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INTRODUCTION

Hematite &x-Fe203) is basically a uniaxial antiferro-
magnet with interesting and unusual properties. At temperatures
below 262,.7°K the antiferromagnetlic aiis is parallel to the
[111] direction (Shull et al., 1951). At this temperature a
transformation occurs whereupon the antiferromagnetic axis
rotates into the (111) plane. This transition is known as the
Morin transition énd the temperature at which it occurs 1s
referred to as Ty (Honda and Sone, 1914; Charlesworth and Long,
1938; Morin, 1950).

It has been shown as a result of many measurements on
hematite that there is a weak spontaneous moﬁent within the
basal plane (Smith, 1916; Chevallier, 1951; Guillaud, 1951:

Neel and Pauthenet, 1952; Neel, 19533 Lin, 1959, 1960, 1961, 1962;
Tasaki et al., 1962; Iwata et al., 1962; Tasakl and Iida, 1963).

This is now known to be due to a canting of the antiferromagnetic
sublattices arising from a term p(lxmy - lymx); in the expression

for the free energy where -

Bl

= 5] + Sp + 83 + By,
=5 - Sz - 3 + Sy,

is a constant,

| T i

0

1 524 §3 and Sy are the average values of the spins of
the four magnetic ions (Dzialoshinskii, 1957; Aharoni et al.,
1962).
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This transition from the purely antiferromagnetic state
to the weak ferromagnetic state is field dependent. A magnetic
field’applied along the [111] direction induces the well known
*spin-flop” transition (Néel, 1936; Nagamiya et al., 19553
Morrish, 1965) which has been exﬁerimentally verified (Poulis
et al., 1951; Gorter, 1953; Besser and Morrish, 1964; Foner and
Williamson, 1965; Hirone, 1965). A field applied in the (111)
plane will also induce the Morin transition (Kaczér and
Shalnikova, 1964; Flanders and Shtrikmen, 1965).

In both cases as the field increases the temperature of
the Morin transition decréases. though there is a difference in
the temperature dependence (Foner and Shapira, 1969).

Microscopically the Dzialoshinskii canting term was
expressed by Moriya (1960) in the free energy expression as

d . (s x 83)
where d 1s a vector parallel to the [111] direction and 8y
and §2 are the spin angular momenta of the two.ions under
consideration., It has been postulated by Searle (1968) that
d is allowed to point in either direction along the [111]
axis; i.e. the expression éhould be
+d . (§1 X Sp).

In that case the macroscopic D vector must be a
combination of the mlcroscbpic d vectors and would then exist
because of a long range cooperative effect between the vectors

leading to a spontaneous alignment. of the microscopic d vectors.,
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B would therefore be replaced by <5>= 5f. f being an
appropriate statistical distribution function.

Using this assumption it was attempted, using
molecular field theory, to describe theoretically the Morin
transition when a field is applied in the (111) plane.v

The field induced transition was experimentally studied
and the results compared with theory.

The temperature dependence of the weak spontaneous
moment in the range of room temperature to Ty was galso studied
in an effort to elucidate the nature of the vector D. (Ty is
the temperature at which the weak moment disappears, see

Conclusions).



CHAPTER 1

Crystal and Magnetic Structure of Hematlte

The crystal structure of hematite was established from
X-ray data on natural single crystals (Pauling and Hendrické,
1925) and hés been refined slightly by Blake et al., (1965).
Hematite is the stable rhombohedral form of ferric sesquioxide
but there is also a cubic spinel form, X—F3203 which transforms
irreversibly to the &-phase at high temperatures (Mason, 1943).
The unit cell of hematite is a rhombohedron with edge length
5.4243 A.ﬁ;-and rhombohedrél angle 55°17.5'. There are two
molecules and hence four magnetic ions in each unit cell., The
iron 16ns lie along the [111] direction, i.e. the trigonal axis
of the crystal. Each iron ion is surrounded by six oxygen ions,
one at each corner of a distorted octahedron. Three of the

oxygen ions are slightly néarer to the central iron ion than the

other three,

The structure is shown in Figure 1.

The disposition of the spin system was resolved by Shull
et al, (1951). Neutron diffradtion patterhs of a powdered

sample were taken over a range of tempefatures from 80°K to

1000°K and indicated a basic antiferromegnetic structure.
However there was some difference with temperature in structural
detail. Shull also demonstrated that the magnetic unit cell is

the same size as the chemical unit cell and that ﬁhere are four



Fig. 1
Crystal Structures of Hematite.
Dark eircles are iron ions and open circles

are oxygen 1onss







3
uniquely positioned Fe ions in the cell, shown as A, B, C and

D in Fig. 1.

There are three possible antiferromagnetic arrangements
of relative spin orientations for these four atoms. They are
as follows:~

a) + - -+
b) + + = -
vc)+-+..

Here a) indicates that ions A and D have parallel
orientation, say upwards, while B and C both have antiparallel
arrangementé with respect-to A and D and therefore downwards,
The magnetie structure factor for ¢) vanishes in the (111) and
(100) reflections and hence is immediately excluded since they
were seen., Finite intensities however are predicted for a) and

b). The observed intensities depend not only on the model but

. also on the orientation of the moments in the model with respect

to the diffracting planes. For the orlentation’within the unit
cell, the three most reasonable possibilities are
I) the moments directed along the unit cell edges.-

II) the moments directed along the space diagonal of the
unit cell and are thus perpendicular to the (111) sheets in the
lattice,

III) the moments are in the (111) sheets and directed towards
one of the three nearest neighbours in the sheet, .

From the results of Shull's neutron diffraction data, i.e. by
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comparing data obtained in experiment with calculated structure
factors, it was seen that the room temperature data suggested
a) with orientation III as being correct, while at low
temperatures the suggested structure 1is that of a) with
orientation II, |

Shull therefore proposed that the low temperature data
could be accounted for as a reorientation of the magnetic
moment alignment from within the (111) sheets to one perpendicular
to these sheets when the temperature is lowered.

This structure has since been confirmed by further neutron

diffraction experiments (Nathans et al., 1964).

Theories of the Origin of Weak Ferromagnetism

Neel (1949, 1953) attempted to explain the phenomenon
of weak ferromagnetism in hematite as a "parasitic” fefro-
magnetism due to inclusions of magnetite (Fe304) lying in (111)
sheets so that the resultant moment was in the (111) plane.
However this model could not account for the disappearance of
the weak moment below the ﬂorih temperature. Li (1956)
asceribed the moment to the presence of antiferromagnetic
domain walls which were stabilléed bj inhomogeneities and
imperfections. However 1t has been well established that the
mbment 1s insensitive to doping (fasaki and Iida, 1961;
Flanders and Remerka, 1965) and this would rule out Li's
hypothesis.,

In a series of experiments Tasakl and his coworkers



showed that weak ferromagnetism is most likely an intrinsic

property of the crystal (Tasaki et al., 1960; Tasaki and Iida,
1961, 1963). A systematic study was made of the influence of
oxidation and reduction on the "parasitic" moment of pure and
doped hematite., They were always able to analyse theilr results
in terms bf.an isotropic part and an anisotropic part (after
Néel, 1953). The isotropic part remained after cooling below
-159C whereas the anisotropic part disappeared., Since the
isotropic part largely chanéed with the process of oxidation
or reduction and became almost zero by proper heat treatment
this part was almost certainly due to the non stoichiometry of
the Fe303. The anisotropic part 4id not change by these
treatments and therefore it would seem to be an intrinsic
property of the material.

Furthermore Aharoni et al. (1962) using differential
thermal analysis measurements found that of éll the theories
for the existence of the weak moment only that 6f Dziakshinskii
would fit the experimental data.

Dzialoshinskii's explanation (1957) was proposed on the
basis of symebry arguments (Birss, 1964; Tavger and Zaltsev,
1956) and on the use of the theory of phase transitions (Landau,. -
1937; Belov, 1965; Sirota et al., 1966). He suggests that weak
ferromagnetism can arise 1n.an antiferromagnetic lattice by a

canting of the spins towards one another (111ustrated in Fig. 2),

whenever the canting does not change the symmetry. In other



Fig. 2

Canting of the sublattices producing

weak moment
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words, a spontaneous magnetic moment may exist only when it is

invariant under the action of all of the symmetry transformations
of the corresponding group (Tinkham, 1965). In hematite, besides
the paramagnetic phase above Ty, there are two states. State 1
has the spins along the [111] direction whilst in staté 2 the
spins are perpendicular to it., Dzlaloshinskii showed that the
weak moment 1is allowedlin state 2 and that it is not allowed in
state 1,

The next step was to write down the free energy of the
system in terms of the spin variables, 1i.e.
m =8 +8p+ 8y +35y
il =8 = 8p - §3 + 84
1, = §1 - §2 + §3 - §4

13='s'1’+ 8o - §3-'§L,,

§1, Ez, §3, 8y are the average values of the spins of
the four magnetic lons and m is the averageimagnetic moment of
the unit cell., Dzialoshinskii showed that the free energy of
the system was lower when a éanted arrangement was considered
than for a purely colinear antiferromagnetic arrangement:of the
sublattice moments.

This term is expressed by Dzialoshinskil as

| (,5(11xmy - 1iymy),
Where @ 1s a constaﬁt and the coordinatés refer to a

rectangular system with the z axls along the trigonal axis.

The theory of Dzialoshinskil is however phenomenological,



'It was not shown how the interaction causing the weak moment

arose or how the magnitude of the weak moment could be calculated,
Moriya (1960a, 1960b, 1963) demonstrated that the interaction
is due to an anisotropic super exchange interaction. He
extended the formalism developed by Anderson (1950) 1n'a theory
of super exchange to include the effects of spin orbit coupling.
The mechanism of super exchange was first proposed by
Kramers (1934) in an effort to explain the magnetic behaviour
of paramagnetic salts. Bizette (1946) and Néel (1948)
emphasized the importance of this mechanism by which magnetic
lons interact via a non magnetic ion in antiferromagnetic
substances, Anderson‘(1950) presented a detailed treatment and
clarified the mechanism. He considered one oxygen ion and two
ad Jacent magnetic 1ons; Also two electrons occupy the same
p-orbital of the 0™~ ion and one electron is in each d-orbital
of the magnetic ions. The two electrons in 6" form a singlet
state so that there will be no exchange coupling between
magnetic ions M3 and Mp. However the possibility exists of one
of the two electrons of the 0~ ion being transferred to bne of
the two magnetic ions, say M;, and occupying its s~ or d-orbital.
In this excited state, the unpaired electron left in 07~ can
couple with the electron of the other magnetic ion Mp., There
should also Ee a strong coﬁpling between the electron transferred
to My and the original electron in M;. The two electrons

originally belonging to the oxygen ion have opposite spins, so



that there will appear an indirect spin coupling between My

and Mo through this excited state. Gilleo (1957) applied the
super exchange mechanism to account for a calculation of the
exchange energy in hematite,

In Moriya's develophent the most general form of the
spin-spin coupling between two spins 31 and §2 i8 written as

Vio = 8y+kge8p + Byekp'So

kg and kp represent symmetrical and antisymmetrical
tensors respectively. Thus the first term is invariant under
the interchange of the two spins, while the second term changes
sign., The symmetrical part of the spin coupling determines the
most favorable orientation’ of the ordered spins, but does not
give rise to the canting of the spins in two sublattice
antiferromagnetic materials. The antisymmetrical part of the
spin coupling is given by an expression of the form

d+(8y x §2), d 15 a vector and §; and Sy are

the spin angular momenta of the ions on the two‘sublattices.
It will be shown below that d is parallel to the [111] direction.
This type of coupling can give rise to canting of the spins
because the coupling energy is at a minimum when the two spins
are perpendicular to each other. (It is this term which
corresponds to the one‘developed by Dzialoshinskii, i.e.
@(llxmy - 11ymx)-)

Furthermore Moriya showed that the magnitude of d is =3

Ag J where g is the gyromagnetic tensor and Ag is the deviation
g
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from the value for a free electron (Bogle eand Symmons, 1959).
J is the isotropic super exchange coupling constant,

The coupling between two ions 1 and 2 located at the
points A and B in a crystal is considered. The following rules
are used to.determine the direction of d (Birss, 1964; van der
Lugt, 1965)s

(1) When a centre of inversion is located at a point half-
way between A and B,
| d = o,
(11) When a mirror plane perpendicular to AB bisects AB,
~d || mirror plane.
(1ii) When there is a mirror plane including A and B,
d L mirror plane,
(1v) When a twofold fotation axls perpendicular to AB
passes through the midpoint of AB,
dl two fold axis.
(v) When there is an n-fold axis (q) 2) along AB,
all aB.

c<-Fe203'has a corundum type crystal structure and the
space group is ng (Bertaut, 1958). The symmetry elements of
the group are E, 203, 3Up, I, 254 353, 03 denotes a vertical
threefold axis, Us a horizontal twofold axis, 63 & vertical
symmetry plane, S¢ a sixfold rotation-reflection axis and I

the operation of inversion., Because of the threefold rotation

axis Cs, d must be parallel to the trigonal axis ([111]) for



11

any pair of ions, i.e. 1n¢x-Fe203 an Felt_pe3+ pair. As there

are inversion centres at the midpoints on the lines containing
jons A and D and B and C, there is no antisymmetrical coupling
between ions A and D or B and C; The couplings between A and
B and A and.C must be equal but of the opposite sign té those
between C'ahd D and B and D, respectively, because of the glide
rlane, |

Since the spin arrangements 1ntx-Fe203 are such that
8 Il 8 and §2|]§3 d ¥ 0 for these pairs and lies along the
[111] direction.

Thus a firm ground has been given to the mechanism of

. weak ferromagnetism first proposed by Dzialoshinskii. It is

no longer a phenomenological model but is a real effect
established theoretically. Though there may be effects
contributed by chemical impurities or structural defects, this

mechanism always exlists as an intrinsic property of the crystal.



CHAPTER II

EXPERIMENTAL TECHNIQUE

The crystal on which the‘measurements were made was
prepared in. the laboratory by the Bip03 flux technique (Curry
et al., 1965). 240 gm of Biy03 and 140 gm of Fep03 were loaded
" into a 220 cc platinum crucible. This was heated for two
hours at 1320°C, It was then cooled at an average rate of
19/hour between 1320°C and 900°C., The power was then turned
off and the furnace left to cool overnight.

The 6rystal was fufther prepared by means of an
ultrasonic grinder (Raytheon) and a diamond saw (Micro-Matic).
After orienting the crystal by X-rays, using the back reflection
technique (Besser, 1965), the crystal was cut into a disc 3 mm
thick with principal axis perpendicular to the (1TO) plane.

The section was then made into a disc ﬁith (110) faces by means
of an ultrasonic grinding apparatus. The diameter of the disc
was 4,5 mm and the final mass was approximately 200 mg. The
(110) face was chosen so that measurements could be made along
the [111] direction and also in the (111) plane by rotating
about the [110] direction. The [111] direction 1is a direction
within the basal plane (Fig. 3)e It was not important which
direction in the basal plane was chosen because the in plane
anisotropies were neglected, The effective field due to

magneto crystalline anisotropy is of the order of 10 Oe compared
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Figs 3

Helation of samvnle to orystal directlions,
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to the weak moment (Besser et al., 1967). The sample was also
annealed so that anisotropies due to random strains could be
neglected,

Measurements of the magnetization were made using a
vibrating sample magnetometer designed by Foner (1959) and
manufactured commercially (P.,A.R. Ltd.).

The sample is fastened to a vibrating sample holder
which moves sinusoidally along the z direction (Fig. 4) with
a frequency of 82 cps. This motion induces a current in two
pickup colls attached to the magngt pole faces. The current
induced is proportional to the magnetization of the sample and
also on the mass.of the sample, The current is ampliflied and
compared with a reference signal derived from the sample
holders motion. The measurements are thus made insensitive to
changes of vibration amplitude, vibration frequency, amplifier
gain or amplifier linearlty. The measurements are made
insensitive to the exact sample position by suitable position-
ing of the coils and of the sample holdef. The sample is
first centrally positioned between the colls by visual
inspection. Thé sample is then moved along ﬁhe z axis for
maximum output, it is then translated along the x direction
for a minimum output and then along the y direction for
maximum outpﬁt. Thié procedure is then repeated until thevthree
signals agree. The sample i1s then located at a saddle point

and the output signal is independent of small displacements of
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Fig. 4a
delation of coordinate system to magnet

pole faces. Origin is at the centroid.
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Belation of coordinate system to pick

up coils.
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the sample in any direction.,

The system was calibrated by taking measurements of the
magnetization of a sphere of spectroscopically pure nickel,
The magnetization of which is known to be 55.07 emu/g (Arals
and Dummyre, 1967)a The demagnetizing field of the hematite
sample was approximately 10 Oe. It was therefore neglected as
was the demagnetizing field of the nickel sample. The error
introduced was less than 3%.

During the course of the experiments the whole
calibration procedure was repeated several times to eliminate
any systematlic error.

The magnetic field was supplied by an electromagnet
(Magnion). The measurements were made with a rotating coil
gauss meter giving a reading accurate to 1%.

The low temperature measurements were made using a
liguid helium dewar (Andonian). The coolant used throughout
was ligquid nitrogen. A technique was developed‘by means of
which the temperature was ‘stabilized to less than 1/50°cC.

This involved passing nitrogen gas through the inner chamber
and adjusting the flow rate via a valve at the point A and
through valve near B past the sample, whilst keeping the
outer chamber full of liquid nitrogen (Fig. 5). The
temperature was measured by a copper-constantan thermocouple
directly in céntact with the sample. The cold junction of the

thermocouple was attached to a block of copper frozen in ice.
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Fig. 5

Schematic of Dewar
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The ice was then immersed in a freezing mixture of ice and
water, The cold junction was thus constant at 0 + 0.1°C.

The high temperature measurements were made using a
furnace manufactured to be compatible with the magnetometer
facility (P.A.R.). A sample holder was made out of s quartz
tube. The sample was affixed by using a boron nitride paste,
The moisture evaporated and left a fragile joint which withstood
the required temperatures,

The thermocouple for the high temperature measurements
was a chromel-alumel one, There was no insulation on the wire
due to the high temperatures to be considered and it was thus
impossible to mount the thermocouple junction on the sample,
.However the furnace was provided with a thermocouple embedded
in the Jjacket, Thls was the thermocouple used in the experiments.
It was calibrated by a chromel-alumel thermocouple made in the
laboratory which itself was calibrated using the fixed points
of ice and molten zinc. Again the cold junctioﬁ was a freezing =
mixture of ice and water.

The calibrated thermocouple was then placed in exactly
the same position the sample was to occupy and the furnace then
runs slowly up througﬁ the temperature range several times.

The thermocouples were then compared and thus the furnace
thermocouple was calibrated.

During the time that was necessary for the magnetizatidn

to be measured as a function of field at a particular temperature
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the temperature remained constant to within 1/3°c.



CHAPTER III

EXPERIMENTAL RESULTS

A typical magnetization curve is shown in Fig. 6 for
temperatures above the Morin transition temperature. A curve
such as this was taken for the whole range of temperatures
from room temperature (25294°K) up to 970°K, The spontaneous
magnetization for each témperature was obtained by extrapolating
a stralght line from the high field points (> 10 kOe) back to
the point H=0. In purely ferromagnetic materials this method
can only be used at temperatures that are low compared to the
Curie temperature (Belov, 1965). ' This is because of the non-
linearity of the magnetization curve in the region of the Curie
point. The Curle temperature is the temperature at which the
energy due to thermal agitation is sufficient to destroy the
spontaneous magnetization, i.e, the point athwhich the material
becomes disordered. However if the matérial 1s‘1n a magnetic
field below the Curie point the ferromagnetic'axis will be
aligned parallel to the field. Thus, when the material reaches
the "ordering" temperature it will have an induced magnetic
moment because of the applied field. This in turn induces a
non zero molecular field which leads to a discontinuity in . the
susceptibility at the ordering temperature. One of the methods
given by Belov (1965) must be used to determine the Curie
temperature.

It has been seen above that hematite is a wéak ferromagnet.
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Fig, 6

Typical nmagnetization Curve.
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Thus when a magnetic field is applied it has been assumed that
because any effective anisotropy fields are negligible the weak
moment is colinear with the field and thus the field 1is
perpendicular to the antiferromagnetic axis. Thus unlike the
case of a ferromagnetic material the susceptibility perpendicular
to the antiferromagnetic axis 1is constant up to the Néel
temperature (i.e. the disappearance of antiferromagnetic order)
and then decreases rather sharply (Nagamiya et al., 1955;
Moriya, 1960; Smart, 1966). In a ferromagnetic material the
susceptibility diverges which is the reason for the non-linearity.
Hence it 1s'assumed that the spontaneous magnetization can be
found in the manner described abéve. Any error arising from
this procedure would tend to overestimate the ordering
temperature yet the ordering temperature determined in this
fashion is, experimentally, always less than methods using
other effects such as the Mossbauer or N.M.R.

The Néel point'determined'by noting when the weak
spontaneous moment became 2zero was 938 + 3°K. A curve of
reduced temperature against reduded magnetization was fhen
obtained, It is shéwn by the dots in Fig. 7. The curve is
normalized to the sublattice magnetization curve, obtained
from hyperfine field data (van der Woude, 1966), at T_ = 0.95.
The susceptibility was also measured as a function ogNtemperature

both within the (111) plane and along the [111] axis for

temperatures between room temperature and Ty. It was found
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Fig, 7
Temperature dependence of the weak ferromagnetic
moment of hematite, The upper curve represents
the normalized temperature dependence of the
Sublattice magnetization, the dots are experinental
data, while the lower curve is calculated from
équation (32) ¢+ The experimental data has been
fitted to the lower curve by choosing an appropriate

normalization constant,
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that they were constant and the values are

% =21,0 1.0 x 10-6 emu/g0e
(111)

X 19.5 + 1.0 x 10- emu/g0e
[111]

The moment in the basal plane was measured for several
temperatures below Ty. Some of the results are shown in Fig. 8.
It is seen that at a critical field H, there is a transition
from thé purely antiferromagnetic state to the weak‘ferro-
magnetic one. The field H, increases for decreasing temperature.
At -10,5°C the transition occurs at zero field. The transition
was studied'using both 1néreasing field and a decreasing field.
The transition occurred at the same value of Hg in both
directions. In Fig. 9 the crosses are points for the field

decreasing and the dots are for an increasing magnetic‘field.
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Fig. 8
Field induced transitions where the external

magnetic field is applied in the (111)
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Fi&o 9
Comparison of the data obtained in the field
indueced transition experiment with a molecular

field caleulation
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CHAPTER IV

DISCUSSION OF RESULTS

The free energy for the system shown in Fig, 10 is

E = ANy ofiy = De(yxfp) = He(fly + F2) - _K_ (Byp2+ Mpp2) (1)
1°%2 .1 2 1 EEEZ 1z z

(Cinader and Shtrikman, 1966; Cinader et al., 1967). The first
term 1s the exchange energy, the second the Dzialoshinskii-
Moriya canting term, the third term is the Zeeman energy where
H is the field applied in the basal plane and the last term is
the anisotropy energy. ﬁl and Mz are the sublattice
magnetizations, Mg = [ M| = |fip].

The free energy is expressed in terms of the components
along the axes and it is noted that

M¥ = -Mp¥, MY = MV, My? = -Mp%
and Mp2 = my X2 + my¥2 4y, 2°

Therefore

E =A[-M1x2 + M1y2 - M]_Zg] - ZDMlley - ZHMly - MK Mlzz (2)
' 0

Now at equilibrium the torque must be zero and so

JE = 2E = 0,
aM ¥ oMiX

solving the equations for Mly it is found that

MY = KH (3)
2K =DRM2+K2 '
Mo?
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?i&fn 10
System during transition from [111] te (111)
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which is

= HeHy X H (4)
Z2HeHg+HK2=HDZ

He. is the exchange field (= AMg), Hg the effective anisotropy
field (= K_ ) and ‘Hp the effective Dzialoshinskii field
(= DMp). % 1s the susceptibility in the basal plane,

The measured magnetic moment, m, is of course equal to

ZMly, i.e.
m = 2HeHg X H : (5)
Hy12

Since Hyq2 = 2HgHy + Hg® - Hp?,

Hiq 1s the "spin-flop"field (Cinader and Shtrikman, 1966).

As is quite easily seen, the calculated magnetization
curve is linear, However since some experimental data had
indicated that there was definite curvature (Flanders énd
Shtrikmean, 1965) it was concluded that the simple molecular
field calculation was inadequate, This discrepancy was thought
to be essentially due to statistical effects (Searle, 1968),

(a) D should therefore be replaced by <13>. <5>. which is
equal to 5f, f being an appropriate statistical function, is a
function of temperature and magnetization in the y direction,
The free energy expression becomes
E = -AMp2 + 2Am Y% - 2O)my T Y - 2EmyY - K [Mo2 - myX2 - wy¥2]
Mo?
(6)
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At constant temperature

JE = bAMyy - 2{DdMT - 2Mp¥MY K> - 2H + 2K My Y (7)
oMY oMY ﬁaz

2E = -2¢D) MY + ZKM!X (8)
oM ¥ Mo

which are equal to zero.
Solving for MjY
= 24y Y = 2KA

Hyq 2+HD ’2 -{Apy 2-{apy MY a{g?}

3t
teeem = (H12HHDA)XH (9)
Hy1 ZHip?~CHpp #-(lip) m i)

o
Since MY ?_{H_I)_): m <) dm
oMY 2Z23m MY

It remains to find an appropriate expression for‘(ﬁ).
The individual microscopic d vectors from which the macroscopic
<5> vector is composed can be considered as quasli-splins which
are either parallel or antiparallel to the [111] direction.
The function f was then taken to be of the form which 1s often
found 1n.the mechahics of spin systems. Thus the following

expression was tried ‘
(D) = D 1-e-4n/kT (10)
1+e—Am/kT
where A is a variable parameter and m is the magnetization,
The 1ow temperature experiments described earlier were

performed in order to see if the statistical model was
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satisfactory. However no correlation could be found
consistently over the entire temperature range between experiment
and the statistical theory.

Another difficulty that became apparent was the size of
the "interaction energy" between the d vectors., If they are
to be consldéred as quasi-spins then the system is quantized.,
The interaction energy necessary to reverse the direction of a
spin has to come from a large number of spins. This number is
so large that the energy i1s of the order of the exchange energy.
It was difficult to envisage any mechanism responsible for
this interaction and so it was concluded that this model was

not correct.

(b) The free energy expression in this model 1is similar to
that of the simple molecular field model with the exception
that a second order anisotropy term is added.

1.e. E =AMy My = De(fyxlip) - He(My+Hp) - 253 - (Fiy 52 4Hin52)
0

+ Ko (Mg ,24Mp52)2 (11)
2Mp z

Again the energy is expressed 1n terms of the components,

E = 2AMY2 - 2DMgM, + K3l  [My2+4Mg2] - Ko Mg - 2mHM (12)

Thevx and y axes are two mutually orthogonal axes in
the (111) plane, It has been mentioned above that the basal
plane ((111)) anisotropy was neglected and therefore this
co-ordinate system is independent bf the direction within the

plane, i.e. the weak moment is along the y-axis and so this
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axis coincides with the direction of the field in the (111)

plane., Also due to the fact that the energy has been re-expressed
in terms of the magnetization components the first order
anisotropy in this formalism has to be expressed as Kll =

Ky + 2K2. Xq and K2 are the values of the anisotropy energles
when expressed in terms of direction cosines as 1a usually

the case (Morrish, 1965), Ko has the same value in both
formalisms.,

At a particular temperature and applied field the x

and y components are in equilibrium, therefore E _ = 0 =2E .
. , 2 X 2MY

gaﬁ%f = 4AMy - 2DMy + 25101%; -2H=0 (13)
ZBM fx = -2DNy _+ 2510114: - ugonXB =0 | (14)
2A\My - Dix + %%%x -H=0 . (15)
-DMy + I_qw%gx - 2§023x3 =0 | (16)

These equations are too difficult to solve analytically
and it was necessary to use a numerical method. The value of
My obtained from (15) was substituted into (16) to obtain
-y + Kl fmy (20 + ;al) - B] - 2K ;vx_l(z)\H{l - 513 a7

¥ 'MOJZ{'DJ( Mo) D} Mo {D Molz D} =0

The exchange energy 1s much greater than the anisotropy

energy (Tasaki and Iida, 1963) and so 2A>> K11, It is seen
M

that a solution exists when the stralght line represented by
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X = 2Mly - H intersects with the cubiec

D D
-DMy + K1l x - ZKE x3 =0 (18)
v Mo Mo

Thus (18) is plotted as My vs. x for different
temperatures represented by different values of K11. Straight
lines are dfawn of My vs. X for different values of H. The
value of'My at the intersection of a straight line with the
cubic is the magnetization at the field represented by
coefficients of the straight line at the temperature represented
by the coefficients of the cubic. |

It is necessary to.calculate the field at which the
transition from the antiferromagnetic state to the weak
ferromagnetic state occurs. This is done by expanding the
free energy in a Taylor series about a minimum pointe |

Using (13) and (14)

J2E = 2Ky - 2K M, 2 (19)

dVx? ﬁa% o

2E = b\ + 2K!1 ’ (20)
and D2E = J2E = -2D,

MMy  SMydlix

therefore around Epjn
B = B(4A + 2g1) Oty - ™2 + B2l - 120 pn?) (g - M)
Mo | Mo Mo

- 2D (My - Mx®) (My - My™)  (21)
In the My - My plane the solution will move along a

line of constant H until My = Mo. Now
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K
Mo
and so My - My® = 2D[My - M"] (22)
+ ZK!
Mo
Thus . .
E =| 34X + 2K21) (2D)2 + 3/2K,1 - 12Ko M, T2 -£2D22
Mo Mo% Mo% +2Kp 1
(X + zxal)z +M0
Mo

[My-Mxm]? (23)

This becomes unstable when the coefficient of [Mx-Mxm]z becomes

0.
ce. K1l - 6Kp Ng®2 - D2 = 0,
BNz ThoE % ZET
o
M2 ={ K41 - D2 Mol (24)
i (ﬁ%? '2;\"451_21)3%5
| o |

The value of My is obtained by substituting for M,M into (13).
The downward transition occurs when (14) evaluated at

My = Mo becomes positive.

l.e. =-2DMy + 2K31 - LKy ='0

Mo Mo
My =1 [2K31 - 4Kp (25)
2D ) Mo Mo

It is seen that this theory predicts a hysteresis

effect for the transition., The transition from the purely

antiferromagnetic state to the weak ferromagnetic one occurs
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at a higher field than the transition the other way, as
indicated by the dashed curves in Fig. 9. The fact that no
hysteresis is found is probably due to the presence of
imperfections in the form of impurities and dislocations,
Obviously with any dislocation there will be regions of
effective positive and negative pressures, It is known that
positivg pressures shift Ty up and negative pressures shift Ty

down (Umebayashi et al., 1966; Searle, 1967; Worlton et al.,

1967)., Because of this effect when the equal energy point is
approached, for H decreasing or increasing, some reglons will
already have gone through the transition and thus will act as
nucleating centres for the remainder of the crystal. Therefore
the bulk transition will most likely take place at a point
where the energies of the two phases are equal.

The energy of the weak ferromagnetic phase 1s

Ef = 2AMy2 - 2mpM, + K31 - Kp - 2HMy

and My = Hp + H
X
and so Ef = Kyl - Ko - (Hp2 + 2HEp + H2) (26)

2A
The energy of the antiferromagnetic phase is

E8f = 2AMy2 - 2DMgMy + K3l Mg2 - Ko My¥ - 2HMy

Mo Mo
and My = DMx + H
2
Eaf = . 14'

K1l Mg2 = Ko Mg* = 1 (DMy + H)Z2 2
1 ﬁg? 2 ﬁgﬂ 1 (DMx ) (27)
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Thus putting r = Mx-,

Mo
Ef - gof = %RE (1-r2) + Hpk (1-r2) - K1 (1-12) + Ky (1-r%)

which at the point of transition is zero.
HpH - K111 (1+4r) + K2 (1+4r)(1+4r2) =0 . (28)
A
K111 is equal to Kll - EDE
2\
This equation is solved by iteration. The field at which the
transition took place was determined experimentally. This was
taken to be the equal energy point and values of Kq and Ko were
found.,
| For thé curve shown in Fig. 9, 1.¢. at a temperature
of -19,.,79C, the values were
Ky = 5623 erg/gm
K2 = 4226 erg/sm
According to the theory of Levitin and Schurov (1968),

these values indicate that the transition is of first order

in agreement with Dzialoshinskil (1957) and with Foner and
Shapira (1969).

(c) The upper curve in Fig. 7 is the sublattice magnetization

curve taken from hyperfine field data obtained by van der

Woude (1966). It is assumed that the temperature dependence of
the measured-hyperfine fieid and the sublattice magnetization
M are the same (Sawatzky, 1969). The magnetization m was
fitted to the sublattice magnetization at T/Ty = 0.95. It is

apparent that m/M increases with temperature for a considerable
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range., If there was any statistical effect present it would
be expected to decrease with increasing temperature., Therefore

1t would appear that the statistical effect is absent or is

masked to such an extent that 1t cannot be seen b& some other
effeét.

The éxperlmental results can be ascribed to the effect
of microscopic differences between single ion and dipole-dipole

contributions to the anisotropy energy. The problem is very

complicated and 1t 1s necessary to make simplifying assumptions.
The spin hamiltonian for hematite 1s written to second

érder in the spin components as follows

=2 {Jak (33+3K) + (B3 x 5y) + §J'K3k‘§k} 5D i
1>k J

(29)
The first term is the lsotropic super exchange interaction,
the second is the antisymmetrical spin'coupling, the third
term is the magnetic dipole interaction and the fourth term 1s

the single ion anlsotropy. The equation is expressed in terms

of the molecular field approximation and only the jth term 1s
considered. The antisymmetrical spin coupling is consldered
later.
y = -gpp Sjz Hex - D1STx + D28x)Syx (30)
Hex 18 the effective molecular field, the second

term is the single ion anisotropy energy and the last term is

the magnetic dipole interactlon. The notation is similar to

that of Artmen et al. (1965). <§£>'1s the average spin polarizatior.
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per ion of one sublattice in the x direction.

The relation of the spin coordinate system to the
crystal structure is shown in Fig. 11.

Furthermore 1t is assumed that the temperature variation
of the anisotropy energy can be taken into account by allowing
D1 and D2 to be temperature dependent. D2z is greater than Dy
in the temperature range to be considered, i.e. for TM(T(TN.
According to the molecular field approximation the antiferro-
magnetic axis lies in the (111) plane and it is assumed that it
is stabilized along the 2z direction by a very small anisotropy
field. Equétion (30) 1is éxpressed in terms of raising and

lowering operators as follows

#y = -g#p Sjz Hex - IL [S3+ + 5348y + 55554 + $5.]

+D2.<8xp [8+ + 851 (31)

where Syt = Sjx 1 Sjye It is apparent that (SJz> =|5/2)>
is not the cérrect ground state. If it is the correct ground
state.then <Sx> must be zero, however the second term in (31)

mixes in somé of the excited states '%). Now the "quantization"
axis of the state l%) is at an angle to that of the system
where ]5/2> is the ground state, therefore due to exchange the
actual mixed state will lie between these two. The single ion
energy would then be reduced, Although neither + x direction
is favoured each sublattice will rotate to minimize the exchange

energy. In this situation then it is obvious that <§x> =
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The relation of the spin coordinate system

$o the orystal structure




A
| % | $
+ I
T
H O] o



tl<%x>.l¢ 0. The third term is no longer zero and it now

mixes in some of the excited state |3/é>. Again the result
is a rotation of the gquantization axis, this time towards the

(111) plane reducing the dipole energy. Thus there are two
possible values for <Sx>, l.e. il<3x>,°

The hamiltonian is invariant with respect to a change
of sign of ,<§£>,and therefore there are two antiferromagnetic
states, II4+ and II_ (Fig. 11). The state represented by II.
18 obtained from II4+ by a rotation of the spin coordinates of
1800 around the z axis whilst leaving the crystal coordinates
unchanged. .In a single démain the configuration is either II4
or II_ with no statistical mixing between them since they
originate because of a long range cooperative effect, An
excitation from II+ to II_ involves a large number of spins
and thus corresponds to the creation of a macrosdopic domain.
There is no reason why adjacent domains cannot be simultaneously
in the two different states (Searle, 1968).

96 18 estimated within the limits imposed by the
approximation and thus m can be calculated. |

m = X_LHD
X, 1is the susceptibility perpendicular to the anti-

ferromagnetic axis and is equal to 1 where A is the exchange

constant, Hp is the Dzialoshinskii field, which 1is DMz.
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DM,

M cos ¢ (32)

Therefore m =

>4U >

. The value ofW<Sx> required to produce no rotation of
the antiferromagnetic axis is calculated to first order in the
perturbed spin functions. This occurs when the gain of spin
deviation assocliated #1th s rotation towards the [111]
direction is equal to the loss of spin deviation associated
with a rotation back towards the (111) plane.

The state formed by a rotation towards the + x direction

‘is

s) = Ls/2) + a|3>
/1 + a?
where a = <tlils/2 '
<5; 2i“315;25-25i*‘3t%>

and /1+a2 18 a normalizing factor. When operated on by SZ the

state becomes
.Szl Sz> = 5/2 5/2> + Jé‘al%‘>
/1 + a2

The magnitude of the spin is thus <§lsz]é>,
i.e, 5/2 - (5/2 - 1/2)a? (to 2nd order)
Similarly a rotation towards the (111) plane will

change the spin magnitude to
5/2 - (5/2 - 3/2)b%,
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where b = 2&1' 2
5/2 Hj|5 2)-{(3 Z{Eﬁ 3/2

The new state will thus be at an angle such that the gains of
spin deviation are equal

lees  (5/2 - 3/2)V% = (5/2 - 1/2)a2

thus 2a2 = b2 (33)

From equation (31) _
{1/2 a3]5/2> = -y fuo, <3/2la3l5/2> =/_ng<8x>‘/;.

<5/2 a‘jl5/2> = S}LB 5/2 Hexs <3/2la‘j'3/2> = "S}“’B 3/2 Hexs
and /2|#y|1/2) = -gpp 1/2 Hey.
This ylelds

a? = 2 5 and b? = Dp? ésg%2 5
88 B¢ Hex g% p-p< Hex
Substitution in (33) results in

<Sx 2' = (21)2

D2
Therefore s‘1n2¢ = %85‘22 = 0,16 (Q;L) 2
5/2 Do :

This procedure was used to calculate the lower curve
in Fig. 7. D1 is the ratio of the anisotropy energies (Artman
et al,., 1965?ZWOrlton, 1967).,
The states II4+ and II. are related by a rotation of the
angular momentum coordinate system‘through 180° around the z = -
axis.
l.e. II4
o2
(s -Gx)
<Sy> "<SY>

Sz = Sz

&
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ij - ij

S3y = = Syy
The ground orbital state is assumed to be non-degenerate

(Moriya, 1963) and therefore because of the spin orbit coupling

I+ II.
LJZ : = LJZ
L = ' - L

Ix | Ix (34)
Liy ' = - Ly

The spin hamiltonian for the state II_ is obtained
from that of IT; by replacing the operators and average values
for state II+ by those of II. in the hamiltonian, The average
value of the energy associated with an individual lonic spin
is .

<EJ>+ = <EJ>_ = - gpp(Siz)Hex - D1<ij2> + D2GBxy(S 2 )

It is necessary to show that 512(+) = - 512(_), where 1
and 2 designate two ionic positiohs and 512 is a vector leading
to the antisymmetric interaction between them. 'The second
order perturbation energy which is bilinear in the spin orbit
coupling and the exchange interaction is written as

E, =:E:{?nlkfia§1lm) 2J(mninnl) 51.59
m Epn - Enp

+ 2J(nnlmnl) §1.§2<h'ki1.§1|n>'}

En - Enp
+>‘ §n1,>\ i2.§21m1> 2J(mlnnln) 51.32
ml Enl = Eml

+ 2J(nlnmln) §1-32‘<m1U\123§9!n1>
Epl - Epl




Il

where n, nl represent the ground orbital states. m, ml the

excited orbital states of the two ions 1 and 2, and J(nnlmm!)

is an exchange integral. According to Moriya's calculation

(1963) .
d12 = 21)\Z-J§nn1mn1} n|I1|m -Z J(nnlnml) (nif Lp[ml
-{mEn-Em <] = mﬁfxﬁﬁ{'(, [=>
It has been shown above that dyp is required to be
parallel to the [111] d1rect1on, therefore 512 is rewritten as

dyp = ZingEgnﬂm%;) <nllq_x[m> -% JEngnniann:lE <n1lL2x'm1 }ix
n - m

(35)
This immediately leads to the conclusion that

512(+) = - dyp(-) using (34) and (35).



CONCLUSIONS

In order to account for the data near Ty a second
order term was included in the phenomenological expansion
for the anisotropy energy. (Flanders, (1969) has recently
added a third order term).

The experimental results for the magnetization above
Ty are accounted for by the microscopic differences between
the single ion and'tﬁe dipole-dipole contriﬁutions to the
anisotropy energy. These differences also account for the
higher order terms in the. phenomenoclogical expression for the
anisotropy energy below Ty (Kanamori and Minatono, 1962).

It is also pébinted out that the model is consistent
with a recent observation by Ozhogin et al. (1968). They
found that the sign of D«1 was conserved, 1(=5; - Sp) describes
the direction of the antiferromagnetic axis, after labelling
the spins. The sign of De1 is not conserved when D is
required to be uniquely determined in direction and magnitude.

The susceptibility was found to be higher in the
direction of the basal plane than along the [111] direction.
This could alsc indicate that the antiferromagnetic axis 1is
not completely in the plane. This follows because the
susceptibility would then be a combination of the antiferro-
magnetic susceptibility plus a contribution from the rotation

of the antiferromagnetic axis towards the (111) plane.

It has been proposed that K-Fey03 1s actually a four



L6

sublattice antiferromagnet (Herbert, 1968). At temperatures
T)Ty the pairs of sublattices which tend to be parallel may
separate into two distinct sublattices each canting slightly
towards the [111] direction with opposite senses., This would
also be éonsistent with the argument presented above bésed on
the microscopic differences between the dipole-dipole and single
ion anisotropy, and thﬁs might also explain the experimental
results,

It is therefore suggested that a precise experiment 1is
needed which would show whether the magnetization results
obtained indicate a slight inclination of the antiferromagnetic
axis with respect to the (111) plaﬁe or indicates four
distinct sublattices,

A possible experiment is to study the Am = 0 transition
in the Mossbauer spectrum of X-Fep03 (van der Woude, 1966).

When the x-rays propagate parallel to the an'tiferro.f
magnetic axis this should be zero. If the spectra are
recorded with the basal plane perpendicular to this direction
and also at an angle it might be possible to reach some ‘
conclusion,

It has been found that the Néel point is 938 + 3°K. This
was measured by noting the disappearance of the weak moment.
There is doﬁbt as to Whethér this temperature actually
corresponds to the temperature at which the antiferromagnetic

order disappears (Aharoni et al., 1962; Freier et al,, 1962;
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Robbrecht and Doclo, 1962; Gilad et al., 1963; Iserentant et al.,.
1964).

Although 938°K was assumed to be the Néel temperature,
published values range from 946°K to 960°K, These depend on
Mossbéuef effect measurements and N.M.R. measurements ﬁhich
will obviously indicate when disorder is reached, Since more
information might be obtained on the differences between the
components of the anisotropy 1t is suggested that an experiment
be done in which the weak moment and the sublattice

magnetizations are somehow observed simultaneously.
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