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Abstract

This thesis includes a revicw of the ferromagnetic
and the antiferromagnetic properties of hematitc
(G—FGZO§)° In thc rcview a special reference is made
to the macnetic transformation and the large variation
of the magnetic parancters of natural and synthetic
crystals.

Details are given of a Kerr effect apparatus and
an electron beam method which were used to ctudy the
domain structure of hematite. A sensitive magnetic
colloid which functioned down to ~BOOC was developed
to produce cine films of domain wall motion at the low
temperature transformation. The colloid sensitivity
was increased to permit the study of the variation of
the magnetic leakare field across the domain surface.
Using the Kerr effect and Bitter technique the domain
walls often appear discontinuous on natural and
synthetic crystals. The wmagnetisation was seen to
exhibit a variation of direction within an individual
domain.

In synthetic crystals the weak ferromagnetism
reduces considerably on cooliny; through the transform-
ation temperature by a domain denucleation mechanismnm.

A natural crystal showed no domain wall movement at
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the transformation but the remanent magnebisation had
decreased. Tor at least 1500 below the denucleation

r
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s
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temperature of a synthetic crystal the high sen
colloid indicates patterns reminiscent of iron filings
around a bar magnet. Ience thig crystal is still
ferromagnetic at these tenperatures. This additional
pattern which is also present on natural crystals is
unchanged above the transformation temperature except

for the addition of the domain wallg.
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Chapter One

INTRODUCTION

The thesis contains a review of the magnetic
properties of hematite followed by an investigation
of the low temperature transformation of natural and
synthetic hematite crystals. It concludes with a
discussion of the results obtained and suggestions
for further experimentg.

A detailed study of maprnetic materials at tcmp-
eratures in the neighbourhood of a magnetic transform-
ation permits a more comprehensive interpretation of
magnetic phenonena. YFor this reagon magnctic trans-
formations have recently received increased attention
both theoretically and practically.

At this stape a brief introduction to hematite
will facilitate understanding of the results described
in the review.

Hematite, a —Fe?Oz has a rhombohedral structure

-2
which was first identified with the use of X-rays by
Pauling & Iendricks (192%). The disposition of the
oxygen icns, which are denoted by onen circles, is
indicated in fig. 1(a) relative to a rhombohedral

:7+'
“ T ions are

unit cell with centre at O. The Te
situated along the [111] axis (ternary axis), AD, at

the points a, b, ¢ and d (so that Aa=0b=0c =DBd).
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Yosition of oxygen and iron ions in hematite
relative to a rhombohedral unit cell.
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The exact location of the 0°~ ions nay be more
readily appreciated by referring to fig. 1(b) which
shows their positions relative to a succcssion of
equally spaced (111) planes, the basal planes. The
numbers indicatce the perpendicular distance of the
planes from A (towards B) in units of one-sixth of
the distance AB. Classically, the crystal possesses
a threefold axis AB, and three twofold axes, COU, OV, OV.

Neutron diffraction shows hematite to be
basically antiferromasznetic (Shull, Strauser & Wollan,
1951). At room temperaturc the spins of the Feb'F
ions arc in ferromagnetic sheets perpendicular to the
ternary axis. Neighbouring basal plane sheets are
coupled antiferromagnetically in the following
sequence + - -+ . At room teumperature the spins in
the sheets are directed in the besal plane‘towards
one of the three ncarest neighbour FQB*' ions c¢.g.
RR7in fig. 1. This resulbts in trigonal symmetry.

The low temperature transformation of hematite
occurs on cooling to about -11°C. At this temp-
erature the spins change their oricentation from the
basal plane to along the ternary axis.

Besides being antiferronagnctic, hematite
exhibits a weak fcorromagnetism. The value of the

saturation magnetisation is at least five hundred
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times weaker than iron, ranging from 0.5 to

0.15 e.m.u./g. Below the transformation the ferro-
magnetism is considerably reduced or is secn to
disappear completely.

There are several theoriecs of the origin of the
weak ferromagnetism., The theory of Dzialoshinskii
(1957) which uses the crystal symmetry of hematite
and Landau's phase transitions of the second kind fits
the experimental data most satisfactorily. He shows
that the crystal symmetry propertiecs above the trans-
formation permit the antiferromagnetically coupled
spins to be slightly tiltcd or canted towards each
other. This canting of the sping produces a result-
ant magnetic moment directed in the basal plane (e.z.
along OV in fig. 1). Using the thermodynamic theory
he postulates ﬁhat the spin canting is causcd by
relativigtic spin lattice interaction and magnetic
dipole interaction.

The Curic and Néel point of hematite has received
little attention frow research workers. {owever;
allowing for the difference in sensitivity of the
experimental methods, the ferromapnetic and antviferro-
nagnetic ordering secms to disappear at the same temp-
erature, 67500. This has yet to be checlied conclus--

ively by work on the same synthetic crystal.
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EF.B. The low tempirature transformation is studied by
neasuring the variation of a magnetic parameter with
temperature. The resulting curve usually takes the
form of a steady high temperature value and a steady
low temperature value with a smooth change at the
transformation. In order to compare the behaviour of
different parameters in the transformation region I
have arbitrorily defined the endpoints of the trans-
formation. These endpoints are the temperatures at
which tangents to the curve drawn from the high temp-
erature region and the low temperature region intersect
with the tangent drawn to the curve in the transform-

ation region.

1.1 Hematite Crystals. The natural specimens are

cften found in the form of single crystals with well
developed faces. Kaye (1960) gives a spectrochemical
analysis of the major impurities in many natural
crystals from differcnt origins. These range from an
immeasurable impurity content in his natural hematites
from Elba and Etna to a maximum of 5% i (origin -

St. Gothard), 0.35% Al (Japan), 0.75% Sn (Japan) and
0-5% V (bLbt, Gothard). Of the eipht areas from which
he had hematite specimens, six arcas had Ti impuritics,

five had Al, two had Sn and onc arca had V.
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1.2 The Bffecct of Temperature on the Antiferromagnetic

Susceptibility and the Saturation Mocnetisation of

Hematite Crystals. Of the few papcrs on the basic

magnetic properties of hematite there arc two on the
variation of antiferromagnetic susceptibility and
saturation magnetisation with temperature (Nécl, 1953,
and Lin, 1959). They experimented on natural single
crystals from Elba and obtained different rosults.
Pauthenet who made thc measurements for Téel ground
his specimen into a 4 mm. sphere whcreas Lin's was a
5X5X61mnj5 rectangular prism (there is no apprcciablec
demagnetising effect as hematite has a very low
permecability).

Both experimcenters used the Curic method to find
the variation of spccific magnetisation with magnetic
ficld at different temperatures in the basal planc
and along the ternary axis. Lin's magnetisation
isothcrms are shown in fig. 2. Like Townsend-Smith
(1916), Nécl and Lin represcnted the specific mapnet-
isation, o , as

G =0, +
£ 7%

where op is a ferromagnetic and c, an antiferromagnetic
contribution (Townsend-Smith termed this a paramagnctic
contribution, of course). Above a certain magnetic

field, 5KXOe¢. in Nécl's case any further increcase of
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field resulted in a lincar increase of specific
magnetisation. They concluded that the ferromagnetic
component was saturated and that the specific magnct-
isation could now be rcpresented by

o= 0y +XH
where o is the saturation magnetisation of the ferro-~
- magnetic component and X the antifcrromagnetic
susceptibility either parallel or perpendicular to
the theoretical spin direction. Hence the antiferro-
magnetic susceptibility was found at each temperature
measurement by the slope of the straight line portion
of the.o/E graph. The saturation magnetisation could
be obtained by subtracting the antiferromagnetic
contribution, replotting the remaining ferromagnetic
portion of the isotherm and noting the saturation
value.

Nécl and Lin found that unlike normal ferromagne-
tic_materials the ferromagnetism in Elba hematite
crystals did not saturate to the samc value in
different directions, see Tig. %a-b. The dashecd portion
of Lin's tecrnary axis curve is a modification
derived from higs isotherms. In the high temperature
region he appears to have cxtrapolatcd the isotherms
to zero field rather than using the method described

above. His results arec more like Itel's after
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modification.
Above the transformation the forromagnetism of

-

Técl's Ilba saturates at 0.47 e.m.u./g. in the basal

=3

planc and 0.225 c.m.u./g. alonp thc tecrnary axis
comparcd with 0.425 and 0.13 ¢.n.u./g. in Lin's
crystal. Below the transformation the basal planc
and ternary axis show saturation magnectisations of
0.15 and 0.175 e.m.u./r. whercas Lin obtaincd
corrcsponding values of 0-02 and 0.16 c.m.u./g.
Néel's transformation occurrcd betwecn + 77 and - 48%C
and Lin's between + 87 and -~2500°

Lin and Né&éel found that the antiferromagnctic
susceptibility in thce basal planc was constant with
temperature cxcept for a 20 % increase at the trans-
formation. Parallel to the ternary axis Néel's
crystal had an antiferromagnetic susceptibility

6

changing from 22x10° - above the transformation to
2

6

2x107 "~ bclow comparcd with Lin's changing from

“© £ 0.05%x107% (see fig. 4a & D).

32%10
These authors cach have a different interpret-
ation of their rcsults. WNéel, who published his
paper six ycars before Dzialoshinskii's thecoretical
work (see 1.10), rcsolves his ferromagnetism into an

isotropic componcnt present et all temperatures and

a highly anisotropic component prcscnt in the basal
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planc above the transformation. Iie assumes that it
disappears below the transformation because there arc
two domain oricntations parallcl to the ternary axis
producing the same magnctisation in opposite directions.

5

As this ferromagnctism is highly anisotropic it 1is

impossiblc to saturate cven with 20 KOe. The ferro-

-
v

mognetism is attributed to incomplete compensation

of the antiferromagnetic sublettices originating from
local fluctuations of composgition. Lin's intecrpret-
tation of the ferromagnetism 1s again incomplete
compensation of sublattices but with very slight
canting of onc spin lattice with respcect to the other.
The latter contribution originates from Dzialoshinskil's
relativistic spin interaction which cxists only above
the transformation.

Analysing Lin's isothorms further, one finds
that the ferromagnetism saturates at & X0c. in the
basal planc (at all temperatures) and 12KO0e. in the
ternary axis above thce transformation. Below the
transformation some saturation secms to take place by

domain wall motion up to 500 0c¢. (although Lin states

\n

his results are unrcliable in the low ficld region).
Any further incrcase of field has no effect whatso-
ever, thc ferromagnetism remeining at the low ficld

value. The magnetisation is no smaller than the high
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temperature state. Hence there is not a rcduced
couple on the ferromagnetism. We conclude that the
magnetisation remaining below the transformation along
the ternary axis seems extremely anisotropic, to the
extent of preventing rotation of the magnetisation
within a domain.

The most important points arising from thesc two
papers are the antiferromagnetic susceptibility
results. These show good qualitative agrecment with
the neutron diffraction work of Shull, Strauser &
Wollan (1951) on a natural specimén. Below the trans-
formation the susceptibility along the ternary axis
is the lowest measured and is temperature dependent
i.e. it is a susceptibility parallel to the spin
system. The susceptibility in the basal plane is

6 above and below the transformation

constant at 20x10°
i.e. it is a susceptibility perpendicular to the spin
system. As Néel points out, the susceptibility in the
basal plane is isotropic. Hence we are forced to the
unusual conclusion that for this particular antiferro-
magnetic material the spin system always sets itself
orthogonal to a magnetic field applied anywhere in

the basal plane i.e. the antiferromagnetic spin system

is isotropic in the basal plane.

Bizette, Chevalier & Tsai (195%) made measurements
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of the specific magnetisation versus temperature on
two Etna crystals. They applied fields of up to
21,750 0e. at six different temperatures but only
noted the magnetisation at four field values. ZEven
in a field of 21,750 Oe. they found no ferromagnetism
along the ternary axis above the transformation.
There was no ferromagnetism anywhere below the trans-
formation. The results were analysed in terms of a
ferromagnetic and antiferromagnetic component. The
results are summariged in fig. 5 but because of the
small number of measurements their values, especially
the transformation range, are not as reliable as
Néel's and Lin's.

Tasaki & Iida (196%) measured the variation of
saturation magnetisation and susceptibility of a
synthetic hematite crystal with temperature. The
crystal, grown by the flux melt method, was ratvher
small (about 1xmnﬁ). A magnetic balance was used to
measure the magnetisation in a field. In the same
way as Néel and Lin they expressed the magnetisation
in a field as an antiferromagnetic component and a
saturated ferromagnetic component. The values of
these contributions were obtained from isotherms of
specific magnetiéation plotted against only three

field values (4.8, 8.8 & 1%.36K0e. ).
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The magnetic parameters were measured only in
the basal plane between ~40 and 20°C. The magnetic
balance had no facility for preventing rotation of a
suspended crystal hence it was impossible to make
measurements along the ternary axis. Their results
are tabulated in fig. 5. In the basal plane the anti-
ferromagnetic susceptibility increased from 16-Ox10"6
above the transformation to 17.5x10"6 below. The
characteristic peak in susceptibility is present at
the transformation. The saturation magnetisation was
0.%6 e.m.u./g. above and undetectable below the trans-
formation. After 2.5K0e. had been applied through-
out the cooling the remanence magnetisation was meas-
ured and found to be B.OX’IO"4 e.m.u./g. at -50°C.

The transformation occurred between -9 and
-12.5°C.

The crystal exhibited a uniaxial anisotropy in

the basal plane at room temperature (from torgue

measurements).

1.5 The Effect of Temperature on the Remanent

Magnetisation of Synthetic and Natural Crystals. The

only quantitative measurements of remanent magnet-
isation are on a synthetic and an Elba crystal by

Iin (1961), (1960). ™The synthetic crystal, supplied



27

by Tell Tzlenhone Taboratories was 5}(}}{/«!«»51@1,5. The
natural crystal was ground into a 4.5 mm. diameter
sphere,

The remanent magnetisation was obtained from the
vertical component of force on a crystal suspended in
a vertical field gradient of several Oe./cm. To
obtain repeatable results both virgin crystals had to
be cycled throush the transformation prior to meas-—
urement.

Lin measured the remanent magnetisation of the
Elba crystal in two orthogonal directions in the basal
plane and then along the ternary axis in the temp-
erature range - 196 t0»+2150C. From thegse values he
computed the direction and magnitude of the resultant
remanent magnetisation. He checked the validity of
this computation by actually measuring the remanent
in a plane containing the ternary axis and the direct-
ion of the maximum component in the basal plane (found
by the previous method). This was done at three temp-
eratures and in each case the resultant by calculation
agreed in magnitude and direction with the measured
maximum remanent magnetisation. Hence the field
gradient which he had applied in three orthogonal
directions was not affecting the magnetisation. The

remanent magnetisation of the synthetic crystal was
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meagured in a direction in the basal plane and along

ct;
[
[¢]
ct

ernary axis.
In the Ilba crystal the remanent magnetisation
turned completely from the basal plane into the ternary
axis after cooling through the transformation. The
femanent decreased fron 0.049 to 0.014 e.m.u./g. The
transformation occurred between + 87/ and —550C
(i.e. midpoint of +13°C) which he compared with the
spontaneous magnetisation changing between + 87 and
-23°C (see 1.2). Presumably his Elba specimens
were cut from the same mother crystal.

As with the Tlba, the remanent marnetisation is
a maximum in the basal plane of the synthetic crystal
above the transformation. On cooling it changed from
0.015 e.m.u./g. above the transformation to zero below.
The remanent magnetisation had disappeared completely.
The transformation range wag or 2°C. This crystal
showed a temperature hysteresis at the transformation
of 10°C. Averaging the hysteresis effect the mid-
point of the transformation was -10°C. The Elba also
exhibited a hysteresis effect but the beginning and
end of the transformation was independent of whether
the crystal was being heated or cooled.. It was only
during the transformation that the remanent magnet-

isation had two different values at a finite temp-
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erature. However Lin's saturation magnetisation
results showed no temperature hysteresis.

Lin obtained some additional results on hig
synthetic crystal. He applied a field to compensate
for tne earth's field. If this field was adjusted
correctly and he cycled the crystal through the
transformation he found that after removing the field
the crystal possessed no remanent magnetisation at
room temperature. Hence, he concluded, the ecarth's
field is a directive field producing the remanent
magnetisation. e applied directive fields from
O to 100 0e., in the basal plane and cycled the
crystal through the transformation. The field was
removed and the remanence measured. The remanence
increased with directive field,tending to saturate
at a value of 0.12 e.m.u./c. at 30 0e. Note that the
magnetisation processes in these small fields are
irreversible, i.e. when he removes the field at room
temperature the crystal does not assume its 'earth's

field' remanence value.

1.4 The Low Temperature Transformation in Synthetic

Hematite Powders. Honda & Soné (1914), Charlesworth &

Long (1639) and Morin (1950) measured the suscept-

ibility of synthetic powders by noting the force on
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a specimeﬁ in an inhonogeneous field at different
temperatures. Haigh (1957) subjected his specimens
to 17 KOe. at room temperature and noted the remanent
magnetisation on cooling through the transformation.
Guillaud (1951) plotted the variation in specific
magnetisation with temperature at constant fields.

Unfortunately quantitative comparision of the
magnetic susceptibility results is almost impossible.
Morin found that the susceptibility varied with part-
icle size; after he had ground a powder specimen the
room temperature susceptibility changed from

6 -6

127%x10° " to 20x10 In addition Morin and

Charlesworth et al. found a field dependent suscept-

6

ibility. Morin found a value of 14.8x10 - in a field

© in 2KOe. The

of 5KOe. compared with 16.7x10°
variation can be attributed to an unsaturated ferro-
magnetic component.

Most specimens contain some impurities which have
an effect on the susceptibility and the transformation
temperature (see 1.6). The purity of some specimens
has been included in the table of results (see fig. &)
The Curie temperatures of the powders give an addition-
al indication of purity (the Curie point for pure
hematite is 675°C).

The powder work serves the purpose of showing the
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large variation of results in hematite which is due
to the specimen purity and/or the impossibility of
direct comparigion of the measurements. For example
the mid-points of the low temperature transformation
vary from -42 to -11.5°C. Charlesworth & Long (1939)
found a 10°C temperature hysteresis which could not
be ascribed to their apparatus.

It should be noted that after heating his specimen
in air (41100°C for 16 hours) Haizh (1957) found that
the temperature range of the transformation had
decreased by a factor of two, and that the mid-point
had increased frou -419.5 to -11.5°C.

Contrary to other measurements, Guillaud's (1951)
susceptibility results showed no difference above and

below the transformation but his susceptibility

)
measurements were made in a field of %5 KOe. compared
with other measurements which were made in fields of not
more than 10KOe. His plot of ¢/ H at room temperat-
ure only begins to saturate at 2% KOe. but in spite of
this it is not comletely saturated in %3 kOe.

Guillaud found that for a field increasc of 23 KOe.

the mid-point of the transformation was depressed by
6°C. He detected no latent heat effect at the trans-

formation. On cooling he finds a gradual decrease of

the linear expansion coefficient of the powder specimen
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from -~ 46 to-—5200 followed by a sudden increase and
a continued decrease down to-—6300 at which it re-
mains constant. This compares with the specific

magnetisation changing between - 29 and-54OC,

1.5 Domains and Domain Effects in Hematite. Magnetic

domain effects were first found by Dlackman, Haigh &
Lisgarten (1957) using the electron beam method (see
2,8 ) on natural single crystals. The cycloid-like
magnetic shadow pattern of the crystal decreased in
amplitude on cooling through the transformation, and
on heating to room temperature the pattern reappeared
exactly as before.

The domains themselves were observed by Williams,
Sherwood & Remeika (1958) in thin synthetic crystals
with polarised light using the TFaraday effect. The
crystals were transparent plates 25 microns thick
which had grown parallel to the (111) plane. As the
nagnetisation vectors lic in the basal plane at room
temperature the specimens had to be tilted to cbtain
any appreciable magneto-optic rotation. The domain
structure could be changed by the application of a
magnetic field of 10 Qe. The domain boundaries some-

times came together without annihilating each other
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to form pairs of boundarics. Freguently domains of
three different inteusities were precent (see fig. 7).

When the specimen was cocled through the trans-
formationvthe domains disappeared. Then as the spec-
imen warmed up they reappeared in a different pattern.
The mechanism by which the domains moved at the trans-
formation was a nucleation process in which a small
region formed and then grew rapidly by the propogation
of a sharp boundary until it sprecad over the entire
crystal. Domaing of high contrast were seen on one
side of the boundary while thc other side appeared
uniform in intensity.

The electron beam work has been reported by
Blackman, Haigh & Lisgarten (1959), Kaye (1961), (19€0).
The electron shadow pattern (see 2.8 ) of many natural
hematite crystals generally exhibits the same cusp
size and amplitude aboﬁe the transformation no matter
which crystal face is being studied. It is possible
to change these patterns by applying a magnetic field.
A domain size of approximately 250 microns was calc-
ulated from the width of the cusp patterns. Consider-
ing the difficulty of defining the size of these
irregular domains this result shows good‘agreement
with the photographs of Williams, Sherwood & Remeika

(1958) .
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On cooling a cumbter of natural crvetals of diff-
ercnb origin througli the low temperaturc transformation
about two thirds of them exhikited a cusp pattern
which decreased in amplitude to form a gecometrical
shadow of the crystal. The shadow pattern of the
remaining third of the crystals decreased a fifth to
a tenth of their room temperature amplitudes and
remained at this value with only slight changes on
cooling down to -180°C. Hematite crystals from
St. Gothard which had been cooled to this same tomp-
erature exhibited no low temperaturc transformation
except for a slight rearrangement of the cusp pattern.

After onc or two temperature cycles practically
all the crystals had developed a 'memory' in the sense
that the electron beam patterns at room temperature
were nearly identical after successive transformations.

Kaye (1960) did a preliminary heat treatment
experiment to investigate its effect on the low temp-
erature transformation. UHe heated threce crystals
from Elba, the Ascension Islands and Brazil to 1100°C
in air for a day and then guenched them in air.

Therc was no change in the transformation as scen by
the electron beam method in the crystal from the
Ascension Islands. The Elba had the same transforni-

ation temperaturc but below thc transformation there
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was no usual cusp pattern, oaly a gcometrical shadow
of the crystal. Instcad of tranazforming betwecen -75
and - 95OC the crystal from Brazil Uransiormed between
~ 57 and - 105°C, '

It is interesting to examine Kaye's (1962) results
on the Curie point of hematite as this is another
magnetic transformation. On heating his natural
crystal to 600°C there were very few additional feat-
ures to the electron beam pattern. Between GO0 and
688°C (the highest Curie point he measured) there was
a rapid decrease in amplitude of the cusps giving rise
to a geometrical shadow at 686°C.  On any one crystal
he found no local variation of Curie temperature. If
a crystal was cycled through the Curie point several

times the cusp pattern indicated a memory effect but

not as perfect as at the low_ temperature transformation.

1.6 Effect of Impurities on the Low Temperature

Transformation. In recent years impurity effects have

been invoked more and more as an interpretation for
some of the ferromagnetic properties of hematite. Ior
this reason it will be useful to summarise the exper-
imental results obtained in this field.

This work has taken on at least two distinct
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forms. One has been to dope synthetic hematite powders
with known amounts of impurity and to measure the var-
iation of spontaneous magnetisation, susceptibiliy or
remanent magnetisation with temperature at the trans-
formation. Another has been to study the transform-
ation by measuring the change in leakage field at the
surface of natural analysed crystals using the electron
beam method at different temperatures (see 2.8). The
natural crystals have certain impurities already sub-
stituted in them.

Morin (1950) and Haigh (195%7) used the first
approach and chose to dope their synthetic powders
with titanium. They prepared their specimens in
exactly the same way except that Haigh started with
39.9% and Morin with 99.1% pure a—FeEO5 powder. The
hematite powder was doped by adding known amounts of
T102 and grinding the mixture. The powders were next
pressed together, using 18,000 p.s.i. in Haigh's case,
and sintered at 1100°C for 16 hours. Haigh's specimens
were sealed previously at room temperature in one
atmosphere of oxygen whereas Morin sintered his in
oxygen at atmospheric pressure. The pellets were
ground into a powder and the variation of magnetic
properties with temperature noted.

Morin measured the magnetic susceptibility of
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his specimens at different temperatures by the Gouy
method. On heating a pure specimen from below the
tranaformation the susceptibility changed from

o

16.7X40"6 to 132.0%x107°, the main changes occurring
between -18 and --23°C. The addition of 0.05% Ti
and 0.2% Ti (by weight) had no effect on these results
but 1.0% Ti suppressed the transformation to at least
~170°C, the magnetic susceptibility retaining its
room temperature valuec even at ~17OOC.

Haigh (1957) magnetised his synthetic powder
specimens in 6KOe. at room temperature and plotted
how the saturation remanence varied on cooling. He
defined the transformation temperature as the temp-
erature at which the saturation remanence was midway
between the high temperature and the low tempcrature
states. This temperature was plotted against percent-
age titanium impurity by weight. Haigh did the same
experiments on aluminium impurity introduced in the

form of A120 see fig. 8).

3 (

Morin was able to depress the transformation
down to at least -4170°C with only 1% titanium but
Haigh's work still shows a transformation with 1.92%
titanium present.

The decrease in the transformation temperature

on adding titanium reached a saturation value at
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about 1.5% titanium impurity. When Haigh tried to
substitube 5% and 10% titanium into the hematite
lattice he obtaincd additional X-ray rings not
associated with the hematite lattice. Hence it appears
that above 1.5% titanium he was unable to substitute
any more into the lattice.

It is interesting to note that 0.17% titanium
lowered the transformation by the same amount as 10%
aluminium.

The differences in Morin and Haigh's results will
be cxamined in the light of Kaye's (1961) work which
will be discussed next.

Kaye's paper is essentially a continuation of the
work of Blackman, Haigh & Lisgarten (1959). Kaye had
many natural crystals from different sources spectro-
chemically analysed. Crystals from the samc source
were shown to have about the same transformation temp-~
erature measuréd by the eclectron beam method (see 2.8 ).
From the spectroscopic analysis and the following
deduction Kaye arrived at an upper limit of the
titanium accoﬂbdated in the lattice. If a number of
specimens from the same source have the same transform-
ation temperature then the titanium content in the
lattice ought to be the same. If the spectrochemical

analysis of these specimens gives different titanium
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contente, then the lowest value found should be an
upper limit to the actu=l titanium content in the
lattice. His results are plotted with Haigh's in
fig. 8.
Both Haigh's and Kaye's work shows an increase
in the temperature range of the transformation as well
as a decrease in the transformation tempersturce with
increase of titanium in the lattice. Haigh found
that below th. transformation the remanent magnet-
isation of the swecimen containing 0.98% Ti was two
and a half times greater than the purce hematite powder.
Examining the results of the three workcrs to-
gether one concludes from Kaye's work that the titanium
in Morin's and Haigh's powders was not completely sub-
stituted into the lattice, cven below 1% Ti. This
is because the transformation temperature of Kaye's
natural specimens was decpresscd to ~80°C with as
1ittle as 0+1% Ti. Although Haigh used X-rays to
lcok forunaccommodated impurity this was only indicat-
ed as extra rings after as much as B% titanium impur-
ity was added. Assuming that 2'5% titanium is neceded
to make X-ray rings of the other material visible,
then according to Kaye's results ncarly 2.5% is
prcescent in a manncr which does not effect the trans-

formation temperaturc as drastically as direct
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substi%ution of titanium. The only other way of
accomunodating titanium ions is as interstitials in the
hematite lattice.

Morin's recsults can be interpreted in the same
way cxcept that he obtained very sudden changes in
the effect of titanium, viz. no change in transform-
ation temperature for 0.2% titanium and complete
suppression down to at least —17500 for 1.0% titaniu.
The differences between Morin's and Haigh's results can
perhaps be attributed to Morin sintering his specimens
in an atmosphere of oxygen whereas Haigh sealed his
in one atmosphere of oxygen so the resultant pressure
at 1100°C was nearer four atmospheres.

Tasaki, Siratori & Iida (1962) doped synthetic
polycrystals. with different trivalent metal ions
to the extent of 2% (atomic). The method of doing
this was not described. They obtained curves of
spontaneous magnetisation versus temperature for the
substitution of different elements. Their results
show general agreement with Kaye's and Haigh's work
in that the impurities lowered the transformation
temperature and decreased the temperature range of
the transformation. The mid-points of the transform-
ation were -15°C for no substitution, - 25°C (A1),

~-50°C (Ga), -65°C (Mn) and -100°C (Cr). Haigh
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used 7% aluminium impurity to lower the transform-
ation temperature to the -250C obtained by Tasaki's
1.25% aluminium.

Morrish, Johnston & Curry (1963) studied the
direct effects of impurities c¢n fhe antiferromagnetic
ordering at the transformation. They grew hematite
crystals from spectroscopically pure powders by the
flux melt method. Some crystals were grown with
GaB'F ions incorporated. Gallium is diamagnetic and
has virtually the same ionic radius as Fe541 The
variation of the intensity of the (111) magnetic
reflections were measured using neutron diffraction.

The pure hematite crystals exhibited a sharp
transformation between - 10 and -11-600, being
almost identical for several crystals from different
melts. The form of the intensity curve is compared
with other neutron results in fig. 9. The most intef~
esting fact ig that they found a residual reflection
of 3% of the room temperature intensity at-~25OC,
and 1:5% at - 140°C. The background scattering was

only one guarter of the last value.

The mid-points of the doped specimens were

Trans. midqpointoc Mole % of ca” ¥
~10-8 0
~15+0 0.50
-21-5 Q.60
- 3045 1438
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The addition of iwpurities lowered, and produced a
longer 'tail' to, the transformation. The 1 38%
crystal was unlike the other specimens. It showed &
gradual decrease of intensity from - 8% down to the
main part of the transforwation gstarting at nEOOC,

Ogilvie (1963%) irradiated a natural crystal
(having a temperature hysteresis of 10°C at the trans-
formation) with neutrons. The intesrated fast flux
was 5X1Oq7n,v,t, Irradiation produced a general
increase of spontaneous magnetisation both above and
below the transformation. Hssentially the transform-
ation temperature was unchanged.

Kaye found that the transformation was depressed
to at least -180°C in specular hematites from
St. Gothard containing 1% titanium, Morin's synthetic
powder doped with 1% titanium exhibited at least the
same depression. His specimen showed the same nagnetic
susceptibility, and Kaye's the same magnetic leakage
field and domain size, as the room temperature state
of hematite. Curzon (196%) has cooled a 3t. Gothard
hematite to liguid helium temperatures, and still no
transformation has been found using the electron bean
method. It seems that the turning of the spins is
completely suppressed In some natural hematites.

The ferromagnetisu: of hematite specimens exhibiting



46

no transformation has the characteristice cf the
state above the transforwmation. Presumably the
magnetisation is directed in the basal plane or at an
angle to it rather than lying along the ternary axis.

Consider the effect of cooling a normal hematite

!

from above the transformation. The reduction of temp
erature tends to force the spins to turn from the
basal plane into the ternary axig. This tendency
increases with decrease of temperature, and at the
transformation temperature the spins are turned into
the ternary axis. The addition of impurities to pure
hematites maintains the high temperature state and
hence the transformation does not occur until a still
lower temperature is reached.

The addition of impurities to hematite broadens
the transformation as well as lowering the transform-
ation temperature. This effect can be interpreted in
terms of very localised differences in the amount of
substituted impurity. Suppose that the impurity is
titanium, the local transformation temperature will be
some function of the amount of substituted titanium.
Hence there is a local variation of transformation
temperature. Considering the magnetic changes with
temperature over the whole of the crystal thisg

results in a broadened transformation due to the
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substitutnd titanium., The hroadeoning of the trans-
formation could be initerpreted in 2vactly tho zawd Wiy
using interstitial impurity atoms intead of substituted
impurity atoms. It would probably need larger percent-
ages of titanium to have the same effect as the substit-
uted atoms.

Summarising the effect of impurities, we note that
Haigh (1957) found a 10 % increase in the saturation
remanence (based on the room temperature value) below
the transformation for the addition of 0.68% titanium.
The large amount of titanium needed to displace the
transformation temperature in lMorin's and Haigh's
synthetic powders compared with Kaye's natural specimens
could be caused by the titanium being absorbed in the
lattice as interstitial atoms rather than by complete
substitution.

The differences in Morin's and Haigh's results
could be attributed to the use of hematite powders of
different purity or to the different oxygen pressures
used when sintering the specimehs. However, the most
important results are that the transformation was always
depressed by the addition of metal impurities. The
impurities preserved the high temperature state rather
than the low. The impurities expressed in order of their

effectiveness at depressing the transformation are
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Ti, Cr, Mn. Ga and Al.

Haigh and Kaye found that the transformation
becomes broader with successive additions of inmpur-
ities. This could be due to local variations in the
percentage of substituted or interstitial atoms reg-
ulting in a local variatiocn of transformation temp-

erature.

1.7 Anisotropy Measurements in Hematite Crystals.

Work has been reported recently on the direct measur-
ements of the anisotropy properties of hematite
crystals. TFlanders & Schuele (1963) examined some
40 single crystals, both natural and synthetic (from
Bell Telephone Laboratories), at room temperature.
The anisotropy was measured in the basal plane at
10 KOe. wusing a torque magnetometer. Due to the
crystal structure of hematite a triaxial anisotropy
is to be expected in the basal plane. If the
energy density in the basal plane if assumed to be

E =K 5in® 39
where K is the crystalline anisctropy constant
(ergs./cc.), then a torque

L = 23K sin 69
must be applied to the crystal to maintain the satur-

ation magnetisation at an angzle § to the easy
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direction of magnetisation.

Of the 40 specimens studied only 6 natural
specimens displayed a 6§ behaviour. No substantial
number of the remaining crystals possessed any singular
angular dependence on torque gsimilar to the 6g
behaviour. These results are similar to those of
Kaczér (1963) except that he had a higher proportion
of crystals exhibiting a triaxial anisotropy.

Banerjee (1963) obtained torque curves at 12 KOe.
from three Naples crystals. He founc a mirture of 2%,
4% and 6% terms in the basal plane of all his specimens
(the 29 could be attributed to incorrect setting of
the crystal).

The value of K obtained by Flanders & Schuele
ranged from 7 to 188 ergs./cc. The magnetic suscept-

=6 to 26x107°

i1bility varied from 19%10 and the specific
magnetisation from 0.40 to 0.49 e.m.u./g. in the basal
plane.

Magnetic resonance gives some indication of the
anisotropy properties of hematite. Anderson, Merritt,
Remeika & Yager (1954) used magnetic resonance at
1.25 cm. wavelength to study the anisotropy properties
of a synthetic hematite crystal. This early crystal
(volume 75mm.5) grown at Bell Telephone Laboratories

had 3% Fe? impurity present. They found a sumall
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trigonal dependencc of ferromagnetic anisotropy in
the basal plane. There was strong resonance in a
field of 2;3KOe, when the D. C.and H. I'. fieclds werec
both perpcndicular to the ternary axis. Trom this
they deduced that the anisotropy field out of the
basal plane was %0 KOe.

From —-5OOC to room temperature, and at fields
up to a maximum of 19 KOe., no resonance peak was
detected with the D. C. field along the ternary axis.
As the crystal was cooled through the transformation
there was no shift or broadening of the basal planc
resonance peak. At —15-50C the peak bepan to
decrease in intensity. The resonance is half of the
room temperature intensity at —14-500. At -17°C
there was no measur-able resonance. They concluded from
these rcoults that the ferromagnetism does not changc
its direction with the antiferromagnetism. Corliss,
Hastings & Goldman (1954) examined the transformation
of this synthetic crystal using neutron diffraction.
With a temperature control of 0-2°C they noted the
change of intensity of the (111) scattering which
originates entirely from the magnetic ordering in the
basal plane. The intensity berins to decrease rapidly
at ~10°¢ reaching a third of its room temperature

value at —15-500 (the beginning of the transformation
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in terms of a change of the intensity of v.consnce).
The magnetic neutron scaltoring peak disappears at
about the same temperature, —47-5OG, as the resonance
peak.

Tasaki & Tida (196%) measured the magnetic anis-
otropy in two synthetic crystals. They used a differ-
ent method on each crystal. The crystals which were
grown by the flux melt method were rather small having

3

a volume of about 1 mm. Torgue measurements on
crystal A in the basal plane above the transformation
temperature indicated a uniaxial form to the anisotropy.
Magnetic resonance was used at room temperature
on crystal B (2X2XO-Brmn,5), A resonance peak for
0.8 cm. wavelensth was found at a D. C. field of
5.55K0e. compared with Anderson's value of 2.27 KOe,
for microwaves of 1-25cm. wavelength. Tasaki & Iida
found a trigonal anisotropy in the basal plane of
crystal B. If pressures of 2IQ5”/cm02 were applied
to the basal plane, the resonance peak was broadened
and reduced in intensity. In addition, the peak was
shifted to give a resonance at 1000e. lower than the

original 5<55KO0e.

1.2 The Tffect of Strain on the Low Temperature

Transformation. Makkay, Geiger & TFine (1962) measured
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the variation of Young's modulus with temnerature of

two natural crystals from Congonhas, Brazil. They

employed a resonant longitudinal vibration method
using piezoelectric 50 Z~cut quartz crystals at
125 and 150 Ke/s.

5

Crystal A was 5-4X1.5X26.1 mn, in size. The

long direction was the [ 2770] direction, i.e. parallel
to one of the theoretical directions for the spin
system in the basal plane. The crystal was heated
from -»’1'7500° Toung 's modulus decreased gracuvally from
26-034’10/]/I to 25-OX1014 dynes/cmag at nﬂBOC. Petween

O

-1% and - &°C there was a sudden decrease to
11

i
22.2%10 dynes/ cm.” The modulus remained constant
with any further increase in temperature. When a

field of 1.-57 KOe. was applied in the basal plane

O

erpencicular to the direction of measurement there

4T

was no change in the transformation temperature but

v

the sudden decrease in Young's modulus did no

o a e 11
and the value remained at 25.0x10 dynes/ cu.,

appear

hOIS

In crystal B, 2.5X4-2X21»2nmu;ﬁ Young's modulus
was measured along the ternary axis and a magnetic
field was applied alony one of the preferred gspin
directions in the basal »lane. Under these conditions

11 2

Toung's modulus was 41.5x10 dvnes/ cr. at-~17OOC.

This crystal exhibited the same characteristic changes
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of modulus with temperature and magnetic field as
crystal A.

Urquhart & Goldman (1056) neasured the strain in
a natural hematite crystal as a function of applied
magnetic field and temperature. Above the transform-
ation temperaturc the spin systems are directed
towards one of the three nearest neighbours in the
basal plane. The strain was mcasured with a strain
gauge along one of these directions.

In an applied field of 3:7 0e. the strain could
be expressed as

AL

-6
= )

260

= (8%10 sin

9 is the angle between the direction of strain
measurenent and the ficld applied in the basal plane.
Hence the strain was a maximum (CX10m6) when the maén
magnetic field was perpendicular to the preferred spin
direction. The crystal was longest with the field
parallel to this direction and shortest with the field
orthogonal to it.

Detailed values of strain werc obbained between
- 12 and~—5800 with the gauge and aponlied ficld
oriented to give maximum strain. The resulting strain-
temperature curve is similar to Guillaud’s expansion

coefficient--temperature curve. The strain was zero
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at -141°C. The range of the transformation was 1°¢.
The strain-temperature relationship retained the
same form in different applied fields between 1.2 KOe.
and the maxirmum which was aprlied, 6:5K0e. An
increase of 6KOe. in magnetic field lowered the mid-
point of the transformation temperature by 5+57C.
The reduction of the transformation temperaturc was &
lincar function of magnetic field., Ixtrapolating to
zero apolied field, the mid-point of the transforn-
ation would be ~2G-BOC. However, Corliss, Hastings
& Goldman (1054) carried out ¢ neutron diffraction
study of this seme crystal and found that the inten-
sity of the (111) magnetic reflection and the trans-
formation temperature was unaffected by wmagnetic
fields up to GKOe. The transforration, in terms of
a change of the intcensity of the magnctié reflectiorn,
occurred hetween - 23 and - 24°¢ (see fig.9). The

field was applied in one direction only.

1.9 The Curie Point of Herabtite. The Curie tomp-

crature and tho Wéel temperature are both given as
67500 in a review Dby Nicholls (1955) of the magnetic,
thermal expension and specific heat ncasurcucnts on
hematite specimens from diffcrent origins., This

. : ; . . O
firure must be subjiccted to a rangce of at least 157°C
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because the change of & magnetic parameter with temp-
erature does not exhibit a gharp discontinuity in the
neighbourhood of the Curie point.

The only work usirn neubron diffraction at high
temperatures (Shull, Strauser & Wollan, 1951) indicates
antiferromagnetic ordering above 72500, As this paper
is a report of the first neutron diffraction worlk on
antiferromagnetics it is important to have confirmation
of the result by measurements on good synthetic crystals.

~,

Willis & Rooksby (1952) tried to establish a dis-
continuity in the lincar expangion coefficient at the
Curiec or ¥Yéel point using X-roy diffraction. Irom
powder patterns photographed between 20 and 95000 they
were able to plot the ¢ /a ratio of hemabtite as a
function of temperature. They computed the expansion
coefficient alons the ternary axis. The change of
orderins could have occurrcd anywhere between 65000

and 710°C as the results do not indicate a well defined
digcontinuity. The ¢ /a ratio gradually decreases
with increase of temmerature, the decrecase being less
marked above the Néel point. The expansion coefficient
decreases from 1-OX10"5 to 0-77X1O"5 between 200°C

and 65000, This is followed by a ranid increase to a
naximum of 1:35%X107 -5 at 710°C., At higher temperaturcs,

the decrease of the expansion coefficient is more
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marked than those between 200 and 65000.

Kaye (1962) measurcd the Curie point by extra-
polating the curve of the relative valucs of the
domain leakage ficld at different temperaturcs onto
the temperature axis. The curve was obtained by
measuring the amplitude of the electron cusp pattern
of hematite crystals at different temperatures. Ior
an Elba crystal, which contains impuritics smaller
than 0.01%, Kaye obtained a Curie point of 658°C
(x 2°C), and found that 1% titenium impurity in
hematite, all of which is not necessarily accomodated

. . . . . . 5O
in the lattice, depressed the Curie point to &4357C.

1.10 Theories on the Ferromagnetism of FHematite. 1In

1956, Li advanced a theory that the ferromagnetism of
hematite is produced by ferromagnetic ordering at
antiferromagnetic domain walls. He calculated the
domain size that was nececded to produce the ferro-
magnetism measured in hematite. Experimental results
have shown that the domains in hematite are a factor
of 50 larger than Li'‘s theoretical value, and the
domains have the characteristics of ferrowagnetic
domains when a magnetic field is apnlied (see 1.5).
If polarised light is passed through a hematite

crystal the plane of polarisation is rotated by each
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domain.

Nécl (195%) has proposcd that the ferromagnetism
originates from the two antiferromagnectic sublattices
of hematite. Néel sugrests that they are not cguiv-
alent and that this is due to local fluctuations of
composition producing an excess of iron ions in onc
of the sublattices. Wowecver, chemical examination of
reccnt synthetic specimens from theée Bell Telephone
Laboratorics shows theé to be stoichiometric crystels,
and using clectron diffraction no local variation of
structure is found. These crystals possess a magnetic
moment comparable with that of the natural crystals.

The work of Dzialoshinskii (1957) is tho nost
comprchensive theorctical treatment of the ferro-
magnetism of hcmatite. He postulates that above the
transformation temperature the ferromagnetism of
hematite is an intrinsic phenomenon. This is based
partly on the fact that in this tenmperature region
the ferromasrnetism does not vary appreciably from one
crystal to another. Using the ncutron diffroction
results, Dzialoshinsliii writes down the symaetry of
the antiferromagnetic distribution of spins. e shows
that this symmctry permits ferrvomagnetism, i.e. it is
vossible to change the directions or magnitudes of the

spins without disturbing the symmetry of their original
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distribution, in such a way as to make the sum of the
spins over the unit cell different from zero. The
magnetic symmetry of hematite below the transformation
temperature makes it impossible for ferromagnetism to
exist in an ideal crystal. 'The ferromagnetism present
above the transformation temperature is directed
either along one of the two-fold axes or it is in one
of the symmetry planes. Dzialoshinskii uses Landau's
theory of phase transitions of a second kind to chose
between these two posgibilities.

He gtates that hemnatite exhibits a phase trans-
ition of the second Lind in which the magnitude and
orientation of the spins in tlhie crystal change in a
continuous nanner with temperature, but the symmetry
changes discontinuously. t the transformation point
itSelf, the symmetries of the Two phases coincide.

The thermodynamic potential is expanded in terms of a
series of powers of the components of the mean spin of
each of the four iron ions in the unit cell. The
expansion is made to be invarient under the action of
all the symmetry transformations of the ordinary space
group of the crystal. The terms in the expansion are
classed into three types of spin interaction, exchange

interaction, relativistic spin lattice interaction and



magnetic dipole interaction. The equation for the
thermodynamic potential is minimised in the neighbour-
hood of the transformation temperature. This produces
two possible states. State 1: The antiferromagnetic
spins are directed along the ternary axis and no ferro-
nagnetism is present. State 2: The antiferromagnetic
spins lie in the basal plane along one of the two-

fold axes or in one of the symmetry planes. The second
state produces a spontaneous magnetic moment of

2

1x107° to 4X1O"5 e.m.u./g. due to the antiferromagnetic

spin systems being tilted or canted at an angle of

9x10™H

radians with resnect to one another. By min-
imising the expression for thermodynamic potential at

a temperature well above the transiormation temperature
he obtains additional information on the position of

the antiferromagnetic spins. The two sets of spins

are retained in a plane, & plane which is not the vasal

e radians to it. It will be

plane buﬁiless than 1x107
remembered that above the transformation temperature
the antiferromagnetic spins were directed alony one of
the two-fold axes or they were in one of the gymuetry
planes. Dzialoshinskii choses between these two poss-
ibilities by considering the sgituation at the trans-
formation. Trom Landau's theory it follows that a

transition of the second kind is possible only between
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two states such that the symmetry of one state 1s a
subgroup of the symuetry group of the other. Irom

the magnetic symmetrv of tlie two possible directions
it is only possible for the antiferromagnetic spins

to be directed along onc of the two--fold axes.

1.11 A Summary of the Magnetic I'roperties of Hematite.

The papers reviewed in this introduction do not
include all the work that has been done on hematite.
They have been selected because thoey describe the
behaviour of the basic uaprnetic parameters of hematite.
This behaviour has yel to be interpreted before more
complicated experinents can be undertaken.

Hematite is essentially an antiferromagnetic
material. This has been established by neuvtron diif-
raction and susceptibility ucasurements in masnetic
ficlds greater than 10 KOe. Using neutron diffraction,
the antifcrromegnetic ordering is seen to disappear atb
about 6’750(3° in order to be nore specific abou this
temperature a further study of the éel point is needed.

At aporo:ximately w12OC, the magnetic propertiecs
of heowatite underso a transformation. The antiferro-
nagnetic spin system changzes its direction. Above the
transformuation temperature the spin moments lic in

ferromagnetic sheets parallel {o the basal plane with
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neichbouring sheets coupled antiferrcmagneticall, .

The ¢pin moments are directed towards one of the three
nearest neiginbours in the sheet. Below the traasform-
ation temperature the method of couvrling is the same
but the wmoments are now directed pervendicular to the
sheets, i.e. along the ternary axis. This arrangement
of the spin moments was derived from neutron diffract-
ion measurements. However, liorrish, Johnston 2 Curry
(1963) found that in their synthetic crystals the (111)
magnetic neutron diffraction neal: wag otill present at
- 110°C o the extent of 1.5 of its roow temperature
intensity. Hence, not all the gpin noments were
directed along the ternary axis below the transform-
ation temperature.

The antiferromagnetic suscentibility of synthetic
and natural crystals shows a constant value for all
directions in the basal plane above and below the
transformetion temrerature. The variation between

“© £5 23.5%107°. The susceptibility

crystals is 17-5%x10
of the netural specimens along the ternary axis has
this same range of values above the transformation
temperature but below the bransforuation it decreases
to between 2X10"6 and zero. Allowing for some a2nom-

olously high values above the transformation tenperat-

ure due to the use of non--saturating magnetic fields,



65

the powder work shows pood aprecemnent with these results.

In addition to its antiferromasrmctic properties
hematite is weakly fervomagnetic. The ferromagnetism
varies considerably from one crystal to another. The
ferromagnetic ordering disappears at EBO;ﬁﬂooC, depend-
ing on the method of measurement and the interpretation
of the results. The Curie point is depressed to 643°C
in natural crystals containing 1% Ti impurity. Kaye
(1962) found no local variations of Curie point across
a crystal surface.

In hematite the ferromasnetism undergoes a low
temperature transformation with the antiferromagnctism.
Below the transformation temperature the satuvration
magnetisation is much reduced in natural crystals and
is immeasurable in some synthetic crystals. The
ferromagnetism of hematite is unusuval in that it
saturates at different values depending on the direct-
ion of measurement. The saturation magnetisation (os)
of several [Ilba crystals has been neasured in two
specified directions above and below the transiorm-
ation temperature. The results are tabulated overleaf.
The field necessary for saturation was obtaincd by
analysing Lin's (1959) nagnetisation isotheris., IDelow
the transformation temperature hig Nlba crystal appeared

to saturate alon; the ternary axis and in the basal
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plane in a magnetic field of lesz than 500 0e. Above
the transformation the same crystal saturated along

o <
the ternary axis and in the basal plane at field values

of 12 and @ KOe. respectively

¥. The magnetisation was
not equivalent, even in a field of 15 KOe. The range

of values depicts the differences between crystals.

Basal Plane Ternary Axis
o (e.mou./g.) o (e.m.u./g.)
Above
Transformation 036 - Q47 0-0-225
Temperature
Below
Transformation 0 -015 0O ~0175
Temperature

The remanent magnetisation shows a considerable
reduction on cooling hematite below the transformation
temperature. A synthetic crystal exhibited é remanent
magnetisation of 0-014 e.m.u./g. directed in the basal
plane at room tempcrature. The remanent mapgnetisation
disappeared on cooling through the transformation temp-
erature. An Elba crystal had a remanent magnetisation
which turned from the basal plane to the ternary axis
while the magnitude changed from 0.049 to 0014 c.m.u./g.

on cooling, below the transformation temperature. These
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measurements were nade in a field gradient of several
Oe./ cm. The value of the remanent magnetisation of
the synthetic crystal indicates that the domain struc-
ture recduces the saturation magnetisation at room
temperature by a factor of 25 compared with the natural
crystal's factor of 8.

The cdomains in hematite are approximately
250 microns across. In synthetic crystels, they are
nmoved by magnetic fields of less then 100e¢. Williams,
Sherwood & Remeika (1955) found thet the domain pattern
on a synthetic crystal, secn by the Faraday effect,
disappearcd on cooling through the transformation
temperature. Kaye (1960) reported that domain effects
in a third of his natural crystals were still present
well below the transformation temperature.

The anisotrony of the ferromagnetism has been
investigated at room tomperature. In fields of 10 KOe.,
only a small proportion of the synthetic and natural
crystals had the triaxial anisotropy predicted by
theory. In thesc crystals the anisotropy constant,

K in the cquation
B = X sin® 39
varied from 7 to 138 ergs/cc. The remaining crystals

showed complicated torque curves,

llaving sumnarised the magnetic properties of hematite
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we are now able to examine the low temperature trans-
formation. 1In a good synthetic crystal, 80% of the
(111) neutron diffraction peak produced by the anti-
ferromarnetic arrangement of the spin moments dis—
appeared betwecn - 10 and ~11.6°C., Heasurement of the
- saturation magnetisation and the antiferromagnetic
susceptibility of a hematite crystal yields the sane
transformation temperature. Hence the ferrvomagnetism
transforms with the antiferromagnetism. However,
neutron diffraction and regonance experiments on a
synthetic crystal (containing 3% res impurity)
indicated that the antiferromagnetic spin system begins
to turn at a Tenperature 5-500 higher than that of the
first ferromagnetic changes. No ferromagnetic resonance
was observed out of the basal plane at any terperature.

A discontinuity has been found in the linear
coefficient of expansion of synthetic powders at the
low temperature transformation. No latent heat effect
has been observed. Again in synthetic powders, the
transformation temperature was lowered by magnetic
fields sreater than 20 K0e.

The variation of strain with temperature in a
natural crystal showed a discontinuity at a temperat-
ure 2-50C lower than the antiferromagnetic transform-

ation temperature. The temperature of the discontinuity



67

was depressed in a linear fashion by apnlying a magnetic
field (0:6°C /KCe.). Neubron diffraction results on the
same crystal showed that the antiferromagnetic trans-
formation temperature was independent of the applied
field.

The addition of very small amounts of impurities
to hematite broadens and lowers the transformation
temperature range. The impurities preserve the high
temperature state rather than the low. 1% Ti in
natural crystals suppresses the transformation com-
pletely. The production of physical defects in an
Elba hematite by neutron irradiation increased the
saturation magnetisation bubt did not effect the temp-
erature of the transformation.

Heat treatment experiments on a synthetic powader
produced a transformation characteristic of a synthetic
crystal (Haigh,1957). The transformation temperature
range was decreased, and the remanent magnetisation of
the low temperature state was reduced.

A domain memory effect is present in most natural
crystals (kaye,1060). After one or two transformation
cycles, subsequent cycles produced identical leakage
fields at room temperature.

At the transformation temperature, a hysteresis

of 10°C has been found in the value of the
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susceptibility of a synthetic powder and in the
remanent magnetisation of a syrthevic crystal. The
equinmen®t used to measure the remanent megnetisetion
algo indicated a tewperature hysteresis in an Elba

crystal.



€9

Chapter Two

Details of Experimental Technigues

2.1 Introduction to the Magnetic Colloid Technique.

The principle of the magnetic collcid technigue
was discovered independently by Bitter (1931) and
Hamos & Thiessen (1931). They were looking for
magnetic inhomogeneities on the surface of ferro-
magnetic specimens by coating the surface with a thin
film of water containing magnetic particles. Unexpect-
edly they found a pattern indicating the boundaries
between magnetic domains. The existence of magnetic
domains had been predicted earlier by Weiss (1907).

Kittel (1956) has produced a quantitative theory
of the relative intensities of magnetic colloid in
regions of differing magnetic field. He assumes that
the particles are in thermal equilibrium; therefore
the density distribution of the particles in the
liguid is a Boltzmann function. That is, the particle
density p(H) at a point where the field intensity is
H is related to the density p(0) where the field is
zero by the relation

p(H,%) = p(0)exp(pHcoss/kT)
where ¢ 1s the angle between the magnetic moment p of

the particle and the field H. He has assumed that
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the particle has a permanent magnetic moment, and has
neglected particle-particle interactions. On averag-
ing p(H,®) over all angles, 9 , he obtained the mean
value

p(H) = sinh(p H/XT) / (1/kT).

As this is a sharply increasing function with I,
the density of the colloid where the field is
BXWO”Q‘OQ. is nearly four times greater than where the
field is zero. Hence more magnetic particles are
attracted to the domain boundaricecs where the magnetic
leakage field is relatively higher.

Normal magnetic colloids give a poor indication
of the domain walls on hematite because the saturation
nagnetisation is only 0.5 e.m.u./g. In the next
section details are given of a colloid which was dev-
eloped to indicate these boundaries on hematite. The
working temperature of this colloid was extended in

order to study the low temperature transformation.

2.2 Preparation of a Low Temperature Colloid., The

colloidal magnetite particles were prepared by pre-
ciptation using essentially the same method ag Ilmore
(1938). The sensitivity of the colloid was increased
by boiling the precipitate in a magnetic field of

1600 Oe. The working ranze of the colloid was extended
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to —-BOOC by suspending the particles in acetone.

The method of preparation was as follows: The
magnetite was precipitated in a %0 cc. beaker located
between the pole pieces of a permanent magnet having
a field strength of 16000c¢. 20 cc. of distilled water
and S5cc. of HaOH (5gm. per 50 cc.) were boiled to-
gether in the beaker. An electrical sbtirrer prevented
the liquid from boiling over. 2:5cc. of FeClB.Gﬁgo
(5+40gn. per 50cc.) and 2.5cec. of F0804.7E20 (2:78 zm.
per 50 cc.) were mixed together and the precipitate
formed when this was added slowly %o the boiling
liguid. The stirrer was still in operation. The pre-
cipitate was boiled for 30 minutes to increase the
particle size Garrcod (1962). Provided the stirrer
touched the walls of the beaker near the pole piecec
most of the magnetic particles were kept in moticn.
The liquid level was maintained by periodically adding
distilled water. To ensure that & large percentage |
of the particles were of maxinum colloidal size the
field was removed and boiling continued for 30 minutes.
The precipitate was boiled for a further 5 minutces
in the magnetic field.

The pfecipitate had now to be transferred to an
acetone medium. The magnetic aggregate was filtered

off and washed for 60 minutes in distilled water to
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remove the unwanted chemicals adhering to the part-
icles. The washing consisted of filling the filter-
funnel with distilled water and decanting it off.
After the liguid had been decanted off three times
distilled water was pourcd through the filter paper
for 60 minutes. Next the precipitate wes washed with
ethyl alcohol and acetone for 60 minutes using the
same technique. The precipitate was never allowed to
become dry as the magnetic particles might have agg-
regatved together. Hven though acetone is miscible in
water, ethyl alcohol was used &s an interunediate stage
in the washing process. The impurities ought to diss-
ociatc more easily in alcoliol and hence be removed
from the surface of the precipitate.

Fthyl cellulosc was found to be a successful
stabiliser for the acetone colloid. The precipitate
was added to 10 cc. of a saturated solution of cthyl
cellulose. The particles were dispoersed hy subjecting
them to ultrasonic cavitation for % minutes. The
colloid was sealed in a specinmen tube partislly imm-
crsed in a wabter hath connected to an ultrasonic gen-
erator (Ultrasonic Industries Inc., New York). The
heavy non-colloidal aggregate was allowed to settle
out for two hours before using the colloid at low

(o

temperaturces.
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Unfortunately the preparation of a good colloid
owes more to chance than to sclentific effort., 1In
colloid preparaticn as with the study of hematite
there are rather too many uncontrollable parameters.
To minimise this difficulty any new colloid was pre-
pared identically to a successful one ekcept for chang-
ing one variable.

The successful colloids functioned down to ~5OOC,
with any further decrease of temperature they flocc-
u.ated or became attached to a particular domain wall
which had since moved. hese colloids exhibited their
normal properties when reheated to —BOOC.

A fevw days after preparation the FeClB,6H20 form-
ed a hydroxide precipitate due to hydrolysis. Before
pouring out the 2.5cc. for colloid preparation, the
precipitate was dispersed into the liquid by shaking.

Acetone was chosen as a medium for the low temp-
erature colloid because, unlike clcokol, its viscosity
increases only slightly in the temperature range down
to-5000. ence, piven the same rnagnetic conditions,
the colloid particles formed domain patterns in the
same time as at room temperature.

The acetone colloid could be applied to the
crystal at low temperatures, If, for example, a part-

icular colloid application ceaged to function, and the
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crystal was at —2000, the sealing, ring was carefully
remnoved and the crystal surface guickly cleaned with
acetone. Iresh colloid was anplied and the crystal

resealed before too much water was absorbed.

2.3 Details of Other Colloids. Colloid patterns were

first observed on hematite using the water-based
colloid of Elmore.(1958), The particle sensitivity
was not as good as the acetone-based colloid developed
from it. A 'Celacol’ gtabilised colloid made by
Craik & Griffitbs (1958) indicated no domain walls on
hematite.

The acetone-based colloid described in 2.2 was
increased in sensitivity by subjectins the settled
agpregate to ultfasonic cavitetion for 5 minutes.
Provided the liquid was used immediat.ly therc was a
large number of non-colloidal particles in temporary
suspension. These particles had a higher magnetic
roment than the colloidal perticles. When used con a
hematite crystal thig colloid produced, in addition
to weaker domain walls, an extra pattern (reminiscent
of the behaviour of iron filings in a magnetic field).
This extra pattern indicated the direction of magnetic
field on the crystal surface. Ey low temperature

application or continual tapping of the sealing ring
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GLYCEROL
MAGNETIC COLLOID  HEMATITE CRYSTAL
WOOD'S METAL COVER SLIP
SEALING.
ACETONE RING
N T/
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THERMOCOUPLE  JUNCTION

PRASS COLD STAGE

Fig.10. Apparatus used for observing colloid patterns
on hematite crystals at low temperatures.
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this 'iron filing® colloid operated down to - 30°C.

2.4 Microscope Cold Htage. A microscope cold stage
was designed which was cepable of cooling hematite
crystals to below ~40°. Hence it was possible to
view the domain structure of n2ll the synthetic cnd
some¢ of the natural hematitc specimens at and below
their low temperature transformation. The cold stago
was & brass conduction bar cooled by a dewar of liguid
oxygen., The bar was mounted on & quarter inch plate
- of glass which was gripped by the Jaws of the wmovable
microscope stage. The glass insulated the cold metal
from the body of the microscope.

Certain precautions had to be observed during the

rounting of the crystal specimens. 4 uniform critical

>

@

thickness of colloid was reguired on the crystal fac
under investigation. The whole of this iace had to be
in focus. The thermocouple needed to be in intimate
contact with the crystal.

Fig. 10 shows how a hcematite crystal was mounted
on the cold stage. A one inch square microscope cover
slip was cemented with Araldite to a brass sealing
ring which was deeper than the crystal under examin-
ation. A metal Jjig vas made to accommodate thie thermo--

couple Jjunction through & hole of equivalent diametex
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to the one in the cold stage. The jig was heated
above 60°C. The boltom of the hole was blocked with
plasticine. Wood's metal (alloy of cadmium, zinc and
lead melting at 6OOC) was made to form a globule which
plugged the nole. The hematite crystal was made to
float on the molten alloy and then pressed into it by
placing the sealing ring on top of the crystal. The
colloid thickness could be varied by putting paper
slips onto the crystal surface. The Wood's metal
never 'wets' the hematite but spreads around the
crystal forming a well for the colloid. Due to its
resilience the conﬁer/constantén therrn.ocouple pressed
against the underside of the crystal. When cool the
plug of Wood's metal containing the crystal and thermo-
couple was pressed into the hole in the cold stage.
Provided the lower surface of the sealing ring and
cover slip were parallel, the hematite crystal face
remained in focus when the crystal was moved across
the field of view. The seal between the ring and the
cold stage vas nade by flooding the base with acetone
aprroximately every 15 minutes.

At low temperatures the condensation of water
vapour on the cover slip obscured the field of view.
This was prevented by coating the cover slip with a

pool of glycerol which dissolved the condensing vapour



to form a low freeczing point mikture, Provided the
pool was larger thsn tho ecrystal there was no dist-
ortion of the image seen in the nicroscope. Even
after a two hour cine-~film experiment the concerbration
of condensed water was never enough to form solid

crystals on the cover gslip.

2.5 Temperature Measurenents and Control. Copper/con-

stantan thermocouples with liguid oxygen as the cold
Jjunction were used in all the experiments. A calib~
ration curve for the microvoltmeter and cach thermo-
couple was obtained by noting the arrest points of
nelting mercury, water and benzoene.

A constant temperature/time gradient of O-O’IOO/min°
had to be produced in the hematite crystal for the
colloid to track any domain wall movement caused by
temperature changes. Temperature differences of 0:01°C
were measured by backing off 98 % of the thermocouple
output and amplifying the remainder. The backing off
voltage was provided by a Mallory cell (a sccondary
standard cell) controlled by a potentiometer. Voltage
amplification and continuous rc¢cording of temperature
was obtained with a Keithley 149 D.C. microvoltmeter
and a Honeywell-Brown continuous recorder. The thermo-

and twistecd together to

(= bl

couple leads were lagied;
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prevent a change of the D.C., level caused by alter-
nating currents in other parts of the apparatus. The
oxygen level in the dewar provided a coarse control

of temperature. Immediate and small changes of temp-
erature were produced by using a 'Variac' transformer
to alter the intensity of illumination from a conven-
tional 150 watt lamp threc or four inches from the
crystal. By controlling the lanp intensity in relation
to the temperature on the recorder the required temp-

erature/time gradient was obtained.

2.6 Temperature Gradients in the Hematite Crystals.

Due to the method of cooling it was possible that
temperaturc gradients would be produced in the hematite
crystals. Parts of the crystal would then be at diff-
erent stages in the magnetic transformation and hence
produce considerable difficulty in the interpretation
of results. Two types of experiment were designed to
find the temperature gradient, with the proviso that
they must disturb the thermal conditions as little as
possible. As these experiments were done at - 40°C
any lags measured were larger than those produced in
normal transformation experiments.

The temperature gradients across the surface of

hematite were measured by noting the apparent
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difference in the melting point of mercury drops on

the crystal face. The five smallest globules that
could be made by sucessively dividing a pool of moercury
werc spaced as far apart as possible on the crystal
surface. Acetone was added instead of the normal
colloid and the cold stape set for a normal transform-
ation experiment except that it was cooled down to

- 40°C. The mercury drops became discs under the weight
of the cover slip. The transition from solid to liquid
could be seen by continually pressing the cover slip
with a cooled probc. When the solid mercur; became
liquid the disc diameter could be scen to fluctuate.
The experiments showed that the mercury discs all
melted at the same instant i.e. there were no temp-
ature gradients greatcr than 0.01°C for a heating rate
of 0.025°C/min.

A value for the temperature gradient betwcen the
crystal surface and the thermocouplc was found by
another cxperiment on the melting of mercury drops.

The voltage produced by a thermocouplc at the melting
point of bulk mercury was noted, and compared with the
temperature at which & rercury drop melted on the
crystal surfaceThis gave thefﬁemperature gradient. The
sam¢ thermocouple was used throughout. The cxperiment

was identical to a normal transformation run except
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that acotone was uscd insterd of collcid and the very
small mercury drop was on the surface. The same tech-
nique as the previous experiment was used for noting
when the mercury drop became molten. No gradient
could be measured on cooling as there was a super-
cooling effect of 2-500, The temperaturc gradient on

warming at 0.25°C per minute was 0+6 °c.

2.7 Fhotopraphic Rccording of Domain Patierns. The

fine detail of domain patterns was recordcd with an
Ixakta reflex camcra with its lens rcmoved. The
camera was supported on the barrel of the microscope
with the aid of extension tubes. The cyepiccc of the
microscope was removed and the times 25 or times 10
objective was used as a camera lens. The image was
focussed on the camera's ground glass screen by using
the microgscope focussing controls. Ilford FP3 '127°
film was used most cxtensively and the prints wcre
produced on grade 4 photographic paper. The negatives
were processed with Ilford Microphen fine grain dev-
eloper, and the prints with Ilford I D2 to producc
maximum constrast.
The cine recording was done with a Vinten Mark 1

cine camera using cither Ilford Pan ¥ or Ilford EP 3

film. The negatives werc processed for maximunm
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contrast. The camecra received the domain pattern
image in the same way as the iixakta. A Watson
"Wwatching Dyepiecc' was clamped in the camcra lens
position. This reflected 20 % of the light through
an eyepiece allowing thc operator to focus and track
whilst filming.

The colloid patterns were illuminated by a Baker
%0 watt source reflccted through the objective by a
half-silvered mirror. The exposurc times werc one
twentieth of a second with the cinc-camera and one
tenth of a second with the Iixakta. The cine film
exposurcs were made once every two seconds throughout
the two and a half hours of an experiment in which the
cooling rate was 0.025°C/min. The resulting cine
film lasted 5 minutcs when projected at 16 f.p.s.

A Bell & Howell 613 16mm. projector was used for
examining the film. This had continuously variablc
projection speeds from 24 to 10 f.p.s., forward or

reverse, and allowed projection of a singlc framc.

2.8 Introduction to the Ilectron Beam Mcthod.

A scanning clectron beam method was first used by

Blackman, Haigh & Lisgarten (1857) to study magnetic domain
effcects in cobalt. Germer (1942) had previously seen

a complex pattern of curves and arcs produced on a
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.photographic plate by an electron beam deflectcd in
the magnctic leakage ficld from a cobalt crystal.
The method of Blackman & Grinbaum was developed
further by Blackman & Lisgartcen (1958) and was used
in this rescarch to study the domain cffects at the
low temperature transformaticn.

A divergent electron beam is made to oscillate
parallel to the surface of a hematite crystal. The
profile is observed on an electron sensitive screcen
(sce fig.11). A domain modcl of a magnetic crystal
constructed by Blackmen & Iisgarten (1958) rcproduced
nearly all the characteristics of thc shadow patterns
obtained from hematite. Blackman & Griinbaum (1957)
have made a methematical analysis of the pattern
formed by an electron beam passing above an ideal
arrangenent of domains. Their results indicate that
the electrons arc defleccted by the leakage field from
the domain surfaces rather than the walls; and that
the magnitude of the cusps is an indication of the
local magnetic lecakage field above a crystal. An
estimate of the domain size can be made from the

pcecriodicity of the cusp pattern.

2.9 Experimental Deotails of the Electron Beam lMethod.

The electron beam is produccd in a vertical



85

c¢lectron diffraction camera designed by lehoco &
Newman (sce Kchoc 1956). 4 conventional type of hot
filament gun was used to producc a beam of clcctrons
which could be accelerated to 4% Kv. Using the mcthod
of Blackman, Haigh & Lisgarten (1957), the beam was
focussed at the axis of a pair of coils 10 cm. from
the specimen. Due to the 50 c.p.g. alternating current
in these coils, the beam cscillated parallel to the
surface of the crystal. The profile of the hematite
crystal distorted by the magnetic leakage field from
the crystal was obscrved on the fluorescent scroen.

The low temperature unit used in the diffraction
camora has been generally described by Blackman &
Lisgarten (1957) and in more detail by Lisgarten (1957).
It incorporates a control for tilting the spocimen
5 degrees with respecet to the beam. In the original
design cooling and hcating was by conduction from a
liquid oxygen conteiner and a resistonce heabting unit
to & brass end-plate on which the specimen and thermo-
couple were meounted. In the work reported here tho
liquid oxyszen was used as a coarsc tomperaturce control
and thc fine control was obtaincd by the method des-
cribeda in 2.5. By varyinge the radiation from the
150 watt lamp, directed through & gless port in the

camcra, there wes an immcdiave and controllable change
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in the temperaturec.

Colloidal graphitc was uscd to seal the specimen
to a brass mounting-cep. A thin laycr was applied to
the surfaces of the crystal to prevent clectrical
charging. The thermocouple was clamped in a holc in
the mounting-cap.

Photographs of the shadow pattern on the fluores-
cent screcn wcre recorded in the cinc-camera by tilt-
ing thc screen at 450 to the electron beam., The cine-
camera, vicwing throush an inspcction port, was mounted
with its lens 50 cm. from the screcn. A cince-film of
the low temperature transformation was recordcd in the
samc way as described in 2.7 cxcent that the temporat-
urc cooling ratcs were larger. 1In some cxperiments
photographs werc taken at & f.p.s. with large cooling
rates. When doing experiments on the memory cffect
the shadow patterns werce photogranhed directly on film
from a cassetie below the screcn. Exposures werc of

the order of 4 seconds.

2.10 Introduction to the Kerr Effect Technique. The

Feraday effect, i.ec. the rotation of the plane of
polarisation of eclectromagnetic radiation passing

through a material placed in a nagnetic field, aives

rise Tto a similar rotation for radiation refleccted
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from the surface of a ferromagnetic material. In the
reflection case, the effect is called the Kerr magneto-
optic effect, and it has been uscd in this work to
observe domain patterns on hematite crystals.

The experimental srrangement consists egsentially
of a polariser and analyscr with the sample placcd
between them in such a way that light which passes
through the first prism is rveflected from the sample
and then passes throush the second. The planc of
polarsation of the light is rotated upon rclflcection
from the sample. It i rotated by diffecrent amounts
by neighbouring domains, corresponding to the diff-
erences in the direction of the nmagnetisation.
Consequently, the polariser and analyser may be rotated
so0 as to extinguish the light reflectcd from certain
domains and an observer may adjust them in order to

obtain maximum visibility of the domains.

2.11 Kerr Iffect Microscope. The Kerr effect micro-

scope of Grecen & Prutton (1962) at I.C.T. Ltd.,
Stevenage, Herts., was used for most of the magneto-
optical work on hemative crystals. A diagram of the
apparatus is shown in fig. 12. Light fron a high
pressurc mercury lamp S (Philips CS S0 W) was collimated

by a lens L (75 mm. Swift nmicroscope objective) and
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massed through a polariser P (12mm. Glan Thompson
prism) so that the plane of polarisation was parallel
to the plane of the diagram. The aluminised glass
plate ¥ was adjusted so that its normal was in this
same plane. An off-centred stop T was mounted behind
the objective O (X 14 Swift, strain free) so that the
mean angle of incidence was about 16°. On reflection
from the hematite crystal the cone of light was coll-
ected by half the objective and passes through an
analyser A (12mm. Clan-Thompson) and a stop D which
served to reduce glare and scattered light in the
primory image plane. The final inage was viewed by
the eyepiece C. The iris R was placed at the working
distance from the objective O, consequently it was in
focus at the image planec.

It was easy to transfer the cold stege (described
in 2.4) to the Ferr effect microscope at IL.C.T. as the
same DBaker microscope was used in the colloid studies
at Imperial College. In the low temperature experiments
one difficulty was encountered. The water-absorbing
pool of glycerol on the crystal produced an undesir-
able reflection from its top surface. This was elim-
inated by turning the sealing ring upside down, placing
it on the liquid pool and filing it with slycerine.

The depth of glycerine was now at least Smm. Thigs
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was sufficient to reflect the light from the top
surface onto the off--centrcd stop instead of into the
field of view.

IT1ford Pan 7 film was used for recording the
domain patterns. This was developed for maximum con-
trast. The exposure time for the ne ative was about

three minutes.
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Chepter Three

A Domain Study of AG1,Synthetic Hematite Crystal

3.1 The Crystal. The hematite specimen was kindly

provided by Dr. J.F. llemeika of the Dell Telephone
Laboratories. Such sinzle crystals were made by the
flux--melt method in which hemgtite powder was heated
with a PO, flux to 1250°C. If the mixture was cooled
at 1°C per hour good crystals were formed on the melt
at QSOOC. The flux was removea from the crystal
surface by washing in dilute HN05,

The crystals prepared by this method grew in
rectan@ular nlates. The large face parallel to the
melt was well developed and the remaining faces were
much cruder. Bell Telephones made tests on sanpleos
from the melt and found them to be stoichiometric.
X-ray and electron diffraction patterns of the AG1
specimen showed it to be a single crystal.

Magnetic effects were studied on the onc zood
face. This was indexed with X-rays as the (110) face
(in the rhombohedral syster) by Dx. D. Rogzers of the
Chemistry Dept., Imperial Collese. The face itself
vas composed of rectangular zone growth steps, indic-
ating that the crystel had grown from two contre-

rotating spiral dislocations (sce fig. 13). A large
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crystal fault on this face was found to be lying in

the (111) basal planc of hematite.

5.2 Domains in A G at Roorm Temperature. The crystal

(4x3%x1.5 mm.) was mounted for colloid, electron beam
and Kerr effect observations using the method described
in 2.4,

A normal acetone colloid was applied to the
synthetic crystal, and the pattern produced on the
surface ig shown in fig. 14. It was found that the
patterns which were not obviously associated with

faults in the crystal could be meved by fields of
approximately 30e. (see fig. 15). Because of this
and other ré?ons it is concluded in 7.1 that the
normal acetone colloid generally indicated the pos-
ition of domain walls in hemotite.

Unlike most 'Bitter’ fipgures of single crystals
there igs no obvious symmetry in the vatterns. This
lack of gsymmetry occurred in all the synthetic and
natural hematites described in this thegis., In ACHA
the only tendency is for the pattern to be elongated
in a direction parellel to the nearest crystal edge.
As seen in fig.14 ot A,B and C, the domain wall
attracts different amounts of colloid., In addition

the colloid pattern becomes discontinuous where domain
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walls cross a crystal fault (see D and B in fig. 14).
Some of the domains on AG1 were found to be very soft
magnetically; they altered their shape when the field
applied to the crystal was varied by less than 0-%50e.
This was discovered when changing from a X140 to a X40
microscope objective. Some of the domain walls had
moved due to the variation of the magnetic field from
the mild steel sealing rings in each of the objectives.
The increased sensitivity colloid (iron filing
colloid) described in 2.3 was applied to the A G
crystal (see fig.16). In addition to showing more
detall of ‘weaker' domain walls this colloid produced
an extra pattern (reminiscent of the behaviour of iron
filings in a magnetic field) which indicated the direc-
tion of the magnetic leakage field Just above the
crystal surface. In section 7.1 the extra pattern is
shown to originate from the unusual situation of local-
ised variation of magnetisation in direction and/or

magnitude within individual domains.

5.5 Domain Wall Patterns on AG 1 at the Transformation.

This crystal has been cycled through the low temp-
erature transformation over a hundred times. After
the first dozen coolings subsequent transformations

gave ildentical colloid patterns at and above the
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transformation. This occurred provided no magnetic
field had permanently altered the domain pattern. 1f
such an alteration had occurred the crystal stabilised
into its original domain configuration after a few
coolings. This memory effect will be discussed in
more detail in 3.8.

The low temperature transformation was studied in
terms of domain wall motion from cine--film phobtography
of the patterns formed by normal sensitivity colloid
applied at -18.6°C. From ~-18.6to -14.5°C, the strong-
est magnetic effect wag the attraction of colloid to
imperfections seen on the crystal surface. These were
crystal faults (cracks) and local discontinuities
('knots') which were the result of larze dislocations
(A and B respectvely in fig. 17a).

Some normal colloids had a higher sensitivity
than that shown in fig. 17a. In this same tempe:ature
range these showed four additional areas of colloid
about 150 microns across (see fig. 17Db).

AT -~14-500 domain wall nucleation was seen at
area A in fig. 18. Thisgs was followed by further
domain wall nucleation in areas B,C and D at temperat-
ure intervals of 0.27, 0.27 and 0.11°C respectively.

Nucleation occurred in A by a redistribution of

colleid to form a smaller patch which was bounded on
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half the circumfevoncs by a larce amount of ecolloid
in the shape of a broad cusv (sce fig. 18). A Turthew
increase of temperature expanded the circun.ference and
the patch of colloid also formed into a boundary to
complete & circular domain.

The second nucleating area, B, which was rectang-
ular in shape, formed a rectangular expanding domair,
This particular nucleation was & bwo stage process in
which a'heavier' wall wss followed in exactly the same
wvay by a'lighter wall. The same thing happened to the
domain which had formed at & but at & later stape of
the transformation. This occurred when the gingle
circular c<omain met a long craclk and crosscd it by
expanding from a patch of accumulated colloid on the
other side in a two stage process (see fim. 19).
Consequently it was impossible to rfollow cach wall
throughout the transformation.

The long area of colloid, €, formed a straight
line wall along its length whicn split into two para-
1lel walls ecxpanding apart frowm each other.

Area D was very similar in its nucleation of a
wall Cto area 4.

A1l of these domains continued to expsnd with
tenperature until at ~-10-8°C the domain wall move-

ment ceased by ~two pairs of walls cloging together.
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As can be seen firom fig. 20 this occurred very near

the original nucleation areas.

3.4 Iron Filing Colloid Patterns at the Transformation.

The transformation in A G 1 weas studied with the
iron filinﬁ colloid as well as the normal colloid.
Fig. 21a is a vhobtogronh of the iron filing colloid
applied to the crystal at -16°¢. The crystal is
below the transformatiorn temperature in the sense that
all the domain walls heve denucleated. Compering
fig. 21a with fig. 21b taken at room temperature, the
iron filing patterns are seen to be identical except
for the superposition of conventional domain walls in
the latter. In fact this urderlying pattern does not

change throughout the transiormztion.

Ll

t is interesting to note that the four nucleating
areas marked in fig. 18 are regions which appear %o
indicate raegnetic dJdiscontinuities not sssociated with
cracks or knots on the surface,

The manner in which a domain wall expanded after
nucleation has already been described. However it
should be noted that the domain shapes taken during
the expansion can be seen to correspond with the iron
filing pattern by comparing fiz. 22a with fig. 22b.

The crystal was softest magnetically, and the
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domain walls moved into their stable positions in the
smallest temperature range in the area where the iron
filing colloid indicated homogencous lealioge fields.
The iron filing colloids were incapable of record-
ing megnetic changes in fields greater than 100 Oe. due
to the polarising effect of the field on the colloid.
Above the transformation temperaturc the distriition
of the iron filing pattern could be changed by apply--
ing a field of 15 0e. in comparision with the % Oe.
necessary Lo move the domain walls. fields of up vo
300 Oe. were apnlied below the transformation temperat-
ure but they had had no effect on the iron filing
pattern once the field was removed. By applying 150e.
above the transformation temnmerature nrca A in fig. 22b.
was twice converted into what appearcd to be a domain
wall. The long rectoangle of colloid collapsed into a
narrow line along the length of the rectangle taking
all the colleid with it. Afier the formation of this
new wall no iron filing pattern remained in the region.
Even though the crystal was cooled to ~29-SOC, the
new wall did not move at the transformation, except
for a slight rearrangement. TFowever application of a
magnetic field of approximately 300 Oe. below the trans-
formation temperature did nove the wall. It was found

that when the crystal was heated to room temperature
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the wall had disappeared. In thesc experiments the
crystal did not exhibit its normal memory but regained

it after a few more coolings.

5.5 Kerr Effect on AG1 at the Transformation. The

AG1 crystal was viewed below the transformation temp-
erature using the Kerr effect. The polariser and
analyser were set at the ontimum orientation for
domain observation but no magnetic effects were seen.
In fact the domains were indicated only at the stage
shown in fig. 2%. The Kerr effect patterns were ident-
ical to the colloid patterns throughout the transfori-
ation. However, one new feature was observed on heat-
ing the crystal through the high temperature region of
the transformation. After the two walls at A in

fip. 24a closed together, there was a gradual decrease
in contrast between the two domains. The.contrast
became so poor that the boundary separating them was

no longer visible with the XKerr effect (see fig. 24b).

5.6 Ilectron Shadow Method on A G 1 at the Transformation.

This method wag the most insensitive to the megnet-
isation of the crystal. When warmning AG1 from temp-
eraturcs below the transformation the maghetic shadow

pattern formed at »-9.900, i.e. 0-900 after the domain
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walls had nucleated. The cine-film of the transforu-
ation showed that there was no sideways novement of
the cusps with increasc of temperature but simply an
increase in their amplitude which stopped at - 8.1%

There was no domain wall movement
seen by the colloid techniquc during the electron beam

changes.

5.7 Apolication of & Magnetic 1'ield to AG1 Crystal.

The averzge magnetic field needed to move the
domain walis at room tempcrature end down to the
beginning oi the transformation at ~10+8°C was about
5 Qe.

At -12°99C, ficlds of the order of 20 0e. had
to be applied to make any change in the domain wall
pattern. As can be seen in fig.25 these ficlds had
an exactly similar effect to changing the temperature
of the crystal. If 200e. was applied with opnosite
senses at -13°C there was an effective increasc or
decrease in the tenperature of O-OBOC.

The samc effect is recorded in fig. 26 near the
denucleation temperaturce. In this casc 1000e. was
equivalent to a tempcrature change of 0.02°C.

It was possible to causc a complete denucleation

by applying the appropriate magnetic field Jjust above
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the denucleation tewmpcrature. The reverse was ncver
achieved cven with a ficld of 100 0c¢. applicd immod-
iately below the nuclcation temperaturc. However, new
walls might not be indicated by the colloid duc to its

decreased mobility in the polarising ficld.

3.8 The Memory Tffect in ACG71. In an earlier section

it was mentioned that the AG1 crystal had a magnetic
memory after its first few coolings. A crystal will
be said to have a magnetic memory if on cycling thc
crystal through its low tumperature transformation the
domain wall pattern abt any specific temperaturc is
identical with the pattcern at that same tempcrature in
previous cycles.

The virgin 4 G 1 synthetic crystal had to be
coolcd 12 times before it developed a mapgnetic memory.
In thesc first coolinss the wall movements couvld not
be recordcd as the colloid technigue had not boen
developed sufficiently. However, it was noticed that
there were some slight rearrangements of domain walls
above the normal temperature range of the transform..
ation.

If the domain pattern was changoed by momentarily
applying a megnetic ficld, within a few cycles the

memory was restorod, During these cycles the
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transformation still took the form of 2 denucleation
phenonmenon, starting and finishing av thc same temp-
erature and in the same place as the normal transform-

ations.
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Chapnter Four

A Domain Study of o Natural lematite Crystal, Lilba (A1)

4.1 Domain Patterns on Ilba (A1) 2t lloom Temperature.

The domain patterns were ztudied on the (110)
face of this natural crystal of hematite from Llbe.

The face was identified by X-ray diffraction. The
crystal was a large wlate ©mm. across and 2umm. thick.
From fig. 27 it can be senn thet the natural face had
a slightly corrugated surface.

Comparigion of the normal colloid pattern on Llba
A1, (fig.27), with the rcsults of the same colloid on
the synthetic crystal, AG1, (fig. 14) produced the
following diffcrenceg:

a) The domains on the Elbe crystal were genecrally
smaller than those on the synthetic crystals.

b) The domain wall patterns werc more discontin-
uous and irregular in shape.

c) Tor the same colloid the pattern along &
domain wall on the ©lba specimen was less intense but
rmore uniform,

The Kerr cffect incdicated cdomains on the Elba
crystal. The visibility of domains was better than
on AG1. One of the déemains is shown in fig. 28 , and

can be comparcd with the pattern of the normal colloid.
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The optical rotation within a domain appeared to be
uniform.

It was possible to move the domain walls with a
field of 5 Oe.

fig, 29 shows the iron filing colloid applied to
Elba, A 1. Comparing this with the same colloid on
AG1, (see fig.21), one finds that despite the lack
of knots and cracks the leakage fields are much more
irregular. In addition an increased number of ‘weaker'

domain walls are indicated.

4,2 Domain Patterns on Elba (A1) at the Transformation.

Using the electron beam method, the transformation
occurred between - 11 and - 21°C. FPhotographs taken at
room temperature after subsequent transformations were
found to be identical; i.e. the crystal had a memory.

Normal colloid was applied well above or below the
electron beam transformation temperatures. No change
of pattern was observed on heating or cooling the
crystal through the transformation, except for a slight
rearrangement during the first & cycles.

The Kerr effect work confirmed these results (see
figs. 30a - d). At -119C the.domains shown in the

photograph began to lose their visibility in some areas.
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The constrast between the two domaing continued to
decrease with further cooling until at -12.5°C they
were no longer visible. The reverse effect occurred
on reheating the crystal.

A cine~film was made of the transformation as
indicated by the electron beam method on Elba B 6. This
specimen came from the same mother crystal as Elba A 1.
The shadow patvern cusps continuously decreased their
amplitude without the sideways displacement seen in

the transformation of Art. 100.
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Chapter Five

A Domain Study of Art. 100, Synthetic Hematite Crystal

5.1 Domains at Room Temperature. This Bell Telephone

Laboratories' synthetic hematite crystal was a large
rectangular plate (14X12X2.5nmu3). The normal colloid
and the iron filing colloid indicated domains which
were about the same size and exhibited the same leak-

age field patterns as on AG1 (see fig. 31).

5.2 Domain Patterns at the Transformation. Fig. 32

‘shows some of the stages in the transformation as the
crystal is heated from w29-300. Between —29~§OC and
- 26.79C the iron filing colloid indicated no magnetic
effects from the crystal. Above - 26.7°C the same
colloid mapped out a magnetic field produced at the
crystal surface. Next, at -24-80q a domain wall
nucleation process started which occurred in different
ways throughout the transformation. FYor example in
fig. 32, the field distribution pattern suddenly
accumulated a 'line' of colloid without the rest of
the pattern being mocdified. In fig. 33, the colloid
accumulated around area A, where the leakage field
was parallel to the surface, to form an area of

serrated domain walls. The number of serrations
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deercascd on warning the crystal, and finally thc
colloid formod a rectangular domain wall. Thoerc
were scveral of these scrrated walls on the crystal,
and thc scrrations werc all in the same direction.
If the speeimen was sct at a differoent oricntation to
the carth's ficld the serrated walls continucd to
rcmain in their original position. Thoe final stage
of the transformation consisted of o discontinuous
rcarrangecment of the domain wall patteen finishing
3.8°C,

It should be notced thot in somc areas at roonm
temperaturc the iron filing pattern was diffcront
between successive transformetions. The temporaturcs
of diffcrent stages of the transformation and the
domain nuclcation arcas wcre approximately constant in
succcssive transformations.

The clcectron beam method was used to study the
transformation. Cinc-filmgs showed the cusps of tho
clectron shadow to disappcar betwecn --12.5 and - 14.1°¢.
Besides_the cusps decreasing in amplitude, a certain

amount of sideways motion occurred.

5.5 The Mcmory Effcet in Art. 100, Synthctic Hematite

Crystal. 1In spitc of the fact that this crystal had

been transformecd 1135 times it did not develop =
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Electron beam patterns at room temp-
erature after successive transform- .
ations indicate that there is only a
general tendency towards repeating
the same pattern on Art. 100,

‘synthetic hematite crystal. Trans. 32 -43%.
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completc magnetic memory as seen by the colloid and
the ¢lectron beam mothod. The crystal was transformed
68 timee in the diffroction camcra. Throughout thcesc
transformaetions the magnctic field imposcd on thce
crystal remained at a constant value. Irom the photo-
graphs (fig. 34) of the cloetron shadow pattern taken
after cycling through the transformation it is obvious
that only a general trend towards repcating the samc
pattern devcloped. The next 45 transformations were
studied with thc colloid technique. The crystal did
not producc identical potterns at room temperaturc,
the domains tended to form only in the samc areas

betwecen temperaturce cyclus.
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Chapter Six

A Domain Study of Several Hematite Crystals

6.1 The Transformation in Two Synthetic Hematite

Flakes, JAH1 & JAH2, These flakes were kindly

supplied by Dr. Y. Iida of Tokyo University. DNone of
the specimens have been examined to the same extent as
the synthetic crystals from Bell Telephone Laboratories.
JAH1 end JAH2 were 0-1x2Xx2mm.~ in size. These
crystals are so thin that it ought to be possible to
examine their megnetic properties by the Faraday effect.

The normal colloid indicated only & few domain
walls on these specimens (the faces were not basal
planes). The attraction of colloid to the domain walls
was weaker thar on the Bell Telephonec specimens. A
serrated domain wall like those seen on Art. 100 was
found on JAL 1,

The low temperature transformation was studied
with a normel colloid on JAE 1. After 10 transform-
ations the crystal did not exhibit a domain wall memory.
On cooling, the transformation consisted of a rearrang-
ement of domain walls starting at —45°5OC, No denucl-
eation of domain walls was seen. At -19.5°C, the low-

est temperature at which thic crystel was examined

7

there wan still a dowain patterr present.
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Onlv the first two transformations of the JAHZ2
crystal were studied with the electron beam method.
The shadow pattern had cusps of small amplitude comp-
ared with the American synthetic crystals. The cusps

D . 0
disappeared at temperatures between -11.5 and ~16.07C.

6.2 The Trarsformation in a Iintural Hematite Crystal,

Gihiofuji (J2RB). The transformaetion of this natural

crystal (6X5X1~51mn;§)was studied with normal colloid.
The domain walls at room temperature were similar to
those on the Elba crystal (comvare fig. 35 with fig. 29).
The transformation took the forn of a discontin-
uous rearrangemént of the doncin wall nattern which
startecd at —25-000 and was still proceeding at -50.600.
The walls apneared to attract lese colloid at the
lower temnperature either because the intersity of
maghetisation was smaller or because the colloid was
tending to flocculate. After 12 transformations the
domain pattern did not repeat at room temperature.
Kaye (1960) reports that the transformation as
measured with the electron beam method occurs between
- 25 and —5506 for a crystcl fror the same origin as

the Japanese J 2 B crystal.
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6.5 The Transformation in & Synthetic lematite

Crystal, Art. 101, This circular crystal (2 umm. thick,

Gumm, diameter) of synthetic hematite from Bell
Telephone Laboratories was iven only a cursory invest-
igation with the colloid technique. The crystal was
transformed © times.,

The domain pattern al room temperature was similar
to the pattern on the Art. 100 synthetic ecrytgecl which
was grown from the same mel?b.

The transformation occurred in three stares,
Petween - 3.5 and ~7-5OC there wag a discontinuous
rearrangement of the domain pattern. Next a needle
structurc formed in some areas. At -16:3°C the walls
disappeared by & dispersion of colloid rather than a
denucleation process. It was not established whether
the iron filing pattern that still remained disappeared
with additional cooling.

After 6 transformations no exact domain wall

memory had develoned.

6.4 The Transformation in a Synthetic Hematite

Crystal, Art. 3. As in the previous section this Bell

Telephone Laboratories' gynthetic specimen was sub-
jected only to a preliminary examination. The crystal

(5X5X5xmn;5) was transformed 1% times, transformations
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4 to 12 being examined with the colloid technicue and
the remainder with the électron beam method.

This crystal was grown from the same melt as the AG1,
synthetic hematite specimen. 1In the 8 transformations
examined by the colloid technique there was a discon-
tinuous rearrangement of the domein walls between
-0.5 and -12.3°C, Between -12-3 and -12.5°C the
walls disappeared by the colloid dispersing. These
experiments were done before the tracking of domaln
wall movements had been perfected. Hence these results
could be masking a denucleation phenomenon. The
domain patterns of subseguent transformations at room
temperature showed that the crystal had not developed
a memory. The crystal was not examined at the trans-
formation with the iron filing colloid.

Transformations 1 to % and transformavion number
13 were studied with the electron bean method. The
amplitudes of the cusps of the shadow pattern were
plotted against temperature for trensformations 2 and
1% (see fipg. 36). TIven though the crystal had no
domain memory the transformation finished at the same
vemperature in both experiments. ~The range was ~8.9%
to —44-490 in transformation 2. Single shot photo-
graphs of these two transformations were taken.

Careful inspection showed that the electron beam
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Fig., 37. Electron beam pattern obtained from
cooling Art. 3, synthetic hematite

crystal through its transfogmation
temperature (-89 to -11°4°C).
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pattern just decreased in amplitude. There was no

sideways movement of the cusps (see fig. 37).

6.5 A Summary of the Experinental Results. It is

possible to group the hematite specimens into crystals
exhibiting three types of domain behaviour at the low
temperature transformation. The first group includes
the natural crystals of which “lba A1 was most extens-
ively studied. The syanthetic crystals from Lell
Telephone Laboratories form two groups characterised
by the behaviours of AG1 and of Art. 100.

On cooling Elba A1 through the transformation
there is no change of the domain pattern or of the
iron filing colloid pattern, yet the Kerr effect and
the electron beam method both indicate & reduction of
the remanent magnetisation. We will group the Japanese
natural crystal (J2B) and the Japanese synthetic
crystal (JAH1) with the Wlba crystal as their domain
patterns did not disapwnear below the transformation
temperature. There was some rearrangement of the
domain patterns and a domain memory had not developed
in the Japancse specimens. Thesc crystals had however
been transformed only about a dozen times.

The domains disapreared by a continuous denucl-

cation phenowmenon in AG 1, the crystal which
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characterises one group of synthetic crystals. The
iron filing pattern still remailad after cooling at
least 1506 below the temperature of the disanpearence
of the last domein wall. The elcctron beam method
cshowed a steedy decrease of the amplitude of the cusp
pattern with no sideways disnlacement on lowering the
temperature.

The final group includes Art. 100, Art. 101 & Art. 3
of wvhich Art. 100 was studicd most extensively. On
cooling, Art. 100 ec¢xhibits discontinuous rearrangemnents
of domain patterns over a teuperature range of 21°¢
followed by a sudden disversal of the nattern. The
iron filing pattern disanieared 1.5°C below the temp-
erature at which thc dispersal occurred. The clectron
beam method exhibits sideways movement of the cusp
pattern together with a decrease in amplitude of the
cusps when used on Art., 100, This crystal did not
develop a domain memory after over 100 transformations.
The two remaining crystals in this group showed the
same lacl of memory and tho same rearrangoement-
dispersal phenomenon. The iron filing nattern was not
studied on them. When the clectron beamn method was
used on Art. 3 it gradually decrcascd in cusp amplitude
with no sideways novement on cooling tho crystal.
After wore transformations it is possible that Art. 3

mignt dcvelop the memory cheracteristics of A G 1.
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Chapter Seven

A Discussion of the Expcrimental Results

7.1 Hematite Domains above the Transformation

Temperaturc. In hematite the Kerr effect indicates

areas of different magneto-optic rotation. The bound-
aries of these regions are in the same positions as
the patterns obtained with the normal acetone colloid,
and can be moved by magnetic fields of less than 10 Oe.
Hence we may term these regions magnetic domains.

The domains in hematite have rather different proper-
ties compared with those in normal ferromagnetic and
ferrimagnetic materials. The interpretation of these
unusual properties follows naturally from the shape of
the domain boundaries and the irorn filing effect seen
with the high sensitivity colloid.

Normal strain-free magnetic crystals exhibit
domains with well defined geometrical shapes. To some
extent, the shapes are determined by the arrangement
of the easy directions of magnetisation within a
rarticular crystal. In zero applied field the magnet-
isation in the domains is oriented along easy direct-
ions of magnetisation. The domain walls are arranged
to maintain & constant comnonent of magnetisation

normal to the domain wall.



140

In hematite the domains possess no obvious
symmetry and are irregular in appearence. For the
normal component condition to apply, the magnetisation
must be parallel to the domain wall surface, i.e. the
magnetisation must be antiparallel either side of the
wall. Hence, as in cobalt, all the remaining crystal
faces, except one, would exhibit straight line domain
walls. This does not occur in hematite; all the
natural faces oxhibit an irregular dowain pattern.
There must therefore be another explanation for the
shape of the domain pattern in hematite.

The additional patterns obtained using the iron
filing colloid are due to a variation of leakage field
‘above the surface of individual domains. This leakage
field cannot be attributed to the domain walls because
it is still present in the same form after they have
disappeared at the transformation temperature. It
must therefore originate from the domain itself and
indicates a variation of direction and/or magnitude
of magnetisation within individual domains. This
effect was present on all the single crystals examined
with the high sensitivity colloid. A variation of
magneto-optic rotation within some domains confirms
this conclusion.

This unusual result can be used to interpret the
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shape of the domains if we accept the principle that
generally the conponent of magnetisation normal to
the domain wall is constant. The local variation of
direction of magnetisation within a domain produces
the unusual domain shapes seen on the surface of
hematite crystals.

It seems improbable that the domains reported
here are characteristic only of the surface of
hematite. Williams, Sherwood & Remeika (1958)
obtained domains of a very similar size using the
magneto-optic effect in transmisgion through a syn-
thetic crystal 25 microns thick.

Many domains are surrounded by colloid patterns
of varying intensity. The Kerr effect shows the sane
variations at these domain walls. Sometimes these
methods give the impression that the domains are not
completely surrounded by domain walls but appear to
merge into one another.

Studying the domain structure on hematite in
relation to the leakage field pattern below the trans-
formation, one is given the impression that besides
the domain walls being complete boundaries between
domains they have a more important role of reducing
high local leakage fields by substituting this bound-

ary. The walls often end at major imperfections in
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the crystal.
The leakage field pattern beclow the transform

ation temperaturc soverns the vpossible Adirections
above the transformation.

plane of the wall

which domain walls will take
alls set themselves with tho

The
normal to the external lines of flux indicated by t
colloid.
7.2 The Magnetic Transformation. The results reported
variation of thc wmagaetic

the wide
The

here cmphasisc
cmatite

properties from one h crystal to another.
netic transformation occurs at considerably differ-
che same melt. Of

nag
ent temperatures for crystals from
same leboratory, one cxhibits

crystals prepared in the
whereas others do not.

a magnetic domain menory
Generally speaking the remancnt magnetisation of
Le¢ll Telephone Laboratories

the synthetic crystals from
by a factor of 30 at the transformation

decreases
natural crystals th

temperature (Gallon, 1963), and i
The results of thce colloid

reduction is much less.
periments described above and thosc of other work
carlicr mwesulte in which the

different from the
observed to disappear

magnetisation was

are

remanent
conpletely in synthctic crystvals.
The results reported here show that in terms of
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the micromagnetic structure the transformation 1s
found to occur by three distinct mechanisms. These
mechanisms will be interpretcd by considering tThe
relative number of physical dcfects in the crystals.
The room temperature nagnctisation is the sane
for all mecchanisms whereas below the transformation
temperature the micromagnetic propertics are all
different. The first mechanism occurs in the crystals
which are the least perfect, the natural crysbtals, and
is sec¢n in the crystal from Llba. On cooling wcll
below the transformation temperature there is no
change in domain pattern nor in the local direction
of the lecakage field. UHowever, the Kerr effect and
the elcctron becam mebthod show that the remancnt
magnetisation has dccreased. This cffect occurred in
both the lilba crystal and the AG1 synthetic crystal,
i.c. the magnitude of the leakage field was shown to
vary with temperaturc by the clectron beam method
whilst the colloid patterns showed no change. This
could occur only if the lcakapc ficld rctaincd the
same rclative intensitices in differcnt areas at
specific temperatures whilst dccreasing in magnitudc.
This would be an idcal situation especially for
hematitc. Although the clectron beam pattern is an

average cffcecet of scveral domains, the elecctron beam
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method did scem to indicate that the samc relative
intensities werc being maintaincd throughout the
transformation.

The sccond mechanism indicates a more perfect
crystal. This is found in the synthctic specimen
AG1. UNo change of thc local direction’of the lcak-
age ficld is found after cooling at least 1500 be low
the transformation temperature. The domain walls
disappecar by a denucleation mechanism. The direction
of motion of the domain walls is dectermined to somc
extent by the local dircctions of magnetisation within
~the crystal. It is possible that somc denuclcating
domain walls are phasec boundariecs separating two
different magnitudces of mapgnetisation (sce 7.3).

Thce third mechanism is perhaps indicative of the
most perfect synthetic crystels. This is found in
Art, 100. On cooling, this specincn exhibits a
rcarrangement and a sudden weakening of the domain
walls rather than a dcnucleation phenomenon. 1-90C
below the tempcraturc at which the fina2l domain wall
diseppears, the high scneitivity colloid shows ro
magnetic effceccts whatsoever, just a random distrib-
ution of colleoid. We should note that this crystal
did not develop a domain memory even after 100 trans-

formations.
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To intcrpret the three difierent transformation
mechanisms we neced to examinc the origin of the local
variations of magnctisation within a hematite domain.
The variations arc indcpendent of the domain wall
structure. Hence the pabtberns must be dupendent on
some crystal properiy. Onc property whicii could have
local variations throughout a crystal and affcct the
magnetisation is strain.

1t is rcasonable to assune that thoe natural
crystals arc worc strained than the synthetic crystals,
and that the AG1 crystal hos nore strains in it than
Art. 100. Comparing a strained volumc of a crystal
with an unstrained volume, we find slightly diffcrent
lattice paramcters in thoe two regions. Due to the
changes of spacing the straincd volume is csscentially
a different crystal. This would manifest itsclf
magnetically by o change of smturation magnctisation
and anisotropy comparcd with the ideal crystal.

Using Dzicloshinslkii's postulate that an idcal hematite
should be non-ferronagnetic below the transformation
temperature we sec that the low tempersture ferro-
magnetism is not an intrinsic ferromagnetism but
originates from the strain produced by the imperfect-
ions in Tthe crystal. This low temperaturc megnet-

isation is forced into certein dircctions by tho locel
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strain. It is interesting that thc AG1 crystal is
cssentially a single domain bclow the transformation.

At room tomperaturc the effects of strain are
shown by a greater number of variations of magnet-
isation within the same arca on the Elba crystal
compared with A G1 and espccially when comparcd with
Art.ﬂOO,'

In these crystals we have regions of ideal
hematite and regions which have slightly differcnt
propertics. The propertics differ cenough to affcect
the second ordcr maegnetism of hematitce, i.c¢. the ferro-
magnetisui. The regions are extensive cnough in AGA
to imposc certain local directions on the magnctis-
ation, but there is still sufficient 'ideal' hematite
to produce domain wall movement and to reducc the
magnctisation considerably at the transformation. In
the Elba crystal there arc more strains distributced
throughout the crystal and these prevent the megnetic
spins from moving thc domain walls at the transform-
ation. In spite of this the magnetisation is rcduced
slightly on cooling the crystal.

With this strain modcl a crystal should have a
domain memory if it possesscs a sufficicnt number of
dislocations.

This interprctation is completely cqualitative and
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relies on some of the ferromagnetism being maintazined
in fixced directions by the local effect of strain
indcpendently of temperature. The strains originate
from the large numbers of dislocations present in any
crystal grown by cither natural or cxperimental mecthods.
In order to give a more procise model we need to know
the oripin of anisotropy and possibly magnctostriction

in hematitc.

7.5 Discussion of a Possible Two Phasc Systen at the

Transformation in AG1. It is interesting to consider

whether the transformetion in AG1 is a more stable

form of the domain wall rearrangement and disappearcnca
phenomenon scéen in Art. 100 or whether it is & radic—
elly different process in which two distinct magnetic
phases are separated by the denucleating domain walls.,
In this context one phasce is defined as a ferromagnetism
having a certain magnitudce of magnetisation within a
domain and the other phasc as a ferromagnetism having o
different magnitude of magnctisation.

When the AG1 crystal is cooled, cxamination by
the electron beam method and the Kerr e¢ffcet indicates
that thc remonent magnetisation first changes without
any movement of the domains. With further cooling, the

crystal forms new domains by splitting cxisting walls
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in two and expanding the new rezion. The domain move-
ement occurs first in areas having the least magnetic
inhomogeneity. The new domains could be formed because
the decrease in temperature produces new easy directions
of magnetisation or a new magnetic phase with a lower
intensity of magnetisation. When the denucleating
domain boundaries move across the magnetically homo-
geneous regions their movement shows no dependence on
the existing domain structure. One boundary, almost a
straight line, advances continuously, leaving behind
considerable areas with no domain structure. The lack
of depencdence of the moving boundary on the stationary
domain structure is more easily explained by assuming
that the new region is one of local anisotropy change
rather than of a new phase of much reduced magnetis-
ation. The latter would be more likely to produce
additional rearrangement due to the greater change of
leakage field. During later stages, some of the
denucleating walls are not complete, so that it is
difficult to imagine them as phase boundaries. There
is no difference in the amount of colloid or the way
in which it is attracted to the moving domain bound-
aries compared with the room temperature domain walls.
On heating the AG1 crystal from below the denuc-

leation temperature an increased accumulation of
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colloid vccurs in some areas. This is then surrounded
by a domain wall due to the local increase of magnet-
isation. Some of the areas behave like the domain
walls in Art. 100 by forming a straight line in the
middle of a patch of colloid. Hence, if two phases

do exist at the transformation in AG 1, it is only in
certain regions, and it occurs more by accident than
as an intrinsic phenomenon.

On warming any synthetic crystal through the
transformation temperature the domain walls are created
in the same region even if there is no magnetic wmemory.
From this we can infesr that these areas have the lowest
transformation temperature due to some local change of

crystal property, i.e. strain.

7.4 Discussion - The Effect of a llagnetic Field on

the Transformation in AG1. The aprlication of a

magnetic field to the AG1 crystal while the domain
walls were denucleating produced an apparent increase
or decrease in the temperature of the crystal. Like
the domain changes caused by a temperature change, the
npattern of movement of domain walls in a magnetic
field is governed by the local variation of direction
of magnetisation.

In this crystal, the minimum field needed to move
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a domain wall during denucleation increases from 20 Oe.
half way through the denucleation stage to 100 Oe. just
és the final domain denucleates. This can be inter-
preted as being due to the weakening of the couple on
the spin system as the magnetisation decreases and
possibly a gradual increase of the anisotropy energy
as the crystal transforms.

The domains could not be nucleated by applying a
100 Oe. magnetic field immediately below the trans-
formation temperature, either because the field was
not sufficient or the colloid would not settle on
domain walls in the high polarising field.

The iron filing pattern was modified by a magnetic
field of only 150e. at room temperature and yet 300 Oe.
had no effect when applied below the transformation
temperature. Presumably this is again duc to weaken-
ing of the couple on the spin system or perhaps the

anisotropy energy of the crystal is increased.

7.5 General Discusgsion. The transformation temp-

eratures for synthetic crystals using the colloid
technique and the electron beam method are tabulated
in fig. 38. There is an alarming variation in trans-
formation temperature from one pure crystal to another.

The electron beam method shows transformation mid-points
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ranging from “9-900 in Art. 3 to ~15-7OC in JAHZ2.
The transformation mid-point, in terms of the mid~point
between temperatures at which wuay method detected
magnetic changes, ranges from —6»500 in Art. 3 to-
~16°5°C in JAH 1. The most perfect crystal, Art. 100,
exhibits domain wall changes over a temperature range
of 28.6°C comparcd with 6-4°C for the less perfect
crystal, AG1. It is difficult to determine whether
the wall movement at higher temperatures in a sensitive
crvstal is part of the transformation or due to the
normal variation of magnetisation with temperature.

The changes in domain structurc serve to illus~
trate, more than any other method, how variable a
phenomenon the transformation can be.

In the interpretation of the bresont work on
hematite it has been found unneccssary to introduce
the concept of antiferromagnetic domains. However,
these have been found in Ni0 crystals. In an abstract
of an unpublished paper, Pickart, Nathans, Brown &
Alperin (1963%) claim to have found regions in a BRell
Telephone Laboratories’ synthetic crystal in which the
arrangement of the magnetic spins with rcspcecct to the
oxygen ions ig different. The volume of these arrange-
ments could be varied by applying a field of 50 Oe.

It is difficult to discuss the reletionship betwcen
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ferromagnetic and antiferromagnetic domains until a
study has been made of the two forms of domains on
the same crystal. This is ceven more ncecessary as the
neutron diffraction worli indicated antiferromagnetic

domains below the transformation.

7.6 General Conclusions and fubure Experiments on

Hematitc. Physicists experimenting on the magnetic
properties of natural hematites must have felt that
when synthetic crystals were made available the
variation in magnetic properties from one crystal to
another might disappear. Unfortunately thc recent
literaturc and the results reported herc have shown
quite the reverse, cspecilally with regard to the
ferromagnetic propcrties. It is impossible to compore
the results of different techniques on synthetic
specimens obtained not only from the same laboratory
but from the same melt. In order to appreciate the
relationship between the antiferromagnetic and the
ferromagnctic parameters different techniques must be
used on thc same crystal.

The low temperature transfornation, in the sense
of any change of remancnt magnetisation below room
tenmperature, has becn found to occur by threc domain

mcchanisms dependiag on the micromagnetic arrangcment
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of the ferromagnetism below the transformation. The
three mechanisms caused by a reduction in temperature
are: -

1) A rearrangement of the domain pattern over
a range of 21°C followed by a sudden dispersél
of the colloid pattern leaving the crystal as a
sinrle ferromagnebtic domain exhibiting local
variations in direction and/or magnitude of
megnetisation. The magnetisation in this domain
no longer attracted iron filing colloid when the
crystal was cooled 1-900 below the temperature
at which the domain wall pattern dispersed.

2) A denucleation of domain walls over a range
of 5-700 leaving a single domain exhibiting local
variations in direction and/or magnitude of
magnetisation. The magnetisation in this domain
docs not weaken for at least an additional 1500
cooling below the denucleation temperature. The
remanent magnetisation is 30 times lower at
these temperatures compared with room temnerature.
The crystal with this form of transformation
posscsses a domain memory in that successive
transformations are identical at all temperatures.

3) A change of the remancent magnetisation occurs

without any domain wall movement Or change in the
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direction of the magnetic leakapge field on the

surface of the crystal. This behaviour is found

in a natural crystal from Elba.

Below the transformation temperature the ferro-
magnetism has been interpreted as a defect property
in all the hematites. The ferromagnetism has not
disappearcd completely on cooling because local strains
(produced by the defects) have prevented the spins in
certain areas from alipning themselves completely along
the ternary axis. The first nechanism occurs in
crystals having the least number of defects, and the
third mechanism in those having the greatest number.
Using this interpretation, below the transformation
temperature, the remancot magnetisation of crystals
transforming by the first mechanism should be lower
than those crystals transforming by the second. The
strain affects the ferromagnctism above the trans-
formation temperaturc by causing local inhomogeneitics
in the lecakage field from domains.

The strain interpretation can be tested by
annealing synthetic crystals. The transformation
mechanism should then be of a rearrangement--disvpersion
type rather than a denucleation »henomenon. The
remancnt magnetisation below the transformation should

decrease with annealing. It might be possible to do
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the reverse, i.e. to make synthoetic specimens nore
like natural crystals by quenching them. The mejority
of crystals do not exhibit any well defined anisotropy
propertics in the basal plane above the transformation
temperature and if the strains sre annealed out the
theoretical three~fold anisotropy may well eppear.

It secms that the ferromagnetism prescnt below
the transformation temperature will be found to
orirminate from defects rather than an intrinsic ferro-
magnctism. Research using neutron diffraction is
necded to cstablish the manrcer in whiclk the ferro-
magncetic domains inturoct with cntiferromapgnetic
domains and to establish thoe origin of the ferromagnet-
ism. An interpretation must be piven to cxplain why
the ferromagnetiém does not saturate to the same value
in different directions in a crystal, and how it 1is
possible to turﬁ the antiferromagnetic spin system in

the basal plane with small ma;netic fields.
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NOTE

. s s s

The University of London Board of Studies
recommended that the spelling of the title should
read hsematite and not hematite. This recommendation
has not been adopted in the main body of the thesis
for three reasons. The Shorter Oxford Dictionary
(published 1956) gives two possible spellings for
a—FeaO5 they are 'hematite' or 'hesematite'. bince it
is difficult for most typewriters to produce a
dipthong, and because the vast majority of modern
scientific journals use the spelling, hcmatite, this

has been maintained throughout.
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