MONTANA

STATE UNIVERSITY

A phenomonological calculation of the effect of external magnetic fields on the Morin transition in
hematite
by Robert William Gable

A thesis submitted to the Graduate Faculty in partial fulfillment of the requirements for the degree of
MASTER OF SCIENCE in Electrical Engineering

Montana State University

© Copyright by Robert William Gable (1968)

Abstract:

The effect of applied magnetic fields on the Morin transition of hematite (a-Fe203) has been
investigated from a phenomenological point of view; all applied fields are directed in the (11I) plane.
The calculation shows a temperature depression that is nearly proportional to the square of the applied
field and a transition temperature which is close to the experimentally observed results.

Using a dipolar model only, the effect of certain impurities on the Morin transition has also been
investigated and found to be inconsistent with experiment.



A PHENOMONOLOGICAL CALCULATION OF THE EFFECT OF EXTERNAL
. MAGNETIC FIELDS ON THE MORIN TRANSITION IN HEMATITE

by

ROBERT WILLIAM GABLE
v/

A thesis submitted to the Graduate Fdculty in partial
fulfillment of the requirements for the degree

of
MASTER OF SCIENCE
in

Electrical Engineering

Approved

ead Ma jor Department

1rman4/ﬁxam1n1ng Commlttee

%M

Graduﬁte Dean

MONTANA STATE UNIVERSITY
. Bozeman, Montana

December, 1968




iii
ACKNOWLEDGMENT‘

I would especially like to recognize the following péople‘for their
help while writing and assembling this paper: Dr. Jéhn P. Hanton for
serving as thesis advisor and providiﬁg informative discussion on the -
topic, Mr. Calvin Ransom who provided the experimental data, and Mrs.

Rosemary Hoyer who typed the original manuscript.

———




IT.

ITT.

Iv.

iv

TABLE OF CONTENTS

INTRODUCTION

1. Description of'Antiferromagnetic Materials
‘2. Définition of Morin Transition

3. Weak Ferromagnetism

4. Effect of External éields

DESCRIPTION OF THE PROBLEM

1.

2.

Basic Assumptions

Anisotropy Model for External Fields

CRYSTAL STRUCTURE AND LATTICE PARAMETERS

1.

2.

Description of Hematite Crystal

Definition of Position Vector

CALCULATION OF THE DIPOCLAR FIELDS

1.

2.

Canted Coordinate System

Dipolar Field Equations

THE TEMPERATURE DEPENDENT FUNCTIONS

1.

2.

B -".—3-

LIV

VII.

1.

2.

Molecular Field Theory
Dipolar Temperaturé Dependence

Fine-Structure Temperature Dependence

" MAGNETIC SUSCEPTIBILITY

THE. TOTAL ANISOTROPY ENERGY

Magnefic Dipolar Anisotropy Energy

Fine~Structure Anisotropy Energy

Page

o (o)) = W

11

T12

13
1k
17
19
20
22
23
25
o1
30

33

3k

35




VIIL

IX.

3. Bxternal Field Energy
COMPARISON TO EXPERIMENTAL RESULTS

CONCLUSTIONS

Page '

35
39
h3




vi

LIST OF TABLES

1. Basis Vectors for'a—FeZOE

2. Bravais Lattice Parameters

Page =

15

15




vii

LIST OF FIGURES

Page

Fig. 1. (a) Trigonal cell of o-Fe, 0. showing spin arrangement

of cation spin, (b) planar a¥rangement of Fe ions. 3.
Fig. 2. Weak ferromagnetic arrangement of magnetic moments in

the triaxial plane. . 5
Fig. 3. Parallel and perpendicular susceptibility as a function

of temperature for a natural hematite crystal. 5
Fig. 4. 'Sample magnetization vs. temperature for several values

of applied fields. All external fields are applied in

the (111) plane. : 6
Fig. 5. Structure of_oc—Fe2O3 as projected along the [101] axis

onto the (101) plans. 1h
Fig. 6. Orientation of dipole moment in the canted (primed)
' coordinate system. 19
Fig. 7. B (x), B2(x), and F_ (x) as a function.of T/T . 28 .

s s fs N

Fig. 8. Total anisotropy for all temperatures below TM. : 37
Fig. 9. .Total anisotropy near the transition temperature. 38

Fig. 10. Magnetization of bulk sample for given external field. L




viii

ABSTRACT L
The effect of applied magnetic fields on the Morin transition of
hematite (a—FeéO ) has been investigated from a phenomonological point of
view; all applleg fields are directed in the (111) plane. The calculation
shows a temperature depression that is nearly proportional to the square
of the applied field and a transition témperature which is close to the
experimentally observed results.

Using a dipolar model only, the effect of certain impurities on the
Morin transition has also been investigated and found to be inconsistent

with experiment.
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INTRODUCTION
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In recent yeafs a.considerable amoﬁnt of research has been aevoted t0
‘studying the curious magnetic properties of hematite (a—FéEOB) single
- erystals. . The emphasis has been particularly intense since the discdvery
of neutron diffraction spectroscopy which is suitable to the investigation
of antiferromagnetic materials. In fact, neutron diffraction methods pro-
duced the fifst experimental verification of Néel's original theory of
antiférromagnetism.l He aséumed the material was composed o% two éub—
lattices with equal magnetizations that are arranged in an antiparallel
fashion, each sublattice being strongly coupled ferromagnetidally within
ifself.

Hematite is,thé_irqn member~of a group of antiferromagnetic sesqui-
oxides all of which are isomophous with corunduﬁ, a—Aléd3. The moét cémmon
afe the oxides of.Cr,.Fe, Ti, and V. The respective antiferromagnetic
structures differ only by lattice parameters and sﬁin arrangemeht. In each
case, the oxides have a trigonal unit cell containing fogr magneti; cations..

For a-Fe the spins ere directed in a +--+ order along the triaxial or

2%
¢ axis [111] as in Fig. la. ‘The arrangement of the unit qells is such that
él; spins within any triaxial plane (111) are parallel, and'adjacent planes
confain oppositely directed spins as shown iﬁ Fig. 1b.

Since the actual distribution of spin states of any mégnetic material.
is determined by a Boltzmann fac@qr, it is evidenfiﬁhat magﬁetic quahtities
will be -strongly temperature aepeﬁdent. The tgmperature‘dependenéy of the

.magnetic.properties of hematite is particularly.interesting,and unique

among the sesquioxides.
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Fig. 1. (a) Trigonal cell of a~FegO

of cation spin, (b) planar arrangement Fe ions.

showing spin arrangement

w

For temperatures below a certain critical value, for the moment de-
fined as Th, the material is a pure antiferromagnet with spins aligned
collinear with the ¢ axis. In this antiferromagnetic phase, the magnetic
susceptibilities X and X, » for external fields applied parallel and per-
pendicular to the c axis respectively, behave according to the standard
molecular field theory.

At the temperature Tm’ about 260°K for pure hematite, there is a
second-order phase transition and the spins rotate 90° into the triaxial

*
plane (111) in such a manner that antiferromagnetism is still retained.

The effect of this rotation causes X, to rise abruptly to the X, Vvalue,

E3
The actual situation is one of weak ferromagnetism. This will be

explained later.
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‘since the épin direction is now perpendicular to the ¢ axis. On the other
hand, lewould ideally stay constant sincé the spins are nearly free to
rotate in the triaxial plane. The critical temperature, Tm, is often re-~
ferred to as the Morin transition temperature after F. J. Morin2 who
originally reported the effect.

The cause of this phase transition has been the subject of discussion
from the time of its discovery:. One phenomenological approach to.the
effect shbws that the spin-flip may be interpreted as a change of sign of

3,k This is consistent

the first-order crystalline anisotrépy constant.
with the definition, to first-order, of é uniaxial anisotropy energ& of the
form: |
P = (K/2) sin“a, IR 1.1

where o is the angle between the magnetic moment and the trigonal axis an@
K is the first—order anisotropy constant. The thermodynamic frée energy .,
due to aniéotropy, ig then a minimum when «=0 for K>0 and when a=£—f0r K<0.
From this idea, a phenomenological intgrpretation can be ﬁade by assuming
that 1f the anisotropy constant is positive, the preferred or easy direction
of the magnetic momgnt is.collinear with tﬂe trigonal axis. Above Tm, how-
ever, the sign of K is negative aﬁd the spins lie iﬁ the triaxial plane.

The tempe?atﬁré rénge'betwéen Tm and the Néel temperature i; compli--

cated by an additional effect which 1s of interest. A1l of the spins are

. péréen&iéular to .the ¢ axis; but they are not directly antiparallél; Due -

m

'té an anisotropic spin coupling the magnetic moments tend to be canted at -
small angle with respeét to each other. This results in a ‘weak ferromag-

netism since there is a net magnetic moment in the plane. The situation is
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pictured in Fig. 2. The weak ferromagnetism of hematite and other compounds

has been investigated thermodynamically by I. Dzya].oshinski5 using magnetic

6

symmetry arguments and quantum mechanically by T. Moriya.

A

| B —
)
'
J
)
1
1
1
1

net moment
He afrals (10T

Fig. 2. Weak ferromagnetic arrangement of magnetic
moments in the triaxial plane.
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Fig. 3. Parallel and perpendicular susceptibility as a
function of temperature for a natural hematite crystal.

As mentioned earlier, the perpendicular susceptibility is only ideally
a constant through the Morin transition. Since the spin-flip is also a
transition to weak ferromagnetism, there is actually a hump in X, at the

Morin temperature. Fig. 3 shows X" and X V8o temperature as measured by

L. Néel and R. Pauthenet.(
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The main portion of the work to be presented here will be concerned
with an effect which occurs when external magnetic fields are applied in
the basal plane. In addition to the induced magnetization from X35 there is
a noticable decrease in the Morin temperature with increasing fields. The
magnitude of the temperature shift is approximately -0.5 to -1.0°C/Koe.

The experimental data in Fig. 4 was taken on a vibrating sample mag-
netometer at MSU by Mr. Calvin Ransom. The plotted quantities are sample
magnetization vs. temperature with the external field as the parameter.

The plot clearly shows the depression of Tm by the external field and the

transition to weak-ferromagnetism for temperatures above Tm.
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Fig. 4. Sample magnetization vs. temperature for several values
of applied fields. All external fields are applied in
the (111) plane.

The Morin transition may also be altered by adding metallic impurities

by substitution in the lattice. In most cases the substitution of
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impuritigs‘ﬁill either change Tm or brpaden the transition or both.8'
Analysis!of the effects of impgrities, however, is full of.gross inconsist—
encies, even between dopings of similar spin composition. As a result of
research at MSU, few, if any, conclusions may be drawn about impurity

effectsg. This paper will report briefly on the calculated effect of

impurities in the magnetic lattice as based on the model to be presented.-




CHAPTER IT

DESCRIPTION OF THE PROBLEM
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By employing an extension of the phenomenclogical theory of J. O;
Artman et.'a,l.,:s’.LL this paper will present alcalculation that includes the
efféct.of external fields on the cryétaliine énisotropy and hence thé
Morin.transition of ﬁematite. The basic aésumptioh is, as élready'stated,
that the transition occurs in coincidence with the ani;étropy constant
crossing zero. In order to perform the calculation, the effect of’applied
magnetic fields on the sublattice magpetizagions and temperature dependenée
_must be included, iﬁ addition to the anisotropy calculation.

The origin of the crystalline aﬁisotropy in anfiferromagnetic materials
has.thrée épntributions: (1) the spin-orbit coupling between-the spin apd
the ofbital motion of the electrons, often called the fine-structure aniso-
tropy, (2) the magnetic dipole-dipole interaction, aﬁd (3) an anisotropic
- exchange interéc%ion between'spiﬁs. The third term contributes a negligible
amount to the total éniéotropy energy in antiferromagnetic materials.9 The
:‘other-two terms are nearly'equdi'in magnituée buf, becauﬁe of the magnetic
;geometry of hematite, they are opbosite in.algebfaic.sign.

Previous work in this aréd for the case of zero applied fields has been
.dbne by J. O. Artman3 who developéd a model using the fine—structuré»and
dipolar energieé. Iﬁ his-modei ﬁhe twO‘termé'are competing wi%h each other
to.ofient the spins either paraiiei or{perpeﬁdicular to %he c axis depepding :
: on'%hethe; their sum is-positiﬁe or nggativé,lrespectively.- The temperaturé
:dependence'of éach term. has beepkéalculatea from quantum_mechéﬁicai argﬁments
- Sy K.rYosidé;lO the deéivatioh sfrﬁhése fqnctions wili be préseﬁtédvlaterl

The fine;structure énisotropy energy, which cannot be evaluated'easily,
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gan be o?tained from experimental data by subtracting the célculated dipolar
anisotropy energy from fhe total anisotropy energy, which has been measured
by antiferromagnetic resonance egpefiments. The anisotropy eneréy.expressiqn

. used by Artman was of the form:

K = Kn;dFmd(T) + K Fo (1), _ ) 2.1
where . . . K = total'anisotropy constant (ergs/cm3)
Kmd = dipolar anisotropy constant for T = O°K(ergs/em3)
Emd(T) = dipolar anisotropy temperature dependence
Kfs = fine-structure anisotropy constant for T = O°K(ergs/cm3)

ng(T) = fine-structure anisotropy temperature dependence.

This model is, of course, only valid for temperatures below the Morin tran-
sition since it cannot account for the observed %eak ferromagnétism in the
temperature range between,Tm and the Néel teﬁperature.

The model to be presented extends Artman's anisotropy model to include
the effects of external magnetic fields. 1In order to do this, the assump—
tion must be made tﬁat the internal mglecular fields or crystailiné fiélds'
"are reasonably constant in magnitude through the transition. This assump-
tion haé béen verified by reéent M&ssbauer studies of interﬁal fields of
hematite.ll In addition, the model must assume that the crystalliﬁe fields
 aré nBt sénsitive to very small deviaﬁions in the canting angle (a) from
' thé“aﬁfiférromagnétic condition. This situation occurs Whenifhe torque
»'éxéftgd éﬁ the magneticimomént by a field applied perpendicular to the c
éxis tends to rotate the dipole toward the field diregfiéﬁ;;jThis rotation-

is‘theﬁ opposed by a restoring torque from. the crystalliﬁé field, which is
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parallel to the c axis. The equilibrium condition is the zero of the. torque

‘expression:

> C
¥ x (H +H )
a crys

=
]

U Hcrys s;n o - U Hd cos a = 0, 2.2

where p is the magnetic moméﬁt, Hcr is the crystalline field, and Ha is

s
the applied field. ¥For a first-order approximation, the assumption seems
- to be valid since the perpendicular susceptibility is only slightly field
élependent.ll

With these two assumptions in effebt,'the additional term due to

external fields is of the form:

K _=-3-8_ ,° ' 2.3

where Kex is the energy due to external fields. The new expression for the

total ‘energy is then:

K=K P (D) +K F.(T)+K F_(T), 2.4
where'FeX(T) expresses the temperature dependency éf the external term; A
aetaiied diséussion of the temperature dependent functions will appear in
thg main portion of this paper.

Based on the model ﬁsed in this paper, the effecté of impurity cations
on £he dipolar anisotropy may be calculatéd by substituting ioﬂs of the
. impurity in the maghétic lattiqe. This calculation is only of caéual1

interest éince experimen%al evidence indicatesfthaf the impurity effects

.are not entirely magnetic in origin.




Lo,

CHAPTER TIT

CRYSTAL STRUCTURE AND LATTICE PARAMETERS
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Thg dipolar contribution to the total aniéotropy.energy is highly
dependeﬁt on the cfystal structure, lattice parameterg, and spin arrange-—
ment. Therefore, an accurate description of the hematite structure is
necessary to perform the calculation. A direc£ summation method was
chosen because of its simplicity and adaptability to electronic computers;
This required the computation of the x, y, apd Z coordinates of enough
magnetic ions to achieve good'convergenée of the dipolar anisotropy con-
stant. A simple cartesian coordinate system was set up in which the
orthogonal directions [lél]; [ldi], and [111] of the trigonal structure
were chosen as the X, ¥, and z axes respectively.

Since the dipolar anisotropy energy is entire;y magnetic in origin,
the positions occupied by the oxygen anions is not important tb the calcu~

lation. The contribution of these anions to the total anisotropy is
‘ - >

included irn the fine-structure term via the 5 - L coupling to the lattice.

Therefore, only the magnetic lattice will be considered.

The diagram in Fig. 5 shows a projection along the [101] axis onto
the (lOi) plane taken from single crystal x-ray data for.a—FeQO3 by
Newnham and de Haan.lz‘ The closed circles are iron catioqs in the plane of
the paper; the open circles are oxygen anions. The oxygen'ions lie above
or be;ow the plane bytthe distances indicated in K.

_wA repetitive structural unit is formed by reflecting Fig. 5 through
:Eﬁé plaﬁe'of the paper. reversiﬁg all spin.directions, and ektending the

-résult at the base of Fig. 5. The repetitive cell now contains twelve.

magnétic cations and eightéen oxygen anions. The twelve magnetiC'ions may

be used to define a set of basis vectors for the repétitive magnetic
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Fig. 5. Structure of a—F2203 as projected along the [101] axis

onto the (101) plane.

lattice. The basis is then added to Bravais lattice vectors that define

the origins of the bases. The individual ion position vectors are given

by
. ~ A o
E = + i + i+ 4 %
ka (fpal Bxk) e (mpag) 4 (npa3 sz) k 4l
where al, a2, and a3 are Bravails lattice constants, Bxk and sz are basis

vector coordinates for the ion k in the basis p , and jl, mp, and n
)
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are positive or negative  intergers. 1In addition, each ion in the bésis

was labeled + or - according to the sign of the associated spin.

Table 1. Basis vectors qu d—FegO

3
. [¢] - o
k B, (A) B,, (&) Spin
1 0.000 0.000  +
2 0.000 -2.887 -
3 -2.903  -0.596 +
L 2,903 1.696 -
5 2.903 ~2.291. -
6 ~2.903 2,291 -
T 0.000 3.987 + ‘
8 -2.903 -li.583 +
9 2.903 4.583 - +
- 10 2.903 . -5.179 +
11 0.000  -6.87k -
12 -2.903 6.279 - .

|
|

The calculated values of BX and sz éppear in Table 1. The values

k

12
1 ae, and a3 were computed from crystallographic data to insure

proper positioning of the Bravais lattice sites; these values appear in

for a

Table 2.

Table 2. Bravais lattice parameters.

al(X) ag(X) a3(2)

4.355 2.514 13.749

The actual quantities necessary for further calculations are the three
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orthogonai.position vector componénts, the magnitude of the position
vector, and the sign of the spin at each ion site. This information was
calculated for the 576 ions within é 15.1 X radius of the central ion. '
The resulting cluster of ions Qas of nearly spherical ;ymmetry; this would
minimize extraneocus éhape efféété._{Méchine progrém Jistings for the entirg

calculation are provided in the appendix.




CHAPTER IV

CALCULATION OF THE DIPOLAR FIELDS
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The dipolar contributipn to the effective magnetic field at any
cation site, which is the origin of the dipolar anisotropy, is‘caused by
the dipole moments of the ﬁéighboring ions. Since every ioﬁ site is -
magnétically similar, except for the sign of the spin, each dipole in the
lattice has exactly the same anisotropy energy.> The sign of the field
vector at aﬁy ion site depends on the sign of the spin at that site; how-
ever, the field vector may be antiparallél to the dipole moment. This is
the case for the éntiferromagnetic phase in hematite. As a result, the
dipolar aniso£ropy energy does not favor the antiferromagnetic condition;
howeve%, fhe dipolar field is'paraliel to the magﬁetic moment when the
spins lie in the (111) plane.

An additional complication occurs when an external field cants the
spin directions at an aﬁgle 0. This situation was discussed in Chapter II
énd will be treated in-detail in the chapter on spsceptibilities. The
effect.of this cantiné is té'distort therﬁégnetic symmetry causing a_change
in the direction and magnitude Qf4fhe field at an-ion site.

The dipolar field calculation»then becomes a summation ovéf the

'heighboring ions of. the Torm;

L ‘ Cona

oy
1

| 12
e}
T
+

" where P carries the sign of the magnefic moment i, Ki is the moment
Vectbr, and'§i'is the positibn-veétor of the i'th ion site. The effect of

- spin canting is “included by performing the calculations in-a canted
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coordinate system, then converting to the regular coordinates.
If a cartesian coordinate system is assumed, the magnetic moment and

position vectors become:

N ~

K: = ghg S(sin o i * cos o k) LD

and

Rie SR i RGN o R,
i sl yi 7

b
-

=
w

respectively, where g is the Lande factor, u, is the Bohr magneton, S is

B
. - 1 . .. > -
the spin quantum number, and the Rki s are the coordinates of Ri' Eqn. 4,2

assumes that canting is allowed in the x-z plane only.

Fig. 6. Orientation of dipole moment in the canted (primed)
coordinate system.

The angle, ei, between K+ and ﬁi may be found from the dot product of

the two vectors. It is less obvious that the azimuthal angle, ®i,in the

canted (primed) coordinate system, is a function of a. Considering the
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diagram in Fig. 6,

' 3
x, =R ; Cos o ~R . sin.a 4.h
- then:
t
x
=1 i
?, = cos - = =), - : b.5
IR_. i+ R . j| :
xi yi

where @i lies in the plane normal to H,. Egn. L.4 is valid for spin-up or
spin-down by using +o or -o, respectively.
The three components of the dipolar fields at the origin, in the

canted.coordinate system, become;

3 cos O, -sin 8, cos 0.
1 i i

1 - .
H , = guBSi 3 u..e
. R’
i
. 3 cos ei sin Gi sin @i
H ., = S, ' .
yi guB i R3 : b
i
' 3 c032 Gi -1
a1 7 BHgS; T3 - - h-8

+
for the dipole mdmgpt i with a position vector ﬁi' The spin quantum
nu@ﬁer, Si’ is given a subscript to allow the substitution of impurity
ions. Conversion to the direct coordinate system is doné by bperating oh

the canted coordinate system with a rotation ﬁatrix:

cos ¢ 0 sin ol [H'. 0 .
: _ xi : xi )
_— N KX B :
0 1 0 HHE b = By _ h.g
:—sin 0. 0 - cos a ,Hl. - .
: zi ‘ zi

for the spin up case; ‘the spin down -case requires the substitution.of -o
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in Eqn. L.9.
The total magnetic field vector .components are formed by summing over

all ions in the cluster. Hence
> N
= i+ i+ . b1
H z p.(HX i I-IyiJ H . k) _ 0

where P, carries the sign of the dipole momenf i. The above summation
was performed for 575 ions in a spherical cluster about the origin, not
including the ion at the origin.

' 1

The summation converges very rapidly since it is of the form.zi 3
| r

For th? number of ions used, the sum is at least as accurate as the crystal
data. For example, the last terms in the series are about two orders-of-
magnitude smaller than the first terms. Thus, two or three figures,in the

total sum are significant.
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THE TEMPERATURE DEPENDENT FUNCTIONS
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In the usual molecular field theory of antiferromagnetism, the
effective field at a cation site is given by:
- 5.1
where the Yifs are the molecular'field constants for each sublattice, the

-
Mi's are the sublattice magnetizations, and Ha is the applied field. Since

antiferromagnetism requires that Iﬁll = lﬁgl = Mo, Egn. 5.1 may be written
as:
i = M+ ﬁ- a 2
' eff ~ Yoo a’ ' 2

Where.yo = # The constant Y, may be evaluated by expressing the

-l.. .
17 Y2
Heisenberg exchange Hamiltonian in terms of the molecular fieldl3; hence,

H=-augS, ;oM = 20 fﬁ Sp1 S25° ’ 23

where SZi and SZj are the spin quantum numbers of the atom 1 and the neér-

est neighbor J, 'respectively, and Je is the exchange integral. Per-

o . Ngn,S_.
- forming the summation over z nearest neighbors and setting M = ~__§Jél
gives : .
the ' : .
y = - 5.4
o} 22 2 - .
Ngu .

B
where N is the ferric ion concentration.
. "In an antiferromagnetic material, the éxchange integral is always

hegative; theréfore, the effective field may be written in thé'form:

o thJel L ‘
Hepr =" 752 Mo * Ha’ , ' .‘5'5
Ng Mg ‘

.where the product'zlJe]'has to be evaluated.




l.
:

2k -
At the condition of thermal equilibrium, the sublattice magnetization
is the statistiqal average, over all ‘spin states, of the dipole ﬁoment per
unit volume. Assuming the dipoles-can be treated independently, the magne- .

tization is then given by:

+S M.gu H .
sBHg KT ,
o= 5 =8 5.6
2 8 MegrgHopp 0 7 _ .
R
-8

where N is the number of iron ions perrcm3, k is Boltzmann's constant,

Bopp 15 the field acting on the dipole moment, and Mg = <5, =8+1, ..., + S.

Performing the summation yilelds:

Ngu 8 ; . -7
_ 8Mg® og+1 25+l 1 X
(r) = —5 (B2 comn B0 - 35 comn £l 5.7
where
gH gS Hope o S - :
s | o 8

The quantity in brackets is the wgllfkn0wn Bfillouiﬁ functipn*which defines
ﬁhe-temperature‘dependency of the spbn%aneoﬁs magnetization. This function
is gsually written as BS(X)f S%nceAthe a?gument is a function ofAMo(T),
fﬁehfunction is solvable onl&*by.;ome type of iterative method.
As the temperature of the‘samp;e app%oaghes theLNéel.temperature;
:;ﬁs(x) goesﬂfo Zéro as the crysﬁgl iOSéS ité magnetization.  For small

_Values of x(x<<1) the”Brillouin-function may be expanded about x =0 which

.yiélds:
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NguBS
2

2 .
T S+l - 8+l 28" + 28+ 1 .3
MO(T) [3s X - 2= o - X7+ L], _ 5.9

Substituting Hopp = YOMO(T) into Egqn. 5.8 and eliminating MO(T) with the

£t
first term of Egn. 5.9 yields for the Néel temperature:

Ngzug s(8+1)

N
By using Eqn. 5.4 and Egn. 5.10 the product zlJe| becomes :

3K, ,
z|g | = SEETY : | 5.11

The substitution of Egn. 5.11 into Egn. 5.5 yields the effective field:

3kTN

B _=-— 3+ 7 12
eff ~ S(S+l)guB a ’ ) .5.

which is expressed entirely in externally measurable guantities.
The temperature dependence of the magnetic moment is then given by
u (T) = guBS_BS(X). This means that FeX(T)’ from Eqn. 2.3, is simply
Bs(x), since the external field is independent of temperature. On the
other hand, the dipolar anisotropy is proportional to [ui(T)]?, since it
. > > X 2,
is of the form K« p, * H -, and F _(T), from Egn. 2.3, is equal to B (x).
: t md md S
The fine-structure anisotropy energy originates from the coupling
between the spin and the orbital motion of the electrons. In the spin
) Hamilfonian for uniaxial symmetry, this energy appears as a term of the
1 ' -

fdrﬁ;
E=-ps° , . _ . $5.13
= z : o .

where H is the single ion Hemiltonian, D is the fine—gt:ugﬁuré coupling

constant; aﬁd SZ is the.componént of spin in the edsy direction. If the

T = - o Y, . 5.10 -
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axls of quantization deviates. from the easy direction by an angle o, theﬁ

the overall fine;structure anisotropy energy for the crystal is given by:

(T)=Z—DiS§i=—-DZSQ
¢ :

i 5.1h
1

KTS Ffs

where the summation is carried over all ions in the crystal, and Sz is the
.average value of Si in the canted eigenstate.

The temperature dependence of Kfs nay be‘dérived by the following
considerationstlo Assume, as in Fig. 6, that the axis of spin gquantiza-
tion (g-axis) is alloved to deviate from the easy axis (z-axis) by an
angle o. In addition, define the-axes n, £, and ¢ as an orthogonal right-
- handed qoordinate set in the canted system. Then the quantity Si may.be

written:

sin o)

: . | 5.15

wn
It

(SC cos o + S

1

[Sgcos2 o + Sg

sin o + sin o cosa (S 8,+5,8 )1.

[ S

The third term in Egn. 5.15 is identically zero by anticommutation;
the other terms are considered separately below. If wM is the eigenstate
iﬁ which Sc has its eigenvalue M, then for ﬁhe first term of Egn. 5.15
the average value of Si is given by;

. <¢M|S§5¢M> = M2 s ‘ 5..].6

Also, from-thé relation for the components of:spin angular momentum:

2 2 2 2
S° =8+ 8% + 8
n g "¢ 7

the following equatién is -obtained by substituting for 82:
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2 2
S(s+1) = 2 8+ g% ,
( ) 2 z

s 2 _ .2 o
where it is assumed that Sn = 5.. This gives for the second term of Eqn.

g
5.15:

' 2 "1
<¢M,s£[¢M> = 5-[s(s+1) - M2] . 5.17

Using Eqns. 5.16 and 5.17 with the identity yields for the statistical
average of Si in the state wM:

i 2 2 1 2 2 1 2 ‘
| = — 3 il ]
<?M|SZIQM> [(cos™ o 5 sin” )M + 5 S(§+l) sin® 6]. 5.18

The value of M2 may be calculated by a method entirély similaxr to the
previous calculation of M in Egqn. 5.6. Performing the summation is guite
lengthy; therefore,the result will be quoted as::LO

M = FS(S+1)-~ S BS(X? coth ggﬂ. 5.19

Subétitution of Egn. 19‘into Eqp; 18 gives, after normalization at T = 0°K,
ﬁhe final temperature dependénci_of the fine-structure anisotropy energy
which is: |

Fo(T) = - [2(8+1) - 3 B (x) cotn Lo41. | 5.20

fs 25-1 s, . 23

The three temperature func£ions préviously derived are all egual %o
“unity at T = 0°K and zero at the Néel temperatu?e. This is as expectéd
sinde all aﬁtifer35magﬁetic pfope?ties of a crystal are lost at TN.énd all

functional dependence on temperature must disappear at T = 0°K. FeX(T)

F_(T)

and Fmd(T) are valid fqr éli values of S5 and T‘between 0<T i_TN. £
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is véliq over the same temperature range; however it is in&alid for 8§ = %
and must be considered identically zero, ;ince for S = %—there is no
orbital momentum.. Hence, the_spin—ofbit interaction does not exist. The
three curves in Fig. 7 show the relationship between the normalized

temperature dependent functions.




CHAPTER VI

MAGNETIC SUSCEPTIBILITY




31
© In the preceding chapter, the effect of tempefature on the magnétic'
mément was given by thé Brillouin function Bs(x), where x is a function of
both the femperature and the effective field (Heff)iacting on the dipole.

' In the present case, H is the vector sum of three different fields:

eff
(1) the exchange field of Eqn. 5.12, (2) the dipolar field of Eqn. 4.10,

and'(3) the external field ‘applied perpendicular to the antiferromagnetic
axis. Of these three contributions, only (1) and (2) are temperature

dependent; this results in a component of He £ that is independent of

f

Bs(x).: The effect of the temperature independent term has beéen investi-
! .
gated by including it in the effective field of the Brillouin function.

Thus, H

off becomes:

~

= |(u__ +H) B (x) k + (a8 (x) +H) i, 6.1

lHeff[

where Hexc is the exchange field, and HX and HZ are the dipolar fields from
Chapter IV. For the applied fields commonly used in the laboratory,
f'<15'koe, the effect, however,_ié entirely negligible-siﬁce the exchange
field is so largé, about 106-- lO7 oe. The same reasoning applies to the
negligibility of HZ and HX in thl 6.1 since their orders of magnitude are
-<10h oe. and 102 Oéw, respectiveiy.

..The tendency of the appliea:fields to cant the magnetic moments away
" from antife%romagnetism has bgep discusse@.previously. The magnitude of
T, the canting angle, may now ge calculated by considering éhe torque on a
dipole in a'ﬁagneﬁic field. Sblving.for the zero of Egn. 2.2 giveé the

obvious solution for o:
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H Bs(x_) +H,

_ ~1,x
a = Tan ( 5 (%) + £ D (x))' 6.2
“exc s z's
Based on the simple torque model given above, the perpendicular mass
susceptibility, for an antiferromagnetic material is given by:
B NguBS sin o eres
X, = 0 5 6.3
é;InvOe

where p is the density of the sample.

J. H.VanVleck'l5 has given another interpretation of the susceptibi-
1ity based on the chaﬁge of the spin Véctor induced by the components of
the exterﬁal field parallel and perpendicular to the original spin direc—
tion. His theory is perhaps more pleasing from a mathematicél point of
view since he has included the increase éf the dipole moment Wheﬁ a field
is applied. However, for the casé of externél fields that arénsmall
compared to the exchaﬁge field, the additional correction is negligible.

The present model gives a value for the mass susceptibility of
X, =>-58.8x:|_0_5 X8  yhich is about 3 times as large as the experimental

' s gu-oe 1 '. . - .
value-of Néel and Panthenet. This result is not too surprising since the -

exchange fields were .assumed indépendént of o,
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THE 'I'OTAL ANTSOTROPY ENERGY
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As stated in the introduction, the Morin transition can be phenomenol-
ogicall& described by a change of sign of the anisofropy constant. This
approach can lead to a transition only if the magnetic dipole and the fine-
structure contributions to the total anisotropy ére of opposite sign.
Using the first-order definition of the total uniaxial anisotropy energy,
as expressed by Egn. 1.1, implies that K is positive below the transition
siﬂce the spins are collinear with the ¢ axis. The magnitude of K for

hematite has been measured, for low temperatures, and found to be

5 erg 3

cm3

contribution to the total anisotropy energy will be considered separately.

approximately 2.0 x 10 In the remainder of this section, each.

The magnetic dipolar anisotropy per ion is given by:3

1 3 00526 -1

5 7.1

where F is a free energy, @ is the angle between Il and the c axis, and Hd
is the dipolar field. When expressed in terms of the notation of .Egn. 1.1,

the angular dependent term of Egn. T.1 becomes:

F

E—guss Hd sin26 ' 7_2_,

=K sin6

j_whereﬂKmd = %—guBS Hd is the single ion dipolar anisotropy constant. For
the magnetic geometry of hematite, theAdiﬁolar field is antiparallel to
the magnetic moment when the spins are parallel to the c axis. -If U is

'assﬁﬁed in the positive direction, then Hd and Kmd are both negative. The

result of Eqn. 7.2 is valid only at T = 0°K; the temperaturé dependence of
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Kﬁd has been discussed previously in Chapter 5.
The fipe—structure contribution to the anisotropy-energy is not as
easy to calculate as the dipolar term. However, since the total anisotropy

is the sum of Km and K the fine-structure term may be evaluated by

d fs?
subtracting the dipolar anisotropy energy from the experimentally measured

total anisotropy energy., thus:

K. =K-K _ . T.3
fs md: T=0°K .

Again, the temperature dépendence of K has been discussed previously in

fs
Chapter 5.
The additional energy term that includes the effect of the external

field on the free energy is given by the usual expression for the energy of

a dipole in a magnetic field:

-7 . i = - S H cos(90°-a)
ex . By a guB a .

= - guBS Ha sin o, » . o 7.k

This term has an effect that is similar to an ex£rinsic anisotropy. Since
it depends only on the strength of the external fiéld, which is temperature
independent, and the magnetic moment, its femperature dependence is simpl&
that of the dipole moment.

The actual value of‘the_applied field at the dipole site is not the
same as the external, applied magnetic field. . Due to fhe uncémpepsated
poles of the induced magnetization in thé direction of the external. field,
a demagnetizing field arises which.tends to reduce the external field.

_ Assumingjspherical samples, 1if Hext'is the field external to the crystal,
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then:

H =1 Dif - ' :
Ya T Text i _ [

" where D is the scalar demagnetizing factor for a spherical sample and'Mi

is the induced magnetization from Hext'

The total anisotropy is now given by muitiplying:each contribution by
its respective temperature dependent function and adding the three brodudx.
It should be noted that tﬁe phrase "total anisotropy"-refers only'fo the
first-order model used in this paper. Tﬂis is not‘meaﬁt to imply that the

sum of K K

Eong > and KeX completely describes the anisotropy of an aﬁti—

fs?
ferromignétic'crystal. In equation form:
2

(

BS x) + Kest(x) . ' T:6 -

K = KfSFfS(T) + K 4
where FfS(T) is the fine—struéture‘temperature function of Eqn. 5.20.

The value of Tﬁ, for a giVen-appiied field, may be calculéted by’
hunting for the first zero of Eqn. 7.6 with respect‘to temperature. A
--fﬁlpt_of K as a function of temperéture-for zero appliedufieldfappears in
Fig. 8. For non-zero applied fields, the cur%g invFig. 8 is sﬁifted down-
%ard slightly; the amount of the shift may be seen from_Fig; 9 which has a

greatly expanded tempeérature scale and includes only a small portion of -

Fig. 8.
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" CHAPTER VIII

CONB?ABISON TO EXPERIMENTAI RESULTS
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The zerd of Egqn. 7.6, for a given external field, indicates the value
of TIrl predic?ed by this model.’ The nominal +value of :m for zero applied
fields from Fig. 9 is about -8°C which compares favorably with the experi-
mental value of -12°C extrapolated from fig. 4., Fig. 9 also shows a shif£
that 1s of the same order of magnitudé as the experimental results; how-
ever, one can note that the calculated shift is nearly proportional to the

square of the applied field. WNearly all experimental results indicate a

linear relationship between AT and Hext'8 The nonlinearity of Fig. 9 and
Eqn. 7.6 is caused by the additional term which contains Ha and sin o,

both of which are almost linearly proportional to Hext' This results in

. . 2
Kext being propo?tlonal to Hext'

The graph in Fig. 10 shows the sample magnetization as élfunction of
temperature for several values of applied fields; the vertical }ine indi-
"cates the discontinuous jump in magnetization at the Morin transition. In
this diagram the ”square—law”'dependenéé of AT is very apparent. . Since the
problem is concerned with the'dipolaf fields and fine-structure interactions
of one single dipoie, the transition appears to be instantaneous. Actu-
ally, lattice inhomogenities would ténd to broaden the apparent transition
%hgn ﬁhe total magnetization qf a crystél is measured. Thi; would account
‘for fﬁe finite slope of the discontinuity in Fig. L.

.The effect of impurity iomns onvthe local magnetic fields.was
'iﬁvestigéﬁed‘by substituting ions with different'spinkqugntumrnumbers in
1the.éipolar summation. This resulted.in an increase or deéréase in‘Tm..

-depending‘on the location of the impurity fon. For exéﬁple, any of the
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ho
first four nearest neighbors would increase the nominal value of Tm when a

3* (s = 5/2). On the

¢r3t ion (8 = 3/2) was substituted in place of Fe
average, all other ions in thg lattice would tend to decrease the'value of
im’ but to a lesser degree.. As a result,'this dipolar model would predict
an increase of Tm for impurities with S < 5/2 and a decrease of Tm for
impurities with S > 5/2. The actual experimental results indicate that all
dopings tend to decrease thelvalue of Tm.g This would indicate that the
effect of impurities on the transition temperature is not pfimarily a
dipolar field effect. The dgpressionlof Tm by impurities ;s more likely

l

caused!by distortion of the crystal lattice and the electronic wave func-

tions by the foreign ion.
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The calculated results of Egn. 7 6, that appear in Figs. 9 and 10,

"indicate a depre851on of the Morin trans1tion temperature with increas-

ing applied fields. The predicned nominal value of Tm and the approximate
magnitude of the calculated depreesion poph compare verv favorably with
experimental data.8 While the experimenpal evidence shows a linear re-
lationship, the calculation predicts that AT would be nearly proportional
to the square of. the external fiela. This would indicate that the
additional energy term is not the oniy factor contributing te the effect.

In order to improve the model used in this calculation, the first
and most obvious step would be to calculate the effect of £hé canting
anéle o on the fine-structure anisotropy energy and the exchange inter-
action, both of which were assumed independent‘of o. Since both terms -
have their origin in nhe overlap of wave functions, it is reasonable
to assume that the amount of overlap would be highly dependent on tne.
canting angle. A calculation of this tvpe may pend’to linearize the
results of Eqn. 7.6, since-ip would apply to the anistrepy term which‘is
independent of all applied fields. Unfortunately, such a calculafion
would be extremely difficult to perform in detail.

As mentioned before, the effect of impurities on the value of'Tﬁ
cannot be predicted by this dipelar field model. The substitumion ef
Cr3* impurities'(S;SJ-in the lattice had an_overaii effect of raising_
the transition‘temperature.. Actually, experimental-resulte indicate
a decrease ei the transition;temperature when any impurity is substim

tuted into the magnetic lattice.8 However, the experimental ev 1dence._g




L5
available is for doping concentration of the order of 1% substitution.

;Perhaps higher dopings would indeed elevate the transition temperature.
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MACHINE PROGRAM FOR CALCULATION OF LATTICE PARAMCTERS
DATA OUTPUT CARLES RXsRYSRZsRsR3 4N
DIMENSTORN R(1501)RZ(15%1)5RX11501)sRY(1501)+SGN(15
DIMENSION X(12)s2(12)5AJ(12)
1 L=1
READ BASIS VECTORS
2 READ 19.X(L)-Z(L)sAJ(L)
IFIX(L)=16D) 3452443
IF(L=12) 43545
4 L=L+1
GO TO 2
5 =3
READ BRAVAIS LATTICE CONSTANTS
READ 20sDXsDYsDZ
READ HNUMBER OF 10N LOCATIONS DESIRED
READ 23, MCDS
READ SRAVAIS LATTICE MULTIPLIERS
6 READ 21sAXsAYAZ
IF(AX=99.0) 759,9
7. RXI=DY#AX
RYI=DY*AY
P?I—D7 f\Z. -
DO 8 K=1512
NESERY
RX(J)=RXI+X(K)
RZ(J)=RZI+Z(XK)
RY{(J)=RYI
g SGN{JY=AJIK)

W

[=1+12
GO TO 6
9 DO 10 I=1.J
D7—P7(I))’2* Y(T)##*2+RZ(1)3%3%2
10 Rt1)1=50RTFH({R2)
PT N WUWV IC ORDER WRT RADIUS
I=1
K=1
11 IF(R(K)=R(LIY)Y 12413413
12 A=RX(1I)
RX(I)=RX(K)
RX{K)=A
AnRY(I)
{I)=RY(K)
pY(<}=‘
A RzZ{1)
7{T1)=RZ(K)
R7(m):A
A=RI({ 1)

oL)
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14 K=K+1

IF(I+K=-2%J) 11,16.16
ouUTPUT
16 DO 17 I=1.MNCDS
R3=R(I})*x*

3
17 PUNCH 22sRX{I)sRY{TI)SRZ{I)+RITI)sR3,SGNIT) 5]

18 GO T0O 1
19 FORMAT (2E16.8sF5:1)

20 FORMAT (3Ela,7)

21 FORMAT (3F5.1)
22 FORMAT (5E14.7,F561415)
23 FORMAT(I5)
24 CALL FXIT
END
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MACHINC PROGRAM FOR CALCULATION OF MORIN TEMPERATURE

DOUBLE PRECISION x1,xz,HA,HB,HC,HD,BX,DBx,x

DOUBLE PRECISION AlsB1,C1sHEXC,HIMNDB

DIMENSION RX(GJJ),QY(OJ:;sRZ(éqO),\(0uu)aR5(00 GN{600)
DIMENSION UBX(21) sNI(21) s (60D)
1 1=1 :

READ -~ 10N LOCATION AMND
2 READ 23.RX(1):RY{I),RZ
IF(RX{I)~1eD) 49354

4 I=1+1
GO TO 2
8 J=1-1 '
READ — B0OHR MAGHNETON, UB PER DIPOLE, 1.0E-24
READ 24,UBsUBI,RRR
I=1 .
READ - UB PER IMPURITY IOH, IMPURITY ION NUMYBER
9 READ 254UBX(I1)sNI(I)
IF(UBX(I1)=~69.0) 10,511,112
10 I=1+1
GO T0 9
11 NIMP=I-1
READ — SUBLATTICE (-1.0306050R 1.0) .
READ 25,5Utb
READ - SPIN Qivs BOLTZMARNN: CONSTANT
READ 23,:5,58K
READ — NEEL TEMP,s TEMP INCREMENT, INITIAL TEMP. FINAL TEMP
43 READ 23+ TMsuTsTIsTH -
READ — EXTERNAL FIELD PERPENDICULAR TO SPIN
READ 23 ,HAPLY -
IF(HAPLY) 47445445
45 ALPHA=0 N
CVEX=1.0
CALCUYLATE DIPOLAR FIELDS
12 HX=00
HY=04.0
HZ=0.0
[=2 .
13 IF(SGN(I)=SUB) 5:6,5
"5 ALPHAZABSF{ALPHA)¥SGHN(T)
UX=SINF(ALPHA)
L UZ=COSF(ALPHA)
CCAAS(ABSFIUX)# (RX (D) =RX (1)) +UZHSEGNII)*(RZ(I)~RZ(1)))/R(1)
"IF(AAX42~1-G)35377 '
.7 AA=1

[

IN SIGN FOR N TONS
I)sRUT) SR3LT) o SGRIT) I T)

D
{

3 [Ag=9( RT(l D—-AQXRZ2) o
X3=(RX(1)=RX(1))¥UZ=(RZ(11=RZ(1))*UX"
R1=SQRTF

FIX3%#X2+ (RYH I)—PY(1 ) #%2)
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[F(R1) 15,14515

14 CC=0.0

DD=0.0
GO TO 16
15 CC=Xx3/R1
DD=(RY(I)=RY(1))/R1
16 HE=3 . 0%AA%*3B%¥CC/R3 (1)
HG=3 Q% AARDBD®DD/R3( 1)
HH= (3o D¥AA%X%2-1,0) /R3 (1)
DO 18 K=1sNIMP
(N(I)=HI(K)) 18+17,13
17 HE=HE*UBX(K)/RRR
HG=HG*UBX (K} /RRR
HH=HH*UBX(K) /RRR
GO TO 19
18 CONTINUE
HE=HE*UBN/RR
HG=HG*UBN/RRR
HHZHH*UBN/RRR
19 HX=HX+SGN( )% (HEXUZ+HH*UX)
HY=HY+SGR (1) #HG
HZ=HZ+SGN( ) * (HHAUZ =1 E*UX)
6 IF(I=J) 20521421
20 I=1+1
GO TO 13
CALCULATE ANISOTROPY CONSTANTS
21 HX=HX*UB
HZ=HZ#*UB
IF(HAPLL) 50:52,51 °
50 HX=0e0

51 HAPL—~“PL1—10»7;316'J*UBrU/Y;=97525E+

22, DKMD=3 ¥ S¥UBH*HZ*197525E+22
: oqu—1.72oo“ﬂr+w— k“D
DU XT=2,0%5%UB n(IADL+mX)‘1 975250+22
26 ALPHA= \Q’(nip4 :
CALCHLATE TEJPERP” URE DEPEMDENCE
FIEXC=3 o DX TR*¥BE#¥UZ/ ((S+10) %2 0% U3 ) -
B1=FHEXCH* 2+ X¥HX -
C1=2 e D¥HXH*HAP
AL=2.0%Us®S/ (SK¥T1) _
X:Al (DSARTIB1I+CL+HAPL*%2%1,0000)
34 X1={(2:0%5+1e0)/(2e0%S) ) %X
'xz—x/(? m5) ‘
HA=1. O/DT HX1)
HMBR=1. or\uu(yz)
HC= ZuP/(DCYP(Xl)—bEKP(~Y1))-
HD=2.2/(DEXP(X2)=DEXP{~X2))

Mo
ow

22

363164L3NE+3+HZ
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BXL=( (4% SH G445+ ] o J¥HARHA= (4.%5+2 0 ) ¥HA¥HBHIID*HR) / (44 %5%S)
0BX=8X1=(~CLl/(2%BL)+DSART((CL/(2%BL) ) #%2+ ( X¥%2— (ALXHAPL)*%2)/
T(AL®AL%B1) ) ) %%2 .

IF(RX) 32,35,31

31 TI=TI/1.01

PRINT 37,TN

GO TO 28

320DBX=HAXHO*HL#* (2 0% 5410 0) / (4o 0% SH%3) —Hin®HCHHTH¥2 63 ( (2e0%S+1 0 )/
102 omS))\nj+nJ CHCHHCH (2a0% 5+ 10 0) ¥%2/ (4. 0%S%%3) =2 4 0% AB*HD#HD /
2(20%5)%%3=2,3%(~C1/{2.%BL)+DSART((CL/ (2 %B1) ) %%2
Z%(Xn72~(ﬂlyhAD|)""2)/
3(AL*AL* bl)))“(X/(Al FAL#31#DSORT((CL/(2%B1) ) %%2
G4 XRE2— (ALFHAPL) ¥%2) / (AL*¥A1%B1))))

IF(DW?S(DX/~1UOD"4, 35535533

33 X=X~ (B8X/DBX)

GO TO 34

35 B552=BX1

BS=SQRT(52)

BFSE(S/(85-065) )% ((S5+1.0)/5~3.0%¥BS¥HB/ (2.9%5))

DK*UDKFS*BFS+DKMD%S52)*UZ~DKX'*BS%JX

EXC=HEXC

TORK=ABS{UX) #¥FXC-UZ* (HAPL/BS+HX)

IF(TORK) 27,2942 -

27 IF{ABS(TORK)=2e5) 29329441 .

41 SPERP=UB¥SH* [S+1. )% (HAP L+hX)nU2/(%°%BV*Tv)
OnPARA—UB“uV(Skle)?Za (HAPL+HY) ¥ ABS{UX) /(3 ¥BK#FTN* (1o+ (S+1o)%T 1/
1(3.0%S#TH*DS) :

ALP=ALPHA

AL PHIA= ALPHA+ATAH(QPrRP/(3+QPAQH))/ VEX
. GO TO 12

42 IF(ABSITORK)=0s3) 2v329352

52 ALPHA=ALP

CVEX=CVEX*1(a0

GO TO 12

.29 TNORM=TI/THN o

PRINT 379DK sALPHA ¢HAPL 1 sT I o THORM

- IF(DK) 44,:60,60

60 IF(TI-TH) 36:44444

36 TI=TI+DT

"GO TO 45

44 PRINT 46

- GO. TO 43

23 FORMAT(5E14e75F5¢1515)

24 FORMAT(El4.7:F5c1sC14. 7)

25 FORMAT(Fb5,.1 ,15>

37 - FORMAT(5E16.7)

46 FCRMAT(//)

47 CALL EXIT
END
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MACHINE PROGRAM FOR CALCULATION OF THE DIPOLAR FIELDS
DIMENSION RX{600)sRY(60D) P7(6O")3P(6ﬂ“)sR3(600),)GN(oOO)
DIMENSION UBX(21) sNI(21),N(600)

1 I=1
READ —~ ION LOCATION AND SPIN SIGM FOR N I0I
2 READ 233RX(I)sRY(I)sRZ(1)sR(I)sR3(1),SG!
[F(RX(1)=1,0) 448,4
4 I=1+1
GO TO 2
8§ J=1-1 ,
READ — BOHR MAGHETONs U3 PER DIPOLEs 1.0E~24°
READ 24 sUBsUBMRRR '
I=1
READ — UB PER I#PURITY 10N, INPURITY [0ON RUMBER
9 READ 254UBX(I)sNI(I) '
IF(UBX(1)=99,0) 10,11,11

19 I=1+1
GO TO 9

11 NIMP=1-1

READ ~ SUZLATTICFE (~1a%5+04250R 140)

READ 25,50

READ — ROTATION INCREMINT, ROTATION LIMIT —
READ 23,DPHIT HPHI -

READ ~ CANTING ANGLE ALPHA

22 READ 23 5ALPHA
IF(ALPHA) 34,26426

26 UX=5INF(ALPHA)

. UZ=COSF{ALPHA)

36 PHI=0.2

12 HX=0.0

HY=0 4D

HzZ=7en

PS=SIN(PHI)

PC=COS(PHT)

[=2

[FISGM(I)=SUB) 5,645

ALPHA=ABSF (ALPHAY*S0HN( 1)

UX=ABS(UX)%¥SGN(T)

- LATTICE ROTATION MATRIXs NEXT 3 CARUDLS

RX1I=RX{I)V#PC=RZ(I)%*PS
RYL1=RY{1I)
_ RZ1=RX(1)#PS+RZ(1)%PC
AA=(ABS(UX)*¥ (X1~ RX(1))+JZ¥SGN(TI*(RZ1I-RZ{1))1)1/R(1)
IF(AA%®2-10T) 34537 -

AA=1 '

BB=SQRT(1.J—AA‘” )

X3=(RX1~RX (1)) %UZ=(R21-R7Z(1))%UX

15
N{T) ST

oW




14

jmt
W

16

17

21

27

23

24°

25
37
34

RI=SQRT (X3¥*%2+ (RY1=RY (19 )%
IF(R1) 15514,15

CC=060

DD=0,0

GO TO 16

CC=X3/R1

OD=(RY1~- RY(l))/Rl
HF=3,0%AA%BBR*CC/R3 (1)

FIG=3 o D% AAXBR*DD/R3( 1)

HH= (3. OmﬂAvaL~1,O)/R3(1)
DO 18 K=1sNIMP .
IFIN(TI)~NI(K)) 18,17,18
ME=HE*UBX(K) /RRR
HG=HG*UBX(K) /RRR
FIH=HH*UBX (K) /RRR

GO TO 19

COMT INUE

HE= _nuuN/RwR

HG_’| UBN/RRR

HP~H1~UBN/RAu
HX=HX+SGR( L) % (HE#RUZ+HH*UX ) .
HY=HY+SGH (1) 3#HG
HZ=HZ+SGN{ 1) % (HH*UZ-HTE*UX)
[F(I=J) 20s21,21

I=1+1.

‘GO TO 13

HX=HX%UB
Hy=HY*U3

HzZ=HZ%*3

PRINT 37sHX s Y sHZsALPHASPHI
IF(PHI-HPHII27,224522.
PHI=PHI+DPHI ’

GO TO 12
FORMAT(5E14.79F5.1,15)
FORMAT(ELl4e7sF5e1sE1457)
FORMAT(FS5,.1415)

FORMAT (65164 7)

CALL EXIT

CEND

53

$2)




54

MACHINE PROGRAM FOR SOLUTION OF BRILLOUIN FUNCTION
.DOUBLE PRECISION X1 sX2sHASHBsHC s HDsBXsDBXsX '
DOUBLE PRECISION Al,B1,C1sHEXC,BX1
READ - NEEL TEMP, TEMP INCREMENT,s INITIAL TEMP, FINAL TEMP
43 READ 23 sTNsDTsTIsTH
IF{TN) 55536
READ ~ EXTERNAL FIELD PERPENDICULAR TO SPIN
6 READ 23,HAPL
RECAD — SPIN QiNs BOLTZMANN CONSTANT
READ 23,5,BK '
READ INDUCED DIPOLAR FIELDS
READ 23 sHXsHZ
PRINT 263 HXsHZsHAPL
HEXC =3, O TN BK/((§+1 O)#20D¥UB)+HZ
Bl=HEXC®#2+HXx
C1=2nO*HX*HAPL
28 A1=2.9%U3B%S/ (PK*TI)
X=AL*DSQRT (BL+C1+HAPL*%2% 1 0D00)
34 x1=g(2 0%5+1e0)/(2.0%5) )%
X2=X/120%S)
FIA=1e0/DTANH(X1)
HBR=1.0/DTANH(X2)
HC=2e0/(DEXP(X1)=DEXP(-X11)) -
HD=2 o3/ (DEXP (X2} =DEXP(=X2}) :
8x1=((4,%5%5+4.*5+1.)*HA%HA~(4.*5+2.)AHAmhq+HB~Hb)/(4.~5% )
NRX=RX1-~(~Cl/ (2% ) +DSART((CL1/ (2B ) )H¥24 ( X¥*2~ (ALFHAPL)*%27y/
T(AL#AL%BL) ) ) %%2
32NDBX=HAXHDFHD® {2, 0%5+160) /(4o N%G%%3) ~HAXHCHHC*2 % { (2..0%S+1.) /
1{24N%S) ) HEBHHRFHCHHTF (2,,0% T1,0)~"2/(4.o SH¥3) =2 o OXHBRHD*HD/
2(2»*S)w63—4.%(~Cl/(2°ﬁ81)+DSQRT((C1/(2.T%]))**2
2+ ( XHF2— [ ALKHAPL) %%2) / ' .
B(ALAI#BLI) ) )# (X/ (AT*ALEBLI*¥DSART ((C1/12e%81) ) %%
G4 ( XHF2—[AL¥HAPL) ¥%2) /(AL%AL1%81))))
. IF(DABS(BX)-1.0D-4) 35,35,33
.33 X=X-(BX/DBX)
GO TO 34
35 BS2=06BX1
BS=SQRT(BS2)
BES=(S/(5=0u5) 1% ((S+1e0)/S=30OXBEAHB/(2.0%S) )
TNORM=TI/TN , :
PRINT 37,B52:85,8F5,T1,TNORM
o IFUTI-TH) 4943443
4 TI=TI+DT
i GO TO 28
23 FORMAT(4E14.7) .
26 FORMAT(5X 381647/
37 FORMAT(6E16.7)
-5 CALL EXIT-
END




LITERATURE CITED




1.

2.

3.

by ;

10.

11.
12.
13.

1h.

15..

56
L. Néél, Ann. Phys. (Paris) 17, 64(1932).
F.iJ. Morin, Phys. Rev.'i§) 819(1950).
J. 0. Artman, J. C. Murphy, S. Foner, Phys. Rev. 138, A912(1965).

J. Kanamori, Magnetism Vol. I, edited by G. Rado and H. Suhl (Academic
Press, 1963), pp.: 172-3. :

I. Dzyaloshinski, J. Phys. Chem. Solids k4, 241(1958).

T. Moriya, Magnetism Vol. I, edited by G. Rado and H. Suhl (Academic
Press, 1963) Ch. 3, and T. Moriya, Phys. Rev. 120, 91(1960).

L. Néel, R. Panthenet, C. R. Acad. Sci., Paris, 23k, 2172(1952).
C. Ransom, Data recorded at MSU.

M. Tachiki and T. Nagamiya, J. Phys. Soc. Japan i3, 452(1958).
K. Yosida, Progr. Theor. Phys. 6, 691(1951).

S. T. Lin, Phys. Rev. 116, 1hh7(1959). -

R. E. Newnham and Y. M. deHaan, Zeit. Krist. 117, $235(1962).

A. H. Morrish, The Physical Principles of Magnetism (Wiley, 1965),
Ch. 6. ]

J. Kanamofi,_Magnetism Vol. I, edited by G. Rado and H. Suhl (Academic -
Press, 1963), pp. 1h4k-159.

J. H. VanVleck, J. Chem. Phys. 9, 85(1941).




MONTANA STATE UNIVERSITY |, ES

IHIIMHIJIllflllllWfl!ﬂlﬂllllﬂﬂﬂllﬂﬂﬂlﬂlﬂll

2 10013939 1

[ + )

N378 Gable, Robert William
G113 A phenomonolegical

. lcop.2 calculation of the

‘ effect of external meg-

\netic fields on the Mon-

in transition in hema-
o “NAWE AND AGOnRSS

,2@13 e | i Hatoorgon Bhee

WN34ve
Grixy

S— Cop




