0.45 0.34 50.2
25 2a, 4, 4f; 0.42 0.22 52.9
2b 0.44 2.28 24
12k 0.45 0.34 50.5

Table 5 -9 - S’Fe M&ssbauer parameters recorded from SrFe;;0,9 prepared by

the calcination of oxides.
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Figure 5-5 S7Fe Mossbauer spectra collected from SrFe ;0,9 at various

temperatures.
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5.1.5.2 5'Fe Mossbauer recorded from SryosEugosFe 20 10.

The 3’Fe Mssbauer parameters obtained from computer fitting of the spectra are

given in Table 5-10. The spectra are shown in Figure 5-6.

Temp (K) |  Site 5+0.03 (mms™) | A+0.05(mms™) | Hx0.5(T)
298 2a 0.34 0.06 50.8
4f) 0.27 0.18 49.4
4f, ~0.38 0.26 523
2b 0.31 2.28 40.9
12k 0.36 - 0.42 41.4
215 2a 0.19 0.00 47.8
4f) 0.31 0.14 50.2
4f, 0.39 0.18 52.2
2b 0.34 2.32 41.4
12k 0.38 ©0.38 43.7
155 2a, 4f) 0.42 0.18 52.8
4f, 0.34 0.14 50.7
2b 0.38 | — 232 42.4
12k 0.43 0.38 47.2
77 2a, 4f;, 45 0.41 0.20 52.7
2b 0.36 2.20 41.6
12k 0.43 0.34 49.9
55 2a, 4f}, 46 0.43 0.20 52.8
2b 0.31 2.34 | 42.1
12k 0.44 0.34 50.1
25 2a, 4f), 45, 0.42 0.22 52.8
2b 0.38 2.20 41.8
12k 0.45 0.32 50.4

Table 5 -10 5Fe Massbauer parameters recorded from SrggsEugosFe 20149

prepared by the calcination of oxides.
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Figure 5-6 57Fe Mssbauer spectra recorded from SrggsEuggsFe;20,9 at various

temperatures.
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5.1.5.3 5"Fe M&ssbauer spectra recorded from SryooEug 10Fe;20 1.

The *'Fe Mdssbauer parameters obtained from computer fitting of the spectra are

given in Table 5-11. The spectra are shown in Figure 5-7.

Temp (K) |  Site §+0.03(mms") | A+0.05(mms") | H+0.5(T)
298 2a 0.35 0.00 50.8
4f; 0.31 2.24 40.8
T 4h 0.27 0.16 49.5
2b 0.38 0.26 52.3
12k 0.36 0.41 41.4
215 2a 0.21 0.00 48.2
4f, 0.32 0.12 50.3
4f 0.40 0.20 522
~2b 0.37 230 41.8
12k 0.40 0.38 442
155 2a, 4f, 0.44 0.20 52.7
4f 0.33 0.14 50.6
2b 0.39 2.36 422
i 12k 0.43 0.38 47.1
77 | 2a,4f;, 46 0.42 0.18 522
2b 0.41 2.24 41.8
12k 0.45 034 49.9
55 | 2a,4f;, 45 0.43 0.22 52.5
2b 0.40 2.26 42.0
12K 0.45 034 50.0
25 2a,4fi,46 | 042 0.22 »_ 52.9
2b 0.40 2.20 41.9
12k 0.44 0.32 50.5

Table 5 -11 ’Fe M&ssbauer parameters recorded from SrygoLag 10Fe;2019

prepared by the calcination of oxides.
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Figure 5-7 5"Fe Mossbauer spectra recorded from SrgggEug oFe ;049 at various

temperatures.
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5.1.54 S"Fe Mdssbauer spectra recorded from SrossLaggsFe:0s.

The 5'Fe Mdssbauer parameters obtained from computer fitting of the spectra are

given in Table 5-12. Spectra recorded are shown in Figure 5-8 .

Temp (K) Site | §+0.03(mms") | A£0.05(mms") | Hx0.5(T)
298 2a 0.34 0.00 - 50.8
4f, 0.27 0.16 49.5
4f, 0.38 0.30 52.3
2b 0.31 2.24 40.9
12k © 036 0.40 41.5
215 2a 0.19 0.00 48.9
4f, 0.30 0.14 51.2
4f, 0.41 0.22 53.4
2b 0.35 2.36 42.5
B 12k 0.40 040 - 44.6
155 | 2a4f 0.44 0.30 54.3
4f, 0.36 0.18 52.1
2b 038 2.10 42.3
12k 0.47 0.42 48.4
77 2a, 4f}, 4f; 0.44 0.22 53.5
2b 0.42 2.28 - 42.8
12k 0.45 0.34 50.7
55 2a, 4fy, 46 0.45 0.22 53.6
2b 0.43 2.36 43.1
12k 0.45 0.34 50.8
25 2a, 41, 45, 0.42 0.24 53.7
2b 0.43 2.26 42.7
12k 0.45 0.34 51.8

Table 5 -12 SFe Mdssbauer parameters recorded from SryosLag osFe;2019

prepared by the calcination of oxides.
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Absorption / Arbitrary Units

Velocity / mm s’

Raw Data Envelope 2a 2b 4f1
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Figure 5-8 57Fe Mossbauer spectra recorded from SrgosLagesFe 2049 at various

temperatures.
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5.1.5.5 57Fe Maossbauer spectra recorded from SrygoLag oFe;3019.

The >'Fe M&ssbauer parameters obtained from computer fitting of the speétra are

given in Table 5-13. The fitted spectra are shown in Figure 5-9.

Temp(K) |  Site 5+0.03 (mms™) | A+0.05(mms™) | H+0.5(T)

298 2a 0.35 0.00 50.6
4f; 0.27 0.16 49.4

4f, 0.39 0.30 523

2b 0.31 2.24 41.0

12k 0.36 0.40 41.7

215 2a 0.23 0.00 48.8
af; 0.32 0.14 51.0

4f, 0.41 0.24 53.1

2b 0.35 2.36 42.2

12k 0.39 0.38 45.0

155 2a, 4f| 0.44 0.24 54.1
4f, 0.35 0.14 51.7

2b 0.33 2.22 42.5

12k 0.45 0.40 48.7

77 2a, 4f}, 4, 0.41 0.18 52.5
2b 0.41 2.26 423

12k 0.45 036 49.4

55 2a, 4f}, 4, 0.45 0.22 53.6
2b 0.43 2.36 43.1

12k 0.45 0.34 50.8

25 2a, 4f}, 46 0.43 0.24 53.4
2b 0.41 222 42.6

12k 0.45 0.32 51.0

Table 5 -13 5Fe Mossbauer parameters recorded from SrggpLag 10Fe€12019

prepared by the calcination of oxides.
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Figure 5-9 5Fe Mossbauer spectra recorded from SrgggLag0Fe 20 at various

temperatures.
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There is little difference between the spectra collected from systems with different
dopant levels. |

There are trends in the data collected at different temperatures. As the tefnperature is
decreased from 298K to 25K the M3ssbauer spectra change from a five sextet
hyperfine structure at 298K and 215K, through a four sextet hyperfine structure at
155K, to a three sextet hyperfine structure at 77K and below. This change in
hyperfine structﬁfe is partially attributed to the superposition of magnetic fields. As
the temperature of the system is lowered the degree of parallel magnetic alignment
increases. Since magnetic alignment is a vector quantity i.e. direction and magnitude,
any increase in parallel alignment subsequently increases the magnetic field. The
biggest change is noted in the sextet assigned to the 12k Fe site. This site shows a
large change in the magnetic splitting, H, from 41.5T at 298K to 50.5T at 25K.
Until Evans et al'® published Mdssbauer parameters for high purity single crystal
StF €12019 showing a five sextet structure, and given here in Table 5-14, it was
thought that only four sextets were necessary to analyse the spectrum recorded. The
values reported by Evans et al'® showed that the 2a and 4f; sites were similar. Since
the analysis of a single crystal can yield clearer data it can be envisaged that the
polycrystalline samples analysed here give larger errors and therefore increasing the
difficulty in deconvoluting the two sextets. As the sample is lowered in temperature
the fields corresponding to the 2a, 4f; and 4f; begin to merge increasing again the
difficulty in deconvolution. At 155K the fields have completely merged resulting in a

single sextet
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Site { § (mms™) | A(mms") | H(Tesla)
2a 0.34 ‘ 0.18 50.7
2b 0.29 227 41.0
4fy 0.26 0.29 49.2
4f, 0.37 0.38 52.0
12k 0.35 0.62 41.6

Table 5 -14 ’Fe M&ssbauer parameters reported by Evans et al '°.

The 2b Fe site shbws no overall change in observed fields with decreasing
temperature. In Chapter 1 it was outlined that the 2b site rather than being one

discreet site was two closely situated sites with the Fe atom oscillating between.

Such an oscillatibn, within the lifetime of the M§ssbauer effect, results in an average

position which does not give a change in magnetic field with decreasing temperature.

The observations outlined above are summarised in Figure 5-10 where 5'Fe

Mbssbauer parameters for each subspectra are plotted against temperature in the

SrFe 12049 system.
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Figure 5-10 Changes in ’Fe Mossbauer parameters with temperature for

SrFenOlg.
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5.1.6 Magnetic Susceptibility Measurements.

Results obtained from magnetic hysteresis loops measurements in both the easy and

hard directions are shown in Table 5-15.

Sample Direction Coercivity £1000 Remanence + 50 (Gauss)
(Oe)

SrFe2019 Easy 3000 420
| Hard 5000 160
Sro.9sEug.0sFe12019 Easy 12000 380
Hard 12000 430
Sro goEuo.10F€12019 Easy 1:2000 450
Hard | 12000 370
Sro9sLag 0sFe12019 Easy 8700 410
Hard 8700 330
Sro.90Lao.10F€12019 Easy 6000 360
Hard 6000 250

Table 5 -15 Results from magnetic hysteresis loop measurements.

An examble of a magnetic hysteresis loop measurement is shown in Figure 5-11.
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Figure 5-11 Hysteresis loop recorded from SrFe ;0.

The data recorded from the hysteresis loop measurements are low in magnitude,
when compared with literature values for samples prepared by different methods'',
indicating that the sample is multidomain. This observation is consistent with the
particle sizes obtained from the Scherrer method which, with the exception of

SrFe ,019, showed the particles to exceed the 600 nm single domain particle size.
The data recorded from SrFe,0,9 show a lower coercivity than those recorded from
other samples prepared by this method. The heat treatment during formation of these
samples has an effect on the magnetic properties of these systems. The heat treatment
affects the particle size (Section 5.1.4) and hence the magnetic properties. A second
effect of heat treatment on the magnetic properties is through the formation of
defects in the crystal structure. The increase in particle size arising from sintering is

accompanied by the introduction of defects into the structure. Defects in a crystal are
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known to pin'? the direction of inagnetic domains. Such an effect can be envisaged as
occurring here, where the heat treatment process gives rise to the formation of
multidomain particles. |

The remanené_e value is traditionally envisaged as being determined by the chemical
composition and anisotropy of the system. In these systems the amount of dopant is
not large and therefore any change in the remanence value would be small. The
difference b¢tween the easy and hard directions indicates that these samples are
anisot;opic, m some samples the anisotropy is greater than in others. In the samples
examined here which were ﬁrepared by the calcination of oxides this can be
associated with the thermal treatment during formation. The most anisotropic
sample, SrFe 201y is that which bad the minimum amount of heat treatment. This
observation agrees with the postulation that the particles formed by the calcination of
oxides are in general multidomain'?, with the possible exception of the SrFe 20,9

system.

5.2 Hexaferrites prepared by the co-precipitation of gels.

5.2.1 X-rﬁy powder diffraction.

The X-ray powder diffraction patterns recorded from samples made by the co-
precipitation of gels are shown in Figure 5-12. The patterns show the presence of
SrFe ;019 or a StFe;,0y¢-related phase. The peaks resulting from the silicon standard

used to calibrate the pattern are indicated with arrows.
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Figure 5-12 X-ray powder diffraction patterns recorded from hexaferrites made

by the co-precipitation of gels, the silicon peaks are marked with arrows.
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The unit cell parameters were calculated using a standard least squares fitting routine
supplied by Siemens and also by using the DICVOL91' program. Three different
measurements were carried out on each sample. The calculated unit cell parameters

were independent of the program used and are presented in Table 5-16.

Sample ‘a(A) - ¢ (A) Vol (A%)

SrFe12019 5.882(0.013) | 23.058(0.076) | 690.9(5.5)

Sro.9sEuoosFezO10 | 5.883(0.036) | 23.050(0.073) | 690.8(5.5)

Srop90Eug.10Fe12019 | 5.886(0.038) | 23.051(0.069) | 691.6(5.3)

SroesLagosFezO1 | 5.870(0.013) | 23.047(0.200) | 690.7(5.2)

SrosoLag0FezO1 | 5.885(0.013) | 23.053(0.075) | 691.4(5.4)

Table 5 -16 Unit cell sizes for hexaferrites formed from the co-precipitation of

gels.

The unit cell parameters show there is no overall change in cell size, within the limits
of experimental accuracy. They are similar to those recorded from anaiogous
materials prepared by the calcination of oxides (Table 5-1). This can, as explained in
Section 5.1.1 be associated with the changes in ionic radii which tend to cancel each

other out, resulting in no overall change in volume.
5.2.2 X-ray Absorption Fine Structure (XAFS).
Fe K-edge XAFS measurements were performed on the non-europium containing

samples i.e. StFe12019, SrogsLaoosFe12019, and SrogoLag.10Fe12019 an example of a
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spectrum is shown in Figure 5-13, the results obtained from these samples are shown

in Appendix II.
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Figure 5-13 Fe K-edge XAFS data recorded from SrFe;0,9 prepared by the co-
precipitation of gels.

The data are very similar to those obtained from samples prepared by the calcination
of oxides. This is not unexpected since XAFS is a technique that studies local

structure around an atom and the materials prepared by the two methods were shown

by X-ray powder diffraction to be structurally identical.
5.2.3 X-ray photoelectron spectroscopy.

Data obtained from computer analysis of the X-ray photoelectron spectra are shown

in Table 5-17. The spectrum of SrFe;,0,4 prepared by the co-precipitation of a gel is

shown in Figure 5-14.
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The XPS spectra were similar to those recorded from samples prepared by the
calcination of oxides. However, the binding energies of the rare earth elements are
higher than both Eu;0; and La;0; (Table 5-7), as a result of the difficulty in
determining the position of the broad peak as explained in Section 5.1.3. It should be
noted, as outlined in Section 5.1.3, that the absence of a Fe** component in the Fe X-

“ray photoelectron spectrum is not necessarily indicative of the absence of such a

species.
Sample | Element | Electronic Level | Binding Energy +£0.1 (eV)

SrFe;2019 Fe 2p 710.0

Sr 3d 133.1

Sro.95Eug 0sFe12019 Fe 2p 709.8
Sr 3d 132.6
Eu Af 1133.4

Sro.s0Euo.10F€12019 Fe 2p 710.0
Sr 3d 132.8

Eu Af 1133.3

Sro.9sLao.osFe12019 Fe 2p 710.1
Sr 3d 1330

La 4f 833.7

Sro.g0La0.10F€12019 Fe 2p 710.0
Sr 3d 132.9

La 4f 833.5

Table 5 -17 Binding energies recorded by X-ray photoelectron spectroscopy.
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Figure 5-14 XPS spectrum recorded from SrFe; ;0,9 prepared by the co-

precipitation of a gel.
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§.2.4 Scherrer crystallite size

Crystallite size analysis was carried out using the Scherrer equation on the recorded

X-ray diffraction data. The results are shown in Table 5-18.

Sample Peak Position - | Size/nm | Peak Position | Size/nm
(26" (26"

SrFe12019 34.18 620 32.32 580
Sro_gsEuo,osFeszm 34.20 6950 32.34 640
Sro.90Eu0.10F€12019 34.21 600 32.38 560
Sro.9sLao.0sFe12019 34.24 510 32.40 480
Sro,goLao,loF61201§ 34.16 630 32.30 550

Table 5 -18 Crystallite sizes obtained from the Scherrer equation from

hexaferrites prepared by the co-precipitation of gels.

The results show more uniformity in size and less dependence on the nature and
concentration of dopant than those obtained from samples prepared by the
calcination of mixed oxides. The particle sizes are close to the theoretical single
domain maximum size of ~600 nm. Comparison of the results with those obtained
from samples prepared by the calcination of oxides shows that across a dopant series
there is more uniformity in particle size i.e. there is little difference between the

" undoped and doped samples. This reflects the similar heat treatments of each sample

i.e. they were all heated at 925°C for 2 hours.
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5.2.5 Madssbauer Spectroscopy.

The SFe Méssbauer parameters for the samples SrFe 2019 and Srg9sEug gsFe12019
collected at 25K, 55K, 77K, 155K, 181K, and 298K are shown in Table 5-19 and
Table 5-20. Due to time limitations the three other samples were only measured at
298K. The 3’Fe Méssbauer parameters are shown in Tables 5-23 - 5-25. Identical
coﬁsﬁ'ainté were used in the fitting of the spectra:

| O] Sféndard Lorentzian lines.

(ii) Equal width of peaks in the sextet.

(iiii) The area of the outer lines being three times the area of the inner lines.

The middle lines were allowed to fit freely.

The assignment of sextet patterns to crystallographic sites in the structure was based

upon the same procedure as that used in Section 5.1.5.
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'5.2.5.1 Spectra recprded from SrFe;;0,,.

The *’Fe Mossbauer parameters obtained from computer fitting of the spectra are

shown in Table 5-19. The spectra are shown in Figure 5-15.

Temp Site 5+0.03 (mms”) [ A+0.05(mms™) | H+0.5(T)
298 2a 0.30 0.00 51.2
2b 0.30 2.26 41.0
4, 0.27 0.16 49.2
4f 0.40 0.30 52.0
} 12k - 0.36 0.42 41.5
185 2a 4f) 0.31 0.12 50.5
4f 0.42 0.16 53.0
2b 0.31 2.26 42.5
12k 0.19 0.41 46.4
155 2a, 4f; 0.35 0.14 50.7
4f; 0.43 0.20 53.2
2b 0.36 2.16 43.6
12k 0.43 0.34 48.1
77 | 2a,4f}, 46 0.42 0.20 53.4
2b 0.36 2.16 42.6
12k 0.44 0.32 50.6
55. | 2a,4f, 45 0.42 0.22 53.3
2b 0.36 2.14 42.6
12k 0.45 0.32 51.0
25 | 2a,4fi, 46 0.43 0.22 53.4
2b 0.38 2.20 42.8
12k 0.45 0.30 51.1

Table 5 -19 - ’Fe Mdssbauer parameters collected from sfFe,zo,, prepared by

gel co-precipitation.
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Figure 5-15 57Fe Mossbauer spectra recorded from SrFe ;0,9 prepared by the

co-precipitation of a gel.
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5252 5'Fe Mossbauer spectra recorded from SrgesEugesFe201o.

The 3’Fe Mssbauer parameters obtained from computer fitting of the spectra are

shown in Table 5-20. The spectra are shown in Figure 5-16.

Temp Site §+0.03 (mms™) [ A+0.05(mms") | H£0.5(T)

298 2a 0.29 0.00 51.0
2b 0.30 2.24 40.9

4f, 0.27 0.16 49.1

4f, 0.41 0.32 51.9

12k 0.36 0.42 41.4

185 2a, 4f) 0.31 0.12 50.6
4f, 0.42 0.16 53.0

2b 0.31 2.26 42.5

12k 0.41 0.38 46.4

155 2a, 4f) 0.33 0.14 50.8
4f, 0.42 0.18 53.2

2b 0.38 2.30 43.0

12k 0.42 0.38 47.5

77 | 2a,4f), 46 0.42 0.20 53.0
A 2b 0.36 2.16 42.6

12k 0.44 0.32 50.5

55 | 2a,4f;, 45 0.43 0.22 53.2
2b 0.37 2.12 42.5

12k 0.44 0.32 50.9

25 | 2a,4f), 45 0.43 0.24 53.3
2b 0.38 2.18 42.7

12k 0.44 0.32 51.0

Table 5 -20 Méssbauer hyperfine parameters obtained from SryosEugosFe 2049

prepared by co-precipitation of a gel.
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Figure 5-16 5Fe Mossbauer spectra recorded from SrgosEugosFe;2019 at various

temperatures.
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5.2.5.3 5’Fe Méssbauer spectrum recorded from SryoEug Fe ;200 at 298K
The *>’Fe Mossbauer parameters obtained from computer fitting of the spectra are

shown in Table 5-21. The spectrum is shown in Figure 5-17.

Site | $+0.03 (mms™") | A+0.05(mms") | H£0.5(T)
2a 0.31 0.00 51.3
2b 0.29 2.26 41.1
4f, 0.28 0.18 49.2
4f, 0.40 0.34 52.0
12k 0.36 0.40 41.6

Table 5 -21 S’Fe Méssbauer parameters recorded from SrgoEugFe;20,9

prepared by co-precipitation of a gel.

Absorption / Arbitrary Units
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Figure 5-17 *’Fe Méssbauer spectrum recorded from SryoEugFe;;09at 298K,
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5.2.5.4 S'Fe Mossbauer spectrum recorded from SroosLagosFe 201,

The *’Fe Mssbauer parameters obtained from computer fitting of the spectra are

shown in Table 5-22. The spectrum is shown in Figure 5-18.

Site | §+0.03 (mms™) | A+0.05(mms") | H+0.5(T)
2a 0.31 0.06 51.3
2b 0.30 2.26 41.2
4f; 0.28 0.18 49.3
4f 0.41 0.32 52.0
12k 0.36 0.40 41.6

Table 5 -22 5’Fe Mossbauer parameters obtained from SryosLagosFe ;2010

prepared by co-precipitation of a gel.
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Figure 5-18 57Fe Mossbauer spectrum recorded from SrggsLagosFe;20,9 at

298K.
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5.2.5.5 "Fe Mossbauer spectrum recorded from SrggoLag 0Fe;20 1.

The 3’Fe Mdssbauer parameters obtained from computer fitting of the spectra are

shown in Table 5-23. The spectrum is shown in Figure 5-19.

Site | 5+0.03 (mms") | A+0.05(mms") | H£0.5(T)
2a 0.32 0.00 51.3
2b 0.28 2.22 41.3
4f, 0.27 0.18 49.4
4f 0.40 0.34 5212
12k 0.36 0.40 41.7

Table 5 -23 'Fe Mossbauer parameters obtained from SrygoLag 10Fe12049

prepared by co-precipitation of a gel.
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Figure 5-19 57Fe Mossbauer spectrum recorded from SrygLag 10Fe;120y9 at

298K.
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The data collected from these samples are broadly in agreement with those collected

from samples prepared by the calcination of oxides and can be interpreted in a

similar fashion.

5.2.6

Magnetic Susceptibility Measurements.

The results obtained from the analysis of magnetic hysteresis loop measurements

carried out in both the easy and hard directions are contained in Table 5-24. An

example of a magnetic hysteresis loop is shown in Figure 5-20.
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Figure 5-20 Magnetic hysteresis loops recorded from SrFe ;0,9 prepared by co-

precipitation of a gel.
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Sample Direction | Coercivity £1000 (Oe) | Remanence + 50 (Gauss)

SrFe1;019 Easy 33000 510
Hard 33000 470
Sro.9sEug.05F€12019 Easy 29000 495
Hard 29000 450

Sro.90Eu0.10Fe12019 Easy Data Inconclusive Data Inconclusive
Hard 30000 500

Sro.9sLagosFe12019 Easy Data Inconclusive Data Inconclusive
Hard 30000 460

Sro.g0La0.10F€12019 Easy Data Inconclusive Data Inconclusive
Hard 28000 480

Table 5 -24 Results from magnetic hysteresis loop measurements.

The magnetic coercivity data are different from those recorded from samples

prepared by the calcination of oxides (Section 5.1.6), this is due principally to

particle size. In the samples prepared by the calcination of oxides, the particles

exceeded that of a single magnetic domain. As outlined in Section 5,1.6 this resulted

in the magnetic coercivity being relatively low. In materials prepared by the co-

precipitation of a gel, Scherrer analysis of the X-ray powder diffraction data suggests

that the particle sizes are around the single domain limit. The relatively large size of

the magnetic domain requires a larger magnetic field to rotate and reduce the induced
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magnetic field to zero. The explanation of this observation is outlined in Chapter 1,
Section 1.2.4.

The values for magnetic remanence are similar to those recorded from samples
prepared by the calcination of oxides of similar composition. The agreement stems
ﬁ'om the remanence tending to be determined by chemical composition, as outlined

in Section 5.1.6.

5.3 Hexaferrites prepared by hydrothermal processing of metal

nitrates.

53.1 X-ray powder diffractibn.

The X-ray powder diffraction patterns recorded from samples prepared by the
hydrothermal processing of metal salts are shown in Figure 5-21. The patterns show
the presencé of SrFe 2019 or a StFe20,4-related phase. The peaks resulting from the

silicon standard used to calibrate the peak positions are indicated with arrows.
5.3.1.1 Lattice Parameters.

The unit cell parameters were calculated using a standard least squares fitting routine
supplied by Siemens and also by using the DICVOL91" program. Three different
measurements were carried out on each sample. The calculated unit cell parameters

were independent of the program used and are presented in Table 5-25.
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Sample a(A) c (A) Vol (A%
‘SrFe ;015 5.884(0.015) | 23.092(0.085) 692.4(6.0)
SrossEuoosFezO | 5.884(0.027) | 23.075(0.188) | 691.8(13.4)
SroscEuo1oFezO1s | 5.879(0.039) | 23.086(0.249) | 692.6(16.7)
SrogsLagosFe12019 | 5.880(0.024) | 23.076(0.124) 691.1(9.2)
Sro.s0Lag 10F€12019 | 5.882(0.016) | 23.082(0.106) | 691.5(7.0)

Table 5 -25 - Unit cell sizes for hexaferrites formed from the hydrothermal

processing of metal nitrates.

The data presented in Table 5-25 show no overall variation, within the limits of
éxperimental accuracy, in the unit cell parameters obtained from the different

samples. This observation agrees with the results obtained for identical samples

prepared by the other two techniques.
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Figure 5-21 X-ray powder diffraction patterns recorded from hexaferrites made
by the hydrothermal processing of metal nitrates, the silicon peaks are marked

with arrows.

Chapter 5 — Results and Discussion : Rare Earth Doped Strontium Hexaferrites. 154



5.3.2 X-ray Absorption Fine Structure (XAFS).

Fe K-edge XAFS measurements were performed on non-europium containing

samples (Section 5.1.2). The best-fit parameters are shown in Appendix III, and an

example of the Fe K-edge XAFS from SrFe;,0,9 is shown in Figure 5-22.
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Figure 5-22 Fe K-edge XAFS data recorded from SrFe;;0,,.

The results are similar to those obtained from samples prepared by the other two

methods used in this study and discussed in Section 5.2.2.
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5.3.3 X-ray photoelectron spectroscopy.

Data obtained from the computer ahalysis of the X-ray spectra are shown in Table S-
26. A spectrum recorded from Sro 9sEug osFe12019 prepared by this technique is

shown in Figure 5-23.

Sample Element | Electronic Level | Binding Energy +0.1 (eV)
Sro9sEug 0sFe12019 Fe 2p 709.8
Sr 3d 133.2
Eu Af 1132.5
SrogoEug 10Fe12019 Fe 2p 711.9
Sr 3d
Eu Af 1133.5

Table 5 -26 Binding energies recorded for samples prepared by hydrothermal

processing.

The XPS data recorded from these samples are similar to those recorded from

samples prepared by the co-precipitation of a gel and the calcination of oxides.
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Figure 5-23 X-ray photoelectron spectrum recorded from SrogsEugosFe12019

prepared by the hydrothermal processing of metal nitrates.
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5.3.4 Scherrer crystallite size analysis.

Crystallite size analysis was carried out applying the Scherrer equation to the
recorded X-ray diffraction data. The results are shown in Table 5-27.

The results show a range of particle sizes. When the particle sizes of a specific
composition prepéred by the three methods are compared, a trend can be seen. As the
temperature of synthesis is decreased the particle size aiso decreases. An example is

the system Sro 9sEug osFe1201 for which the results are shown in Table 5-28 for the

peak at ~ 34°. The trend in peak width is illustrated in Figure 5-24. .

Sample Peak Position | Size (nm) | Peak Position | Size (nm)
(26° . (289
StFe12019 34.173 560 32.299 400
Sro.9sEug 0sF€12019 34.136 280 32.246 200
Sto.90Eu0 10F€12015 34.121 380 32.243 280
SrogsLaoosFers019 34154 | 470 32277 350
Sro.90La0 10Fe12019 34.163 550 32.282 430

Table 5 -27 Crystallite sizes obtained by the Scherrer method for samples

prepared by hydrothermal synthesis.
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Method of Preparation Particle Size (nm)
Calcination of oxides ~800
Co-precipitation of gel ~600
Hydrothermal Processing ~280

Table 5 -28 Comparison of results from Scherrer analysis of X-ray diffraction

data for Sl'o_gsEllo_osFeuO 19+

Intensity / Arb Units

1
30 32 34

36
Two Theta / Degrees

Figure 5-24 X-ray powder patterns from SrFe;,0y illustrating the changes in

peak width with decreasing temperature of synthesis.
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TEM measurements on samples made by this method indicated that the particles
were flat hexagonal plates, as illustrated in Figure 5-25, which gave single crystal

electron diffraction patterns as shown in Figure 5-26.

10 microns

Figure 5-25 Transmission electron micrograph recorded from

Sro.osLag.osFe2019, at a magnification of 20,000.
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Figure 5-26 Electron Diffraction pattern recorded from Sro.9sLagosFe2049.
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5§ microns

Figure 5-27 Transmission electron micrograph recorded from SrFe; 20,9

prepared by the co-precipitation of a gel, at a magnification of 38,000.
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The TEM image from a sample prepared by the co-precipitation of a gel, shown in
Figure 5-27 suggest that the particles made the hydrothermal processing of metal
nitfates afe lérger. However the wide hexagonal plates skew the observed particle
size, and the data obtained by the Scherrer analysis of the recorded X-ray data
showingva smaller average volume, is a more reliable measurement of particle size in

these samples.
5.3.5 Maissbauer Spectroscopy.

The 3’Fe M3ssbauer parameters recorded from the samples SrFe ;019 and
Sro.9sEug.0sFe2019 at 25K, 55K, 77K, 155K, 181K, and 298K are shown in Table 5-
- 29 and Table 5-30. Due to time limitations the three other samples were only
measured at 298K. The >’Fe M3ssbauer parameters are shown in Tables 5-33 - 5-35.
The same constraints were used in the fitting of the spectra:

(D) Standard Lorentzian lines.

(ii) Equal width of peaks in the sextet.

(iii) The area of the outer lines being three times the area of the inner lines.

The.middle lines were allowed to fit freely.
§.3.5.1 Spectra recorded from SrFe;;0s.

The assignment of subspectra with Fe sites in the SrFe;2019 structure was based upon
the procedure specified in Section 5.1.5. The 57Fe Mdssbauer parameters obtained
from computer fitting of the spectra are shown in Table 5-29. The spectra are shown

in Figure 5-28.
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Temp Site §+0.03 (mms™) [ A+0.05(mms") [ H£0.5(T)

298 2a 0.33 0.28 49.4
2b 0.22 2.00 40.4

4f, 0.28 0.20 47.7

4f 0.39 0.24 50.8
12k 0.35 0.38 TR

185 | 2a,4f 0.33 0.12 49.9
4f, 0.42 0.22 52.7

2b 0.48 2.34 43.7

12k 0.42 0.36 46.5

155 2a, 4f; 0.35 0.14 50.8
4f, 0.43 0.18 53.2

2b 0.36 2.16 43.6

12k 0.43 0.34 48.1

77 | 2a,4f;, 46 0.43 0.22 53.0
2b 0.33 2.02 42.9

0.39 1.80 44.4

12k 0.45 0.28 50.7

55 | 2a,4f},4f; 0.44 0.24 53.1
2b 0.36 2.12 42.6

0.41 1.94 44.1

12k 0.45 0.28 51.0

25 | 2a,4f),45 0.45 0.24 533
2b 0.41 2.16 43.1

- 0.45 1.88 44.5

12k 0.45 0.26 513

Table 5 -29 - ’Fe Mdssbauer parameters collected from SrFe;20,9 prepared by

hydrothermal processing of metal nitrates.
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Figure 5-28 5"Fe Mossbauer spectra collected from SrFe;;0,9 prepared by the

hydrothermal processing of metal nitrates.
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5.3.5.2 Spéctra recorded from SrgosEuggsFe;200.

The 3’Fe Mdssbauer parameters obtained from computer fitting of the spectra are

shown in Table 5-30. The spectra are shown in Figure 5-29.

Temp |  Site 3+0.03 (mms™) | A%0.05(mms") | H+0.5(T)

298 2a 032 0.28 49.1
2b 0.21 1.94 40.2

4fy 0.28 0.20 413

4f, 0.38 0.24 50.6

12k 0.35 0.38 41.1

185 2a, 4f) 0.34 0.16 49.7
4f, 0.42 0.20 52.3

2b 0.35 2.32 42.9

12k 0.42 0.36 46.6

155 2a, 4f; 0.35 0.18 50.2
4f, 0.42 0.16 52.6

2b 0.38 2.18 43.2

12k 0.42 0.34 4.6

77 | 2a,4f;, 46 0.44 0.24 52.8
2b 0.34 1.96 43.0

0.31 1.76 44.3

12k 0.45 0.28 50.8

55 | 2a,4f;, 46 0.45 0.26 53.0
2b 0.40 2.14 43.0

0.39 1.85 44.3

12k 0.45 0.26 51.0

25 | 2a,4f, 45 0.45 0.26 53.2
2b 0.44 2.04 43.5

0.40 1.98 44.3

12k 0.45 0.26 51.3

Table 5 -30 - ’Fe Mssbauer parameters collected from SrggsEugosFe;2019

prepared by hydrothermal processing of metal nitrates.
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Figure 5-29 5"Fe Mossbauer spectra collected from SrggsEuggsFe;0;9 prepared

by the hydrothermal processing of metal nitrates.
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5.3.5.3 5Fe Mossbauer spectrum recorded from Sryo9Eug Fe;;09at 298K

The >’Fe Mossbauer parameters obtained from computer fitting of the spectrum are

shown in Table 5-31. The spectrum is shown in Figure 5-30.

Site | §+0.03 (mms™) [ A+0.05(mms") | H+0.5(T)
2a 0.33 0.28 49.3
2b 0.21 1.96 40.4
4f, 0.29 0.20 47.4
4f, 0.38 0.24 50.8
12k 0.35 0.38 41.2

Table 5 -31 3'Fe Méssbauer parameters collected from SrggoEug9Fe; 2049

prepared by hydrothermal processing of metal nitrates.

Absorption / Arbitrary Units

&
A
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Figure 5-30 5"Fe Mossbauer spectrum collected at 298K from SryoEug Fe;2010

prepared by the hydrothermal processing of metal nitrates.
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5.3.5.4 S'Fe Mssbauer spectrum recorded from SrggsLagesFe 2019 at 298K

The *’Fe Mossbauer parameters obtained from computer fitting of the spectrum is

shown in Table 5-32. The spectrum is shown in Figure 5-31.

Site | §+0.03 (mms”) [ A£0.05(mms") | H£0.5(T)
2a 0.33 0.30 49.3
2b 0.25 1.92 40.3
4f, 0.29 0.18 47.5
4f, 0.39 0.26 50.8
12k 0.35 0.36 41.1

Table 5 -32 5'Fe Mossbauer parameters collected from SryosLagosFe 2040

prepared by hydrothermal processing of metal nitrates.

Absorption / Arbitrary Units
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Figure 5-31 5Fe Mossbauer spectrum collected at 298K from SrgosLag osFe;209

prepared by the hydrothermal processing of metal nitrates.
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5.3.5.5 3'Fe Mossbauer spectrum recorded from SrygLag oFe 2010 at 298K

The *’Fe Mossbauer parameters obtained from computer fitting of the spectrum is

shown in Table 5-33. The spectrum is shown in Figure 5-32.

Site | §+0.03 (mms") | A+0.05(mms™) | H+0.5(T)
2a 0.34 0.28 49.1
2b 0.24 2.00 40.3
4f, 0.30 0.20 472
4f, 0.38 0.28 50.7
12k 0.35 0.36 40.9

Table 5 -33 ’Fe Mossbauer parameters collected from SrogoLag joFe;20 o

prepared by hydrothermal processing of metal nitrates.

Absorption / Arbitrary Units

Velocity / mm s”

[-7- Raw Data

Envelope 2a 2b 4f1 412

12k

Figure 5-32 S"Fe Mossbauer spectrum collected at 298K from SrygoLag 0Fe;2019

prepared by the hydrothermal processing of metal nitrates.
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5.3.6 Magnetic Susceptibility Measurements.

The results obtained from analysis of the magnetic hysteresis loop measurements
carried out in both the easy and hard directions are shown in Table 5-34. An example

of a magnetic hysteresis loop is shown in Figure 5-33.

Sample Direction | Coercivity £1000 (Oe) | Remanence * 50 (Gauss)

SrFe;2049 Easy 5000 170
Hard 6000 410

Sro.9sEug 0sFe12019 Easy 10000 350
Hard 10000 300

Sry.90Eug.10Fe12019 Easy 8300 480
Hard 8300 250

Sro.gsLag0sFer2019 Easy 5600 - 460
Hard 7500 130

Sro9oLlag 10Fe12019 Easy 5500 340
Hard 5500 140

Table 5 -34 Results from magnetic hysteresis loop measurements.

The magnetic hysteresis data are similar to that for'samples prepared by the other
two methods. There is little change in values across the dopant series. There is
however, a change in the average values for samples prepared by this methgd. Since
the particles of these systems are flat hexagonal plates, (Section 5.3.4 and 5.3.5), the
intrinsic magnetic field of each particle is smaller for a given diameter. This

reduction in volume directly lowers the magnetic field required to remove the
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induced field to zero, by reducing the required field, thus lowering the magnetic
coercivity, this is illustrated in Section 1.2.4.
The shape anisotropy of these particles has the effect of reducing the magnetic

remanence of these systems. In some cases the remanence drops considerably.
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Figure 5-33 Magnetic Hysteresis loops recorded from SrFe;,0,.

5.4 Conclusion.

5.4.1 Structural properties.

The results show that the addition of a dopant, at these levels, has had no measurable
change on structural properties.

The method of synthesis did affect the particle size. When samples of identical
composition prepared by different methods are compared, it is found that the particle

size varies with the temperature of calcination. It is found that the higher the
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temperature of synthesis, the larger the particle volume. The particle morphology
also ‘changes with synthetic procedure, with samples prepared by hydrothermal
processing of metal nitrates being flat hexagonal plates, while those prepared by the
other two methods are spherical. This effect has also been found to be independent of

dopant, at the levels of dopant used here.
5.4.2 Magnetic Properties.

The dopant at the levels used had negligible effect on the properties as measured by
both M3ssbauer spectroscopy, and magnetic susceptibility. Howevef when a sample
of identical composition is compared across the three methods of synthesis the
magnetic coercivity of the co-precipitated samples is ~six times larger than the
coercivity of the samples prepared by hydrothermal processing and the calcination of

oxides.
5.4.3 Overall effects.

The work reported has shown that, at the level of dopant used in this work, the
method of synthesis has a larger effect on the magnetic properties than the effect of
the dopant. Given that a lot of current work in the area of magnetic materials is
directed into finding materials with a wide range of properties, the results suggest
that the method of synthesis can have a larger effect on the magnetic properties than

the dopants used.
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APPENDICES.



6.1 Appendix I — Best fit parameters to Fe K-edge XAFS recorded

from lanthanum doped hexaferrites prepared by the calcination

of oxides.
Sample Shell | Element | CN | R(A) | 26%(A? | R-value
SrFe2019 1 6] 3.9 | 1.93+0.1 0.023 243
2 0] 1.6 | 2.15+0.1 0.055
3 Fe 3.0 | 2.95+0.1 0.028
4 Sr 1.3 | 3.3840.2 0.010
5 0] 6.5 | 3.41+0.2 0.028
6 Fe 54 | 3.60+0.2 0.020
SroesLagosFesO19 | 1 O |39]19301| 0023 | 251
2 o 1.6 | 2.26+0.1 0.040
3 Fe 3.0 | 2.97+0.1 0.031
4 Sr 1.3 | 3.37+0.2 0.011
S 0] 6.5 | 3.34+0.2 0.036
6 Fe 54 | 3.52+0.2 0.043
StosoLagioFezOm | 1 o |39]192:02]| 0037 | 250
2 0] 1.6 | 2.24+0.2 0.030
3 Fe 3.0 | 2.96+0.2 0.028
4 Sr 1.3 | 3.35+0.2 0.010
5 (0] 6.5 | 3.30+0.2 0.042
6 Fe 54 | 3.47+02 0.042
Appendix I - Best fit parameters to Fe K-edge XAFS recorded from lanthanum doped 176

hexaferrites prepared by the calcination of oxides.



6.2 Appendix II - Best fit parameters to Fe K-edge XAFS recorded

from hexaferrites prepared by the co-precipitation of gels

Sample Shell | Element | CN | R(A) | 26%(A?) | R-value

StFe12019 1 0] 3.9 | 1.91x0.1 | 0.014 23.7
2 0] 1.6 | 2.06£0.1 | 0.010
3 Fe 3.0 | 2.95:0.1 | 0.022
4 Sr | 1.3 | 3.39+0.2 | 0.005
5 o 6.5 | 3.42+0.2 | 0.017
6 Fe 54 | 3.56£0.2 | 0.006

SrossLaoosFerzOm | 1 0 3.9 | 1.92%0.1 | 0.011 25.3
2 0] 1.6 | 2.07£0.1 | 0.010
3 Fe 3.0 | 2.95%0.1 | 0.022
4 Sr 1.3 | 3.41£02 | 0.007
5 0] 6.5 | 3.43£02 | 0.017
6 Fe 54 | 3.57x02 | 0.012
SrosoLagioFe1z019 | 1 O | 39]192:0.1| 0012 | 240
2 0] 1.6 | 2.08£0.1 | 0.010
3 Fe 3.0 | 2.95+0.1 | 0.022
4 Sr 1.3 | 3.40£0.2 | 0.006
5 0] 6.5 | 3.43x0.2 | 0.017
6 Fe 54 | 3.58+0.2 | 0.008
Appendix II - Best fit parameters to Fe K-edge XAFS recorded from hexaferrites 177

prepared by the co-precipitation of gels.



6.3 Appendix III - Best fit parameters to Fe K-edge XAFS recorded

from hexaferrites prepared by the hydrothermal processing of

metal nitrates.

Sample Shell | Element | CN | R(A) | 2¢*(A?) | R-value
SrFe12019 1 0 3.9 | 1.92¢0.1 | 0.011 27.5
2 o) 1.6 | 2.06:0.1 | 0.008
3 Fe 3.0 | 2.9320.1 | 0.017
4 Sr 1.3 | 345202 | 0.018
5 0 6.5 | 3.45:02 | 0.016
6 Fe 54 | 3.59£0.2 | 0.016
SrossLagosFerO | 1 0 3.9 | 1.9120.1 | 0.010 24.8
| 2 o) 1.6 | 2.06£0.1 | 0.004
3 " Fe 3.0 | 293+0.1 | 0.018
4 Sr 13 | 3.44202 | 0.003
5 0 6.5 | 3.43x0.2 | o0.011
6 Fe | 54 | 3.59402 | 0.005
SrosoLag1oFer2O1 | 1 o | 3919001 0008 | 242
2 o) 1.6 | 2.06:0.1 | 0.001
3 Fe 3.0 | 2.92+0.1 | 0.016
4 Sr 1.3 | 3.44:02 | 0.004
5 0 6.5 | 3.43x02 | " 0.011
6 Fe 54 | 3.57+02 | 0.005
Appendix III - Best fit parameters fo Fe K-edge XAFS recorded from. hexaferrites 178

prepared by the hydrothermal processing of metal nitrates.



